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Abstract 

Recombinant adeno-associated virus (rAAV) has many attractive features as a T cell vaccine vector, 

however disappointing immunogenicity was seen in a phase I clinical trial. Subsequent in vivo 

studies showed that several pseudotypes of rAAV elicited a dysfunctional CD8+ T cell response in 

mice that may reflect poor priming, lack of CD4+ T cell help or persistence of the vector.  Dendritic 

cells are the key antigen presenting cells that prime a naive T cell response.  Therefore, in this study 

multiple pseudotypes of rAAV were screened for their ability to transduce human monocyte-

derived dendritic cells (MoDCs) and rAAV2/6 identified as the optimal pseudotype. Further 

improvements in transduction efficiency were achieved by mutation of surface-exposed tyrosine 

731; analogous mutations in the capsid of AAV2 have previously been shown to decrease 

proteasomal degradation and increase nuclear trafficking of rAAV. Lysine 531 was identified as a 

key residue in the tropism of pseudotype 6 for MoDCs.  Interestingly, while this residue is critical 

for the interaction with immobilised heparin, soluble heparin did not inhibit the transduction of 

MoDCs by AAV6.   

rAAV is a poor maturation stimulus of MoDCs therefore the development of immunoreactive 

vectors was a major goal of this project. One strategy adopted was the generation of vectors that 

encode MAVS, a signalling molecule in the RIG-I/MDA-5 pathway whose expression led to robust 

activation of NFκB and IRF-3 signalling pathways.  However yields of vector encoding MAVS 

were greatly reduced due to reduced viability of the producer cell line. Therefore alternative means 

of vector production were sought. As rAAV has previously been successfully produced in insect 

cells and insects lack a homologue of MAVS, a baculovirus production system was developed for 

the production of pseudotype 6 rAAV. Successful production of rAAV was demonstrated, however 

further optimisation is required to allow production of high titres of rAAV necessary to facilitate 

further assessment of self-adjuvanting pseudotype 6 rAAV as a vaccine vector. 
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Chapter 1 - Introduction 

1.1  Vaccines 

Vaccines have been one of the most significant discoveries of modern medicine. The greatest 

success of vaccination has been the eradication of variola virus, the agent of smallpox (1). 

Combined with improvements in sanitation, intensive vaccination programs have almost eliminated 

poliovirus (2). Furthermore, intoxications, such as tetanus and diphtheria, and once common 

infections of childhood, such as measles, Bordetella pertussis and Haemophilus influenza type B, 

are now rare in countries with high rates of vaccination (3, 4). Most vaccines in use today have been 

developed empirically. Traditional approaches to vaccine development include live attenuated 

viruses and bacteria, killed whole cell vaccines, inactivated subunit vaccines, and toxoid vaccines. 

More recently recombinant protein vaccines and conjugate polysaccharide vaccines have been 

developed. With increasing knowledge of the immune response to pathogens there is a move 

towards rational vaccine design, of which the conjugate polysaccharide vaccine for Haemophilus 

influenza type B has been the greatest success to date (4).  

While vaccines have successfully controlled many diseases, some infectious agents have eluded the 

development of a successful vaccine. These include prophylactic and therapeutic vaccines for 

human immunodeficiency virus (HIV), hepatitis C virus (HCV), and Mycobacterium tuberculosis, a 

prophylactic vaccine for malaria, in particular Plasmodium falciparum, and a therapeutic vaccine 

for chronic hepatitis B virus (HBV) infection. Combined, these infections account for more than 4.5 

million deaths annually and almost 8% of deaths globally (5). There is also much research into the 

development of vaccines for non-infectious conditions, such as therapeutic vaccines for various 

malignancies and autoimmune diseases (6, 7). What these infections and diseases have in common 

is the need to modulate the T lymphocyte response (6-8). While live attenuated vaccines such as the 

vaccinia virus are potent stimulators of T cell responses, inactivated whole cell or subunit vaccines 

are ineffective for priming a T cell response (9). Most currently available vaccines stimulate 

immune protection via a humoral immune response (8, 10). Due to safety concerns, live attenuated 

virus vaccines are not a realistic option for HIV and HCV given the high rates of mutation and 

concerns around reversion to virulence (11, 12). Reversion to neurovirulence has been seen with 

serial passage of the live attenuated poliovirus vaccine in a population (13, 14). Further, while the 

currently available live attenuated vaccine for M. tuberculosis, bacillus Calmette-Guérin, is 

effective at preventing disseminated disease in infants, its efficacy in adults is poor, with varying 



 

2 
 

estimates of between 0 and 80% (15, 16). Therefore new approaches to vaccination are required in 

which an understanding of the protective T cell responses to pathogens will be important. 

1.2  T cells 

On first encounter with an antigen, the adaptive immune response is slow, with CD4+ T cell and 

CD8+ T cell responses appearing after approximately 7 days and peaking after 2 weeks (17).  In 

contrast,  upon re-encounter with antigen CD4+ and CD8+ T cells respond rapidly and at greater 

magnitude than during the primary immune response (18). This memory response is a defining 

feature of the adaptive immune response and is the underlying basis of vaccination. Antigen-

specific naive T cells (CD45RA+ CCR7+ CD62L+) exist at very low frequency in the blood, 

commonly 1 in 105 cells (19). Following primary encounter with an antigen, T cells differentiate 

into effector T cells (CD45RO+, CCR7- CD62L-) and proliferate, reaching a peak after 

approximately 14 days; the size of the initial peak is primarily determined by the amount of antigen 

present during priming, with the threshold of antigen required influenced by the amount of co-

stimulation and the cytokine milieu (8, 20, 21). Following expansion there is a contraction phase 

with >90% of the cells undergoing apoptotic cell death (22). A small percentage of cells develop 

into memory cells, which are characterised by homeostatic proliferation and the ability to rapidly 

proliferate and express effector functions on re-encounter with antigen (19). There are two 

populations of memory cells: central memory cells (CD45RO+, CCR7+, CD62L+), which reside in 

the lymph nodes, proliferate extensively on re-encounter with antigen and produce IL-2, and 

effector memory cells (CD45RO+, CCR7-, CD62L -), which reside in peripheral tissues, are able to 

respond immediately with effector functions on reencounter with antigen, but undergo less 

proliferation and do not produce IL-2 (19). The type of memory that is stimulated by a vaccine may 

be important. In HIV infection the presence of antigen-specific effector memory T cells in the 

mucosa at the site of infection may be important in controlling the early founder populations of 

virus. There is a brief window of opportunity for T cell control of early virus infection, with a 

central memory response being too slow (23, 24). 

1.3  Priming a T cell response 

Successful priming of a naive T cell response requires antigen presentation by mature dendritic cells 

(25, 26). To differentiate into effector T cells, naive T cells need not only to encounter their cognate 

antigenic peptide presented by a MHC class I (CD8+) or class II (CD4+) molecule (signal 1), but 

they also require co-stimulatory signals (signal 2), and secretion of cytokines (signal 3), such as IL-

12, by the antigen presenting cell at the immunological synapse (25, 26). Dendritic cells are the 
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only cell type that are able to prime a naive T cell response (25, 27). Immature dendritic cells reside 

in the tissues and upon encounter with a danger signal initiate a program of maturation (25). Danger 

signals include pathogen associated molecular patterns, such as lipopolysaccharide and double 

stranded RNA, which bind to pattern recognition receptors, such as the Toll-like receptors, 

activating innate immune signalling pathways and leading to activation of the dendritic cell (25). 

Upon activation, dendritic cells down-regulate phagocytosis, up-regulate the surface expression of 

MHC class I and II molecules and co-stimulatory molecules, such as CD80 and CD86, and migrate 

to the draining lymph node in response to ligation of the up-regulated CCR7 receptor by its cognate 

ligands MIP-3β and secondary lymphoid tissue chemokine (SLC) (25). Maturation is completed by 

interaction with T cells in the lymph node (25). Not only are dendritic cells able to present antigens 

to T cells (signal 1), mature DCs are also able to provide signals 2 and 3 to naive T cells that 

recognise the MHC-presented peptide (25, 26). Following priming by mature dendritic cells, 

activated T cells undergo several rounds of proliferation in the lymph node before down-regulating 

the expression of CCR7 and exiting the lymph node on day 3 (28).  In contrast to naive T cells, 

memory T cells do not require signal 3 to respond to their cognate peptide/MHC complex and can 

therefore proliferate in response to antigen presented by other professional antigen presenting cells, 

such as macrophage and B cells (26). Therefore dendritic cells are an important target for vaccines. 

Stimulation of CD8+ T cells requires recognition of the peptide/MHC class I receptor complex by 

the T cell receptor. Peptides derived from cytoplasmic proteins are loaded onto MHC class I 

molecules (the endogenous pathway). In professional antigen presenting cells, in particular 

dendritic cells, endocytosed protein antigens can also be presented by MHC class I molecules (the 

cross-presentation pathway) (29). In the endogenous pathway cytoplasmic antigen is degraded by 

the proteasome (30), the resulting peptides are trimmed in the cytoplasm by TPPII (31)  before 

entering the endoplasmic reticulum via TAP (transporter associated with antigen processing) (32, 

33). In the endoplasmic reticulum peptides associated with MHC class I molecules; the N-terminus 

of peptides may be trimmed in the endoplasmic reticulum by ERAAP or ERAP1 before or after 

association with the MHC class I molecule (34, 35). In cross-presentation, endocytosed antigen 

either escapes from the endosome, is degraded by the proteasome and enters the endoplasmic 

reticulum via a TAP-dependent mechanism (cytosolic pathway), or it is degraded by lysosomal 

proteases in the endosome and loaded onto MHC class I molecules recycled from the cell surface 

(vacuolar pathway); the vacuolar pathway remains controversial (36).  Viruses or bacteria that 

infect dendritic cells deliver antigen to the endogenous pathway. For viruses and bacteria that are 

unable to infect dendritic cells, or for inactivated whole cell, subunit, or recombinant vaccines, the 

priming of a naive CD8+ T cell response relies upon cross-presentation. Subunit vaccine fusion 
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molecules that specifically target the cross-presentation pathway by targeting receptors on the 

surface of the dendritic cell have been reported (37). 

Priming determines the effector functions expressed by T cells (26, 38). CD4+ and CD8+ T cells are 

both able to secrete cytokines in response to ligation of their T cell receptor (39). In addition CD8+ 

T cells can kill cells presenting their cognate peptide via either apoptosis, through the expression of 

FasL, or cytolysis, through granzyme and perforin (40). The expression of multiple functions of 

both CD4+ T cells and CD8+ T cells has been associated with superior immunological control of 

persistent infections (41, 42). These polyfunctional T cells may secrete multiple cytokines, such as 

interferon-γ, TNF-α and IL-2, chemokines, such as MIP-1α, as well as expressing FasL, granzyme, 

or perforin (43). Different T cell subsets and different effector functions are important in the control 

of different infections. For example the secretion of interferon-γ and TNF-α by CD4+ T cells, and to 

a lesser extent by CD8+ T cells, is essential for the control of Mycobacterium tuberculosis infection, 

while cytotoxic function is less important (44). In the case of HIV infection the correlates of 

protection are unknown, however polyfunctional CD8+ T cells are important in the control of 

chronic infection (42).  

CD4+ T cell help is required for effective CD8+ T cell function. CD4+ T cells can provide help 

during priming, by licensing the dendritic cell via the expression of CD40L (45), although this 

function can also be provided by innate immune signalling (46). CD4+ T cell help is also important 

for the maintenance of CD8+ T cell memory (46), and it has recently been shown that CD4+ T cell 

help is required for CD8+ T cell homing to tissues (47). Therefore for a vaccine to stimulate an 

effective CD8+ T cell response it should also stimulate a CD4+ T cell response. Stimulation of CD4+ 

T cells requires recognition of the cognate peptide and MHC class II molecule complex. MHC class 

II molecules are constitutively expressed in professional antigen presenting cells and expression can 

be induced in other cells by interferon-γ (48). Newly synthesised MHC class II molecules assemble 

in the endoplasmic reticulum with the chaperone invariant chain, which protects the peptide binding 

site (49). These MHC class II-invariant chain complexes are transported to early endosomes, from 

where they progress to lysosomes via late endosomes  (49). The invariant chain is removed during 

endosome maturation, either by a change in conformation of the MHC class II molecule induced by 

decreasing pH or by specific proteolytic degradation  (49). Removal of the invariant chain allows 

binding of peptides that have been derived from phagocytosed or endocytosed exogenous antigen. 

MHC class II-peptide complexes are then transported to the plasma membrane. There is a balance 

between delivery to the plasma membrane and removal and degradation in the lysosome  (49). 

Recycling of MHC class II molecules can also occur with reloading with new peptides (50). MHC 
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class II-peptide complexes generated during dendritic cell maturation accumulate on the plasma 

membrane (49, 50). In addition, endogenous antigens can also be loaded onto MHC class II 

molecules (51-53). Peptides from both membrane and cytosolic proteins can be presented on MHC 

class II molecules. Membrane associated proteins can be degraded and loaded onto MHC class II 

molecules in the endosomal system (52). Cytoplasmic proteins either enter the MHC class II 

presentation pathway by the classical route following cell death, by a proteasome-TAP dependent 

mechanism or by autophagy (52, 54-56). Dendritic cells infected with a virus are able to prime 

antigen-specific CD4+ T cells (57). MHC class II antigen presentation and subsequent CD4+ T cell 

responses to vector-encoded antigens may be increased by intracellular targeting of the antigen to 

lysosomes (58). 

In persistent infections and in malignancy T cell exhaustion can develop. Exhausted T cells are non-

naive antigen-specific T cells that proliferate poorly and express no or few effector functions on T 

cell receptor ligation (59). The expression of negative regulatory receptors, such as PD-1, LAG-3, 

CD160, and 2B4, is up-regulated on the surface of exhausted T cells (60), with increasing 

expression of PD-1 and increasing number of receptors expressed correlated with increasing 

degrees of exhaustion (60, 61). Exhausted T cells are present in chronic HCV, HBV, HIV, and 

malignancy (62-65). Exhausted T cells are more likely to undergo apoptosis (66, 67), which might 

contribute to the low numbers and breadth of antigen specific T cells seen in chronic HBV and 

HCV infection. Blockade of inhibitory receptors, such as PD-1 and LAG, can reverse the functional 

impairment of less exhausted T cells (PD-1low or PD-1int but not PD-1hi) and can improve control of 

chronic LCMV and SIV infections in animal models (68). Therefore blockade of inhibitory 

pathways may be useful in combination with a therapeutic vaccine (69, 70). 

1.4 T cell vaccines 

Vaccines that are used to stimulate a cellular immune response have been termed T cell vaccines 

(8). T cell vaccines include subunit vaccines combined with novel adjuvants, virus-like particles, 

DNA vaccines, vectored vaccines, and cellular therapies such as the ex vivo manipulation of 

dendritic cells (8). Vectored vaccines include live attenuated viruses or bacteria, replication 

competent viral or bacterial vectors, replicons, and replication deficient viral vectors. The 

successful immunotherapy of a patient with melanoma by the ex vivo expansion and subsequent 

reinfusion of tumour-specific CD4+T cells has recently been reported (71). However, cellular 

therapies involving T cells and dendritic cells are expensive, require specialised facilities, need to 

be tailored to the particular patient, and are unlikely to be broadly applicable in the foreseeable 
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future (37). Cellular therapies will not be discussed further here; the reader is directed to a recent 

review of dendritic cell immunotherapy (72).  

1.4.1  Subunit and recombinant protein vaccines 

Subunit and recombinant protein vaccines are poor at stimulating T cell immune responses (9). 

Given the central role of dendritic cells in priming a naive T cell response the targeting of protein 

antigens to dendritic cells has been investigated. Antigen has been targeted to dendritic cells by 

conjugation to antibodies against or ligands of dendritic cell surface receptors (37). Receptors 

targeted include the mannose receptor, CD205, DC-SIGN, FcRγ, and Clec9a (37, 73). Cross-

presentation of antigen allows MHC class I presentation, although cross-presentation of soluble 

antigens is inefficient (74). Use of carriers, such as microparticles and liposomes, can increase the 

efficiency of cross-presentation (74). Cross-presentation can also be facilitated by addition of 

fusogenic proteins to facilitate escape to the cytosol (37). However, adjuvant-mediated dendritic 

cell activation is required to prime a naive immune response (25, 37). Adjuvant can either be co-

administered, conjugated to the antigen, or encapsulated in the same microparticle (37, 73). Fusion 

with adjuvants, such as R848, CpG, and profilin has been reported, as has targeting of signalling 

molecules, such as TLR2 and CD40 (37). These approaches are yet to be tested in the clinic. 

1.4.2  Virus-like particles 

Virus-like particles (VLPs) are particulate antigens that are able to stimulate a CD8+ T cell response 

by cross-presentation. Cross-presentation of particulate antigens is more efficient than that of 

soluble antigens (74). VLPs are comprised of multiple capsid subunits that self assemble to form 

viral capsids. They can be made up of either a single capsid protein (eg human papillomavirus 

(HPV) (L1), hepatitis B virus core antigen (HBcAg) VLPs, norovirus, hepatitis E virus) or multiple 

capsid proteins (eg second generation HPV VLPs (L1+L2), poliovirus and bluetounge virus) (75). 

VLPs can also be produced from enveloped viruses, such as HBV, HIV and simian 

immunodeficiency virus (SIV) (75). VLPs can be modified to carry foreign B-cell and T-cell 

epitopes, either by development of chimeric capsids or by covalent or non-covalent attachment to 

the VLP (75-77). Due to their highly repetitive structure VLPs stimulate strong B cell responses in 

the absence of adjuvants (78). VLPs can also be modified to carry foreign DNA (79, 80) or other 

molecules, such as TLR ligands  (75, 81, 82).  

Activation of human monocyte-derived dendritic cells by an HIV VLP has been shown; activation 

was independent of TLR2 and TLR4 (83) but depended in part on TLR3 and TLR9 (75), suggesting 
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encapsidation of RNA and DNA during production. Indeed encapsidation of RNA is important for 

the immunostimulatory effects of HBcAg VLPs (84). HPV L1-L2 VLPs are also able to bind to, be 

internalised by and activate dendritic cells, although the mechanism of activation has not been 

determined (85). Activation of dendritic cells by VLPs leads to the stimulation of pro-inflammatory 

cytokines (83, 85). Stimulation of CD8+ T cell responses in the absence of adjuvant has been 

demonstrated in vivo in mice, non-human primates, and humans with HIV VLPs and HPV L1 and 

L1-L2 VLPs (83, 85-87). However, other VLPs have been shown to induce poor CTL responses 

when administered alone and require the co-administration of an adjuvant, such as DNA containing 

CpG motifs or anti-CD40 antibodies, to adequately prime a CD8+ T cell response (76).  

1.4.3  DNA vaccines 

DNA vaccines are bacterial plasmids that encode the antigen or epitope of interest. The transgene 

can be readily exchanged by standard molecular biology techniques. As they contain no protein 

component DNA vaccines do not generate an “antivector” antibody response and so can be 

delivered repetitively (88). A CD8+ T cell response to DNA vaccines depends on either transfection 

of dendritic cells or cross-presentation of plasmid-encoded antigen. DNA vaccines have been 

shown to stimulate T cell responses in mice and to provide protection in viral challenge and tumour 

growth models (89-91). However, immunogenicity in non-human primates and in humans has been 

disappointing (92-94). Efforts to increase the utility of DNA vaccines in humans include: improving 

the level of antigen expression through optimisation of codon usage and the expression cassette 

(88), improving immunogenicity through the inclusion of vector-encoded adjuvants, such as 

cytokines and chemokines (95-97), through formulating the vaccine in biodegradable microparticles 

or liposomes (98, 99), and by optimising the method of delivery (88). Intramuscular injection of 

DNA vaccines mainly transfects myocytes while dendritic cells are the key antigen presenting cell 

for priming a naive T cell response following DNA vaccination (100, 101). Alternative methods of 

delivery, such as subcutaneous injection, transdermal delivery systems, and electroporation, 

combined with vector-encoded adjuvants may increase the immunogenicity of DNA vaccines (88). 

DNA vaccines have several attractive features. As non-replicating DNA molecules there is no risk 

of reversion to virulence or unintended spread. Plasmids are easily modifiable to include novel 

antigens, are stable, and are easily manufactured on a large scale (88). Potential safety concerns 

with the use of DNA vaccines include the risk of integration and the induction of autoimmunity. 

There is however little evidence for integration into the host cell chromosome at meaningful 

frequencies, with the rate of integration below the frequency of spontaneous mutations (88). 
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Furthermore, studies to date have found no evidence of autoimmunity or anti-dsDNA antibodies 

(88).   

1.4.4  Live attenuated vaccines 

Live attenuated vaccines are the most effective form of vaccination for stimulating a protective T 

cell response, as evidenced by the success of the eradication of variola virus with vaccinia virus (1). 

Most attenuated vaccines have been attenuated by an empirical approach, which involves 

continuous passage in cell lines or atypical hosts (102, 103). Rational attenuation uses reverse 

genetic techniques to mutate or knockout genes involved in virulence. Examples of rational 

attenuation include a deletion of part of the nef gene of SIV (104), mutation of the RNA polymerase 

of poliovirus to increase fidelity (105), and rendering influenza virus temperature sensitive by 

mutation of the PB2 polymerase (106). However, safety concerns exist around the use of live 

attenuated vaccines. Attenuated vaccines can still cause disease, particularly in 

immunocompromised hosts, for example disseminated BCG infection in HIV-infected patients 

(107). There is also concern around reversion to virulence, as occurs with oral poliovirus vaccine 

following serial passage in a population with low rates of vaccine coverage (13, 14). While a nef-

deleted SIV vaccine proved effective for protecting against SIV infection in rhesus macaques (104), 

given the high mutation rates of HIV and the risks of virulence a live attenuated vaccine is unlikely 

to be acceptable (11, 12).  

1.4.5  Replication competent vectors 

Replication competent vectors are attenuated or low pathogenicity viruses or bacteria that have been 

engineered to encode foreign antigenic proteins. They have an improved safety profile compared 

with live attenuated vaccines, but this can be at the cost of the strength and the breadth of the 

immune response (108). Replication competent viral vectors have been developed from a number of 

viruses, including adenoviruses, poxviruses, measles virus, vesicular stomatitis virus, rhesus 

cytomegalovirus, influenza virus, poliovirus, and yellow fever virus (23, 109-111). The use of 

poliovirus and yellow fever virus as vectors is limited by their inherent genetic instability and their 

small insert capacity (109). Recombinant influenza virus, poliovirus, and yellow fever virus will not 

be discussed further.  

Adenoviral vectors have a number of advantages as vaccine vectors, including strong stimulation of 

innate immune responses (112-114), infection of dendritic cells (115-117), the ability to induce 

mucosal immune responses by infecting epithelial cells, their physical and genetic stability and the 
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lack of integration into the host genome (109). Replication competent adenoviral vectors have a 

deletion in the E3 region, giving a coding capacity of 3-4kbp (109, 118). Replicating adenoviral 

vectors primed stronger cell-mediated and humoral immune responses in non-human primates than 

replication deficient adenoviral vectors (119), although in mice no difference was seen between 

replication competent and helper-dependent adenoviral vectors (120).  

Poxviruses are also attractive vaccine vectors. Unusually for a DNA virus, poxviruses replicate in 

the cytoplasm, reducing the risk of insertional mutagenesis. A further advantage of orthopoxvirus 

vectors is that following the eradication of variola virus (1), there is no natural reservoir of infection 

for humans, except for rare zoonotic cases of monkeypox (121). As the vaccinia immunisation 

program was ceased in the United States in 1972 (122), people born after this date are 

immunologically naïve of orthopoxviruses, such as vaccinia. Poxviruses stimulate a strong innate 

immune response, which is mediated via both TLR2 and a TLR-independent pathway (123). While 

vaccinia virus is able to infect dendritic cells, infection is abortive, prevents dendritic cell 

maturation and induces apoptotic cell death (124). Despite this poxvirus based vectors stimulate 

robust cell-mediated and humoral immune responses (125, 126). The use of replication competent 

poxviruses is limited by concerns around development of disease or disseminated infection, 

especially in immunocompromised individuals and children (109, 125). However, intranasal or 

intraoral vaccination with the replication competent modified vaccinia virus Tian Tan (MVTT) 

vector has recently been shown to induce more potent humoral responses than replication deficient 

modified vaccinia Ankara (MVA) (127). Furthermore, in mice immunised with an intranasal MVTT 

prime followed by a DNA boost, strong serum IgG and mucosal IgA responses and robust T cell 

responses were seen (128). Given these findings there is renewed interest in the use of replication 

competent vaccinia virus vectors as prophylactic HIV vaccines (129). 

The live attenuated measles virus vaccine elicits strong, long lasting humoral and T cell immune 

responses, is able to infect dendritic cells, is safe, and is genetically stable with reversion to 

virulence not seen (130). Reverse genetics has allowed the development of recombinant measles 

virus vectors (131). Because of the helical structure of the nucleocapsid the vector tolerates large 

insertions, allowing the co-expression multiple transgenes (130). Immunisation of mice and 

macaques with recombinant measles virus encoding HIV-1 envelope proteins stimulated robust 

humoral and CD4+ and CD8+ T cell responses in vaccinated mice and macaques (132). Preexisting 

immunity to measles virus did not affect the efficacy of vaccination as demonstrated by efficient 

boosting on readministration of the vector and by similar anti-transgene immune responses in mice 

and macaques that had previously been immunised with an attenuated measles virus vaccine (132). 
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Vesicular stomatitis virus (VSV) is a negative sense, single stranded RNA virus of the family 

Rhabdoviridae. It is a natural pathogen of cattle, horses and swine causing vesicular and ulcerated 

skin and mucosal lesions (110). It is not usually a human pathogen with those infections that do 

occur being mainly asymptomatic, although one case of encephalitis has been reported (110). 

However VSV is neurovirulent in rodents and has also been shown to be neurovirulent in non-

human primates when injected intracranially (109) The development of a recombinant system has 

allowed the development of VSV as a potential vaccine vector. Intramuscular injection of rhesus 

macaques with VSV encoding the envelope glycoprotein from Ebola virus or Marburg virus 

induced strong humoral and cellular immune responses and protected against subsequent lethal viral 

challenge (133). Intranasal, oral and intradermal immunisation with VSV vaccine vectors has also 

been shown to be immunogenic (110). While the lack of preexisting immunity to VSV is an 

advantage, the lack of experience with infection of humans and concerns around neurovirulence has 

hampered its use (110). Attenuated forms of VSV are being developed to reduce safety concerns 

(109).  

Cytomegalovirus has recently been proposed as a replication competent vaccine vector (23). 

Cytomegalovirus infects mucosal surfaces and is able to stimulate long lasting effector memory 

CD4+ and CD8+ T cell responses in mucosal tissues (23, 134). As HIV infects mucosal tissues and 

rapidly spreads to cause a systemic infection it was hypothesised that an early effector memory 

response at the site of infection would be required for control of infection (23). Rhesus 

cytomegalovirus (RhCMV) encoding various SIV proteins was able to establish persistent infection, 

even in animals previously infected with RhCMV. Vaccination elicited strong and persistent SIV-

specific CD4+ and CD8+ effector memory T cell responses but not neutralising antibodies. On 

repeated low dose intrarectal challenge with SIV, vaccination with RhCMV provided resistance to 

infection (23). Concerns about the pathogenic potential of cytomegalovirus in humans, in particular 

transplacental transmission to the foetus, may hamper the development of human cytomegalovirus 

as a vaccine vector (135).  

Various bacteria have been proposed as vaccine vectors for stimulating T cell responses, including 

the facultative intracellular pathogens Salmonella enterica serovar typhimurium, Listeria 

monocytogenes, and BCG. The advantages of bacterial vectors are that they are inherently 

immunostimulatory, mimic natural infection, and are readily and irreversibly attenuated. Moreover 

bacteria are easy and cheap to produce, can be administered orally, and infection can be treated with 

antibiotics (136, 137). In addition, there is extensive clinical experience with the use of BCG as a 

vaccine (138). However a major disadvantage of recombinant bacterial vectors is the release of 
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genetically modified bacterial strains into the environment (137). Recombinant BCG expressing a 

fragment of MSP1 of Plasmodium yoelii (MSP1-15) as a fusion protein with a secretory protein of 

Mycobacterium kansasii stimulated a robust cell mediated and humoral immune response in mice, 

providing protection against subsequent infection with P. yoelii (139). Several trials have assessed 

the ability of recombinant BCG (rBCG) encoding SIV or HIV antigens administered by the 

intradermal, subcutaneous or intravenous routes, to stimulate T cell responses in non-human 

primates (reviewed in (140)). Animals were either primed with rBCG and received a heterologous 

boost, or received rBCG alone. While robust HIV-specific CD8+ T cell responses were generally 

seen, CD4+ T cell and humoral immune responses were variable. Some trials showed protection 

against SIV challenge while others did not. Recombinant Listeria monocytogenes has also been 

assessed as a prophylactic vaccine vector. Oral, intrarectal, or intravaginal priming of mice with 

Gag-expressing recombinant Listeria monocytogenes followed boosting with recombinant 

adenovirus 5 by mucosal or intramuscular routes stimulated robust Gag-specific CD8+ T cell 

responses systemically and in the vaginal mucosa; mucosal CD8+ T cells were predominantly 

effector memory cells (141).  

1.4.6  Replicons 

Self-replicating RNAs, or replicons, are able to replicate within the infected cell but are unable to 

spread from cell-to-cell. They are derived from viruses with a positive sense single stranded RNA 

genome, such as alphaviruses and poliovirus, and have been assessed as potential vaccines (142, 

143). In replicons the non-structural genes are retained but the structural genes have been replaced 

by the antigen of interest, allowing them to replicate within the infected cell but unable to spread 

from cell-to-cell (143). Replicon systems have been developed for the Venezuelan Equine 

Encephalitis (VEE), Sindbis, Semliki Forest virus and Kunjin alphaviruses (143, 144). In addition, 

poliovirus replicons expressing transgenes have also been described (142). Replicons can either be 

delivered as naked RNA, encoded on plasmids, or more commonly packaged in viral capsids where 

the capsid genes are supplied in trans (143, 144). All means of delivery induced robust T cell 

responses to a Kunjin replicon in mice, with T cell responses similar to those induced by 

recombinant vaccinia virus (144).   Mice immunised with naked RNA were protected against 

subsequent challenge with recombinant vaccinia virus or B16 tumour cells in a tumour protection 

assay (144). However, immunisation of pigtail macaques with a Kunjin replicon encoding SIV gag-

pol failed to stimulate a detectable T cell response and offered no protection from infection. In 

contrast, an encapsidated VEE replicon encoding influenza virus haemagglutinin induced high titre 

antibody responses and robust T cell responses to haemagglutinin in rhesus macaques (145). 
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Alphavirus replicons have the advantage that they replicate in the host cytoplasm, eliminating the 

risk of insertional mutagenesis, and potently activate innate immune signalling pathways (109). 

Infection of dendritic cells and transport to the regional lymph nodes has been demonstrated with 

the VEE replicon (146). Limitations of the replicon system include concerns about the production 

of infectious virus by recombination and difficulties scaling up production (143). 

1.4.7  Replication deficient viral vectors 

Replication deficient viral vectors lack the necessary genes to produce new virions after infection of 

a cell. Several replication deficient viral vectors have been investigated as potential T cell vaccines, 

including adenoviruses, poxviruses, lentiviruses, herpes simplex virus and adeno-associated virus 

(109, 147).  Recombinant herpes simplex virus will not be discussed further. 

 Replication deficient adenovirus (rAd) vectors have been extensively investigated as vaccine 

vectors.  First generation vectors have a deletion of the E1 region, which is essential for virus 

replication (148). In second generation rAd vectors the E3 region is also deleted, increasing the 

coding capacity to 7-8kbp (109). Vectors with deletions of E1/E2a, E1/E4,  E1/E2a/E3/E4, and 

vectors encoding no adenovirus genes have all been reported (148). Production of rAd vectors 

requires provision of the missing genes in trans. However, with the exception of gutted rAd, leaky 

expression of adenovirus genes can still occur, albeit at reduced levels with E1/E2a and E1/E4 

deleted vectors (149-151). Expression of adenovirus proteins can stimulate anti-vector CD4+ and 

CD8+ T cell response (150, 151) which may limit the expansion of transgene-specific T cells, as has 

been described with poxvirus vectors (152).  Adenoviral vectors potently activate innate immune 

signalling pathways (112-114). By binding to integrin receptors adenoviruses stimulate 

phosphoinositide-3-OH kinase (PI3K)-dependent production of TNF-α (153). In addition, 

adenoviruses activate innate immune signalling pathways via TLRs 2 and 9 (123, 154) and 

cytosolic detection of adenoviral DNA (123, 155). Furthermore, rAd serotype 5 vectors can infect 

dendritic cells, which lack the CAR receptor (148), either by binding to integrins by the RGD motif 

at the base of the penton shaft (153), by binding to heparin sulphate via a heparin-binding motif in 

the penton shaft (156), or phagocytosis following opsonisation with complement (157). Other 

serotypes may infect dendritic cells by distinct mechanisms (148). Importantly infection of dendritic 

cells with E1/E3 deleted rAd transiently suppressed T cell responses due to leaky early gene 

transcription by the rAd (158). This effect was mediated in part by IL-10 production (159). In 

contrast, following infection of dendritic cells with gutless helper-dependent rAd, no transient 

suppression of T cell responses was seen (158). Indeed gutless helper-dependent rAd generated 

stronger humoral and cell mediated immune responses than E1/E3 deleted rAd in mice (120). 
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Adenoviral vectors stimulate potent transgene-specific B and T cell responses in rodents, dogs, non-

human primates and in humans (148, 160). rAd serotype 5 induces stronger humoral and CD8+ T 

cell responses than poxvirus vectors, replicons, DNA, or recombinant protein vaccines (148, 161, 

162). rAd5 vectors efficiently prime naïve T cell responses and boost memory T cell responses; in 

contrast poxviruses are weaker at priming a naïve T cell response but are efficient at boosting a 

memory T cell response (108). rAd5 vectors alone, or following a DNA prime, provide superior 

protection to chimeric SIV/HIV in non-human primates compared with DNA or MVA vaccines 

(163). Oral administration of rAd5 also stimulates humoral and CD8+ T cells responses, albeit at a 

lower efficiency than intramuscular injection (148). Further, adenoviral vectors have been shown to 

be safe and immunogenic in humans (160). One major limitation of rAd5 is the high rates of pre-

existing humoral and cell mediated immunity against the vector (148, 164). Neutralising antibodies 

inhibit infection of dendritic cells and other cell types, reducing transgene expression and 

subsequent B and T cell responses against the transgene (148). The utility of rAd5 expressing HIV-

1 gag-pol-nef as a prophylactic vaccine vector for HIV-1 was assessed in the phase II STEP trial. 

Vaccinees were given three intramuscular doses of the vaccine or placebo (165). The vaccine 

stimulated HIV-specific CD4+ and CD8+ T cells in 41% and 73% of vaccines respectively (166); 

HIV-specific T cells were detected in vaccinees with pre-vaccination anti-Ad5 titres of >1:200, 

although at a reduced rate (165). The vaccine failed to protect against HIV infection, with 

uncircumcised males and those with an anti-Ad5 titre of >1:18 showing a trend to increased risk of 

infection (165). The increased risk of infection in vaccinees with pre-existing seropositivity for Ad5 

was not due to greater expansion of Ad5-specific T cells (167, 168), but may be due to the 

formation of rAd5 immune complexes (169). The findings of the STEP trial has given added 

impetus to the investigation of rarer human serotypes and non-human serotypes of adenovirus that 

can evade pre-existing neutralising antibodies responses to the common human adenoviruses (170). 

These alternative serotypes could also be used in heterologous adenovirus prime boost regimens 

(171). Further, the inherent gut tropism of adenovirus serotype 41 may allow is use as an oral 

vaccine (172).  

Replication deficient poxviruses have been extensively investigated as vaccine vectors. Modified 

vaccinia virus Ankara (MVA) was developed by serial passage more than 570 times in chicken 

embryo fibroblasts, leading to the deletion of more than 30kbp of the vaccinia virus genome and 

rendering it replication deficient in most mammalian cells (125). There is extensive clinical 

experience with MVA as it was used without complication as an alternative smallpox vaccine to 

vaccinia virus (125). New York attenuated vaccinia virus (NYVAC) was derived from the 

Copenhagen strain of vaccinia virus and was made replication incompetent by deletion of 18 open 
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reading frames involved in virulence and host range regulation (125). Avipox vectors, such as 

canarypox vector (ALVAC) and fowlpox (FPV), are naturally restricted to replication in avian cells 

and while they can infect mammalian cells they are unable to replicate (109). Further, the avipox 

vectors are not affected by previous vaccination with vaccinia (109). Recombinant poxviral vectors 

have proven immunogenic in preclinical studies. A DNA prime-MVA boost regimen for 

immunisation against SIV stimulated robust CD4+ and CD8+ T cell responses in rhesus macaques 

and protected against a chimeric SHIV challenge (173).   Poxvirus vectors have been trialled in 

humans as T cell vaccines for HIV (174), malaria (175, 176), tuberculosis (177), and malignancy 

(152, 178). A phase III trial of an ALVAC prime, gp120 recombinant protein boost for prevention 

of HIV-1 infection stimulated weaker HIV-specific T cell responses than were seen with an 

adenovirus vector in the STEP trial (165, 166), yet surprisingly the prime-boost regimen 

demonstrated a weak protective effect, with a vaccine efficacy of 26.4% on an intention-to-treat 

analysis (174). It is yet to be determined which is the optimal poxvirus vector for use as a T cell 

vaccine. MVA and NYVAC have been shown to stimulate qualitatively different immune 

responses. NYVAC stimulates predominantly a CD4+ T cell response, while MVA stimulates a 

stronger CD8+ T cell response in addition to a CD4+ T cell response (126). Further, rational 

modifications of these vectors, such as deletion of B15R which encodes a soluble IL-1β receptor in 

MVA, may further improve their immunogenicity (179). One major limitation of poxvirus vectors 

is the expression of multiple viral proteins. In a phase I clinical trial of MVA as a vaccine vector in 

melanoma, immunodominant CD8+ T cell responses were seen against poxvirus epitopes, with 

weak or undetectable transgene-specific CD8+ T cell responses. Therefore more powerful priming 

strategies may be required to overcome the immunodominance of antivector immune responses 

(152). 

Recombinant lentiviral vectors, which are derived from HIV-1 or SIV, have also been investigated 

as vaccine vectors. Lentiviral vectors are able to transduce non-dividing cells, such as dendritic 

cells, while other retroviral vectors are not, making recombinant lentiviruses the retroviruses of 

choice for vaccine applications (180). The efficient infection of dendritic cells by lentiviral vectors 

has been confirmed in vitro and in vivo, with maturation of dendritic cells seen at high multiplicity 

of infection (180). Lentiviral vectors engage a number of pattern recognition receptors, including 

TLR2, TLR3, TLR8, and protein kinase R in myeloid dendritic cells (180), and TLR 7 and TLR9 in 

plasmacytoid dendritic cells (180-182). Immunisation of mice with lentiviral vectors stimulates 

strong transgene-specific T and B cell responses, and has been effective in mouse tumour challenge 

models (180, 183). Viral sequences are required in cis for the packaging (ψ), reverse transcription 

(long terminal repeats (LTRs), primer binding site, and central termination site), nuclear transport 
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(central polypurine tract), integration (attL and attR integration sites), and transcription (5’ LTR) of 

lentiviral vectors (184).  The lentiviral genes required for packaging, gag and pol, are provided in 

trans, with progressive refinement of the packaging plasmids reducing the risk of packaging 

replication competent lentiviruses (180). Lentiviral vectors are normally pseudotyped with envelope 

proteins from other viruses, in particular the glycoprotein from VSV, allowing infection of a broad 

range of cells (180). The safety of lentiviral vectors can be further improved by the inactivation of 

the promoter activity in the LTRs. Self inactivating retroviral vectors contain a 299bp deletion of 

the promoter and enhancer sequences in the 3’ long terminal repeat (LTR) (185). On integration the 

deletion is transferred to the 5’ LTR, leading to a transcriptionally inactive integrated provirus, 

allowing transgene expression to be regulated by the exogenous promoter alone (185). The other 

major safety concern is the high rate of integration into the genome (183, 185). While integration 

has made recombinant retroviral vectors attractive vectors for gene therapy, it may limit their use as 

vaccine vectors. Recently non-integrating lentiviral vectors have been described. Non-integrating 

lentiviral vectors have a mutation in the active site of the integrase and mutated integrase 

recognition sequences (att) in the LTRs; low residual rates of integration are not mediated by 

integrase and are likely due to non-homologous recombination (186). A non-integrating lentiviral 

vector stimulated a robust neutralising antibody response that protected against challenge with a 

lethal dose of West Nile virus (183). In another study a non-integrating lentiviral vector stimulated 

robust T cell responses against the vector-encoded transgene (187).  

Other recombinant viral vectors have been investigated as potential T cell vaccines, including 

recombinant adeno-associated virus, which is discussed in detail in the following section.  

1.5  Adeno-associated virus 

1.5.1  Description 

Adeno-associated virus (AAV), or Dependovirus, is a helper-dependent, non-enveloped, single 

stranded DNA virus of the family Parvoviridae. It requires helper functions, normally provided by 

co-infection with a helper virus, to complete a lytic life cycle (188). Helper functions can be 

provided by viruses such as adenovirus, herpes simplex virus, vaccinia virus, and human 

papillomavirus or by alteration of the cellular environment by various genotoxic agents, such as 

hydroxyurea (188). AAV can be found in a wide range of species, including mammals, birds, and 

reptiles (189). To date there have been 12 serotypes and over 100 different clones isolated from 

humans and non-human primates (189-191). Humans are the natural hosts of AAV 2, 3, and 5 while 

AAV 4, 7 , 8 and 9 primarily infect non-human primates (189, 192). The reservoir of AAV1 and 
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AAV6 is unclear as they have not been isolated from tissue and both human and non-human 

primate populations have antibodies (192). AAV1, AAV2, AAV3, AAV4 and AAV6 were isolated 

as contaminants in adenovirus cultures, while AAV5 was isolated from a condylomatous wart (189, 

193-195). 

1.5.2  Infection of humans 

Infection of humans is relatively common, varying by geographical location and by serotype. In a 

study of 888 samples from 4 continents and 10 countries the rate of seropositivity (as defined by a 

neutralising antibody titre of >1:20) was 20-45% for AAV1, 30-58% for AAV2, 14-32% for AAV7 

and AAV8, and <3% for AAVrh32.33, a variant isolated from non-human primates (196). A French 

study that examined seroprevalence in 226 healthy donors found that 67% of individuals were 

seropositive for AAV1, 72% for AAV2, 40% for AAV5, 46% for AAV6, 38% for AAV8, and 47% 

for AAV9 (197). Similarly, a study in the United States assessed the seroprevalence of neutralising 

antibodies against AAV2, AAV5, and AAV6 in 129 patients with cystic fibrosis and 37 healthy 

adult controls. The prevalence of neutralising antibodies increased with age. Of patients with cystic 

fibrosis <10 years old (n=48), 10%, 4% and 6% had antibodies against AAV2, AAV5 and AAV6 

respectively, while in patients with cystic fibrosis >18 years old (n=40) the seroprevalence was 

27%, 29%, and 23%. The seroprevalence was similar in adults with cystic fibrosis and healthy 

controls (198). Furthermore, in a screen of 259 samples from 18 different tissue types from 250 

individuals AAV sequences were detected in 18%; bone marrow and liver were the most common 

sites, with AAV detected in 30% of both (n= 13 and n=32 samples respectively). AAV was also 

detected in brain (8%, n=12), colon (15%, n=54), kidney (5%, n=21), and spleen (17%, n=23). 

Sequence analysis revealed a diverse array of serotypes (191). 

 There has been a paucity of data associating AAV with disease in humans. Recent evidence 

suggests that AAV may be associated with adverse outcomes in pregnancy. Tobiasch et al. found 

AAV2 in 21/41 samples by PCR (12/30) or Southern blot (9/14) from first trimester abortions but 

none from 2nd or 3rd trimester abortions (199).  Of note AAV2 was also detected in 19/30 uterine or 

cervical samples, including 8/10 from normal tissue. In the samples from 1st trimester abortions 

AAV was detected in the trophoblast layer by in situ hybridisation but not in the embryo or decidua; 

the presence of AAV2 Rep and capsid proteins in the trophoblast was confirmed by 

immunofluorescence. Of the women who had undergone a first trimester abortion 7/24 were IgM 

positive, compared with 6/61 controls. There was no significant difference in the rates of IgG 

positivity (67% vs 80%) between the groups (199). Kiehl et al. found AAV in 28/49 hydatiform 

moles, 4/14 choriocarcinomas, and 11/15 spontaneous abortions by nested PCR but there was no 



 

17 
 

comparison group (200). By contrast, Friedman-Einmat et al. failed to find evidence of AAV2 by 

PCR in 62 samples of first trimester aborted material, including 38 from spontaneous abortions and 

24 from induced abortions, and 11 samples of chorionic villi taken for prenatal genetic diagnosis. In 

the same study AAV was detected in 11 of 61 genital swabs from women suspected of having 

herpes simplex virus (HSV) infection; HSV was detected in 5/11 by culture (201). In another study 

AAV2 DNA was found in placental samples of 22/40 women with preeclampsia compared with 

5/27 placentas from normal pregnancies (202).  

A recent prospective observational study found that if women were IgM positive for AAV2 in the 

first trimester the pregnancy was 5.6 times more likely to be complicated by preeclampsia, 

intrauterine growth retardation or still birth, and premature delivery was 7.6 times more common. 

Overall 28% of women were IgM positive and 83% IgG positive; IgG seropositivity was not 

predictive of outcome (203).  A study by Burguete et al. provided evidence that transplacental 

transmission of AAV and foetal infection can occur (204). PCR was performed on non-selected 

amniotic fluid samples and AAV detected in 27% (64/238), human papillomavirus in 12% and 

cytomegalovirus in 18%; 8 samples had both AAV and human papillomavirus while 9 had both 

AAV and cytomegalovirus. Of the 15 positive samples tested 2 contained AAV3 while the rest 

contained AAV2. AAV was detected by culture in 13/43 samples tested. Detection of AAV was 

associated with premature rupture of membranes and with premature labour. To confirm 

transplacental transmission of AAV, the authors tested serum samples from an unrelated cohort of 

neonates, who were having blood taken for other clinical reasons. IgM to AAV was detected in 24% 

(9/38). Where maternal serum was available IgM to AAV was detected in 11/20; in 7 cases the 

mother was IgM + and the neonate IgM-, in 4 cases both were IgM +, and in 1 case only the 

neonate was IgM+ (204). In in vitro experiments AAV2 was able to infect a transformed placental 

trophoblast cell line with or without helper virus co-infection, and that infection inhibited the ability 

of the trophoblastic cells to invade through an extracellular matrix (202, 205). Taken together, these 

data suggest that infection of the placenta and the foetus can occur either early or late in pregnancy, 

and that infection may be associated with adverse pregnancy outcomes.  

1.5.3  Virology of wild-type AAV 

AAV has a 4.7kbp genome that contains two open reading frames, encoding the non-structural (rep) 

and structural (cap) proteins of the virus, and 145bp inverted terminal repeats (ITRs) at each end 

(206). Both positive and negative sense genomes can be packaged (207). The rep gene is at the 5’ 

end of the genome. It encodes four proteins. The large Rep proteins (Rep78 and Rep68) are encoded 

from the p5 start codon and have a different C terminus due to differential splicing. The small Rep 
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proteins (Rep52 and Rep40) share the same reading frame but are encoded from the p19 promoter 

contained in the coding sequence of the large Rep proteins. The same splice site is responsible for 

the two forms (208). Three capsid proteins are produced from the single open reading frame of the 

cap gene from a single promoter (p40). There is an intron between the p40 promoter and the start of 

the protein coding sequence. Transcripts encoding VP1 and VP2/3 are generated by differential 

splicing. VP2 is expressed from a non-canonical initiation codon (ACG) while VP3 is expressed 

from the downstream AUG (209). VP1, VP2, and VP3 are expressed in the ratio 1:1:10 and 

assemble to form the capsid. The capsid contains 60 subunits and has icosahedral symmetry (T=1) 

with a diameter of approximately 26nm (210, 211).  

The cellular receptors for the attachment of AAV have been defined for only some of the serotypes. 

The primary attachment receptor of AAV2 is cell membrane-bound heparan sulphate (212); 

positively charged residues on the sides of the three-fold-related peaks are responsible for heparin 

binding (210). Co-receptors that have been identified for serotype 2 are αVβ5 integrin, α5β1 

integrin, fibroblast growth factor receptor 1(FGFR1), and the 37/67kDa laminin receptor (213-216), 

although the use of αVβ5 integrin is contentious (217). The 37/67kDa laminin receptor also acts as 

a receptor for serotypes 3, 8 and 9 (216). Heparan sulphate is also a co-receptor for the closely 

related serotype 3, however AAV2 and AAV3 use different co-receptors (218). In contrast AAV4 

and AAV5 bind to sialic acid; serotype 4 bind O-linked sialic acid while serotype 5 binds N-linked 

sialic acid (219). The co-receptor for AAV5 has been identified as the platelet-derived growth 

factor receptor (PDGFR), which is also glycosylated with N-linked sialic acid, suggesting it may act 

as both a primary and secondary receptor (220). Glycoproteins with N-linked α2,3- or α2,6- sialic 

acid also act as receptors for serotypes 1 and 6 (221), however serotype 6 and 5 use different 

receptors and the requirement of AAV6 for sialic acid depends on the cell line (222). In addition 

serotype 6, but not serotype 1, is able to bind to heparin, but soluble heparin fails to inhibit infection 

(223).  

Following binding to its cognate receptor AAV2 is endocytosed in clathrin-coated pits in a 

dynamin-dependent manner (224, 225). Serotype 5 also enters cells via clathrin-coated pits (226). 

Endocytosis occurs rapidly on receptor binding (227). Rac1 signalling is important for the 

endocytosis of AAV2 and is dependent on αVβ5 signalling following binding of virus (228). 

Endosomal processing of the viral capsid is important in priming the virus for nuclear transport 

and/or uncoating; rAAV2 that is injected into the cytoplasm fails to express its transgene (211). As 

the pH of the endosome decreases the capsid undergoes a conformational change, exposing the N 

termini of VP1 and VP2 (229). The N terminus of VP1 encodes a phospholipase A2 domain 
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necessary for endosomal escape (229, 230). The exposed N termini of VP1 and VP2 also function 

as a nuclear localisation signal (229). While acidification of the endosome is necessary in most 

cells, as evidenced by a reduction in transduction with bafilomycin treatment (231), 

intracytoplasmic injection of acid-pretreated particles fails to lead to gene expression suggesting 

further modifications may occur to the capsid before entry to the cytoplasm (229).  

AAV has been found to be associated with a number of endosomal compartments, including the 

early endosome, late endosome, the perinuclear recycling endosome, the trans Golgi network, and 

lysosomes, with results varying between reports and cell lines (reviewed in (211)). At present the 

point of vacuole escape remains unclear, although the inhibition of transduction by bafilomycin 

suggests that the virus passes through the late endosome, which may be the point of escape. The 

phospholipase A2 domain at the N terminus of VP1 is required for endosomal escape (230). The 

intact virion is then rapidly transported to the nucleus on microtubules via an interaction with 

dynein (227, 232). Phosphatidylinositol-3 kinase, which is activated by Rac1, is necessary for 

movement to the nucleus (228).  Intact particles are translocated to the nucleus, although the 

mechanism remains uncertain (211, 229). Nucleoin has been shown to bind to the AAV2 capsid and 

to co-localise in the cytoplasm and nucleus, suggesting that it may play a role (233). Exposure of 

the nuclear localisation signals at the N termini of VP1 and VP2 is required for infection and can 

mediate nuclear transport on a heterologous proteins (229). As inhibition of the proteasome 

increases nuclear transport, it has been suggested that ubiquitination of capsids may play a role in 

nuclear transport (234). Alternatively ubiquitinated virus may be degraded. Indeed, phosphorylation 

of surface exposed tyrosine residues in the capsid of AAV2 by epidermal growth factor receptor 

protein tyrosine kinase (EGFR-PTK) leads to ubiquitination, subsequent degradation, and decreased 

nuclear transport (235). Mutation of these surface exposed tyrosine residues decreased 

ubiquitination and increased nuclear transport (236).  

Virus uncoating occurs in the nucleus (229). Following nuclear entry, encapsidated AAV are 

sequestered in the nucleolus; uncoating and mobilisation occur following mobilisation from the 

nucleolus to the nucleoplasm (237). Mobilisation from the nucleolus can be promoted by genotoxic 

agents such as hydroxyurea, and may also be promoted by helper virus infection (237). Uncoating 

of the virus in the nucleus can be a rate-limiting step in transduction and may vary with serotype. 

Following transduction of murine liver with rAAV2 there is a lag phase of up to 6 weeks until gene 

expression is detected due to slow uncoating of the virus. In contrast AAV6 and AAV8 do not 

persist in an encapsidated form and do not exhibit the same lag phase (238). 
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Following uncoating the rAAV genome must be converted to a double stranded DNA (dsDNA) 

molecule before transcription can occur. While this could occur either by annealing of vector 

genomes of opposite polarity or by self-primed de novo synthesis from the hairpin ITR (second 

strand synthesis) (239), the primary mechanism for conversion to dsDNA is likely to be second 

strand synthesis (240, 241).  Using a single polarity vector generated by deleting the packaging 

signal in one ITR, Zhou et al. demonstrated similar levels of transduction of murine muscle, liver, 

and brain, suggesting that annealing of genomes of opposite polarity is not an important mechanism 

(241). Inside the nucleus second strand synthesis occurs in discrete foci (242, 243). In these foci the 

cellular MRN complex and MDC1, which are involved in the DNA-double-strand break repair 

mechanism, directly associate with the ITRs of the rAAV genome, inhibiting second strand 

synthesis (242, 244). Genotoxic agents, such as hydroxyurea, may divert these proteins away from 

the AAV genome, while co-infection with adenovirus leads to the degradation of the MRN complex 

by E1b55K/E4ORF6 (244). Interestingly, E1 and E4ORF6 have been shown to enhance rAAV 

transduction by promoting second strand synthesis (245, 246). Second strand DNA synthesis is a 

rate-limiting step to transduction in a number of tissues (247, 248). 

After conversion of the AAV genome to a double-stranded form, in the absence of helper virus co-

infection AAV enters latency. Most genomes circularise to form episomes. Proteins involved in the 

DNA-double-stranded break repair, including the MRN complex, are involved in this conversion; 

the hairpin structure of the ITR resembles the double-stranded break repair intermediate (239). If 

multiple genomes are present in the same cell circularised concatemers can form (249); 

alternatively circularised concatemers may arise from rolling circle replication (250). Small 

numbers of genomes can integrate into the host chromosome (250). Circularisation probably 

precedes integration (250). During latency, whether as integrated virus or episome, wild-type AAV 

is transcriptionally silent (251). 

Integration preferentially occurs at the AAVS-1 site on chromosome 19 (252), although 30-60% of 

vector genomes integrate elsewhere in the genome (253). AAVS-1 contains the minimal sequence 

required for integration in a 33bp sequence which encodes the Rep binding site (RBS) and the 

terminal resolution site (trs) (254). RBS sites are located elsewhere in the genome but not in close 

proximity to a trs (253). The large Rep proteins (Rep78 and Rep68) bind to the RBS in AAVS-1 

and to the RBS present in the AAV ITR, forming a complex between the AAV genome and the 

integration site (255). Rep78 and Rep68 generate a nick in the terminal resolution site (trs) in 

AAVS1 and unwind the dsDNA by their helicase activity (256). DNA replication then proceeds 

from the 3’ end of the nick, displacing the host chromosomal sequence. Following a change in the 

template strand, DNA replication proceeds in the opposite direction, with a subsequent change of 
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template to the circularised AAV genome, before returning to the host chromosome (250). This 

model is consistent with the finding that integration occurs within ~2kbp downstream of the RBS of 

AAVS1 with no reproducible breakpoints (253) and that more than one copy of the viral genome is 

typically present (250). Host cell proteins involved in integration include TAR RNA loop binding 

protein 185 (TRP-185) (257).  

In contrast, integration of recombinant AAV (rAAV) genomes is not site specific due to the lack of 

the large Rep proteins. In vitro studies suggest that integration occurs at a similar rate with rAAV as 

wild-type AAV, with approximately 0.2-1 x 10-3 integration events per infectious genome, which is 

significantly higher than the rates with adenoviral vectors (approximately 10-4 to 10-6 per infectious 

vector genome) (250). The presence of the ITRs enhances the rate of integration (250). In contrast 

in vivo,  where cells are not dividing or dividing slowly, data suggests that integration of rAAV 

genomes is an uncommon event (250). Integration into mouse liver occurs at low frequency, with 

rates of no more than 10% in the setting of hepatic injury, while most rAAV genomes persist in an 

extrachromosomal state (258). Integration into murine muscle has not been demonstrated (259). The 

genome of rAAV integrates into existing double strand breaks in the DNA by non-homologous end-

joining repair pathways or by homologous recombination repair pathways, suggesting that 

integration  is a by product of existing DNA damage rather than a process initiated by the virus 

(250). Furthermore, in contrast to retroviral vectors which exhibit strong promoter activity from 

their downstream long terminal repeat, only weak promoter activity has been associated with the 

ITR of AAV, and, because of its orientation, it is only likely to drive transcription of the vector 

genome-encoded transgene (250, 260).  

Reactivation of AAV from latency and production of infectious progeny requires either co-infection 

with a helper virus, such as adenovirus, herpes simplex virus (HSV), vaccinia virus, or human 

papillomavirus, or genotoxic stress (188). The rep genes are activated first, followed by rescue of 

the viral genome, DNA replication, production of the Rep and Cap proteins, and then vector 

packaging (251). The adenoviral functions required for lytic AAV infection include E1a, E2a, 

E1b55K/E4ORF6, and VAI RNA. E1a transcriptionally activates the p5 promoter, leading to the 

transcription of the rep genes (261). One study showed E2a, a single stranded DNA binding protein, 

also has a role as a transcriptional activator of the p5 promoter (262). In addition E2a enhances, but 

is not required for genome replication (263). E1b55K/E4ORF6 has a role in DNA synthesis, 

enhancing second strand DNA synthesis by degrading the MRN complex, which is involved in the 

DNA-double-strand break repair mechanism (244). E2a, E4ORF/E1b and VAI RNAs may also 

have a post-transcriptional effect on AAV RNAs, although there are conflicting studies (188). 

Several HSV-1 genes have been implicated in providing helper functions for AAV. The immediate 
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early proteins ICP0, ICP4 and ICP22 act as transactivators for rep gene expression (251) and, along 

with the helicase/primase complex (encoded by UL5/UL8/UL52), the single stranded DNA binding 

protein ICP8 (encoded by the UL29 gene), and the HSV-1 DNA polymerase complex 

(UL30/UL42), are essential for AAV DNA replication (251, 264).  

It is interesting to note the role of HSV-1 DNA polymerase in the replication of the AAV genome 

given that no such helper function is required with adenovirus (265). Indeed, other than E2a, which 

is a DNA binding protein, none of the adenoviral helper proteins is directly involved in DNA 

replication, suggesting that predominantly host cell enzymes are involved (265). Further, AAV is 

still able to replicate when E2a is deleted, albeit at reduced efficiency (263). Fractionation of crude 

lysates of adenovirus infected cells has identified the cellular protein complexes polymerase δ, 

replication factor C (the cellular single stranded DNA binding protein), proliferating cell nuclear 

antigen (a polymerase δ processivity factor), and minichromosome maintenance complex (a DNA 

helicase) as essential and sufficient for AAV DNA replication (265-267). In a process called 

terminal resolution, genome replication is initiated from a double-stranded, covalently closed 

hairpin structure by cleavage of the terminal resolution site (trs), which is present on one strand in 

the ITR, by the endonuclease activity of one of the large Rep proteins. The genome is then 

converted to an open-ended, linear double stranded DNA molecule by the helicase activity of the 

large Rep proteins and the host cell DNA polymerase δ. The ITRs are then denatured and 

reannealed in a process called reinitiation that requires the helicase activity of Rep78 or Rep68. The 

refolded ITR then primes genome synthesis by a strand displacement method, yielding a single 

stranded DNA genome (266). Of note, single stranded genomes are not detected in the absence of 

capsids (268). 

The single stranded DNA genomes are packaged into capsids in the nucleus (240). Transcription of 

the cap gene increases during genome replication (269). Capsid proteins VP1, VP2, and VP3 are 

transported to the nucleus where they rapidly self assemble to form an empty capsid (268).VP3 

lacks a nuclear localisation signal, which is expressed at the N-terminus of VP2. VP3 enters the 

nucleus in complex VP2 (270).  Assembly of the capsid occurs in the nucleolus while packaging 

occurs in replication centres in the nucleoplasm (271). The Rep proteins are required for release of 

the capsids from the nucleolus (271). The particles then slowly mature as the single stranded DNA 

genome is packaged over several hours (268, 269). Both positive and negative polarity genomes are 

packaged (240). The helicase function of the smaller Rep proteins, Rep 52 and Rep 40, is required 

for encapsidation, and may act to “pump” the DNA into the capsid  (272). The only feature of the 

AAV genome that is required for packaging is a single ITR (269, 273) 
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1.5.4  Recombinant AAV (rAAV) 

The demonstration that a plasmid encoding the AAV genome could produce infectious virions in 

human cells after rescue with a helper virus (274) allowed identification of the essential features of 

the genome required for virion production (275, 276). This paved the way for the use of AAV as a 

recombinant vector for gene transfer to mammalian cells (277). The production of rAAV requires:  

(1) a plasmid encoding the vector genome, which consists of the transgene expression cassette 

within the AAV ITRs; (2) a separate plasmid containing the rep and cap genes without the AAV 

ITRs, to prevent production of wild-type virus; (3) the required helper functions, either encoded on 

a plasmid (E1a, E1b, E2, E4ORF6, and VAI RNAs) or provided by infection with a helper virus 

(278). If vector is produced in HEK 293 cells E1a and E1b are not required as HEK 293 cells are 

transformed with adenovirus-5 and constitutively express E1a and E1b (278, 279). As the vector 

genome encodes no viral proteins rAAV is unable to produce new virions on infection of a cell, 

rendering it replication deficient. The coding capacity of recombinant AAV vectors (rAAV) is 

~4.5kbp, although up to 5.2kbp can be incorporated with little loss of viral infectivity (280, 281).  

1.5.5  Pseudotyped vectors, mosaic vectors, and modifications of the capsid 

Attachment is a major rate limiting step to transduction of cells. As discussed above, different 

serotypes utilise different receptors (212-216, 218-220, 222, 223). The tissue tropism of rAAV 

varies with the serotype of the capsid (219, 282-289).  To assess the effect of capsid serotype alone 

on transduction, pseudotyped vectors were developed. Pseudotyped vectors contain a genome with 

ITRs from a different serotype from the capsid; usually the vector genome contains serotype 2 

ITRs. Pseudotyped vectors are described first by the serotype of their ITRs and then by the serotype 

of their capsid. For example a vector with AAV2 ITRs and a capsid from AAV1 would be called 

rAAV2/1; this nomenclature is used throughout the thesis. To produce pseudotyped vectors 

chimeric packaging plasmids encoding the rep gene from AAV2 and the cap gene from serotypes 1, 

3, 4, or 5 were initially developed (282). While rAAV2/1 was efficiently packaged, poor yields of 

pseudotypes 3, 4, and 5 were obtained. High yields of rAAV2/3, rAAV2/5, and rAAV2/5 were 

obtained by using chimeric rep genes that contained the N terminal DNA binding domain from 

serotype 2, facilitating recognition of the ITR, and the C-terminus from the same serotype as the 

capsid (272). The small Rep proteins have previously been shown to be important in genome 

encapsidation (290).  

Mosaic vectors contain a mixture of capsid subunits from different serotypes (289). Mosaic vectors 

are produced by using two or more different packaging plasmids. Theoretically the ratio of different 

subunits can be varied by varying the ratio of plasmids (289). Mosaic capsids combine the features 
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of the two parental serotypes; for example a mosaic vector of AAV1 and AAV2 allowed 

purification by heparin affinity chromatography while retaining the ability of AAV1 to transduce 

muscle (291).  Mosaic vectors may also gain properties that differ from either parental serotype 

(289, 292). 

Modification of capsid proteins has also been described. Domain swaps between different serotypes 

can either be performed in a rational manner or by directed evolution (289). Directed evolution can 

also be used to generate vectors with novel properties by using PCR-based methods for accelerated 

evolution, such as DNA shuffling, error prone PCR, and the staggered extension procedure (293-

296).  Viral peptide display libraries, where random short peptides are inserted into sites known to 

tolerate insertions, have also been used for directed evolution of the AAV capsid (295, 297). Known 

ligands or epitopes can also be inserted into these sites (298). Others have modified the capsid by 

covalent or non-covalent attachment of various molecules to the capsid. (299). 

1.5.6  Self-complimentary vectors 

Second strand synthesis is a major rate limiting step in transduction of many cell types, including 

liver, muscle, brain, retinal cells, pancreatic islets of Langerhans, and dendritic cells (245-248, 300-

302).  Second strand synthesis can be bypassed by annealing of two genomes of opposite polarity 

or, when the genome size is less than ~2.5kbp, packaging of a dimeric genome which can then self 

anneal on uncoating (303). When the genome is < 2.5kbp the percentage of dimers may vary from 

~5 to >50% (303). The percentage of dimeric genomes can be dramatically increased by deletion of 

the terminal resolution sequence in one ITR, preventing nicking by the large Rep proteins resulting 

in read through by the DNA polymerase (247, 248). These vectors are known as self-complimentary 

AAV (scAAV). Typically greater than 90% of scAAV will contain dimeric genomes (303). The 

major disadvantage of self-complimentary vectors is the loss of packaging capacity, although it has 

recently been demonstrated that up to 3.3kbp can be successfully packaged (304). The genome is 

likely to be packaged as a single stranded DNA molecule and to self anneal on uncoating. 

Parvovirus capsids are unlikely to tolerate a double stranded DNA genome as single stranded DNA 

is significantly more flexible and is packaged with the bases facing the inner aspect of the capsid 

and the DNA backbone in the centre (303). Furthermore the helicase activity of the small Rep 

proteins is required for packaging, suggesting that a unwound single stranded DNA molecule is 

packaged (272, 303). 
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1.5.7  rAAV as a gene therapy vector 

Recombinant AAV is an attractive vector for gene therapy as the wild-type virus is not associated 

with disease, it encodes no viral proteins, is able to transduce both dividing and non-dividing cells 

(246-248), elicits little immune response to the transgene (see below), and provides long term 

transgene expression (305) via episome formation or integration. Its use however is limited by its 

packaging capacity, which has an upper limit of about 5.2kbp (280, 281). Various strategies, such as 

dual vector systems and trans-splicing have been used to transduce cells with larger transgenes 

(306-308). Gene therapy with rAAV has proven successful in several animal models, including 

mouse and canine models of haemophilia B (309-311). On the basis of these results several phase I 

and phase II trials using rAAV are in progress or have been completed (reviewed in (312)). The first 

clinical trial involved the administration of rAAV2 encoding the cystic fibrosis transmembrane 

conductance regulator (CFTR) to over 120 patients with cystic fibrosis by nasal, endobronchial or 

sinus instillation or inhalation without any significant vector-related adverse effects (313, 314). 

Transgene expression and correction of the electrophysiological defect were demonstrated (315), 

however due to the need to readminister the vector and to the limitations on redosing due to 

neutralising antivector humoral immune responses, no phase III trial was ever conducted (312).   

Recombinant AAV has also been investigated as a gene transfer vector for haemophilia B. 

Intramuscular injection of rAAV2 encoding factor IX was associated with transient expression and 

a partial correction of the bleeding diathesis. However expression was short-lived and re-

administration was complicated by anti-AAV2 antibodies (316, 317). A subsequent study 

investigated hepatic artery injection of rAAV2 expressing factor IX in 7 patients with haemophilia 

B. Therapeutic levels of factor IX (>1%) were transiently seen in 2/7 patients. In one of these 

patients loss of transgene expression was associated with a transient transaminitis. Transient 

transaminitis was also seen in 1 other patient who did not achieve significant expression of factor 

IX. Analysis of PBMCs from this patient revealed a T cell response against the AAV capsid but not 

the transgene (318). A subsequent study suggested that this immune mediated clearance of rAAV 

was due to preexisting capsid-specific CD8+ T cells (319). These cells were likely primed during 

wild-type infection, which is usually accompanied by co-infection with adenovirus, a strong 

immunogen (319). This highlights a limitation with rAAV-mediated gene therapy, namely a 

reduction in efficiency in the presence of a pre-existing immune response. Anti-AAV antibodies 

prevent the successful readministration of rAAV vectors (320). Further, pre-existing neutralising 

antibodies from exposure to wild-type infection may inhibit transduction (318, 321). Given the 

frequency of seropositivity to common serotypes, such as AAV2 (196, 197),  this has spurred 

interest in the use of novel serotypes and clones isolated from non-human primates (196, 320). 
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Gene therapy of α1-antitrypsin deficiency with rAAV has also been assessed. Initial studies using 

intramuscular rAAV2 demonstrated that it was safe and elicited anti-vector antibodies but no anti-

transgene T cell response was detected. However, only transient expression of α1-antitrypsin was 

seen (322). Studies in mice have suggested that much higher levels of transgene expression can be 

obtained with pseudotype 1 vectors (323). A phase 1 trial of rAAV2/1 expressing α1-antitrypsin has 

recently been completed. Despite anti-vector humoral and cellular immune responses in all patients, 

transgene expression persisted at >0.1% of normal for at least 1 year in the two higher dose groups 

(324).  

Recombinant AAV has been used for gene delivery to the central nervous system in several studies. 

McPhee et al. infused rAAV2 encoding ASPA into the brain parenchyma of 10 patients suffering 

from the autosomal recessive neurodegenerative condition, Canavan disease. Systemic anti-vector 

humoral immune responses were seen in 3/10 but there was no evidence of central nervous system 

inflammation, with normal cerebrospinal fluid, and no intrathecal antibody detected (325). Clinical 

trials have also been conducted for the treatment of Parkinson’s disease. rAAV2 encoding 

neurturin, a neurotrophic factor which can improve the function of degenerating neurons and 

prevent against further loss, was injected bilaterally into the putamen of 12 patients without any 

adverse effects and with some improvement in secondary outcomes at 1 year (326). rAAV2 

expressing glutamic acid decarboxylase was injected into the subthalamic nuclei on one side of 11 

patients with severe Parkinson’s disease. A marked improvement in symptoms on the contralateral 

side was seen, with improvements persisting at 12 months. No adverse effects of injection were 

observed (327). Bilateral injection of rAAV2 encoding AADC into the putamen of 5 patients with 

moderate to advanced Parkinson’s disease was safe and there was evidence of sustained gene 

expression on PET scanning (328). AADC encodes aromatic L-amino acid decarboxylase, which is 

required for the conversion of Levodopa to dopamine and its expression is lost as disease progresses 

(312). Intracerebral administration of rAAV2 has also been assessed for the treatment of late 

infantile neuronal ceroid lipofuscinosis, an autosomal recessive neurodegenerative lysosomal 

storage disease affecting the central nervous system. Ten children each received 12 intracerebral 

doses of rAAV2 expressing the human CLN2 cDNA. While there were no serious adverse effects 

that were unequivocally due to the treatment, one patient developed status epilepticus 14 days after 

treatment and subsequently died 49 days post treatment. A low level, transient humoral response 

was seen in four. The rate of decline in patients was slower than control subjects but the number 

were too small to reach statistical significance (329). 

Subretinal injection of rAAV2 expressing retinal pigment epithelium–specific 65-kDa protein gene 

(RPE65) for the treatment of Leber’s congenital amaurosis was recently reported. Following a 



 

27 
 

single injection all three patients achieved a modest subjective improvement of retinal function, 

while one patient developed an asymptomatic macular hole. No humoral or cellular immune 

response against the vector or the transgene was detected (330). A phase I trial of intraarticular 

injection of rAAV2 expressing a human tumour necrosis factor-immunoglobulin Fc fusion gene in 

patients with inflammatory arthritis has been completed (331). A subsequent phase I/II trial is 

underway with 120 patients. In this trial one patient in the high dose group died from disseminated 

histoplasmosis, but it was thought to be unrelated to the vector but rather due to concomitant use of 

systemic anti–TNFα therapy (332). A phase one trial assessing the efficacy of intracoronary 

administration of rAAV2/1 expressing SERCA2a for the treatment of heart failure has recently 

reported. The treatment was administered to 9 patients and was safe. In the 7 patients who lacked 

pre-existing anti-AAV1 neutralising antibodies quantitative improvements in heart function were 

seen (333). A phase II trial has been initiated. A phase I trial is also underway assessing the safety 

and efficacy of rAAV1 expressing lipoprotein lipase for the treatment of lipoprotein lipase 

deficiency (312). To June 2007 47 clinical trials of rAAV for gene therapy had been approved 

(334). Therefore there is substantial experience with the safety of rAAV as a gene therapy vector.  

1.5.8  Immune response to wild-type AAV and rAAV 

Consistent with the lack of immune response seen to rAAV in pre-clinical and clinical trials, in 

vitro studies demonstrate that rAAV causes little activation of innate immunity. In vitro rAAV2 

failed to induce the production of proinflammatory cytokines from HeLa and murine renal 

epithelium-derived cells, in contrast to adenovirus which stimulated robust secretion (114). 

Intravenous administration in mice led to the induction of TNF-α, RANTES, IP-10, MIP-1β, MCP-

1, and MIP-2 mRNAs in liver, which rapidly returned to baseline. A transient infiltration of 

neutrophils and CD11b+ cells was seen. In contrast adenovirus caused robust upregulation of 

mRNAs that persisted at 24 hours and was associated with marked infiltration of the liver. 

Depletion of Kupfer cells abolished the response to rAAV but not to adenovirus (114). Furthermore, 

microarrays of liver tissue from mice injected with rAAV showed minimal change in gene 

expression at time points from 1 hour to 4 weeks post injection, in contrast to a gutted adenovirus 

vector (112). Recombinant AAV is not recognised by pattern recognition receptors, such as TLRs, 

does not activate the type I interferon response and does not stimulate the activation of IL-1β (320). 

Furthermore, in immunoprecipitation experiments rAAV binds factor H, which inhibits the alternate 

pathway of complement activation, leading instead to the deposition of iC3b by cleavage of C3 by 

factor I (335). Capsid-bound iC3b is still able to act as an opsonin for phagocytosis and can engage 

the complement receptors, CR1 and CR2. Engagement of complement receptors CR1 and CR2 

lowers the threshold for B cell receptor signalling; there is a marked reduction in the humoral 
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response to rAAV in mice lacking CR1 and CR2-/- or C3-/- (335). Binding of complement receptors 

may also influence T cell receptor signalling (320, 336). Intracellular APOBEC3A inhibits 

replication of wild-type AAV,  binding to the ssDNA genome in the nucleus; the mechanism of 

inhibition is yet to be elucidated (337). 

The adaptive immune system can respond to the vector-encoded transgene, the capsid, or both.  

Transgene-specific T cells have been detected in the draining lymph nodes (338). Further, clearance 

of transduced cells by transgene-specific T cells has been seen following injection with rAAV2 

encoding ovalbumin (339, 340). However the nature of the transgene is important in determining 

whether there is a cell mediated immune response. Wuensch et al. demonstrated a robust CD8+ T 

cell response following transduction of hepatocytes with rAAV2 encoding ovalbumin but not with 

rAAV2 encoding eGFP (341). Similarly, Sarukhan et al. detected a CD4+ T cell response and 

clearance of transduced cells when mice were immunised intramuscularly with rAAV encoding 

influenza virus haemagglutinin but not with rAAV encoding beta-galactosidase (116). However, 

retargeting of beta-galactosidase from the cytoplasm to cellular membranes led to a CD8+ T cell 

response and clearance of transduced cells; increased cross-presentation was demonstrated (342). 

Transgene-specific CD8+ T cell responses could result either from direct transduction of dendritic 

cells or cross-presentation. While transduction of dendritic cells has been demonstrated in vitro 

(283, 290, 343) Sarukhan et al. did not detect any transduced dendritic cells in draining lymph 

nodes following intramuscular injection with rAAV2, while such cells were readily detected after 

injection with recombinant adenovirus (116). Therefore, cross-presentation of antigen may be more 

important in vivo (344).  The route of administration also influences whether there is a cell mediated 

immune response. Intraperitoneal, intravenous, and subcutaneous administration of rAAV2 

encoding ovalbumin stimulated robust cytolytic T cell and antibody responses, while intramuscular 

injection stimulated only an antibody response (339). Similarly, hepatic gene transfer is more likely 

to lead to tolerance to the transgene because of the induction of regulatory T cells (345). In vivo 

both humoral and cell mediated immune responses to the transgene have been shown to be dose 

dependent (346). 

Immunisation with rAAV leads to a robust anti-capsid humoral immune response limiting the 

ability to re-administer the same serotype (347, 348). In addition, seroprevalence surveys have 

found high rates of seropositivity to a range of serotypes (196, 197). Pre-existing antibodies can 

also inhibit transduction by rAAV (318, 321). Transient immunosuppression at the time of primary 

exposure might prevent seroconversion (349). Pre-existing immunity may be overcome by using 

different serotypes (347) or by using capsid mutants with common epitopes removed (293). 
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Capsid-specific T cell responses were not seen in preclinical studies. However, in a clinical trial 

assessing hepatic artery administration of rAAV2 encoding factor IX for the treatment of 

haemophilia B, transient transaminitis associated with loss of transgene expression was seen in one 

patient. Subsequent assessment of another patient who did not achieve significant transgene 

expression but who had a transient transaminitis found evidence of capsid-specific T cells but no 

transgene-specific T cells (318). The expansion and contraction of the T cells coincided with the 

transaminitis (319). Healthy donors were screened by ELIspot and despite 25/46 being seropositive 

for rAAV2, capsid-specific interferon-γ secreting T cells were only found in 2/46 directly ex vivo; 

the phenotype of the T cells of one of these donors was CD45RA+ CCR7- CD27+, consistent with a 

subset of resting central memory CD8+ T cells (319). Cells were expanded ex vivo from 7 donors 

who had previously tested negative and capsid-specific T cells were found in a further 2. Capsid-

specific T cells expanded with rAAV2 produced interferon-γ in response to rAAV2 and rAAV2/8, 

while T cells expanded with rAAV2/8 produced interferon-γ in response to rAAV2/1, rAAV2, and 

rAAV2/8, suggesting that T cell epitopes are conserved. Analysis of ex vivo expanded splenic T 

cells found capsid-specific T cells in 5/8 children and 4/7 adults (319). Therefore capsid-specific T 

cell responses are probably fairly common but their detection is limited by the sensitivities of the 

assays (319). The authors postulated that the reason capsid-specific T cell responses were not seen 

in pre-clinical trials was because of the nature of the primary exposure to AAV. In humans infection 

with wild-type AAV typically occurs as a coinfection with a helper virus, such as adenovirus, which 

is a potent stimulator of innate immunity. Therefore primary infection occurs in the inflammatory 

environment caused by adenovirus infection, allowing efficient priming of AAV capsid-specific T 

cells and subsequent development of memory. In contrast primary exposure in animal models is to 

rAAV, which is poor at activating innate immunity and hence priming a capsid-specific T cell 

response (319). Alternatively, Vandenberghe et al. demonstrated that rAAV2 but not rAAV2/8 was 

able to stimulate a capsid-specific T cell response in mice and non-human primates. They mapped 

the domain that activated T cells to that previously identified as involved in heparin binding.  They 

demonstrated that rAAV2 preferentially bound to human dendritic cells (350). They hypothesised 

that uptake by dendritic cells and cross-presentation was critical to the toxicity seen in the 

haemophilia trial and, contrary to the conclusions of Mingozzi et al. (319), non-heparin binding 

serotypes, such as rAAV2/8, may not stimulate capsid-specific T cells in vivo in humans (350). Of 

note however in a recently completed phase 1 trial of intramuscular rAAV2/1 expressing α1-

antitrypsin, anti-vector interferon-γ-secreting T cell responses were detected in all patients at 14 

days (324), yet serotype 1 capsids do not bind heparin (223). Stimulation of capsid-specific T cells 
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may be prevented by transient immunosuppression around the time of gene therapy, allowing 

clearance of the capsid without eliciting a T cell response (351). 

1.5.9 rAAV as a vaccine vector 

Despite the lack of transgene-specific immune responses seen in animal models and in clinical gene 

therapy trials, rAAV has been shown to be able to stimulate both a humoral and a cytolytic T cell 

response against a vector-encoded antigen. The first report assessed a single unadjuvanted 

intramuscular injection of rAAV2 encoding glycoprotein B (gpB) from herpes simplex virus. 

Robust MHC class I and class II restricted gpB specific T cells were detected at 4 and 11 weeks 

post immunisation. In addition, a gpB-specific humoral response was seen that was stronger than 

that with either a DNA or protein vaccine (352). Subsequent reports have confirmed these findings 

with a range of antigens. A single intramuscular dose of rAAV2 expressing a fusion protein of a 22-

mer peptide epitope from human papillomavirus type 16 E7 fused to mycobacterial heat shock 

protein as an adjuvant eliminated an E7-expressing tumour in a CD4+ and CD8+ dependent fashion 

(353). Similarly, intramuscular injection with rAAV2 encoding carcinoembryonic antigen (CEA), 

with injection of a plasmid adjuvant containing unmethylated CpG motifs 3 weeks later, stimulated 

an anti-CEA humoral and cellular immune response which protected against subsequent challenge 

with a CEA-expressing tumour (354). Intramuscular rAAV2 has also been shown to induce a 

stronger humoral response than DNA vaccines against vector-encoded tumour antigens, including 

human papillomavirus type 16 L1 (355) and a lymphoma idiotype (356).  

Intramuscular rAAV is also able to induce immune responses against viral, bacterial, and parasitic 

antigens. In a DNA prime, rAAV boost regimen, intramuscular rAAV2 encoding the 

cytomegalovirus antigens IE-1 and pp65 boosted both antibody and tetramer+ CD8+ T cell 

responses (357). Another study compared a DNA-prime, rAAV boost regimen (DNA-rAAV) with a 

DNA-prime, DNA-boost (DNA-DNA) or rAAV alone for eliciting an immune response against 

HIV-1 Gag. Similar numbers of interferon-γ producing CD4+ and CD8+ T cells were seen 6 months 

after immunisation with both prime boost regimens; rAAV alone induced very weak responses. A 

rAAV-prime, DNA boost elicited significantly higher Gag-specific antibody titres than either rAAV 

alone or a DNA-prime, DNA-boost. The ratio of IgG1 to IgG2 was elevated following 

immunisation with rAAV, suggesting a TH2 bias (358). Intramuscular immunisation of rabbits with 

rAAV1 encoding either protective antigen or lethal factor from Bacillus anthracis led to a robust 

neutralising antibody response (359). Immunisation of mice with a single dose of rAAV1 encoding 

the malarial antigen MSP4/5 elicited a robust humoral response with a TH2 bias, however it failed 

to protect against challenge with Plasmodium yoelli. Further the humoral immune response could 
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not be boosted with rAAV3 encoding MSP4/5 but could be by natural infection, suggesting that 

rAAV had not induced tolerance (360).  Priming mice with rAAV2 expressing the receptor binding 

domain of the severe acute respiratory syndrome (SARS) coronavirus spike protein and boosting 

with peptide epitopes induced neutralising antibodies, a mixed TH1/TH2 CD4+ T cell response, and 

a CD8+ T cell response which protected against subsequent SARS coronavirus challenge (361). A 

subsequent study using the same rAAV2 vaccine compared one or two intramuscular doses with 

two intranasal doses. While the systemic humoral response induced by intranasal immunisation was 

of similar strength but shorter duration to that elicited by the intramuscular route, the mucosal 

antibody titres were higher and persisted. Further, intranasal vaccination elicited stronger systemic 

and mucosal T cell responses, including more cells that secreted IL-2; the only advantage of the 

second intramuscular dose was to increase the percentage of cells secreting IL-2. On challenge with 

SARS coronavirus, both intranasal and intramuscular immunisation led to a >10 fold reduction in 

viral titres in tissue (362).  

Other studies have also compared the immune responses elicited by rAAV by different routes of 

administration. Brockstedt et al. found little difference in the ovalbumin-specific humoral response 

with different routes of administration of rAAV2/OVA. In contrast, intramuscular injection failed to 

stimulate a cytolytic T cell response while robust responses were seen following intravenous, 

intraperitoneal or subcutaneous administration (339). In contrast Xin et al. administered rAAV2 

encoding env, tat, and rev either by an intranasal, intramuscular, intraperitoneal or subcutaneous 

route and found that similar levels of HIV-specific cytolytic and interferon-γ secreting T cells were 

induced by all routes of immunisation. The highest levels of serum IgG were obtained following 

intramuscular injection and the highest levels of IgA following intranasal administration. Successful 

boosting of humoral immune responses with intramuscular rAAV was seen. Intranasal rAAV 

encoding haemagglutinin protected mice in a lethal influenza challenge model (363). In another 

study intranasal vaccination with rAAV2/5 to human papillomavirus L1 elicited high levels of 

antibodies, including in vaginal washes, as well as interferon-γ secreting T cells (364). Oral 

administration of rAAV2 encoding env has also been shown to induce mucosal and systemic 

humoral and T cell immune responses. Oral immunisation led to a significant reduction in viral load 

after rectal challenge with a vaccinia virus expressing the HIV envelope (365). Induction of 

antibodies by oral administration of rAAV has also been assessed for the treatment of Alzheimer’s 

disease and epilepsy in mouse models (366-368); expression of vector encoded antigens in the 

lamina propria of the gut was shown (366).  

Recombinant AAV has also been used to induce tolerance. Han et al. reduced pancreatic insulitis 

and prevented the development of diabetes in female NOD mice by a single intramuscular injection 
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with rAAV2 encoding multiple immunodominant epitopes from glutamic acid decarboxylase 65 

(GAD65). Inactivation of GAD-specific T cells, enhancement of GAD-specific TH2 responses, and 

induction of regulatory T cells was shown (369). Humoral tolerance was also induced by high doses 

of a candidate malaria vaccine in which MSP4/5 was fused to CTLA4-Ig. Tolerance induction was 

dependent on CTLA4-Ig (370).   

The promising results from vaccination studies in mice led to the assessment of rAAV as vaccine 

vector in non-human primates. Using the simian immunodeficiency virus (SIV)-macaque model, 

rhesus macaques were immunised via intramuscular injection with three rAAV2 vectors encoding 

various SIV antigens (371). Macaques either received a homologous rAAV prime-rAAV boost, a 

DNA prime-rAAV boost, or a DNA prime-DNA boost. At 3-14 weeks post boost, animals were 

challenged intravenously with SIVsm/E660 at either low or high dose. Robust SIV serum- 

neutralising antibodies and tetramer+ CD8+ T cell responses were elicited by all rAAV-containing 

regimens, although no increase in tetramer+ CD8+ T cells was seen after a homologous boost.  Of 

the animals challenged with a low dose, 0/5 vaccinees and 3/5 controls became infected, which did 

not reach statistical significance. With higher doses all animals became infected, with animals 

immunised with rAAV showing a significant reduction in set point viral loads of 1.9-2.2 log10; no 

benefit was seen with the DNA prime-DNA boost (371).  

On the basis of the study in rhesus macaques, a phase I trial of rAAV2 encoding Gag-PR-ΔRT 

proteins from an HIV-1 subtype C isolate was conducted (372).  The vaccine was administered 

intramuscularly without an adjuvant to 64 healthy HIV negative volunteers, while 16 received 

placebo. No vaccine-related serious adverse effects were seen. Unfortunately, the vaccine was 

poorly immunogenic. Modest responses, as assessed by ELIspot, were seen in 7/64 recipients (40-

385 spot forming cells/106 peripheral blood mononuclear cells). Of the 25 volunteers who received 

the highest dose (3x1011 viral genome copies) only 4 responded. Sixteen vaccinees and five controls 

received a booster dose; only 1 vaccinee became ELIspot positive following the second dose. No 

Gag-specific antibody responses were seen. Of the vaccinees who responded, neutralising 

antibodies to AAV2 were seen in 6/7; titres were not assessed in non-responders (372). It is not 

possible to tell from these results whether the lack of immunogenicity was dose related, reflected 

pre-existing neutralising anti-AAV2 antibodies, or reflect an inability of intramuscular rAAV2 to 

stimulate an anti-transgene immune response in humans. 

Two subsequent studies in mice investigated in more detail the T cell response elicited by rAAV 

and its potential utility in a prime boost regimen. In the first study rAAV pseudotypes 1, 2, 5, 7, 8, 

and 9 expressing the HIV gag protein were screened for their ability to stimulate humoral and 
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cellular immune responses in BALB/C mice (373). For the stimulation of humoral immune 

responses vectors were ranked in the order 8 > 7, 9 > 1, 5 > 2, while for their ability to stimulate 

interferon-γ secreting T cells the ranking was 7, 8 > 9, 1 > 5 > 2. Following immunisation with 

rAAV2/8 large numbers of tetramer positive cells were seen at 3 weeks post vaccination (~15% of 

T cells), falling to 2.5% by 6 weeks.  T cells were functional as assessed by in vivo cytolysis of 

labelled targets and secretion of interferon-γ or interferon-γ and TNFα. Similar findings were made 

in (BALB/c X C57BL6)F1 hybrid mice but the peak number of tetramer+ cells was higher and the 

contraction phase less marked. At peak almost all CD8+ T cells were effector T cells (CD62L-, 

CD127-), with poor development of effector memory (CD62L-, CD127+) and central memory 

(CD62L+, CD127+) T cells following contraction. Further, more than 60% of tetramer+ CD8+ T 

cells failed to secrete cytokines. In contrast immunisation with a chimpanzee-derived adenovirus, 

rAdC7, stimulated a robust CD8+ T cell response that contracted little, and was evenly split between 

effector T cells and effector memory T cells at peak with a predominance of effector memory and 

good numbers of central memory T cells after contraction at 90 days. At peak all cells expressed 

cytokines and there were more polyfunctional cells, including IL-2 secreting cells, which were 

rarely seen with rAAV2/8. When assessed in a heterologous rAAV prime rAdC7 boost regimen in 

BALB/c mice (which lack the IL12 receptor) or hybrid mice, while good boosting of humoral 

responses was seen, a reduction in T cell responses was evident compared with immunisation with 

rAdC7 alone. Similar findings were made with a rAAV prime with pseudotypes 2/1, 2/2, 2/7 or 2/9 

and heterologous boost with rAAV2/8 compared with rAAV2/8 alone. CD4+ T cell responses were 

not examined (373). 

Lin et al. also assessed the ability of rAAV pseudotypes 1, 2, 5, 7, 8, and 9 to stimulate gag-specific 

CD8+ T cells in BALB/c mice; mice were immunised intramuscularly (374). rAAV2/7 stimulated 

the strongest interferon-γ+, CD8+ T cell response, but no serotype stimulated detectable interferon-

γ+, CD4+ T cells after rAAV vaccination. Similar to the previously described study, priming with 

rAAV2/7 inhibited boosting with recombinant adenovirus chimpanzee serotype 68 (rAdC68). 

Similar results were seen with DNA, MVA or rAd5 boosts and with priming with pseudotypes 

rAAV2/2, rAAV2/5, or rAAV2/8. Further, while animals primed with rAdC68 were successfully 

boosted by rAAV2/7, they then had an impaired response to subsequent adenoviral boosts. T cells 

primed with rAAV2/7 proliferated poorly on exposure to antigen. In contrast rAAV2/7 successfully 

primed humoral responses. While rAAV2/7 induced a modest increase in regulatory T cells (CD4+ 

C25+ GITR+) these cells did not contribute to the CD8+ T cell impairment induced by rAAV2/7.  

Co-immunisation with incomplete Freund’s adjuvant or polyI:C failed to correct the impairment. 

Antigen-specific CD8+ T cells had the phenotype of effector cells and had up-regulated markers of 
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exhaustion (BTLA, CTLA-4 and PD-1), but anti-PD-1 failed to improve the response to a rAdC68 

boost. After an initial loss of vector genomes at the site of injection, rAAV was shown to stably 

persist for at least 240 days post immunisation. Transfer of rAAV-primed CD8+ T cells to antigen 

naive RAG-/- mice restored their proliferative capacity in response to a rAdC68 boost (374). 

Taken together these results show that while pseudotype 1, 2, 5, 7, and 8 rAAV vectors encoding 

HIV-1 Gag can stimulate a CD8+ T cell response, they fail to stimulate an adequate memory 

response, as evidenced by failure to boost with an adenoviral vector. While persistence of transgene 

at the site of injection was suggested to contribute to the aberrant phenotype in one study (374), 

other explanations include inadequate priming of the CD8+ T cell response and the lack of CD4+ T 

cell help. Notably, co-administration with adjuvant failed to improve the T cell response (374).  

Subsequent studies have suggested this aberrant T cell response may not occur with all pseudotypes 

of rAAV. Mays et al. compared the response of C57BL/6 and BALB/c mice to intramuscular 

immunisation with either rAAV2/8 or rAAV2/rh32.33 encoding LacZ, eGFP, or firefly luciferase. 

Variant rh32.33 is a novel capsid variant isolated from rhesus macaques and is most 

phylogenetically similar to AAV4 (375). Loss of transgene expression was seen in C57BL/6 mice 

and BALB/c mice with rAAV2/rh32.33 expressing LacZ but not with rAAV2/8. No loss of 

transgene was seen with eGFP or firefly luciferase expressing viruses. Immunohistochemistry 

demonstrated abundant CD4+ and CD8+ T cells, with very few Foxp3+ cells, at the site of injection 

of rAAV2/rh32.33 expressing LacZ but not with rAAV2/8. While transgene-specific interferon-γ 

secreting splenocytes were seen with all rAAV2/rh32.33 vectors, significantly fewer cells were seen 

with rAAV2/8 in both strains of mice with LacZ, and in C57BL/6 mice with eGFP. Capsid-specific 

splenocytes were seen with rAAV2/rh32.33 but not with rAAV2/8. After in vitro culture with 

peptide, interferon-γ secreting, TNF-α secreting and dual functional CD8+ T cells specific for both 

the capsid and LacZ were seen following vaccination with rAAV2/rh32.33 but not rAAV2/8. The 

response to rAAV2/rh32.33 was dependent on CD4+ T cells, CD40L and CD28 as shown by a 

combination of knockout mice and blocking antibodies. Comparison of the predicted structures of 

VP3 from serotype 8 and rh32.33 suggested that the differences in sequence were clustered around 

the icosahedral 2- and 3-fold axis of symmetry (375). In a parallel study the same group compared 

the phenotype of the tetramer+ CD8+ T cells generated by intramuscular immunisation of CB6F1 

mice with 26 different pseudotyped rAAV vectors encoding the HIV-1 Gag protein (376). While 

clade D, E, and F viruses (including AAV7, AAV8, and AAV9) stimulated high numbers of 

tetramer+ CD8+ T cells, very few of these had an effector memory phenotype (<0.8%), as defined 

by CD127+/CD62L-. In contrast similar levels of tetramer+ CD8+ T cells (~22%) were generated by 

rAAV2/rh32.33 but a high percentage were effector memory cells (~3.8%). Interestingly the clade 
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A virus AAV6 stimulated almost as many tetramer+ CD8+ T cells (~17%), with a similar percentage 

of effector memory T cells (~3%) as rAAV2/rh32.33. The phenotype and functionality of Gag-

specific CD8+ T cells induced by intramuscular immunisation with rAAV2/rh32.33, rAAV2/8, and 

a simian adenovirus 24 (SAdV24) vector were compared. rAAV2/8 induced few effector memory 

or central memory CD8+ T cells. In contrast rAAV2/rh32.33 induced robust effector memory and 

central memory CD8+ T cells, although still significantly less than SAdV24. In rAAV2/8 vaccinated 

mice the majority of tetramer+ CD8+ T cells failed to respond to peptide stimulation. In contrast in 

rAAV2/rh32.33 and SAdV24 vaccinated mice all tetramer+ CD8+ T cells were functional. Of those 

that were functional, more T cells from rAAV2/rh32.33 and SAdV21 immunised mice produced 

TNF-α than from rAAV2/8 immunised mice. Consistent with the increased memory phenotype, the 

T cell responses of rAAV2/rh32.33-immunised mice were boostable with SAdV24 while those 

from rAAV2/8 were not. Furthermore, more severe inflammation was seen at the site of 

immunisation with rAAV2/rh.32.33 and there was an accompanying 1log10 reduction in Gag 

mRNA. In contrast no reduction in Gag expression was seen with rAAV2/8 (376). Another 

attractive feature of rAAV2/rh32.33 is the low rates of neutralising antibodies amongst humans 

(196). Infusion of one hundred-fold more pooled human immunoglobulin was required to cause a 

reduction in tetramer+ CD8+ T cells following immunisation with rAAV2/rh32.33 than with 

rAAV2/8 (376). Pre-existing antibody neutralises the vector, preventing transduction and a 

subsequent T cell response to the vector-encoded antigen (339, 364, 377). 

On the basis of their results in mice, Lin et al. assessed the immunogenicity of a rAA2/rh32.33 

vaccine expressing gp140 from HIV-1 in rhesus macaques (376). Rhesus macaques were primed 

with either rAAV2/rh32.33 or rAAV2/8 and boosted at 40 weeks with SAdV24. Interferon-γ 

secreting T cells (both CD4+ and CD8+) peaked at 2 weeks post immunisation with rAAV2/rh32.33 

compared with 4 to 8 weeks with rAAV2/8; similar levels of interferon-γ secreting T cells were 

obtained at peak.  In contrast, a significant increase in the number of interferon-γ secreting cells 

following the SAdV24 boost was only seen in animals primed with rAAV2/rh32.33. Responses 

after a rAAV2/8 prime were blunted as previously described (374). Furthermore, macaques primed 

with rAAV2/rh32.33 and boosted with SAdV24 had significantly more interferon-γ secreting T 

cells than macaques immunised with SAdV24 alone. There were few polyfunctional CD4+ and 

CD8+ T cells after priming with either rAAV2/8 or rAAV2/rh32.33; after boosting with SAdV24 

the number of polyfunctional T cells was significantly enhanced only in macaques primed with 

rAAV2/rh32.33 prime and not those primed with rAAV2/8 or immunised with SAdV24 alone. Both 

rAAV2/8 and rAAV2/rh32.33 stimulated robust neutralising antibodies against HIV-1 which were 

boosted by administration of SAdV24. Levels of neutralising antibody were at least two logs higher 
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in animals primed with rAAV compared with those who received SAdV24 alone (376). Therefore 

the dysfunctional T cell response seen in the earlier studies after priming with rAAV pseudotypes 1, 

2, 5, 7, 8, and 9, was not evident with rAAV2/rh32.33 in either mice or rhesus macaques. Rather, 

rAAV2/rh32.33 stimulated robust and polyfunctional CD4+ and CD8+ T cell responses. While 

differences in the capsid structure of AAV variant rh32.33 are evident, the underlying mechanism 

of the increased immunogenicity is unclear. 

Transduction of dendritic cells is essential for the development of a strong CD8+ T cell response. Lu 

and Song found that transduction of dendritic cells determined whether or not immunisation with 

rAAV elicited a transgene-specific CD8+ T cell response (378). NOD mice were immunised with 

either rAAV2/1 or rAAV2/8 expressing human α1-antitrypsin. Robust CD8+ T cell responses were 

seen with rAAV2/1 but not with rAAV2/8. Transduction of dendritic cells ex vivo was seen 

following infection with rAAV2/1 but not with rAAV2/8. Further, priming of mice with rAAV2/8 

induced tolerance, with no immune response seen when mice were subsequently boosted with 

rAAV2/1. In contrast, mice primed with rAAV2/1 developed a humoral and T cell response that 

was unaffected by subsequent administration of rAAV2/8. It was determined that the 

immunogenicity of rAAV2/1 was due to direct transduction of dendritic cells rather than cross-

presentation as rAAV2/1 encoding a mutant form of α1-antitrypsin that was retained in the 

cytoplasm was equally immunogenic (378). In another study, mice immunised with rAAV2 

expressing haemagglutinin had a markedly slower CD4+ T cell response than those immunised with 

adenovirus. Transduction of dendritic cells sorted from the draining lymph nodes was evident 

following immunisation with adenovirus but not with rAAV. Dendritic cells infected ex vivo with 

adenovirus were able to stimulate a CD4+ T cell clone while those infected with rAAV could not 

(116). Therefore transduction of dendritic cells may also be important for stimulating a robust CD4+ 

T cell response in vivo.  Therefore the ability of various pseudotypes of rAAV to transduce 

dendritic cells may determine their immunogenicity. 

1.5.10 Recombinant AAV can transduce dendritic cells 

Early studies in mice suggested that rAAV2 was unable to transduce dendritic cells. Joos et al. 

found no evidence of transgene expression in dendritic cells enriched from spleen (115).  Zhang 

failed to transduce mature bone marrow derived dendritic cells and showed only minimal transgene 

expression in immature dendritic cells (379). Similarly, in a recent study rAAV2 was unable to 

transduce murine bone marrow derived dendritic cells (380). Taking a different approach, Liu et al. 

infected purified monocytes with rAAV2 and generated transduced dendritic cells by culture (381). 

Ponnazhagen et al. subsequently showed that human dendritic cells, differentiated from monocytes, 
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can also be transduced by rAAV2; significant interindividual variation was seen with between 2-

55% of cells transduced. Transduced dendritic cells retained their function as demonstrated by a 

mixed lymphocyte reaction. Another group showed that rAAV-transduced human monocyte-

derived dendritic cells were able to prime and restimulate a transgene-specific cytolytic T cell 

response in vitro in co-cultured peripheral blood mononuclear cells (382).  

The ability of rAAV to transduce dendritic cells varies with pseudotype. A study of both human 

monocyte-derived dendritic cells and murine bone marrow-derived dendritic cells suggested that 

rAAV5/5 may be the optimal vector for transducing dendritic cells. For the transduction of murine 

bone marrow-derived dendritic cells, rAAV5/5 was superior to rAAV2, which in turn was superior 

to rAAV2/3, rAAV2/4, rAAV2/7, and rAAV2/8, while rAAV2/1 achieved the lowest levels of 

transduction. In human monocyte-derived dendritic cells, transduction was only detectable with 

rAAV5/5. Adoptive transfer of murine dendritic cells transduced with rAAV5/5 encoding gp160 

from HIV-1stimulated a tetramer+ CD8+ T cell response. Interestingly, on intramuscular vaccination 

rAAV5/5 stimulated the strongest CD8+ T cell response (283). In a different study rAAV2/6 was 

identified as the optimal serotype for the transduction of murine bone marrow-derived dendritic 

cells, with higher rates of transduction than pseudotypes 1 to 5 (383). In contrast to the study by Xin 

et al., rAAV2/1 was the next most efficient, followed by rAAV2, with pseudotypes 3, 4, and 5 

leading to insignificant levels of transduction. Of note the serotype 5 vector used in this study was 

pseudotyped (rAAV2/5) while Xin et al. used non-pseudotyped rAAV5/5 vectors.  

Second strand DNA synthesis may also be a rate limiting step in the transduction of dendritic cells. 

Aldrich et al. found that a self complimentary rAAV vector increased transduction efficiency of 

murine bone marrow-derived dendritic cells about 3 fold. Transduction of dendritic cells with self-

complimentary rAAV2/6 did not alter the immature immunophenotype of the dendritic cell, but 

transduced cells retained the ability to mature on exposure to CD40 or CpG oligodeoxynucleotides. 

When adoptively transferred into mice, matured transduced dendritic cells stimulated a robust 

humoral and cytolytic anti-transgene immune response (383). Similar findings were made in human 

dendritic cells. Veron et al. compared the ability of single stranded and self-complimentary 

rAAV2/1 and rAAV2 to transduce monocyte-derived dendritic cells, monocyte-derived Langerhans 

cells, CD34+ progenitor-derived Langerhans cells, and CD34+ progenitor-derived plasmacytoid 

dendritic cells. In all cell types an approximately 10-fold increase in the rate of transduction was 

seen with the self-complimentary vector. Furthermore, they confirmed that transduction had no 

effect on immunophenotype and that all dendritic cell subsets could still mature in response to the 

TLR4 ligand lipopolysaccharide (290). Recently Shin et al. has confirmed the higher rates of 
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transduction of monocyte-derived dendritic cells with self-complimentary vectors of a range of 

pseudotypes. The highest levels of transduction were seen with rAAV2, rAAV2/5, and rAAV2/6. 

1.6  Summary 

The goals of this study were to improve the utility of rAAV as a T cell vaccine vector by improving 

its immunogenicity. Two approaches were taken. First, as dendritic cells are the key antigen 

presenting cell for priming a naive T cell response, this study sought to optimise the transduction of 

dendritic cells by identification of the optimal pseudotype. A wider range of pseudotypes was 

assessed than previously reported. In addition, transduction of dendritic cells was improved by 

rational mutation of the capsid (chapter 4). Second, given the inability of rAAV to mature dendritic 

cells, the inclusion of a vector-encoded adjuvant was investigated (Chapter 5). Due to difficulties 

producing the self-adjuvanting vector an insect cell production system was also developed (Chapter 

6).  
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Chapter 2 - Material and Methods 

2.1  Materials 

All solutions were sterilised by autoclaving at 121oC and 15psi for 20 minutes. Heat sensitive 

solutions were filter sterilised through a 0.2μm filter (either syringe or syringe top or membrane). 

pH was measured at room temperature. 

2.1.1  General buffers and solutions 

Solution Composition 

D-PBS (10x) 2.7mM KCl, 1.5mM KH2PO4, 140mM NaCl, 1mM Na2HPO4, pH 7.4  

TBE 80mM Tris-borate, 2mM EDTA, pH 8.0 

DNA loading buffer (6x) 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol, 30% (v/v) 

glycerol 

TE 10mM Tris HCl, 1mM EDTA, pH 8.0 

IPTG 600mM isopropyl-β-D-thiogalactopyranoside 

FACS wash 1x D-PBS, 1% fetal bovine serum 

 

2.1.2  Solutions for transfection 

Solution Composition 

Calcium chloride 2.5M CaCl2 

HEPES (2x) 50mM HEPES, 280mM NaCl, 1.5mM Na2HPO4, pH 7.05 

Polyethylenimine 0.323g/L linear 25kDa polyethylenimine (Polysciences, Inc), pH 8.0 

Aliquots underwent 4x cycles of freeze thawing prior to use. 

150mM NaCl 150mM NaCl 

Lipofectamine TM 2000 Lipofectamine TM 2000 (Invitrogen) 
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OPTI-MEM®-1  OPTI-MEM®-1  (Invitrogen) 

Insect GeneJuice® Insect GeneJuice® (Novagen) 

 

2.1.3  Solutions for harvest of rAAV 

Solution Composition 

PBS-EDTA 1xD-PBS + 5mM EDTA 

Lysis buffer (HEK 293 cells) 150mM NaCl, 50mM Tris pH 8.4 

Lysis buffer (Sf9 cells) 2mM MgCl2, 50mM Tris pH 7.5 

 

2.1.4 Solutions for discontinuous iodixanol gradient 

Solution Composition 

15% layer 1x D-PBS, 1mM MgCl2, 2.5mM KCl, 1M NaCl, 15% iodixanol (Optiprep, Axis-

Shield)  

25% layer 1x D-PBS, 1mM MgCl2, 2.5mM KCl, 0.0006p% phenol red, 25% iodixanol 

40% layer 1x D-PBS, 1mM MgCl2, 2.5mM KCl, 40% iodixanol 

60% layer 1mM MgCl2, 2.5mM KCl, 0.0006% phenol red, 60% iodixanol 

 

2.1.5 Solutions for continuous iodixanol gradient 

Solution Composition 

24% iodixanol in PBS-MK 1x D-PBS, 1mM MgCl2, 2.5mM KCl, 24% iodixanol 

 

 

 

 



 

41 
 

2.1.6 Solutions for anion exchange chromatography 

Solution Composition 

Buffer AIE  15mM NaCl, 20mM Tris, pH 8.5 

Buffer BIE 500mM NaCl, 20mM Tris, pH 8.5 

Buffer CIE 1M NaCl, 20mM Tris, pH 8.5 

Storage solution 20% v/v ethanol 

 

2.1.7  Solutions for heparin affinity chromatography 

Solution Composition 

Buffer AH  100mM NaCl, 20mM Tris, pH 8.0 

Buffer BH  1M NaCl, 20mM Tris, pH 8.0 

Storage solution 20% v/v ethanol 

 

2.1.8  Solutions for monocyte purification 

Solution Composition 

MACS buffer 1x D-PBS, 0.5% bovine serum albumin, 2mM EDTA 

Isolation buffer  1x D-PBS, 0.1% bovine serum albumin, 2mM EDTA 

 

2.1.9  Solutions for SDS-PAGE 

Solution Composition 

Laemmli loading buffer (5X) 250mM Tris HCl, pH 6.8, 10% SDS, 50% glycerol, 0.05% 

bromophenol blue 

Laemmli running buffer (10x) 2M Glycine, 250mM Tris, 1% SDS 



 

42 
 

Stacking gel buffer 125mM Tris HCl, pH 6.8, 0.1% SDS 

Resolving gel buffer 375mM Tris HCl, pH 8.8, 0.1% SDS 

 

2.1.10  Solutions for silver staining 

Solution Composition 

Fixing solution 30% ethanol, 10% acetic acid 

Farmer’s Reagent 12mM Na2S2O3, 2.5mM K3Fe(CN)6, 4.5mM Na2CO3 

Developer 2.5% Na2CO3, 0.02% formaldehyde 

0.1% silver nitrate 0.1% AgNO3 

 

2.1.11 Solutions for SYPRO Ruby Staining 

Solution Composition 

Fix solution  50% methanol, 7% acetic acid 

Wash solution 10% methanol, 7% acetic acid 

SYPRO®  Ruby protein gel stain SYPRO® Ruby protein gel stain (Invitrogen) 

 

2.1.12 Solutions for FAST Blυ staining 

Solution Composition 

Fix solution  45% methanol, 10% acetic acid 

Diluted FAST Blυ 16% FAST Blυ, 9% methanol, 2% acetic acid 

Destain 10% acetic acid 
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2.1.13 Solutions for Western blotting 

Solution Composition 

Transfer buffer 50mM Tris, 400mM glycine, 20% methanol 

Blocking buffer 1xD-PBS, 0.1% Tween 20, 10% non-fat milk 

Antibody buffer 1xD-PBS, 0.1% Tween 20, 3% non-fat milk 

Wash buffer 1xD-PBS, 0.1% Tween 20 

Detection ECLTM Detection kit (Amersham Biosciences) or 

Novex® ECL HRP Chemiluminescent Substrate Reagent kit (Invitrogen) 

Stripping buffer 62.5mM Tris HCl, pH 6.8, 100mM β-mercaptoethanol, 2% SDS, 

 

2.1.14 Solutions DNA template preparation 

Solution Composition 

10X DNase I reaction buffer 200mM Tris HCl, pH8.4, 20mM MnCl2, 500mM KCl 

DNase I 1mg/mL DNase I (Roche) 

0.5M EDTA 0.5M EDTA 

Proteinase K/SDS 10mM Tris HCl pH 8.4, 1.36mg/mL Proteinase K  (Roche),  1.36% 

SDS  

3M sodium acetate 3M sodium acetate, pH 5.2 

Phenol:Chloroform Phenol:chloroform:isoamyl alcohol (25:24:1) 

 

2.1.15 Solutions making competent E. coli 

Solution Composition 

FSB 45mM MnCl2. 4H2O, 10mM CaCl2.2 H2O, 100mM KCl, 3mM hexammine 

cobalt(III) chloride, 10mM Potassium acetate, 10% v/v glycerol, pH 7.4. Filter 
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sterilised and stored at 4°C. 

TSB/TSS buffer LB broth, pH 6·5, 10% w/v PEG 6000, 50 mM MgCl2, 5% DMSO 

DMSO added after autoclaving. Aliquoted and flash frozen in liquid nitrogen. 

 

2.1.16 Solutions for preparation of plasmid DNA 

Solution Composition 

Alkaline lysis solution I 25mM Tris HCl, pH 8.0, 50mM glucose, 10mM EDTA  

Alkaline lysis solution II 0.2M NaOH, 1% SDS, prepared fresh 

Alkaline lysis solution III 3M potassium acetate, 11.5% acetic acid 

 

2.1.17 Primers for PCR  

Hepatitis B core antigen: 

Primer Sequence (5’ to 3’) 

SP/HBC-1 GGGAATTCACCATGGACATCGACCCTTATAAAGAA 

ASP/HBC-1 GGGATATCATACTAACATTGAGATTCCCGAGATTG 

ASP/pcDNA3.1/HBcAg +SalI GAGAGTCGACATACCCCCTAGAGCCCCAGCTGGTTCTT 

SP/CMV-HBcAg-bGHpA 

+KpnI 

CTCTGGTACCTCTCCCGATCCCCTATGGTGCACTC 

 

Vector-encoded adjuvant 

Primer Sequence (5’ to 3’) 

Ds40-up +HindIIIa GAGAAAGCTTGGGCCCGCCGGGAGATAGTGATGAAGTACATC

CATTATAAGCTGTCGTTCAAGAGACGACAG 
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Ds40-dn +EcoRIa GAGAGAATTCGGGCCCCCGGGAGATAGTGATGAAGTACATCC

ATTATAAGCTGTCGTCTCTTGAACGACAG 

SP/TRIF GTGTGGAACATGCCTTCACCACCTC 

ASP/TRIF CACCACCAAGACCCTTCACCCAGAA 

TRIF +HindIII SP GAGAAAGCTTGTGTGGAACATGCCTTCACCACCTCC 

TRIF +EcoRI ASP TCTCGAATTCCACCACCAAGACCCTTCACCCAGAAATAG 

SP/pCMV-VISA CGGCGCGGATATCCTAGTGCAGACGCCGCCGGTACAGCACC 

ASP/pCMV-VISA +Kz CGGCGCGAAGCTTCTGAGCAGCAATGCCGTTTGCTGAAGACAA

GAC 

 

Bicistronic vector: 

Primer Sequence (5’ to 3’) 

SP/SV40pA + ClaI CGCCGCGATCGATACCGTCGACTAACTTGTTTATTGCAGCTTA

TAATG 

ASP/SV40pA +delta 

ITR 

ACTTATCTACGTAGCCATGCTCTAGTCGAGCAGACATGATAA

GATACATTGATGA 

SP/ITR CTCGACTAGAGCATGGCTACGTAGA 

ASP/ITR + AvrII CGGCGCCCCTAGGCTTTTGCAAAAAGCTCTGCGCG 

ASP/VISA + ClaI CGCCGCGATCGATTCTAGACTCGAGCGGCCGCCACTGTGCTG 

SP/eGFP + PacI SacII CGGCGCGTCTAGATTAATTAACCGCGGATGGTGAGCAAGGGC

GAGGAGCTGT 

ASP/eGFP +BspEI 

BamHI 

CGGCGCGGATATCTCCGGAGTATACTTACTTGTACAGCTCGTC

CATGCCG 

SP/CMV-eGFP + KpnI 

MluI 

CGCCGCGGGTACCGCGCGCACGCGTGTTGACATTGATTATTG

ACTAGTTA 
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ASP/eGFP + ClaI CGCCGCGATCGATTCCGGAGTATACTTACTTGTACAGC 

SP/CMV + KpnI CGCCGCGGGTACCGTTGACATTGATTATTGACTAGTTATTAAT

AGTAATCA 

ASP/bGHpA + MluI CGCCGCGACGCGTCCATAGAGCCCACCGCATCCCCAGCA 

SP/pIRESNeo  post 

eGFP + BspE1 

CGCCGCGTCCGGAGAATTAATTCGCTGTCTGCGAGGGC 

ASP/pIRESNeo post 

eGFP + AflII 

CGCCGCGCTTAAGTTGTGGCAAGCTTATCATCGTGTTT 

SP/pIRESNeo post TRIF 

XhoI 

CGCCGCGCTCGAGGAATTAATTCGCTGTCTGCGAGGGC 

ASP/pIRESNeo post 

TRIF PacI 

CGCCGCGTTAATTAATTGTGGCAAGCTTATCATCGTGTTT 

 

Fusion protein vectors: 

Primer Sequence (5’ to 3’) 

SP/EGFP XhoI-SpeI GGTGGCGCTCGAGACTAGTATGGTGAGCAAGGGCGAGGAG

CTGTT 

ASP/eGFP + 

AgeI/BamHI/BsiWI 

CAAACGGCATCGTACGGGATCCACCGGTCTTGTACAGCTCG

TCCATGC 

SP/VISA + 

AgeI/BamHI/BsiWI 

TGTACAAGACCGGTGGATCCCGTACGATGCCGTTTGCTGAA

GACAA 

ASP/VISA EcoRV 

HindIII 

 

CGGCGCGAAGCTTGATATCCTAGTGCAGACGCCGCCGGTAC

AGCACC 

SP/VISA + XhoI-SpeI GGTGGCGCTCGAGACTAGTATGCCGTTTGCTGAAGACAAGA

CCT 

ASP/VISA + AgeI-

BamHi-BsiWI 

CTCACCATCGTACGGGATCCACCGGTGTGCAGACGCCGCCG

GTACAGCACCAC 
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SP/EGFP + AgeI-BamHI-

BsiWI 

TCTGCACACCGGTGGATCCCGTACGATGGTGAGCAAGGGCG

AGGAGCTGT 

ASP/EGFP + EcoRV-

HindIII 

CGGCGCGAAGCTTGATATCTTACTTGTACAGCTCGTCCATGC

CG 

SP/EGFP + Ub20bp TCCTGCGTCTGAGAGGTGGTATGGTGAGCAAGGGCGAGGAG

CTGT 

ASP/EGFP + HindIII GGCGGTAAGCTTTTACTTGTACAGCTCGTCCATGCC 

SP/Ubiquitin  AgeI-

BamHI-BsiWI* 

GGTGGCGACCGGTGGATCCCGTACGATGCAGATC 

 

Baculovirus: 

Primer Sequence (5’ to 3’) 

delta p10 SP CATGGTCGCGATTTTAAT  

delta p10 ASP TAAAATCGCGAC 

SP/Rep78 CCGGCGCTTAATTAACGCAGCCGCCATGCCGGGGTTTTACGAGA

TTGTG 

ASP/Rep78 GCCGATCGCTAGCTTATTGTTCAAAGATGCAGTCATCC 

SP/Rep52 GCCGATCGCGCGCATGGAGCTGGTCGGGTGGCTCGTGGA  

ASP/Rep52 GCCGATCTCTAGATTATTGTTCAAAGATGCAGTCATCC 

SP/AAV6 VP1 with 

Urabe mutations 

GTCAAGCTTCCTGTTAAGACGGCTGCCGACGGTTATCTACCCGA

TTGGCTCGA  

ASP/AAV6 VP1 with 

Urabe mutations 

GCGCGAATCTAGACAGGGGACGGGTGAGGTAACGGGTG  

Primer #32 GGCGTCAAAGCTTCCTGTTAAGACGGCTGCCGACGGTTATCTAC

CCGATTGGCTCGAGGAC  

Primer #31 GGCCGTCGGCGCCTTCGTTATTGTCTGC  

Primer #41 AGGAACCTGTTAAGACGGCTCCTGGAAAGAAACG 
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Primer #42 CGTTTCTTTCCAGGAGCCGTCTTAACAGGTTCCT 

 

2.1.18 Primers for real time PCR 

Primer Sequence (5’ to 3’) 

bGHpA.10F CTAGTTGCCAGCCATCTGTTGT 

bGHpA.71R GGCACCTTCCAGGGTCAAG 

CMV FWD TGCCCAGTACATGACCTTATGG 

CMV REV GAAATCCCCGTGAGTCAAACC 

WPRE FWD (384) GGCTGTTGGGCACTGACAAT 

WPRE REV (384) CCGAAGGGACGTAGCAGAA 

 

2.1.19 Primers for site-directed mutagenesis 

PAGE- or HPLC-purified primers for site directed mutagenesis were obtained from Sigma or 

Invitrogen. 

Primer Sequence (5’ to 3’) 

c3209t_a3216t CCTCTCATCGACCAGTACTTGTATTTCCTGAACAGAACTCAG

AA 

c3209t_a3216t_antisense TTCTGAGTTCTGTTCAGGAAATACAAGTACTGGTCGATGAG

AGG 

c4066t_a4074t CGCCCCATTGGTACCCGTTTCCTCACCCGTC 

c4066t_a4074t_antisense GACGGGTGAGGAAACGGGTACCAATGGGGCG 

a1591g CCTCACACAAAGACGACGAAGACAAGTTCTTTCCC 

a1591g_antisense GGGAAAGAACTTGTCTTCGTCGTCTTTGTGTGAGG 

g3813a CCTCACACAAAGACGACAAAGACAAGTTCTTTCCC 
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g3813a_antisense GGGAAAGAACTTGTCTTTGTCGTCTTTGTGTGAGG 

 

2.1.20 Peptide sequences 

Peptide Origin Residues Peptide sequence 

cFLP HBV core antigen with N-terminal cysteine 18-27 CFLPSDFFPSV 

 

2.1.21 Antibodies (unlabelled and secondary) 

Antibody Description 

Anti-HBcAg Unfractionated rabbit antiserum raised against E. coli-derived 

HBcAg (Dako; catalogue number B0586). Used at 1:1000 

dilution. 

Anti-GFP Unconjugated ABfinity™ recombinant rabbit monoclonal 

antibody against full length GFP (Invitrogen; catalogue number 

G10362). Used at 1:1000 dilution. 

Anti-α-tubulin Mouse monoclonal IgG antibody, clone B-5-1-2 (Sigma; 

catalogue number T6074). Used at 1 in 9000. 

Anti-Rabbit IgG (whole 

molecule) peroxidase conjugate 

Anti-rabbit IgG raised in goat. Conjugated to horseradish 

peroxidase type VI (Sigma; catalogue number A6154). Used at 

1:2000 dilution. 

Anti-Mouse IgG (whole 

molecule) peroxidase conjugate 

Anti-mouse IgG raised in rabbit. Conjugated to peroxidase 

(Sigma; catalogue number A9044). Used at 1:2000 dilution. 
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2.1.22 Antibodies (conjugated) and viability stains 

Antibody Conjugate Supplier Clone Catalogue 

number 

Volume per 

106 cells (μL) 

CD1a APC BD Pharmingen HI149 559775 20 

CD8 PerCP-Cy5.5 BD Pharmingen SK1 347314 4 

CD14 Alexa647 Serotec UCHM1 MCA596A647 1.25 

CD14 FITC Serotec UCHM1 MCA596F 2.5 

CD83 PE Serotec HB15e MCA1582PE 10 

CD83 PE Biolegend HB15e 305308 5 

CD86 APC Biolegend IT2.2 305411 5 of 1:40 

CD86 PE Serotec BU63 MCA1118PE 5 

CD86 PE Biolegend IT2.2 305406 5 

CD107a PE BD Pharmingen H4A3 555801 2.5 

HLA-A2 FITC Serotec BB7.2 MCA2090F 2.5 

HLA-DR APC Biolegend L243 307610 5 

HLA-DR APC BD Pharmingen L243 340549 1.25 

HLA-DR PerCP-Cy5.5 BD Pharmingen L243 347364 1.25 

Interferon-γ FITC BD Pharmingen 4S.B3 554551 0.4 

7AAD  BD Pharmingen  559925 5 

Propidium 

iodide 

 Invitrogen  P3566 1:1000 
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2.1.23 Antibiotics 

Antibiotic Preparation 

Ampicillin 50mg/mL stock solution was filter sterilised (0.2μm filter), and stored 

in aliquots at -20oC (Sigma). Used at 100μg/mL. 

Penicillin/Streptomycin 100x (Invitrogen). Added to RPMI at 1:100. 

Penicillin 60mg/mL stock solution was filter sterilised (0.2μm filter), and stored 

in aliquots at -20oC (Sigma). Used at 60μg/mL. 

Streptomycin 140mg/mL stock solution was filter sterilised (0.2μm filter), and stored 

in aliquots at -20oC (Sigma). Used at 140μg/mL. 

Kanamycin 50mg/mL stock solution was filter sterilised (0.2μm filter), and stored 

in aliquots at -20oC (Sigma). Used at 50 μg/mL. 

Tetracycline 10mg/mL stock solution in 70% ethanol, and stored at -20oC (Sigma). 

Used at 50 μg/mL. 

Gentamicin 10mg/mL stock solution was filter sterilised (0.2μm filter) and stored at 

4oC (Serva). Used at 7μg/mL. 

Chloramphenicol 50mg/mL stock solution in 100% ethanol, and stored at -20oC 

(Boehringer Mannheim). Used at 30 μg/mL. 

Zeocin Stock solution 100mg/mL (Invitrogen). Used at 50 μg/mL in low salt 

medium. 

 

2.1.24 Plasmid Vectors 

Plasmid Description Source 

pCMV-1/c HBV core antigen (385) 

pcDNA3.1 Mammalian expression vector 

Molecular Virology Group,  

School of Biological Sciences, 

University of Auckland  
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pGEMTEasy TA cloning of PCR products 

pRL-TK HSV thymidine kinase promoter 

controlling the expression of Renilla 

luciferase 

Promega 

pHPA-trs-SK Self-complimentary rAAV vector 

genome 

Professor Jude Samulski, 

University of North Carolina at 

Chapel Hill 

pAM/CAG-eGFP-

WPRE-bGHpA 

rAAV vector genome encoding eGFP 

pAM/CAG-pL-

WPRE-bGHpA 

rAAV vector genome 

pFdelta6 Adenoviral helper functions required 

for rAAV production 

pH21 Packaging plasmid AAV1 

pNLRep Packaging plasmid AAV2 

pH25A Packaging plasmid AAV5 

pBR18-D2/8 Packaging plasmid AAV8 

Dr Deborah Young, Faculty of 

Medical and Health Sciences, 

University of Auckland 

pAAV2/6 Packaging plasmid AAV6 

pAAV2/9 Packaging plasmid AAV9 

pAAV2/rh8c Packaging plasmid AAVrh8 

pAAV2/rh10 Packaging plasmid AAVrh10 

pAAV2/rh13R Packaging plasmid AAVrh13 

Prof James Wilson, University of 

Pennsylvania 

 

pCMV-SPORT6 

catalogue number 

5751684, ATCC 

MAVS Cdna Dr Richard Kingston, School of 

Biological Sciences, University 

of Auckland 
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pBIIX-Luc NFκB reporter plasmid containing 

two Igκ−κB that control the expression 

of firefly luciferase 

Professor Sankar Gosh, Yale 

University School of Medicine 

p125-Luc Interferon-β enhancer controlling 

expression of firefly luciferase 

Professor Taniguchi, University 

of Tokyo 

pIRESneo3 Mammalian expression vector 

containing the ECMV IRES 

Dr Lorna Johnstone, School of 

Biological Sciences, University 

of Auckland 

pUC57/Ubiquitin-

ELA 

Synthetic insert encoding ubiquitin-

ELA fusion 

Synthesized by GenScript 

pFBDM Shuttle vector for MultiBac 

pUCDM Shuttle vector for MultiBac 

pBADZ-His6Cre Shuttle vector for MultiBac 

Dr James Dickson, School of 

Biological Sciences, University 

of Auckland 

 

2.1.25 Mammalian cell lines 

Cell Line Species and tissue of origin Source 

HeLa Human, cervical carcinoma 

HepG2 Human, hepatocellular carcinoma 

HEK 293 Human, embryonic kidney 

Molecular Virology Group, School of 

Biological Sciences, University of 

Auckland 

HEK 293T Human, embryonic kidney (contains SV40 

polyomavirus T antigen) 

Dr Ken Scott, School of Biological 

Sciences, University of Auckland 

C18-27 

Clone 

An HLA-A2-restricted CD8+ T cell clone 

generated from an HLA-A2+ patient with 

resolved hepatitis B virus infection. The 

clone is specific for residues 18-27 of 

HBcAg. 

Dr Antonio Bertoletti and Dr Adam 

Gehring, Singapore Institute for 

Clinical Sciences, Singapore (386) 
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2.1.26 Media for mammalian cell culture 

Name Composition Source 

Dulbecco’s Modified 

Eagle Medium 

(DMEM) 

1 DMEM sachet of powder per litre, 3.7 g/L 

NaHCO3. Filter sterilised through a 0.2μm Steritop 

bottletop filter (Millipore). Supplemented to 10% 

with fetal bovine serum 

Invitrogen 

Iscove's Modified 

Dulbecco's Medium 

(IMDM) 

1 IMDM sachet of powder per litre, 3.024g 

NaHCO3. Filter sterilised through a 0.2μm Steritop 

bottletop filter (Millipore). Supplemented to 5% 

with fetal bovine serum. 

Invitrogen 

RPMI Premade Invitrogen 

GlutaMAXTM 

Supplement 

Premade Invitrogen 

Trypsin EDTA Premade Invitrogen 

Fetal bovine serum  Invitrogen 

Human serum  New Zealand Blood 

Service 

 

2.1.27 Cytokines, and drugs 

Name Preparation Source 

GM-CSF Recombinant human GM-CSF. Resuspended at 

10μg/mL. 

PeproTech, Inc 

IL-2 Recombinant human IL-2. Resuspended at 100U/μL. PeproTech, Inc 

IL-4 Recombinant human IL-4. Resuspended at 10μg/mL. PeproTech, Inc 

IL-7 Recombinant human IL-7. Resuspended at 10μg/mL. PeproTech, Inc 
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IL-15 Recombinant human IL-15. Resuspended at 10μg/mL. PeproTech, Inc 

Phytohaemagglutinin 

(PHA) 

Resuspended at 1mg/ml. Invitrogen 

Lipopolysaccharide Lipopolysaccharides from Salmonella enterica 

serotype typhimurium. Resuspended at 1mg/mL. 

Sigma  

Monensin Stock resuspended in ethanol at 25mg/mL. Used at 

25μg/mL. 

Sigma 

Brefeldin A  Stock resuspended in ethanol at 5mg/mL. Used at 

5μg/mL. 

Sigma 

MG132  (Z-Leu-Leu-

Leu-al) 

Resuspended in DMSO at 4mM. Used at 0.5μM. Sigma 

 

2.1.28 Insect cell lines 

Cell Line Species of origin Source 

Sf9 Spodoptera frugiperda 
Dr James Dickson, School of Biological 

Sciences, University of Auckland 

 

2.1.29 Media for insect cell culture 

Name Composition Source 

Sf900TM III SFM Premade Invitrogen 

 

2.1.30 Bacterial cell strains 

Strain Genotype Source 

DH5α F- φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 

endA1 hsdR17 (rk-, mk+) phoA supE44 λ- thi-1 

Molecular Virology Group, 

School of Biological Sciences, 
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gyrA96 relA1 University of Auckland 

DH5α Max 

Efficiency cells 

 F- φ80lacZΔM15 Δ(lacZYA-argF) U169 

recA1 endA1 hsdR17 (rk-, mk+) phoA supE44 

λ- thi-1 gyrA96 relA1 

Invitrogen 

DH10 

MultiBac 

F- mcrA Δ(mrr-hsdRMS-mcrBC) 

φ80lacZΔM15 ΔlacX74 recA1 endA1 araD139 

Δ (ara, leu)7697 galU galK λ- rpsL nupG 

/pMON14272 Δ (chiA, v-cath) / pMON7124 

Dr. James Dickson, School of 

Biological Sciences, 

University of Auckland 

XL1-Blue 

supercompetent 

cells 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 

relA1 lac [F´ proAB lacIqZΔM15 Tn10 (Tetr)] 

Stratagene 

BW23474 F-, Δ(argF-lac)169, ΔuidA4::pir-116, recA1, 

rpoS396(Am)?, endA9(del-ins)::FRT, rph-1, 

hsdR514, rob-1, creC510 

Dr. James Dickson, School of 

Biological Sciences, 

University of Auckland 

 

2.1.31  Bacterial growth media 

Name Composition 

Luria Bertoni (LB) broth 1% bactopeptone, 0.5% yeast extract, 1% NaCl, pH 7.0. For agar plates, 

2% agar was added prior to autoclaving 

Luria Bertoni agar 1% bactopeptone, 0.5% yeast extract, 1% NaCl, pH 7.0, 2% agar  

SOC medium 2% bactotryptone, 0.5% yeast extract, 0/05% NaCl, 2.5mM KCl, pH 

7.0. After autoclaving the following were added: 20mM glucose, 10mM 

MgCl2 

N.B. Glucose was not added when used for preparation of competent 

DH5α cells. 

Low-salt TYE medium 1% bactotryptone, 0.5% yeast extract, 0.5% NaCl 

Low-salt TYE agar 1% bactotryptone, 0.5% yeast extract, 0.5% NaCl, 1.5% agar.  
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2x TY medium 1.6% bactotryptone, 1% yeast extract, 0.5% NaCl 

TYE agar 1% bactotryptone, 0.5% yeast extract, 0.8% NaCl, 1.5% agar.  

 

2.1.32 Enzymes and inhibitors 

Enzyme or Inhibitor Source 

Restriction enzymes Roche, Invitrogen, New 

England Biolabs, Stratagene 

DNase I Roche 

Proteinase K Roche 

Platinum® Pfx DNA polymerase Invitrogen 

Platinum® Taq DNA polymerase Invitrogen 

PfuUltra High-Fidelity DNA polymerase Stratagene 

SuperScript® III Reverse Transcriptase  Invitrogen 

RNaseOUTTM inhibitor Invitrogen 

EXPRESS SYBR® GreenER™ qPCR Supermix Universal Invitrogen 

Power SYBR® Green PCR master mix Applied Biosystems 

T4 Ligase Invitrogen, Roche, Promega 

rAPid alkaline phosphatise Roche 

RNase A Sigma 

Benzonase® endonuclease Sigma 

 

2.1.33 Chemicals 

Chemicals were obtained from: BDH Chemicals Ltd (Poole, Dorset, England); Bio-Rad 

Laboratories (Hercules, California, USA); Invitrogen (Gaithersburg, Maryland, USA); Lab 
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Scientific (Livingstone, New Jersey, USA); Merck KGaA (Darmstadt, Germany); Pierce, Perbio 

Science (Erembodegem, Belgium); Roche Applied Science (Mannheim, Germany); Scharlau 

Chemie S.A. (Sentmenat, Spain); Sigma Aldrich (St Louis, Missouri, USA). 

2.2  Methods 

2.2.1  Mammalian cell culture 

Adherent mammalian cell cultures were maintained in 10cm or 15cm tissue culture plates (Greiner 

BioOne) in DMEM supplemented to 10% with fetal bovine serum (FBS) and 60μg/mL penicillin 

and 140μg/mL streptomycin; antibiotics were omitted for transfections. Cells were split every 2-4 

days depending on the cell line and the confluency of the culture. Briefly, media was removed, the 

cells were washed twice with 1x D-PBS, and then the cells were detached with trypsin/EDTA. 

Trypsin was inactivated by adding DMEM + FBS. Cells were split between 1 in 2 and 1 in 10 

depending on the cell line. All manipulations were carried out in a class II biosafety cabinet using 

sterile technique. Cultures were incubated at 37oC in 5% CO2.  

2.2.2 Cryopreservation of mammalian cells 

Continuous adherent cell lines were resuspended in freezing solution comprised of newborn calf 

serum (Invitrogen) with 10% DMSO, and frozen down in three to five 1ml aliquots per plate. 

Haemopoietic continuous cell lines and peripheral blood mononuclear cells (PBMCs) were 

resuspended at 5-10x106 cells/ml in freezing solution comprised of 40% heat inactivated fetal 

bovine serum, 50% supplemented RPMI, and 10% DMSO. Cells were aliquoted into 1ml cryovials 

and cooled in a Cryo 1oC Freezing Container (Nalgene) containing isopropanol and stored at -80oC 

overnight. This resulted in cooling at 1oC/minute. Cryovials were stored at -80oC or in a liquid 

nitrogen dewar.  

To recover cells from storage, cells were thawed quickly in a 37oC waterbath. Adherent cell lines 

were rapidly diluted in 10ml of warm DMEM. In contrast haemopoietic cells were slowly 

resuspended in the first 1ml of warm RPMI, before being diluted to 10ml. Cells were centrifuged at 

400xg for 10 minutes at room temperature and resuspended in the appropriate media for plating, or 

in the case of haemopoietic cells washed once more. 

 2.2.3  Transfection 

All transient transfections were carried out in antibiotic-free media. 
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2.2.3.1 Calcium phosphate 

Transfections were performed in 6 well or 24 well plates, scaled down from a previously described 

method (387); amounts and volumes given below are for transfection of 6 well plates. Media was 

replaced with pre-warmed IMDM + 5% FBS 3 hours prior to transfection. Reagents were combined 

in a tube in the following order: water, 2.5M CaCl2 to a final concentration of 300mM, and 

2.7μg/well of plasmid(s), to a total volume of 150μL per well. The solution was filter sterilised 

through a 0.2μm syringe filter and an equal volume of 2x HeBS was added whilst vortexing the 

solution for 15 seconds. After standing for 1 minute 45 seconds, the solution was added in a 

dropwise fashion and the plates swirled gently to mix. The solution was checked under an inverted 

microscope to confirm the presence of microprecipitates. The media was replaced 6 hours post-

transfection with DMEM + 10% FBS without antibiotics. 

 

2.2.3.2 Polyethylenimine (PEI) 

Linear 25kDa polyethylenimine (Polysciences, Inc) was prepared as described (388).  To make 

100mL of 0.323g/L, 0.0323g of PEI was dissolved in H2O to 100mL by stirring over a low heat for 

approximately 1 hour. The pH was adjusted to 8.0 with HCl and the solution filter sterilised through 

a 0.2μm syringe filter. The solution was aliquoted and subjected to three cycles of freeze-thawing, 

and then frozen until use. Defrosted aliquots were stored at 4oC until use. 

Transfections were performed at various scales. For transfections in a 6 well plate, 3μg/well of 

plasmid was mixed with 100μL/well of 150mM NaCl. PEI was diluted in 100μL/well of 150mM 

NaCl. In some experiments OPTI-MEM®-1 was used in place of 150mM NaCl. The amount of PEI 

added was determined by the N/P ratio, where N is the amount of nitrogen in PEI and P is the 

amount of phosphorous in DNA. The amount of 0.323g/L PEI to add to achieve a given N/P can be 

calculated by the following formula (Formula 2.1): 

 

 

 

 

Formula 2.1 Where R = ratio of PEI nitrogen to DNA phosphorous (N/P ratio) 

 

In most experiments PEI was added at a N/P ratio of 20:1; in some experiments a N/ P ratio of 5:1, 

10:1, or 15:1 was used. The diluted plasmid and diluted PEI were then combined, vortexed briefly, 

and incubated at room temperature for 10-15 minutes and then added in a dropwise fashion and the 

N:P ratio =  ___PEI (μl/well) * 7.5 nmol N/μL___     

   T (μg DNA/well) * 3nmol P/μg DNA 
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plates swirled gently to mix. Media was changed 5-16 hours post-transfection (6 hours in most 

experiments). When transfections were performed at a different scale the volumes and amounts 

were scaled relative to the surface area of the plate. 

2.2.3.3 LipofectamineTM 2000 

Transfections with LipofectamineTM 2000 (Invitrogen) were performed at various scales as per the 

manufacturer’s guidelines. To perform a transfection in a 6 well plate, 4μg/well of plasmid DNA 

was diluted in 250μL/well OPTI-MEM®-1 without serum and mixed gently. LipofectamineTM 2000 

was mixed gently before use and 10μL/well was diluted in 250μL of OPTI-MEM®-1. Both diluted 

plasmid and diluted LipofectamineTM 2000 were incubated for 5 minutes at room temperature. 

Subsequently the diluted DNA was combined with the diluted LipofectamineTM 2000, mixed gently 

and incubated for 20 minutes at room temperature and then added in a dropwise fashion and the 

plates swirled gently to mix. In some experiments media was changed 4-6 hours post-transfection.  

2.2.4 Production of rAAV 

In most experiments rAAV was produced in batches of 5x15cm plates (Greiner BioOne) of HEK 

293 or HEK 293T cells of low passage number (<25). In some experiments rAAV was produced on 

different scales and the volumes and amounts given below were scaled proportionately. 

Cells were seed the day before transfection at 13.3-19.9x106 cells/15cm plate in 20mL of 

DMEM+10%FBS without antibiotics and incubated overnight at 37oC/5%CO2. Cells were 

transfected via the PEI method with a total of 275μg of DNA per 5x 15cm plates. The three 

plasmids were added in the following amounts as per an existing method (personal communication, 

Dr. Deborah Young, Faculty of Medical and Health Sciences, University of Auckland): 69.5μg of 

the plasmid encoding the vector backbone, 66.5μg of the packaging plasmid, and 139μg of helper 

plasmid pFdelta6.  The plasmids were mixed with 9.2mL of 150mM NaCl. The diluted plasmids 

were filtered through a 0.2μm syringe filter. An appropriate amount of PEI was diluted in 9.2 mL of 

150mM NaCl per 5x 15cm plates to give the desired N/P ratio; in most cases an N.P ratio of 20 was 

used.  The diluted PEI and plasmids were combined, vortexed briefly and incubated at room 

temperature for 10-15 minutes to allow the DNA/PEI complexes to form. Following the incubation, 

3.7mL of the plasmid/PEI mix was added to each plate in a dropwise fashion. Plates were mixed by 

gentle rocking. The media was changed to 25mL of DMEM + 10% FBS + penicillin and 

streptomycin after 5-16 hours incubation at 37oC/5%CO2. The cells were harvested 48 hours post 

transfection. 
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2.2.5 Purification of rAAV 

2.2.5.1 Harvesting of cells 

The method of harvesting cells was adapted from Zolotukhin et al. (389). Forty eight hours post-

transfection the media was removed, the cells washed once with 25mL of D-PBS, 20mL of PBS-

EDTA added, and the cells detached from the plate with a cell scraper. The detached cells were 

transferred to 50mL Falcon tubes and the 5 plates washed with a further 20mL of PBS-EDTA. The 

cells were pelleted by centrifugation at 1000xg for 10 minutes at 4oC. The supernatant was 

discarded and the cells resuspended in 10mL of lysis buffer per 5 plates. In some instances virus 

was stored at this point at -80oC to await further purification.  

The cells were lysed by three freeze/thaw cycles in a dry ice-ethanol bath and a 37oC water bath. 

Sodium deoxycholate (10%) was prepared fresh, filter sterilised with a 0.2μm syringe filter and 

added to a final concentration of 0.5%. The tube was mixed thoroughly by inversion before the 

addition of Benzonase® endonuclease to a final concentration of 50U/mL. The cell lysate was then 

incubated at 37oC for 30 minutes prior to clarification at 4000rpm at 4oC for 20 minutes using a 

Sorvall RTH 750 rotor (3313xg). In some instance the sample was stored at -20oC at this point 

pending further purification. 

2.2.5.2 Discontinuous iodixanol gradient 

The method for purification of the clarified cell lysate by ultracentrifugation of a discontinuous 

iodixanol gradient was adapted from previously published methods (389, 390). A discontinuous 

iodixanol gradient was generated in Quick-SealTM Ultra-ClearTM 16x76mm centrifuge tubes 

(Beckman Coulter Inc) by underlaying the cell lysate (~5mL) with 2ml of each of the iodixanol 

solutions in the following order: 15%, 25%, 40% and 60%. A 9cm 18g pipetting needle (Hamilton 

Company) was used to load the tubes. Tubes were balanced to within 0.01g and heat sealed with the 

Quick-SealTM Cordless Tube TopperTM, 50 Hz (Beckman Coulter Inc). The samples were loaded 

into a Beckman Type 70.1Ti rotor with spacers (catalogue number 342695, Beckman Coulter Inc) 

and centrifuged for 2 hours at 66,200rpm (402,000xg) at 4oC on a Sorvall Discovery 100SE 

ultracentrifuge or a Sorvall Discovery 100S ultracentrifuge (accelerate ramp speed 5, decelerate 

ramp speed 0). Following ultracentrifugation the vector was harvested by collecting the 40 to 60% 

interface by side puncture of the tube; most cellular debris are found at the 25 to 40% interface. 

Samples were stored at 4oC or frozen at -20oC until required. 
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2.2.5.3 Continuous iodixanol gradient 

This method was adapted from Hermens et al. (391) and was used to further purify rAAV2/9 

purified on a discontinuous iodixanol gradient. 10ml of 26% iodixanol with PBS-MK buffer was 

added per Quick-SealTM Ultra-ClearTM 16x76mm centrifuge tubes (Beckman Coulter Inc) and was 

underlaid with 2.2ml of the vector containing iodixanol fraction from the first round of 

ultracentrifugation (~50% iodixanol), to give a final concentration of iodixanol of approximately 

30%. The tubes were balanced to within 0.01g and heat sealed with the Quick-SealTM Cordless 

Tube TopperTM, 50 Hz (Beckman Coulter Inc). The samples were loaded into a Beckman Type 

70.1Ti rotor with spacers (catalogue number 342695, Beckman Coulter Inc) and centrifuged for 22 

hours at 66,200rpm (402,000xg) at 4oC on a Sorvall Discovery 100SE ultracentrifuge or a Sorvall 

Discovery 100S ultracentrifuge (accelerate ramp speed 5, decelerate ramp speed 0). Following 

ultracentrifugation 1mL fractions were collected from the bottom of the tube. The vector-containing 

fraction(s) were determined by quantitative real time PCR and stored at -80oC in aliquots. 

2.2.5.4 Anion exchange chromatography 

This method was adapted from a previously published method (389). All steps were performed 

manually in a class II biosafety cabinet. 1mL Bioscale UNOsphere Q columns (Bio-rad) were either 

depyrogenated with 0.1M NaOH for at least 16 hours, followed by 1M NaOH for 1 hour, or were 

washed with 5mL of 70% ethanol. Columns were equilibrated at approximately 3mL/min with 6 

column volumes buffer AIE, then 15mL of buffer BIE, followed by 15mL buffer AIE. The vector-

containing iodixanol fraction was diluted 1:10 with buffer AIE and applied to the column at a flow 

rate of approximately 3mL/min. The column was washed with 10 column volumes of buffer AIE at 

approximately 3mL/min. Then the vector was eluted with a step gradient of mixtures of Buffers AIE 

and BIE (see Table 2.1). 1mL of each step was added at approximately 0.5mL/min and the fractions 

collected. The column was regenerated with 10 column volumes of buffer CIE and then stored at 

4oC with 20% v/v ethanol in situ. The flow through, wash, all fractions, and the retentate were kept 

for further analysis. The vector-containing fraction(s) was determined by quantitative real time PCR 

and stored at -80oC in aliquots. 
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[NaCl], 

mM 

Buffer AIE 

(15mM NaCl), mL 

Buffer BIE 

(500mM NaCl), mL 

50 92.8 7.2 

100 82.5 17.5 

150 72.2 27.8 

200 61.9 38.1 

250 51.5 48.5 

500 0.0 100.0 

 

Table 2.1 Preparation of step elution buffers for anion exchange chromatography. 

2.2.5.5 Heparin affinity chromatography 

This method was adapted from previously published methods (387, 392). All steps, except 

centrifugation steps were performed manually in a class II biosafety cabinet. HiTrap Heparin HP 

1mL columns (GE Healthcare) were washed with 5mL of 70% ethanol and then equilibrated with 

5mL buffer AH, followed by 15mL of buffer BH and finally 15mL buffer AH at approximately 2 

mL/min. The vector-containing iodixanol fraction was diluted 1:5 with buffer AH and applied to the 

column at a flow rate of approximately 2mL/min. The column was washed with 10mL buffer AH at 

2mL/min. The vector was eluted at approximately 1-2mL/min with a step gradient of increasing salt 

concentration (to 500mM for rAAV2/6 and to 600mM for rAAV2/2). The column was washed with 

3ml of each step; in preparations in which the 200mM step was discarded (see below), the column 

was washed with 6ml of the 500mM step. Different concentration steps were made by mixing 

buffer AH and BH as per Table 2.2. The column was washed with 10mL of buffer BH at 

approximately 2mL/min and stored at 4oC with 20% v/v ethanol in situ. The flow through, wash, 

150mM and 200mM NaCl containing fractions, and the retentate were retained for further analysis. 

The 300mM and 500mM fractions (and in some preparations the 200mM fraction; a 600mM 

fraction was also obtained in the case of rAAV2/2) were pooled and sequentially loaded onto a 4mL 

100K MWCO AMicon Ultra Centrifugal concentrator (Millipore). The concentrator was 

centrifuged at 3000rpm at 4oC for 6 minutes with each loading, and washed with 4mL sterile cold 

D-PBS and centrifuged for a further 4 minutes. The remaining 50-100μL was harvested and the 
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concentrator washed with 350μL cold D-PBS by gently pipetting up and down the sides of 

concentrator. The final vector preparation was sterilised by filtration through an Acrodisc® 13mm 

syringe filter with 0.2μm HT Tuffryn® membrane (Pall Corporation) and stored at -80oC in aliquots. 

 

[NaCl], 

mM 

Buffer AH 

(100mM NaCl), mL 

Buffer BH 

(1M NaCl), mL 

150 94.4 5.6 

200 88.9 11.1 

300 77.8 22.2 

500 55.6 44.4 

600 44.4 55.6 

 

Table 2.2 Preparation of step elution buffers for heparin affinity chromatography. 

2.2.6 Quantification of rAAV – quantitative real time PCR 

2.2.6.1 Preparation of template 

2.2.6.1.1 DNase I/proteinase K 

Samples were initially treated with DNase I (Roche). Clarified lysate and the iodixanol fraction 

were diluted 1:10 to prevent inhibition of the PCR (393). 3μL of vector was combined with 3μL of 

10X DNase I buffer and 3μL of 1mg/mL DNase I (Roche) in a total volume of 30μL and incubated 

at 37oC for 30 minutes. The DNase I was reversibly inactivated by the addition of 1.4μL 0.5M 

EDTA, for a final concentration of 25mM EDTA, and incubated at 37oC for 10 minutes. It was then 

irreversibly heat inactivated by incubation at 65oC for 10 minutes. Vector genomes were released 

from capsids by the addition of 18.4μL freshly prepared proteinase K-SDS solution (1.36mg/mL 

proteinase K,  1.36% SDS, 10mM Tris HCl pH 8.4), for a final concentration of 0.5mg/mL 

proteinase K and 0.5% SDS in a total volume of 50μL. The samples were incubated at 37oC for 2 

hours. Proteinase K was heat inactivated at 95oC for 20 minutes. Samples were diluted 1:100 (or 

1:200 if 2μL of template was used in the subsequent PCR reaction) or subjected to phenol-

chloroform extraction and/or ethanol precipitation. 
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2.2.6.1.2 Phenol:chloroform extraction and ethanol precipitation 

In some experiments DNA templates were further purified by phenol:chloroform extraction, 

followed by ethanol precipitation. To perform phenol:chloroform extraction, the 50μL sample that 

had been treated with DNase I and Proteinase K/SDS was diluted to a final volume of 200μL and 

200μL of phenol:chloroform:isoamyl alcohol  (25:24:1) was added. The sample was mixed well by 

vortexing and centrifuged for 5 minutes at 13,000rpm. 150μL (75%) of the aqueous layer was 

removed to a new tube, being careful to avoid the interface.  The sample was re-extracted with 

150μL of chloroform, vortexed and centrifuged for a further 5 minutes at 13,000rpm. 100μL (75%) 

of the aqueous layer was removed to a new tube, being careful to avoid the interface. The final titre 

was adjusted for the loss of template at each step. 

Samples were then precipitated with ethanol. In some experiments samples were not extracted with 

phenol:chloroform prior to ethanol precipitation; these samples were diluted to 100μL with water 

prior to ethanol precipitation. To 50μL, 5.6μL of 3M sodium acetate, pH 5.2, was added for a final 

concentration of 0.3M. Samples were mixed well and 0.75μL glycogen (20μg/μL; Invitrogen) 

added as a carrier (final concentration 0.27μg/μL). Two volumes (113μL) cold 100% ethanol was 

added and the samples mixed well. Samples were then incubated at -80oC for 20 minutes and 

centrifuged at 13,000rpm at 4oC for 30 minutes. The supernatant was carefully decanted and the 

sample washed with 750μL of 70% ethanol. Samples were mixed and centrifuged for a further 5 

minutes at 13,000rpm. The supernatant was carefully decanted and the samples were dried on a 

vacuum centrifuge (Eppendorf Concentrator 5301) for 5 minutes to evaporate remaining ethanol. 

The pellet was resuspended in 40μL TE. 

2.2.6.2 Quantitative real time PCR 

Quantitative real time PCR was performed in a 10μL volume in 384 well plates on an Applied 

Biosystems 7900 HT Fast Real-Time PCR system (Applied Biosystems). Initially Power SYBR® 

Green PCR master mix (Applied Biosystems) was used, then later EXPRESS SYBR® GreenER™ 

qPCR Supermix Universal (Invitrogen) was used. Most reactions were set up with an EPMotion 

robot (Eppendorf); occasional runs were set up manually. In all reactions a mastermix was prepared 

with 5μL/well of either Power SYBR® Green PCR master mix or EXPRESS SYBR® GreenER™ 

qPCR Supermix Universal, 300nM each of the forward as reverse primers and molecular biology 

grade water (Invitrogen) to 8μL or 9μL/well, depending on the amount of template added. Initially 

1μL (1:100 dilution) template was added; later this was increased to 2μL (1:200 dilution) of 

template as it increased the accuracy of replicates (data not shown). A ten-fold dilution series of a 
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plasmid standard spanning 7 log10 was included; in most experiments a linearised plasmid standard 

was used. In addition a positive extraction control (sample spiked with plasmid and not treated with 

DNase I), a DNase I control (sample spiked with plasmid and treated with DNase I), a no template 

extraction control (no template sample taken through the extraction process, except not treated with 

DNase I) and a no template control were included in every run. All samples were run in triplicate. 

Power SYBR® Green PCR master mix was used with the following conditions: 95oC for 10 minutes 

to activate the Taq polymerase, followed by 40 cycles of 95oC for 15 seconds and 60oC for 60 

seconds. EXPRESS SYBR® GreenER™ qPCR Supermix Universal was used with the following 

conditions: 95oC for 20 seconds to activate the Taq polymerase, followed by 40 cycles of 95oC for 1 

seconds and 60oC for 20 seconds. In some experiments melting curves were generated.  The WPRE 

primers were previously described (384), while the CMV and bGHpA primer sets were designed 

with Primer Express® software.  

2.2.7 Quantification of rAAV - transduction assay 

The method for the transduction assay was adapted from Reed et al. (388). A 48 well plate was 

seeded with HeLa cells at a density of 1.25x105 cells/well in 0.5mL DMEM + 10% FBS + penicillin 

and streptomycin. The following day the media was removed and 50μL of at least 2 dilutions (e.g. 

1:5 and 1:10 in DMEM + 10% FBS) of virus was added in duplicate. The plate was incubated for 1 

hour at 37oC/5% CO2 and then an additional 500μL of DMEM + 10% FBS + penicillin and 

streptomycin was added per well. The plate was incubated for 48 hours at 37oC/5% CO2. The 

number of fluorescent cells was determined either by inverted fluorescent microscopy, in early 

experiments, or by flow cytometry. 

To assess the number of fluorescent cells by inverted fluorescent microscopy the media was 

removed and replaced with 1x D-PBS. The plate was examined with an inverted fluorescent 

microscope (Axiovert S100, Zeiss), and the number of fluorescent cells per well counted at the 

greatest dilution at which infection was still detected. The number of transduction units was 

calculated by multiplying the number of fluorescent cells by the dilution of the well in which they 

were counted and by the original dilution; results were averaged for replicates and different 

dilutions. 

To assess the number of fluorescent cells by flow cytometry the media was removed and the wells 

washed twice with 1x D-PBS. The cells were detached with 0.25mL of Trypsin/EDTA and 

resuspended in 0.5mL of DMEM + 10%FBS. The number of cells in one uninfected well was 

determined by counting trypan blue-stained cells in a haemocytometer. Cells from other wells were 

centrifuged at 1300rpm for 5 minutes at 4oC and the supernatant discarded.  The cells were washed 
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once in 1mL of ice-cold FACS buffer, centrifuged at 1300rpm at 4oC for a further 5 minutes, and 

resuspended in 200μL of FACS buffer. The number of transduction units per mL was calculated by 

the following formula (Formula 2.2): 

TU/mL  =  CGF 

Vinoc 

Formula 2.2 Where  C = average cells/well  (as counted with the haemocytometer) 

G = ratio of eGFP+ cells to total cells 

F = dilution factor  

Vinoc = volume of inoculation (ie 50μL) 

2.2.8 Infection of HEK 293 and HeLa cells with rAAV 

HEK 293T cells or HeLa cells were seeded at a density of 3x104 cells or 4x104 cells per well of a 

flat bottomed 96 well plate (Greiner Bio-One) in DMEM + 10% FBS + penicillin and streptomycin. 

The following day the cells were infected at varying multiplicities of infection. In some experiments 

the media was replaced three hours post-infection, while in other experiments the inoculums was 

not removed. Cells were incubated for 24 to 48 hours post infection depending on the experiment. 

Cells were washed twice with 1x D-PBS, harvested with trypsin/EDTA and analysed by flow 

cytometry form eGFP expression.  

2.2.9 Isolation of PBMCs 

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood from volunteers 

under approval granted by the University of Auckland Human Ethics Committee. Fifty millilitres of 

blood was collected from volunteers into 50mL Cellstar® tubes (Greiner Bio-one) containing 100μL 

of 60mg/mL heparin sodium sulphate (Sigma). PBMCs were isolated by centrifugation on a 

Lymphoprep (Axis Shield) cushion in 50mL Leucosep® tubes (Greiner BioOne).  15ml of room 

temperature Lymphoprep was added to Leukosep® tubes and centrifuged at 1000xg for 1 minute at 

room temperature. The heparinised blood was diluted 1:2 with pre-warmed RPMI and applied to 3 

Leukosep tubes per 50mL of blood. The samples were centrifuged at 1000xg for 10 minutes at 

room temperature with the break off in a Sorvall® RT7 with a Sorvall® RTH-750 swinging bucket 

rotor. The plasma fraction was removed to 5-10mm above interface and then the enriched cell 

fraction was harvested and combined from the 3 tubes. Room temperature 1x D-PBS was then 

added to 50mL and the sample centrifuged at 250xg for 10 minutes. The PBMCs were washed a 
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further two times two times with 10mL of 1xD-PBS, the cells counted, and resuspended in MACS 

buffer or isolation buffer for the isolation of monocytes, as described below. 

2.2.10  Purification of monocyte and generation of monocyte-derived dendritic cells 

2.2.10.1 MACS Monocyte Isolation Kit II 

Monocytes were purified by negative selection using the MACS Monocyte Isolation Kit II and LS 

Columns (both Miltenyi Biotec) as per the manufacturer’s instructions. All solutions were pre-

chilled. PBMCs were resuspended in 30μL of MACS buffer per 107 (or less) total cells and incubate 

at 4oC for 5 minutes.  FcR blocking reagent and the biotin-antibody cocktail were added at 10μL 

per 107 (or less) total cells, the sample mixed and incubated for 10 minutes at 4oC.  MACS buffer 

was added at 30μL per 107 (or less) total cells followed by 20μL of anti-biotin microbeads per 107 

(or less) total cells. The sample was mixed and incubated for an additional 15 minutes at 4oC. 1-2ml 

of MACS buffer was added and the cells pelleted by centrifugation at 300xg for 10 minutes at 4oC. 

The supernatant was completely removed and up to 108 cells were resuspended in 500μL of MACS 

buffer.  An LS Column was placed in the magnetic field of a MACS Separator, the column rinsed 

with 3mL of MACS buffer, and the cell suspension applied to the column. The cells were allowed 

to pass through by gravity and the effluent, containing the unlabelled cells, collected. The column 

was washed 3 times with 3mL and the effluent collected and combined. The enriched monocytes 

were washed twice with RPMI by centrifugation at 300xg for 10 minutes at 4oC, and resuspended at 

1x106 cells/mL in RPMI supplemented with 10% filtered heat-inactivated fetal bovine serum (56oC 

for 30 minutes), 100ng/mL GM-CSF and 50ng/mL IL-4. Monocytes were seeded at the equivalent 

of approximately 3x106/well of a 6 well plate. In some experiments monocytes were resuspended in 

serum-free media, seeded directly to 96 well plates at 1x105 cells per well or 48 well plates at 3x105 

cells per well, and infected as described below. The purity of the monocyte preparation was 

analysed by flow cytometry of cells stained for CD14 expression; consistently >85% of cells were 

CD14+. 

2.2.10.2 Dynabeads® UntouchedTM Human Monocytes 

Monocytes were purified by negative selection using the Dynabeads® UntouchedTM Human 

Monocytes kit (Invitrogen) as per the manufacturer’s instructions. All solutions were pre-chilled. 

All volumes below are for the purification of 5x107 PBMCs; all volumes except for wash steps were 

scaled according to the actual number of PBMCs. Briefly, PBMCs were resuspended in 500μL of 

Isolation buffer in a 15ml Cellstar® tube. 100μL of blocking reagent and 100μL of antibody mix 

were added, the cells mixed, and incubated for 20 minutes at 4oC. Ten millilitres of Isolation buffer 
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was added, the tube mixed, and centrifuged at 350xg for 8 minutes at 4oC. The supernatant was 

discarded and the cells resuspended in 500μL of Isolation buffer. 500μL of pre-washed Depletion 

MyOne SA Dynabeads were added and the tube incubated for 15 minutes at 4oC on a rotating 

wheel. The cells were then resuspended by vigorous pipetting >10 times with a 5ml serological 

pipette. A further 5ml of Isolation buffer was added and the tube placed in the DynaMagTM-15 

Magnetic Particle Concentrator (Invitrogen) for 2 minutes. The supernatant was carefully removed 

with a serological pipette whilst still in the magnet and transferred to a new tube. The beads were 

resuspended in 5ml of Isolation buffer as above and re-applied to the magnet. The supernatants 

were combined and re-applied to the magnet. The enriched monocytes were washed twice with 

RPMI by centrifugation at 300xg for 10 minutes at 4oC, and were resuspended at 1x106 cells/mL in 

RPMI supplemented with 10% filtered heat-inactivated fetal bovine serum (56oC for 30 minutes), 

100ng/mL GM-CSF and 50ng/mL IL-4. Monocytes were seeded at the equivalent of approximately 

3mL/well of a 6 well plate. Purity was consistently >85% (CD14+). 

2.2.10.3 Culture of monocytes 

Monocytes were cultured in supplemented RPMI + 10% heat-inactivated fetal bovine serum + 

100ng/mL GM-CSF + 50ng/mL IL-4 for 6 days to derive monocyte-derived dendritic cells 

(MoDCs). Half the media was changed every second day. Cells were cultured at 1x106 cells/mL. At 

day 6, the phenotype of MoDCs was assessed by flow cytometry; cells were stained with antibodies 

against CD1a, CD14, CD83, CD86 and HLA-DR. 

2.2.11 Infection of monocytes and MoDCs 

Day 6 MoDCs were harvested by gentle agitation with a pipette, the cells were collected by 

centrifugation at 300xg for 10 minutes and resuspended in serum-free supplemented RPMI (sRPMI) 

at 5x106 cells/mL. 

1.0x105 cells were plated per well of a 96 well plate and the virus added at the appropriate MOI. 

The volume was adjusted to 100μL with sRPMI. The cells were incubated at 37oC/5%CO2 for 3 

hours, then the cells were centrifuged at room temperature at 1300rpm for 8 minutes, the media 

removed and replaced with 100μL of supplemented RPMI + 10% heat-inactivated fetal bovine 

serum + 100ng/mL GM-CSF + 50ng/mL IL-4. In some experiments lipopolysaccharide was added 

at 5μg/mL on the day of infection or at 100ng/mL 24 hours post infection. Forty eight hours post 

infection cells were harvested for flow cytometry. 

In some experiments monocytes were infected directly after isolation. Cells were infected as 

described above and were either analysed at 48 hours post infection or at 8 days post infection. 
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Cells analysed at 48 hours were plated in a 96 well plate while those analysed at 8 days were plated 

in a 48 well plate. 

2.2.12 Flow cytometry 

All manipulations of cells were done on ice. Cells were resuspended in a minimal volume of media 

(~50μL), the appropriate volume of fluorescently labelled antibodies or 7AAD was added, and the 

cells mixed by pipetting. Up to four different antibodies were added per sample. Cells were 

incubated for 15-30 minutes on ice and then washed with ice-cold FACS buffer. Cells were washed 

twice in ice-cold FACS wash and analysed on the FACSCaliburTM. If analysis was delayed, cells 

were fixed with 1% paraformaldehyde. All events were collected. Data was analysed using either 

CellQuestTM software (BD Biosciences) or FlowJo (Treestar). Live cells were gated based on their 

forward scatter (FSC) versus side scatter (SSC) characteristics. When a viability stain was used, 

cells were then gated on the viable cells prior to further analysis. 

2.2.13  Maintenance of CD8+ C18-27 T cell clone 

For each well of a 24 well plate, 0.5-1.0x106 cells of the CD8+ C18-27 T cell clone were plated with 

5x106 50 Gy-irradiated peripheral blood mononuclear cells in supplemented RPMI (2mM 

GlutaMAXTM I, 100U/mL penicillin, and 100μg/mL streptomycin) with 5% heat inactivated human 

serum, 500U/mL IL-2, 10ng/mL IL-7, 10ng/mL IL-15, and 5μg/mL phytohaemagglutinin (PHA). 

Half the media was replaced every second day with supplemented RPMI plus 5% heat inactivated 

human serum, 500U/mL IL-2, 10ng/mL IL-7, and 10ng/mL IL-15. Cell growth was monitored and 

wells were subcultured as required. After 14 days cells were harvested and cryopreserved as 

described above. 

2.2.14  Stimulation of CD8+ C18-27 T cell clone 

The HBcAg 18-27 CD8+ CTL clone was stimulated with MoDCs that had been infected or mock 

infected with rAAV 48 hours earlier in a U-bottomed 96 well plate (Greiner BioOne). One day prior 

to the stimulation an aliquot of the T cell clone was defrosted and resuspended in supplemented 

RPMI plus 5% heat inactivated human serum, 100U/mL IL-2, 10ng/mL IL-7 and 10ng/mL IL-15 at 

~1x106 cells/mL and incubated overnight. On the same day the MoDCs serving as the positive 

control were loaded with the 18-27 peptide (cFLP) at 10μM. On the day of the stimulation the 

MoDCs were harvested, washed twice, and resuspended in 100μL of supplemented RPMI + 10% 

heat inactivated fetal bovine serum. The T cell clone was harvested and resuspended at a 

concentration of 1x106 cells/mL in supplemented RPMI + 10% heat inactivated fetal bovine serum; 
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100μL per well was then added to the MoDCs. T cells alone were also seeded as a negative control.  

Anti-CD107a-PE was added to each well and the cells mixed gently. The plate was incubated for 1 

hour in the dark at 37oC/5% CO2. After the incubation brefeldin A was added to each well to a final 

concentration of 5μg/mL and monensin to 5μg/mL. Cells were mixed gently and centrifuged at 

500rpm for 5 minutes at room temperature. The plate was incubated in the dark at 37oC/5% CO2 for 

5 hours. The cells were then pelleted by centrifugation at 1300rpm for 8 minutes at room 

temperature and 150μL of medium removed. The cells were stained with anti-CD8-PerCP for 20 

minutes on ice, washed twice in FACS wash, and fixed in 100μL/well of Cytofix/CytopermTM 

solution (BD Biosciences) for 20 minutes on ice. Wells were washed twice in BD Perm/WashTM 

(BD Biosciences) and resuspended in 50μL/well of BDPerm/WashTM. Anti-interferon-γ-FITC was 

added to each well. The cells were incubated on ice for 30 minutes, washed twice more in 

BDPerm/WashTM and resuspended in FACS wash and stored in the dark at 4oC until analysed by 

flow cytometry. 

2.2.15 Enzyme and protein assays 

2.2.15.1 β-galactosidase assay 

The β-galactosidase assay was performed in a 24 well plate as per the manufacturer’s instructions 

(β-Gal Assay kit, Invitrogen). The media was removed from the cells and the cells were washed 

once with 1x PBS. Cells were harvested with 0.5mL of trypsin/EDTA and the cell pellet collected 

by centrifugation at 250xg for 5 minutes. The supernatant was discarded and the pellet completely 

resuspended in 50μL of 1x Lysis buffer. The sample was subjected to 3 cycles of freeze thaw in an 

ethanol/dry ice bath and in a 37oC waterbath. Insoluble material was pelleted by centrifugation at 

maximum speed on a benchtop microfuge at 4oC for 5 minutes and the supernatant transferred to a 

new tube.  

Plates for the β-galactosidase assay were prepared on ice; the assay was performed in 96 well 

plates. 50μL of 1x Cleavage buffer with β-mercaptoethanol and 17μL of ONPG were added per 

well. All samples were diluted 1:10 and 1μL, 5μL, or 10μL (made up to 10μL total with water) was 

added per well. The plate was covered and incubated at 37oC for 30 minutes. 125μL of Stop buffer 

was added and the absorbance read at 420nm using untransfected cells as the blank. A BCA assay 

(Pierce) was performed in parallel as described below. 

The specific activity of beta-galactosidase was calculated as follows (Formula 2.3): 
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Specific activity = nmoles of ONPG hydrolyzed/t/mg protein 

nmoles of ONPG hydrolyzed =       (OD420)x(8x105 nL)     _ 

 (4500 nL/nmoles-cm)(1 cm) 

Formula 2.3 where 4500 is the extinction coefficient, t = the time of incubation in minutes at 

37°C (i.e. 30 minutes), and mg protein is the amount of protein assayed.  

The background activity of the untransfected cell lysate was subtracted. 

2.2.15.2 BCA assay 

The BCA assay (Pierce) was performed as per the manufacturer’s instructions. The cell lysate from 

the β-galactosidase assay was diluted 1:10 and 1:100 and 25μL was added per well of a 96 well 

plate. The BSA standards were prepared as described in Table 2.3 and 25μL was added per well. 

The Working Reagent was prepared by adding 50 parts of reagent A to 1 part reagent B. 

200μL/well was added and the samples mixed by pipetting 5x. The reaction was incubated at 37oC 

for 30 minutes, the plate cooled to room temperature, and the absorbance read at 562nm. The 

concentration of protein in the sample was determined against the standard curve. 

 

Table 2.3  Preparation of BSA standards for the BCA assay. 

2.2.15.3 Luciferase assay 

The Dual-GloTM luciferase assay (Promega) was performed as per the manufacturer’s instructions in 

a 96-well plate format. The reconstituted Dual-GloTM luciferase reagent was thawed at room 

temperature and a volume equal to the culture medium volume was added per well (typically 

75μL). After at least 10 minutes the samples were mixed by pipetting and transferred to a white 

plate (Nunc or BD Falcon). Plates were sealed and the firefly luminescence measured on a Wallac 

1450 Microbeta PLUS Liquid Scintillation Counter (Wallac). A volume of freshly prepared Dual-
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GloTM Stop and Glo Reagent equal to the original culture medium volume (typically 75μL) was 

then added to each well and mixed. After at least 10 minutes the plates were resealed and Renilla 

luminescence measured. The background luminescence was subtracted for both firefly and Renilla 

luminescence and the ratio of firefly to Renilla luminescence was determined for each well. Ratios 

were normalized to a control sample. 

2.2.16 Electrophoresis 

2.2.16.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were resolved on home-made SDS-polyacrylamide gels comprising a 10-15% resolving gel 

and a 3% stacking gel. Protein samples were mixed directly with Laemmli buffer with 10% β-

mercaptoethanol or were precipitated with trichloroacetic acid (TCA) first. TCA precipitation was 

performed by adding TCA to a final concentration of 10%, incubating for 30 minutes on ice, 

centrifuging at 13000rpm for 10 minutes at 4oC, discarding the supernatant, and resuspending in 

Laemmli buffer with 10% β-mercaptoethanol; if the buffer changed to yellow, the solution was 

neutralized with 1M Tris, pH 11. Samples were denatured by heating at 95oC for 5 minutes prior to 

loading onto gels and electrophoresis carried out at 200V for 45 minute in a Mini-PROTEAN 3 

system (Bio-Rad). Resolved proteins were visualized by silver staining, SYPRO-Ruby protein gel 

staining, FastBlυ staining, or by Western blotting.  

2.2.16.2 Silver staining of SDS-PAGE 

Solutions were prepared fresh on each occasion. The SDS-PAGE resolving gel was fixed in fixing 

solution for 10-15 minutes. Then the gel was washed in 10% ethanol for 5 minutes followed by 

washing in MilliQ water for 5-10 minutes with 3 changes of water. The gel was placed in Farmer’s 

reagent for 1 minute and then washed in MilliQ water for 5-10 minutes with 3 changes of water. 

The gel was incubated in 0.1% AgNO3 for 10-15 min and then washed in MilliQ water for 10-20 

seconds, briefly washed in developer and then placed in fresh developer and soaked until the 

desired amount of staining was obtained. The gel was then placed in 1% acetic acid for 5 minutes 

and washed in MilliQ water for 5-10 minutes with 3 changes of water.  If high background or over-

staining was evident the gel was soaked in Farmer’s reagent for 10-30 seconds, then washed in 

MilliQ water for 5-10 minutes with 3 changes of water.  

2.2.16.3 SYPRO Ruby staining of SDS-PAGE 

Staining of SDS-PAGE resolving gels with SYPRO Ruby protein gel stain (Invitrogen) was 

performed as per the manufacturer’s instruction. Gels were fixed with two 30-minute incubations in 
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fix solution on an orbital shaker. The gel was then stained overnight in 60mL of SYPRO Ruby 

protein gel stain on an orbital shaker at room temperature. The following morning the gel was 

transferred to a clean container and washed in 100mL of wash solution for 30 minutes. Before 

imaging, the gel was rinsed in MilliQ water a minimum of twice for 5 minutes to prevent possible 

corrosive damage to the imager. Stained gels were either imaged with a Fujifilm FLA2000 

(Fujifilm) or a Fujifilm LAS-4000 (Fujifilm). 

2.2.16.4 FAST Blυ staining 

Staining of SDS-PAGE resolving gels with FAST Blυ (Fisher Biotec) was performed as per the 

manufacturer’s instruction. The gel was washed three times with fix buffer for 10 minutes with 

gentle rocking. The gel was then submerged in FAST Blυ diluted to 16% in 9% methanol and 2% 

acetic acid, and incubated at room temperature for 20 minutes with gentle rocking. The gel was then 

destained with 10% acetic acid for 10 minutes. 

2.2.16.5 Western blotting 

Proteins samples resolved by SDS-PAGE were transferred to a Protran® Nitrocellulose Transfer 

Membrane (Schleicher & Schuell) using the CriterionTM Blotter apparatus (Bio-Rad). The gel and 

membrane were pre-equilibrated in ice-cold transfer buffer for 10 minutes and were then placed 

between four pieces of filter paper (3MM Whatmann paper, Gelman) and two fibre pads, which had 

also been pre-equilibrated in transfer buffer. The assembled cassette was clamped, placed in the 

apparatus, and the proteins transferred for 40 minutes at 100V. 

Following electrophoresis, the membrane was soaked in blocking buffer overnight at 4oC to block 

non-specific binding sites. The membrane was then washed with wash buffer and immersed in the 

antibody buffer containing the primary antibody at the appropriate dilution. The membrane was 

incubated with gentle rocking at room temperature for 2 hours or at 4oC overnight. The membrane 

was then washed for 5 minutes 3 times with wash buffer before incubation for 1 hour with gentle 

rocking in antibody buffer containing the secondary antibody. The membrane was washed a further 

3 times, as above, and the proteins detected by addition of the chemiluminescent substrate [either 

ECLTM Detection kit (Amersham Biosciences) or Novex® ECL HRP Chemiluminescent Substrate 

Reagent kit (Invitrogen)] as per the manufacturer’s instructions. The membrane was then placed 

between two sheets of cellulose acetate, and exposed to light sensitive film (Kodak X-Omat BT 

film) or imaged with the Fujifilm LAS-4000 (Fujifilm). The film was developed in an automatic X-

ray film developer (Curix 60, AGFA). 
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In some experiments, membranes were stripped and reprobed with anti-α-tubulin to control for 

protein loading. Membranes were incubated in pre-warmed stripping buffer at 55oC for 30 minutes. 

Membranes were then washed twice for 10 minutes with gentle rocking before re-blocking with 

blocking buffer for at least 1 hour at room temperature or overnight at 4oC.  Membranes were then 

re-probed with the appropriate antibodies as described above. 

2.2.16.6 Agarose gel electrophoresis 

DNA samples were electrophoresed on 0.8-2% agarose gels, depending on the size of the product; 

most gels were 1%. Gels were made with TBE and 0.5μg/mL ethidium bromide was included in the 

gel. Gels were run in TBE buffer at 100-140V for varying lengths of time. Bands were visualized 

using a Gel-Doc UV Trans-Illuminator using Quantity One Software Version 4.6.2 (Bio-Rad). 

2.2.17 Growth and storage of bacterial cultures 

2.2.17.1 Agar plates 

Bacteria were streaked onto agar plates, supplemented with the appropriate antibiotic, using a sterile 

wire loop or were plated as a lawn using a sterile glass spreader. Plates were inverted and incubated 

at 37oC for 16-18 hours. Plates were stored at 4oC wrapped in parafilm to prevent dehydration. 

2.2.17.2 Broth cultures 

The appropriate volume of liquid media (usually LB broth), supplemented with the appropriate 

antibiotic, was inoculated with a single colony from an agar plate. The culture was grown overnight 

at 37oC with agitation (180-220rpm). For plasmid DNA Maxipreps, a 6-hour starter culture was 

diluted 1:100 and cultured overnight. When required, growth was monitored by measuring 

absorbance at 600nm. 

2.2.18 Preparation of chemically competent DH5α cells 

Chemically competent DH5α cells used in this research were either purchased (DH5α Max 

Efficiency cells, Invitrogen) or prepared by the following protocol. These cells were available as 

laboratory stocks and were not prepared by me. One colony of DH5α cells from a fresh plate was 

grown in 10mL of LB broth overnight at 37°C on a shaker. 0.5mL of the overnight culture was 

added to 100mL SOB supplemented with 2mL sterile 1M MgSO4. The culture was grown at 37°C 

with agitation until the OD 600nm was 0.4-0.6. The culture was transferred to chilled tubes and 

incubated for 20 minutes on ice. The culture was then centrifuged at 5000rpm for 15 minutes at 

4°C, the supernatant removed and drained for 1 minute. The pellet was gently resuspended in 50mL 
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FSB and incubated on ice for 10 minutes. The cells were then centrifuged at 5000 rpm for 15 

minutes at 4°C using the Sorvall SLA1500 rotor. The supernatant was discarded and the pellet 

gently resuspended in 10mL of FSB. 350µL of fresh DMSO was added and mixed by swirling. 

Cells were incubated on ice for 15 minutes with occasional swirling. A further 350µL of DMSO 

was added and cells were incubated on ice for a further 5 minutes. Competent cells were aliquoted 

into pre-chilled 1.5mL microcentrifuge tubes and snap frozen in liquid nitrogen. Competent DH5α 

cells were stored at -80°C. 

2.2.19 Preparation of chemically competent DH10MultiBac cells 

From a freshly streaked plate, a single colony was inoculated into 3ml LB broth. Bacteria were 

grown overnight at 37oC with shaking. The following morning 20-40ml of prewarmed LB broth 

was inoculated with 1/100 volume of the overnight culture (200-400μL), and incubated with 

shaking at 37oC until OD600 was approximately 1·0. Cells were chilled on ice for 30 minutes, 

centrifuged at 3000xg for 10 minutes, and resuspended in 1/10 of the original volume (2-4mL) in 

TSB/TSS buffer. Aliquots of 300-500μL were prepared, flash frozen in liquid nitrogen and stored at 

-80oC. 

2.2.20 Transformation of chemically competent DH5α and DH10MultiBac cells 

Aliquots of cells were thawed on ice. Transformations were either performed in pre-chilled 1.5mL 

microcentrifuge tubes or in Falcon 14ml polypropylene round-bottom tubes (catalogue number 

352059, Becton Dickinson). Plasmid (1μL) or ligation mix (1-5μL of neat or 1:5 ligation mix) and 

50μL of in-house chemically competent DH5α or DH10MultiBac cells or 20μL of DH5α Max 

Efficiency cells were combined and incubated on ice for 30 minutes. Heat shock was performed in a 

42oC waterbath for 90 seconds (in house) or 45 seconds (DH5α Max Efficiency cells), followed by 

a 2 minute incubation on ice. 900μL of LB broth or SOC medium as added and the cells incubated 

at 37oC, shaking at 225rpm, for 1 hour. DH10MultiBac cells were incubated for 4 hours to allow 

transposition to occur. 10μl to 100μL of the culture was plated to LB agar supplemented with the 

appropriate antibiotic. For DH10MultiBac cells and DH5α cells transformed with ligation reactions, 

cultures were centrifuged at 2000rpm at room temperature for 5 minutes, most of the supernatant 

discarded, and the cell pellet resuspended and plated.  Plates were incubated at 37oC overnight 

(DH5α) to 48 hours (DH10MultiBac).  
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2.2.21 Preparation of electrocompetent DH10MultiBac-pFBDM cells 

Electrocompetent DH10MultiBac cells were prepared as described (394). Briefly, a single colony 

was grown overnight at 37oC with agitation in 5ml of low salt TYE + kanamycin and gentamicin. 

The next morning the overnight culture (5mL) was added to 500mL of low salt TYE medium + 

kanamycin + gentamicin and incubated with shaking (~250rpm) until the OD600nm was 0.5. The 

culture was cooled for 15 minutes on ice, then centrifuged for 15 minutes at 3500xg at 4oC. The 

supernatant was discarded and the pellet resuspended in 500ml of ice-cold, sterile 10% glycerol 

solution. The culture was repeatedly centrifuged at 3500xg at 4 oC for 15 minutes and resuspended 

in decreasing volumes of 10% glycerol solution of 250mL, 10mL, and then 1mL. The final 

suspension was flash frozen in liquid nitrogen in 80mL aliquots and stored at -80oC. 

2.2.22 Production of electrocompetent DH10MultiBac- pFBDMCre cells 

Electrocompetent DH10MultiBac- pFBDMCre cells were produced as described (394). Briefly, 

500mL of low-salt TYE medium, supplemented with kanamycin, gentamicin, and Zeocin, was 

inoculated with one colony of DH10MultiBac- pFBDMCre cells and grown at 37oC at 180-230rpm 

until the OD600 reached ~0.25. Cre-recombinase expression was induced by the addition of 0.1% 

L-arabinose. The culture was grown until the OD600 reached ~0.5, then the culture was cooled on 

ice for 15 minutes and competent cells prepared as described above. 

2.2.23 Transformation of electrocompetent cells 

Approximately 10ng of plasmid was incubated with electrocompetent cells (50-80μL) on ice for 1 

minute, transferred to a GenePulser Curvette (E. coli Pulser) with a 0.2cm electrode gap (Bio-Rad) 

and electroporated with a MicroPulserTM electroporator (Bio-Rad) using the E. coli setting. 

Immediately following electroporation, 1mL of LB broth (BW23474 cells) or 2× TY medium was 

added and the cells incubated at 37oC with agitation for 1 hour (pUCDM into BW23474 cells), 4 

hours (pBADZHis6Cre into DH10MultiBac-pFBDM), or 8 hours to overnight (pVector/CAG-

eGFP-bGHpA into DH10MultiBac- pFBDMCre). Transformants were plated onto L agar (BW23474 

cells) or low-salt TYE agar with the appropriate antibiotics and incubated overnight (BW23474 

cells) or for 24 to 48 hours at 37oC. 

2.2.24 In silico cloning 

Cloning was planned in silico using Vector NTI AdvanceTM Versions 10 and 11. 
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2.2.25 PCR 

Most cloning was performed with Platinum® Pfx DNA polymerase (Invitrogen) because of its 3’ to 

5’ exonuclease activity. Reactions were performed in 50-100μL volumes as per the manufacturer’s 

instructions. A 50μL reaction contained: 5μL 10X Pfx Amplification Buffer; 1.5μL 10 mM dNTP 

mixture; 1μL 50 mM MgSO4; 0.75μL of sense and antisense primers (10 μM); template DNA (10 

pg – 200 ng); 0.4μL (1 unit) Platinum® Pfx DNA Polymerase; molecular biology grade water 

(Invitrogen) to 50 μL. In addition, when screening for suitable conditions, reactions were often 

performed in parallel with 10μL 10X Pfx Amplification Buffer (2x) or with 5μL PCRx Enhancer 

Solution. The tube contents were mixed and briefly centrifuged. PCR was performed on a 

GeneAmp® PCR System 9700 (Perkin Elmer), a GeneAmp® PCR System 2400 (Perkin Elmer), or 

an Eppendorf Mastercycler gradient (Eppendorf). The template was denatured for 5 minutes at 

94°C before 25–35 cycles of PCR amplification as follows: denaturation at 94°C for 15 seconds, 

annealing at 55°C for 30 seconds, and extension at 68°C for 1 minute per kb of the expected 

product. Annealing temperature was frequently varied. For primers with high melting temperatures, 

two-step cycling was performed, with denaturation at 94°C for 15 seconds, followed by 

annealing/extension at 68°C for 1 minute per kb of the expected product. Following PCR the 

reaction was stored at 4°C for short term storage or at -20oC for long term storage. 

HBcAg and TICAM-1 were amplified using with Platinum® Taq DNA polymerase (Invitrogen) as 

per the manufacturer’s instructions. A 50μL reaction contained: 5μL 10X PCR Buffer, Minus Mg; 

1μL 10 mM dNTP mixture; 1.5μL 50mM MgCl2; 1μL each of sense and antisense primers (10 

μM); template DNA or cDNA; 0.4-0.5μL Platinum® Taq DNA Polymerase; molecular biology 

grade water (Invitrogen) to 50μL. The tube contents were mixed and briefly centrifuged. PCR was 

performed on an Eppendorf Mastercycler gradient (Eppendorf). The template was denatured for 2 

minutes at 94°C before 35-40 cycles of PCR amplification as follows: denaturation at 94°C for 30 

seconds, annealing at 55°C (HBcAg) or 65°C (TICAM-1) for 30 seconds, and extension at 72°C for 

60 seconds (HBcAg) to 3 minutes (TICAM-1). Following PCR, the reaction was stored at 4°C for 

short term storage or at -20oC for long term storage. 

2.2.26 RNA extraction 

RNA was extracted from HepG2 cells using the illustra RNAspin Mini RNA Isolation Kit (GE 

Healthcare) as per the manufacturer’s instructions. Briefly, cells were harvested by trypsinisation, 

washed in ice-cold 1x D-PBS, resuspended in the lysis buffer RA1 + 1% β-mercaptoethanol and 

vortexed vigorously. The lysate was clarified by filtration through the RNAspin Minifilter unit, 
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centrifuged at 11,000xg for 1 minute, and transferred to a new tube. 70% ethanol was added and the 

sample vortexed. The lysate was loaded onto a RNAspin Minicolumn, centrifuged for 30 seconds at 

8,000xg, and the column transferred to a new tube. The membrane desalting buffer (MDB) was 

added and the column centrifuged at 11,000xg for a further minute to dry the membrane. DNase 

reaction mix was applied to the column and incubated at room temperature for 15 minutes. The 

column was sequentially washed with RA2 and twice with RA3 by centrifugation at 11,0000xg. 

The column was transferred to a nuclease-free 1.5ml microcentrifuge tube and the RNA eluted in 

100μL of RNase-free water. The eluted RNA was immediately placed on ice and stored at -20oC for 

short term storage or -80oC for long term storage. 

2.2.27 Reverse transcription 

Reverse transcription was performed with SuperscriptTM III (Invitrogen) as per the manufacturer’s 

instructions. To perform first strand synthesis,  <5μg of RNA, 1μL 10mM dNTP, and either 2 pmol 

of a gene-specific primer (TRIF ASP) or 50pmol Oligo dT, were combined in a total volume of 

13μL, heated to 65oC for 5 minutes and then placed on ice for 1 minute. The tube was briefly 

centrifuged and 4μL 5x First Strand Buffer, 0.1μmol DTT, 1μL RNaseOUTTM, and 1μL 

SuperscriptTM III added, gently mixed by pipetting and incubated at 55oC for 30-60 minutes. The 

enzymes were inactivated by heating at 70oC for 15 minutes. 2μL of cDNA was used as the 

template in a PCR reaction with Taq polymerase, as described above. 

2.2.28 Restriction digestion 

Restriction digests were performed as per the manufacturer’s instructions. The amount of enzyme 

used was determined by the amount of target DNA, the number of restriction sites, and its length. 

Double digests were performed in recommended buffers 

(http://www.neb.com/nebecomm/doubledigestcalculator.asp or https://www.roche-applied-

science.com/servlet/RCConfigureUser?URL=StoreFramesetView&storeId=10151&catalogId=1015

1&langId=-1&countryId=nz) or sequential digests were performed. When sequential digests were 

performed the DNA was purified after the first restriction digest by ethanol precipitation, 

PureLinkTM PCR Purification kit (Invitrogen), or by gel purification (see below). Restriction digests 

were analysed by DNA agarose gel electrophoresis. 

2.2.29 Gel purification 

Restriction fragments were purified by gel purification prior to ligation. Restriction digests were 

electrophoresed in agarose gels, the bands visualised on a UV gel box, and the desired bands cut out 
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with a clean scalpel blade. DNA was then purified with either the QIAEX II kit (Qiagen) or the 

ZymocleanTM gel DNA recovery kit (Zymo Research Corp.) as per the manufacturer’s instructions, 

with minor variations as noted.  

To purify DNA with the QIAEX II kit the gel band was weighed and 3 volumes of Buffer QX1 

added; if the DNA was <100bp 6 volumes of Buffer QX1 were added, or if it was >4kbp then 3 

volumes of Buffer QX1 and 2 volumes of water were added. The QIAEX II beads were 

resuspended by vortexing and 10-30μL added; 30μL was added if there was >2μg of DNA.  The 

sample was incubated at 50oC for 10 minutes, with vortexing every 2 minutes to keep the beads in 

suspension. The sample was centrifuged for 30 seconds, the supernatant removed, and the pellet 

washed with 500μL of Buffer QX1. The pellet was resuspended by vortexing and the sample 

centrifuged for a further 30 seconds. The pellet was washed twice with 500μL of Buffer PE and air 

dried for 10-15 minutes or until the pellet became white; if 30μL of QIAEX II was used then the 

pellet was dried for 30 minutes. DNA was eluted with 20μL of 10mM Tris Cl, pH 8.5 or molecular 

biology grade H2O. The sample was incubated at room temperature for 5 minutes, or at 50oC for 5 

minutes if the fragment was over 4kbp in length, centrifuged and the supernatant transferred to a 

new tube. 

To purify DNA with the ZymocleanTM Gel DNA Recovery kit, the gel fragment was weighed and 3 

volumes of ADB buffer added and the tube incubated at 37oC, with occasional vortexing, until the 

gel was completely dissolved. The sample was then transferred to a spin column and centrifuged at 

>10,000xg for 30-60 seconds. The flow through was discarded and the column washed twice with 

200-300μL of Wash Buffer; alternatively Buffer PE (Qiagen) was used with no difference in yield 

or subsequent ligation efficiency (data not shown). The spin column was transferred to a clean 

1.5ml microcentrifuge tube, 15μL of molecular biology grade water was added and it was incubated 

at room temperature of 5 minutes. The sample was then centrifuged at >10,000xg for 1 minute. 

2.2.30 Dephosphorylation 

The plasmid backbone was always dephosphorylated if it contained compatible ends or in blunt-

ended cloning. Up to 1μg of DNA was added to 2μL of 10x rAPid alkaline phosphatase buffer and 

1μL of rAPid alkaline phosphatase (Roche) in a total volume of 20μL. Samples were incubated at 

37oC for 10 minutes (5’ overhang or blunt ends) or 30 minutes (3’ overhang). The alkaline 

phosphatase was heat inactivated at 75oC for 2 minutes. The dephosphorylated plasmid backbone 

was used directly in subsequent ligations. 
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2.2.31 Ligation 

Ligations were either performed with T4 ligase (Roche) or with T4 ligase (Invitrogen). In most 

ligations 30pmol of plasmid backbone was used and 90pmol of the insert. These ratios were varied 

in some experiments. Gel-purified DNA was used. Ligations were generally performed in a 20μL 

volume with 1μL (1U) of T4 ligase. When T4 ligase from Roche was used, samples were incubated 

at 4oC for >16 hours. With the T4 ligase and 5x T4 ligase buffer from Invitrogen, the 5 minute rapid 

ligation protocol was used.  

2.2.32 TA cloning and A-tailing  

TA cloning into pGEMTEasy was performed as per the manufacturer’s instructions (see below). 

PCR products generated with Platinum® Taq polymerase were cloned directly (HBcAg). PCR 

products generated with Platinum® Pfx DNA polymerase required the addition of a 3’ terminal 

deoxyadenosine prior to insertion. Briefly, Platinum® Pfx DNA polymerase PCR products were 

purified with PureLinkTM PCR Purification kit (Invitrogen) or by gel purification and 7μL was 

combined with 1μL of 10x Platinum Taq DNA polymerase buffer, 0.6μL of 25mM MgCl2, 0.2mM 

dATP, and 1μL (5U) of Platinum Taq DNA polymerase in a total volume of 10μL.  The sample was 

incubated at 94oC for 2 minutes, to activate the Platinum Taq DNA polymerase, then incubated at 

72oC for 30 minutes; 1-2μL was used directly in the subsequent ligation reaction. 

Ligations were performed in a 10μL volume using 2x Rapid Ligation Buffer, 50ng of pGEMTEasy, 

a molar equivalent of the insert, and 1μL of the T4 DNA ligase provided. A background control (no 

PCR product) and positive control (control insert) were performed. Samples were incubated at 4oC 

for >16 hours before transformation into DH5α MAX Efficiency cells. White colonies were 

screened by restriction digestion for the insert.  

2.2.33 Site directed mutagenesis 

Primers for mutagenesis were designed using Stratagene’s online primer design software (now 

available at https://www.genomics.agilent.com). Mutagenesis was performed with the QuickChange 

Site-Directed Mutagenesis kit (Stratagene) as per the manufacturer’s instructions. The reaction 

mixture contained 5μL 10x Reaction buffer, 20ng of dsDNA template (or 10ng of the pWhitescript 

4.5kbp control plasmid), 125ng of each primer (or the control primers #1 and #2), 1μL of the dNTP 

mix, and ddH2O to 49μL. Finally, 1μL of PfuUltra® HF DNA polymerase was added. Samples 

were amplified by PCR using the following conditions: template denaturation 95oC for 30 seconds, 

and then 12 cycles of 95oC for 30 seconds, 55oC for 1 minute, and 68oC for 7 minutes. The reaction 
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was then cooled to 4oC for 2 minutes prior to the addition of 1μL DpnI (10U/μL). Reactions were 

mixed and then incubated at 37oC for 1 hour. 1μL of DpnI-treated DNA was then transformed into 

XL-1 Blue supercompetent cells. Cells were incubated for 30 minutes on ice, and then heat shocked 

at 42oC for 45 seconds before a further 2 minute incubation on ice. 0.5ml of pre-warmed (42oC) 

SOC medium was added and the cells incubated at 37oC for 1 hour with agitation at 225-250rpm. 

250μL of each reaction was plated to LB agar with ampicillin. Bacteria transformed with the 

pWhitescript mutagenesis control were plated on to LB agar supplemented with ampicillin, X-gal 

and IPTG. Plates were incubated overnight at 37oC. Colonies were screened by restriction digestion 

and sequencing (Y445F and Y731F) or sequencing alone (E531K and K531E). 

2.2.34 Preparation of plasmid DNA 

Midi- and Maxipreps (PureLinkTM HiPure Plasmid Midiprep and Maxiprep kits, Invitrogen) were 

performed as per the manufacturer’s instructions. Briefly, for a maxiprep, 100mL (or up to 500mL 

with a low copy plasmid) of an overnight culture in LB broth was pelleted and resuspended in 

10mL Resuspension Buffer (R3) containing RNase A. 10mL Lysis Buffer (L7) was added, the tube 

mixed gently by inversion, and incubated at room temperature for 5 minutes. 10mL of Precipitation 

Buffer (N3) was added and the tubes mixed immediately by inversion. The sample was centrifuged 

at >15,000xg for 10 minutes at room temperature and the supernatant loaded on to an equilibrated 

column. The solution was allowed to drain by gravity, washed with 60mL of Wash Buffer (W8) and 

eluted with 15ml of Elution Buffer (E4). 10.5mL of isopropanol was added, the tube mixed, and 

centrifuged at >15,000xg for 30 minutes at 4oC. The supernatant was removed and the pellet 

washed with 5ml of 70% ethanol. Following a further 5 minutes centrifugation at >15,000xg at 4oC, 

the supernatant was carefully removed and the pellet air-dried for 10 minutes. The DNA pellet was 

resuspended in 500μL TE buffer.  Midipreps were performed in the same fashion but at lower 

volumes. 

In some experiments endotoxin-free plasmids were prepared using the EndoFree® Plasmid Maxi Kit 

(Qiagen), as per the manufacturer’s instructions. Briefly, 100mL of an overnight culture in LB broth 

was pelleted and resuspended in 10mL Buffer P1. 10ml Buffer P2 was added, the tube mixed 

vigorously by inversion, and incubated at room temperature for 5 minutes. Chilled Buffer P3 (10ml) 

was added, the sample mixed vigorously by inversion and the lysate transferred to a QIAfilter 

Cartridge. Following a further 10 minute incubation at room temperature, the cap of the outlet of the 

cartridge was removed, the plunger inserted, and the cell lysate filtered into a sterile 50mL tube. 

2.5mL of Buffer ER was added to the filtered lysate, the tube mixed by inversion, and incubated on 

ice for 30 minutes. The lysate was then transferred to an equilibrated QIAGEN-tip 500, allowed to 
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drain by gravity and washed twice with 30mL Buffer QC. Endotoxin-free or pyrogen-free pipettes 

and labware was used from this point forward. DNA was eluted with 15ml Buffer QN. DNA was 

precipitated with 10.5mL of room temperature isopropanol and the tubes centrifuged at >15,000xg 

for 30 minutes at 4oC. The supernatant was discarded and the pellet washed with 5ml 70% ethanol, 

made with the supplied endotoxin-free water, and centrifuged for a further 10 minutes. The 

supernatant was carefully removed, the pellet air-dried for 5-10 minutes and resuspended in 500μL 

of endotoxin-free Buffer TE (provided). According to the manufacturers, DNA purified with the 

EndoFree® Plasmid Maxi Kit contains less than 0.1 endotoxin units per μg of plasmid DNA.   

Minipreps were performed at a total volume of either 450μL or 900μL; volumes given below are 

for the low volume method unless otherwise stated. Briefly, 1.5ml of an overnight culture was 

pelleted by centrifugation at 13000rpm for 1 minute. The pellet was resuspended in 100μL of 

Alkaline lysis solution I supplemented with 50μg/mL of RNase A. 200μL of freshly prepared 

Alkaline lysis solution II was added and the samples mixed by inversion 5 times. Samples were 

incubated on ice for 5 minutes, then 150μL of Alkaline lysis solution III was added, the samples 

mixed by inversion, and the cells incubated on ice for 5-10 minutes. Samples were centrifuged at 

maximum speed at 4oC for 5 minutes and the supernatant careful transferred to a new tube. DNA 

precipitation was either performed directly or following chloroform extraction when high purity 

plasmid DNA was required (high volume method only). Chloroform extraction was performed by 

mixing 800μL of the sample with 800μL of chloroform, vortexing, and centrifugation at maximum 

speed for 2 minutes.  700μL of the aqueous phase was removed and DNA precipitation performed. 

DNA was precipitated by the addition of an equal volume of isopropanol. Samples were centrifuged 

at 13000rpm at 4oC for 5 minutes and the supernatant discarded. Samples were washed with 750μL 

70% ethanol, centrifuged at 13000rpm for a further 5 minutes and the supernatant discarded. 

Samples were dried in a vacuum centrifugal concentrator (Eppendorf Concentrator 5301) for 5 

minutes and resuspended in 40-50μL of TE. 

2.2.35 Determination of DNA and RNA concentration 

The concentration of DNA and RNA was determined by measuring absorbance at 260nm using the 

NanoDrop (NanoDrop Technologies, Inc.). 

2.2.36 Sequencing of DNA 

The fidelity of PCR cloning and the presence of the desired mutations following site-directed 

mutagenesis was confirmed by sequence analysis performed by the DNA Sequencing and 

Genotyping Facility at the School of Biological Sciences, University of Auckland. Sequence 
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reactions were prepared by BigDye version 3.1 Dye terminator chemistry (Applied Biosystems) on 

a GeneAmp® PCR System 9700 (Perkin Elmer). The sequencing was performed on a 3130XL 

capillary sequencer (Applied Biosystems). The E531K and K531E mutants were sequenced by the 

Allan Wilson Centre Genome Service, Massey University, using BigDye version 3.1 Dye 

terminator chemistry (Applied Biosystems) and an ABI 3730 DNA Analyzer (Applied Biosystems). 

2.2.37 Maintenance of Sf9 cells 

Sf900 III SFM-adapted Sf9 cells were maintained in Erlenmeyer flasks at 28oC in a shaking 

incubator (130rpm). Cells were counted daily. When the cell count reached 10x106/mL, cells were 

split to 2x106/mL. Cells were maintained in Sf900 III SFM without antibiotics. 

2.2.38 Preparation of bacmid DNA  

Bacmid DNA was prepared essentially as described above for the large volume plasmid miniprep, 

but with the following modifications. As bacmids are large molecules and at risk of shearing, 

samples were mixed by gentle inversion alone, the chloroform extraction was not performed, and 

the pellet was washed twice with 70% ethanol. Bacmid DNA was prepared within 24 hours of 

transfection and stored at 4oC. 

2.2.39 Transfection of Sf9 cells 

Sf9 cells were seeded at 0.7x106 cells/mL in 2mL in a 6 well plate. Cells were allowed to adhere by 

incubation at 28oC for at least 1 hour. 4μg of freshly prepared (<24 hours) bacmid DNA was diluted 

in 20μL Sf900 III SFM and combined with 20μL of Insect GeneJuice Transfection reagent. 

Samples were mixed gently, incubated at room temperature for 30 minutes, then diluted to 1mL 

with Sf900 III SFM. The media was removed one well at a time and replaced with the diluted 

transfection mix. The media was replaced after 4 hours and the plates incubated at 28oC for 48 

hours. In some experiments the media was replace at 48 hours and the plates maintained for 5 days. 

The media was harvested and centrifuged at 350xg for 5 minutes, and the supernatant transferred to 

a new tube. 500μL was used directly in a plate amplification (see below) and the remaining media 

was stored at 4oC in the dark. 

2.2.40 Amplification of baculovirus 

Immediately post-transfection, 500μL of media was transferred to a new 6 well plate. 1.5x106 Sf9 

cells in 1.5mL of media were added per well. Plates were incubated for 48-72 hours at 28oC. Media 

was harvested, centrifuged at 350xg for 5 minutes, and the supernatant transferred to a new tube. 

Samples were supplemented with 2% heat inactivated fetal calf serum and stored at 4oC in the dark. 
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Further amplifications of baculovirus were performed in 125ml Erlenmeyer flasks. Samples were 

added at a 1:100 dilution to 15-20ml of 2x106 Sf9 cells/mL. Cells were incubated at 28oC in a 

shaking incubator (130rpm) for 48 to 72 hours. Cells were counted every 24 hours. 

 

2.2.41 Quantification of baculovirus – cell growth assay 

Baculoviruses were quantified using a modification of the previously reported cell growth assay 

(395). Briefly, 50μL of Sf9 cells at 2x106 cells/ml were added to each well of a non-tissue culture 

treated 96 well plate (Greiner Bio-One). The baculovirus stocks were serially diluted in Sf900 III 

medium and 50μL was added per well. The following dilutions were used: undiluted, 1x10-1, 1x10-

2, 5x10-3, 2.5x10-3, 1.125x10-3, 6.25x10-4, 3.125x10-4, 1x10-4. In addition, a negative control was 

mock-infected. Plates were incubated at 28oC with shaking at 130rpm for 24 hours. Cells were then 

stained with trypan blue and counted with a haemocytometer. Growth inhibition was calculated 

essentially as previously described (395). The percentage growth inhibition (I) for each dilution was 

calculated (Formula 2.4). Results were plotted in Excel (Microsoft) and a theoretical inhibition 

curve, with I values calculated using Formula 2.5, was varied by altering the slope and TCID50 to 

match the actual results. The TCID50 was converted to plaque forming units per ml (pfu/ml) using 

Formula 2.6. 

    

Formula 2.4 where  I = percentage growth inhibition 

[C]IC,t24 = concentration of infected cells at t=24 hours post infection (hpi) 

[C]C,t0 = concentration of viable cells at t=0 hpi (ie 1x105) 

[C]C,t24 = concentration of viable cells in uninfected control at t=24 hpi 

   

Formula 2.5 where Itop = maximum % growth inhibition 
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 Ibottom = % growth inhibition in negative control (ie 0)  

 dil = dilution 

 TCID50 = 50% tissue culture infectious dose 

    

Formula 2.6 

2.2.42 Production of rAAV by baculovirus 

25x106 Sf9 cells in 12.5ml were infected at a multiplicity of infection (MOI) of 5pfu/cell with both 

the rAAV genome-encoding baculovirus and one of the baculoviruses encoding the structural and 

non-structural proteins (VP1+U or VP1-266), giving a total MOI of 10. As a control, Sf9 cells were 

also infected with the rAAV genome-encoding baculovirus alone. Cells were cultured in 125ml 

Erlenmeyer flasks at 28oC, shaking at 130rpm. Cell counts were monitored daily and the media and 

cells harvested at 96 hours.  

2.2.43 Purification of baculovirus-produced rAAV 

At 96 hours post-infection, the cells and media were harvested and centrifuged at 350xg for 5 

minutes to pellet the cells. The cell pellets was processed as previously described (396). Briefly, cell 

pellets were resuspended at 1x107 cells per mL in Lysis buffer + 5U/mL of Benzonase® 

endonuclease and incubated at room temperature for 30 minutes. One-tenth volume of 375mM 

MgSO4 was added and the samples were incubated at room temperature for 30 minutes. Samples 

were frozen and thawed three times in a dry ice/ethanol bath and a 37oC waterbath. Samples were 

clarified by centrifugation and recombined with the media. Triton X-100 was added to 1% and 

Benzonase® endonuclease to 50 U/mL and samples were incubated at room temperature for 30 

minutes with intermittent mixing. Samples were filtered through a 0.45μm syringe filter, and 

purified by heparin affinity chromatography as described above but with the modification that the 

column was washed with 25 column volumes (25mL) of buffer AH to remove residual detergent.  

2.2.44 Statistical analysis 

Probability testing was performed with SigmaPlot 11.0 (Systat Software, Inc). Some data was log10- 

or ln-transformed prior to analysis. Multiple groups were compared with a one way ANOVA. If a 



 

87 
 

statistically significant difference was detected between the groups (p<0.05) then a pairwise 

multiple comparison was performed by the Holm-Sidak method. Comparison of two groups was 

made by a two-tailed paired t-test. Capsid mutants were compared to wild-type by a one-sample t-

test. Means (or geometric means) and 95% confidence intervals are presented throughout the thesis 

unless otherwise stated. 



 

88 
 

Chapter 3 - Production of Recombinant Adeno-Associated Virus 

3.1 Introduction 

Recombinant adeno-associated viruses (rAAV) have been extensively examined as potential gene 

therapy and vaccine vectors (318, 327, 371). Production of high titre, high purity vector stocks are 

required for clinical applications (397, 398). Many different methods of production and purification 

have been described. Each method has advantages and disadvantages as far as simplicity, 

scalability, ease of manipulation of the vector, and purity of the resulting vector are concerned 

(399). The choice of method will depend on the intended use of the vector. 

 Recombinant AAV can be produced in mammalian cells or insect cells (399). Vector production 

requires the transgene expression cassette encoded within the AAV ITRs, the AAV rep and cap 

genes, and the helper virus functions (278). The helper functions can be provided by either co-

infection with a helper virus, such as adenovirus or herpes virus, or plasmid transfection (278). If 

vector is produced in HEK 293 cells then the adenoviral protein E1a is not required as it is 

constitutively expressed (279); E1-deleted adenoviral vectors can be used to provide the other 

helper functions in HEK 293 cells (188). Traditionally, rAAV has been produced in mammalian 

cells by transient transfection with or without co-infection with a helper virus (278). Alternatively, 

packaging or producer cell lines can be used. Packaging cell lines contain integrated copies of the 

rep and cap genes, with vector typically produced by co-infection with a replication deficient 

recombinant adenoviral vector, encoding the vector genome, and wild-type adenovirus (400). HeLa 

cells are usually used as the constitutive expression of E1a in HEK 293 cells drives expression of 

the Rep proteins, which are toxic to the cell (401). Producer cell lines encode both the vector 

genome and the rep and cap genes; vector is produced by infection with adenovirus or herpes virus 

(278, 402, 403). While the levels of production per cell with packaging and producer cell lines are 

similar or higher than transient transfection, infection is more amenable to scale up than transient 

transfection (278). Further improvements in vector yield can be obtained with the use of 

suspension-adapted cell lines (404). Production of rAAV in insect cells can also give high yields 

(397). Insect cells are infected with baculoviruses encoding the vector genome and the cap and rep 

genes; both Sf9 cells from Spodoptera frugiperda and High Five cells from Trichopulsia ni have 

been used (405, 406). Additional helper functions are not required in insect cells (406). While stable 

cell lines and baculovirus production systems are readily amenable to scale up, production of 

vectors with different pseudotypes or genomes is labour intensive. In contrast, transient transfection 

is extremely flexible and is well suited to the development of novel vectors.  
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Various transfection methods have been used to produce rAAV in HEK 293 cells. Calcium 

phosphate co-precipitation is the most commonly reported transfection method, but the use of 

polyethylenimine (PEI) and cationic lipid transfection reagents, such as Lipofectamine, have also 

described (388, 399, 407). While the calcium phosphate co-precipitation method is cheap, the 

efficiency of the method is critically dependent on the purity and pH of reagents (388). Transfection 

with PEI is less dependent on pH and higher transfection efficiencies and viral titres can be obtained 

than with calcium phosphate co-precipitation (388). The use of cationic lipid reagents is limited by 

cost as large numbers of cells, for example five 15cm plates, need to be transfected to produce an 

adequate titre of vector.  

The method of purification of rAAV is influenced by the required purity, the scale of production 

and the vector pseudotype. Ultracentrifugation and chromatography are the most commonly used 

purification methods. While ultracentrifugation is usually performed on a caesium chloride gradient 

(390), use of iodixanol (Optiprep, Axis-Shield) has been described (389, 391). Purification by 

ultracentrifugation is broadly applicable to all pseudotypes and allows the separation of full and 

empty capsids (390). However, two rounds of ultracentrifugation are required to achieve adequate 

purity and it is less amenable to scale up than chromatographic methods (390, 408). Following 

ultracentrifugation on a caesium chloride gradient, vector-containing fractions must be extensively 

dialysed because of their high salinity and the cytotoxicity of caesium chloride (391). A reduction in 

vector infectivity following the standard caesium chloride ultracentrifugation method has been 

reported (389, 391, 409), although a recent modification of this method resulted in increased purity 

and increased infectivity of vector stocks (409). As an alternative, vector can also be purified by 

ultracentrifugation on an iodixanol gradient. Hermens et al. initially concentrated vector by either 

ammonium sulphate precipitation before a single round of ultracentrifugation on either a continuous 

iodixanol gradient or a caesium chloride gradient. Significantly higher recovery rates were obtained 

with the use of iodixanol, however the vector remained contaminated by either method. In contrast, 

if ammonium sulphate precipitation was replaced with cellufine sulphate column chromatography, 

ultracentrifugation on an iodixanol gradient led to high recovery rates and high purity.  As iodixanol 

is non-toxic and can be made isosmotic, dialysis was not required (391).  

Several types of chromatography have been used for the purification of rAAV. Because of its ability 

to bind heparin, heparin affinity chromatography has been extensively used for the purification of 

rAAV2 (390, 410). Heparin affinity chromatography has been used both as an one-step 

chromatographic purification method  (410) and as a polishing step post iodixanol 

ultracentrifugation (389, 390, 411). Other affinity media that have been used include mucin for the 
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purification of rAAV5 (412)  and a recombinant single-chain antibody specific for AAV serotypes 1 

and 2 (AVB Sepharose) that may bind other serotypes as well (413). Anion exchange and cation 

exchange chromatography have also been used for the purification of multiple serotypes. Following 

initial purification on a discontinuous iodixanol gradient, Zolotukhin et al. used anion exchange 

chromatography with HiTrap Q columns to purify serotypes 1, 2, 5 and 8 (389). Sequential use of 

cation and anion exchange chromatography to purify serotype 2 and 8 has also been reported; 

AAV2 was purified on a POROS 20 HE cation exchange column followed by a POROS 50 PI 

anion exchange column (414), while AAV8 was purified on a Mustang S cation exchange 

membrane followed by Mustang Q anion exchange membrane (415). While chromatographic 

purification is more amenable to scale up than ultracentrifugation, serotype specific protocols are 

often required and separation of vector from empty capsids is difficult, although successful 

separation has recently been described for AAV1 (416) and AAV2 (417) using anion exchange 

chromatography; partial separation was also achieved with AAV6 (417) . 

Experimental assessment of rAAV requires accurate quantification of vector stocks. Recombinant 

AAV can be quantified by the detection of viral particles, viral genomes, or by an assessment of 

vector function. Viral particles can be quantified by ELISA (418, 419), electron microscopy (399, 

418), or cation exchange analytical HPLC (399, 420). The ratio of empty to full capsids can be 

determined by electron microscopy but not by cation exchange HLPC or by ELISA. Nevertheless, 

determining the number of vector particles is an important quality control step as higher ratios of 

empty to full particles are associated with reduced transduction (399, 416).  

Measurement of DNase resistant vector particles (DRPs) better reflects infectivity as only vectors 

particles containing the vector genome are quantified. However, it is possible that non-encapsidated 

genomes could survive DNase treatment if they were protected by replication proteins, host 

proteins, or were partially packaged in capsids (399). Following treatment of samples with DNase, 

DRP titres are determined by dot blot hybridisation (390) or quantitative real time PCR (393, 421-

423). Significant inter-assay and intra-assay variation has been reported for the dot blot 

hybridisation method, with titres varying up to 10 fold (399). Quantitative real time PCR is 

technically easier, more robust method and is more amenable to standardisation and validation (398, 

421). Vectors can also be titred by spectrophotometry; calculation of the 260nm to 280nm ratio 

allows determination of the ratio of encapsidated to empty particles (424).  

Finally, the functionality of the vector can be determined. Transduction/expression assays 

determine the ability of a vector to transduce a particular cell line and express its transgene (399). 

Transduction assays are affected by the strength of the promoter, the nature of the transgene, and 
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the ability to detect transgene expression (399). Rohr et al. reported a quantitative real time PCR 

method which was independent of transgene expression by selectively detecting double stranded 

DNA genomes in the nucleus of infected cells by digestion of lysates with the single stranded DNA-

specific nuclease, S1 (425). As second strand synthesis can be a rate-limiting step for transgene 

expression in some cell lines, some investigators have superinfected cultures with a helper virus to 

promote second strand synthesis and increase the sensitivity of the assay; these assays are known as 

“enhanced” transduction assays (399).  Different reports have used different cell lines, including 

HeLa, COS-1, HEK 293 cells, HEK 293T cells, and HEK 293 cells expressing adenovirus E4 

protein (388, 399). In enhanced transduction assays, different helper viruses, including adenovirus 

serotypes 2, serotype 5, and E1 and E1/3 deleted adenoviruses, have been used at different 

multiplicities of infection (MOI) (399). Infection/replication assays determine the ability of a vector 

to traffic its genome to the nucleus and to undergo replication; expression of transgene is not 

required (399). To allow vector replication the rep and cap genes are required; these can either be 

supplied by transfection, infection with a recombinant adenovirus, superinfection with wild-type 

AAV, or by the use of a packaging cell line (399). Superinfection with a helper virus is also 

required. Viral replication can be detected by hybridisation or by quantitative real time PCR (390, 

426, 427); quantitative real time PCR is ~100 fold more sensitive (427). Using quantitative real 

time PCR,  Zhen et al. determined that there were as few as 8 DRP per infectious particle 

irrespective of the method of purification (426). Detection of expression of an eGFP transgene has 

also been used as a measure of viral replication (411). Measures of vector functionality are 

expressed as transduction units per ml (TU/ml), enhanced transduction units per ml (ETU/ml), or 

infections particles per ml (IP/ml), depending on the assay used (399). Vector potency can be 

determined by assessing the ratio of DRP/ml to TU/ml (or ETU/ml or IP/ml). Vector potency will 

vary markedly depending on the method used to assess the functionality of the vector. As 

comparisons between different methods are not possible, it is often not possible to make 

comparisons between different reports (399). Furthermore, as different pseudotypes transduce 

different cell lines with differing efficiencies, it is not possible to make comparisons between 

different pseudotypes (390). Given these limitations, the major use of functional assays is for 

quality control of batch to batch variation and to investigate the effect of modifications of virus 

production methods on vector potency.  

This study sought to establish a robust method of producing, purifying and quantifying multiple 

pseudotypes of rAAV. Using HEK 293 cells various transfection methods were assessed. PEI was 

found to be the most efficient, with significantly higher viral titres obtained than with calcium 

phosphate precipitation or Lipofectamine 2000. A method for template preparation and subsequent 
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quantitative real time PCR was developed. Transduction titres were also assessed by a previously 

described method (388, 393). Vectors pseudotyped in capsids from serotypes 1, 2, 5, 6, 8 and 9 and 

non-human primate variants rh8, rh10, and rh13 were produced. All pseudotypes, except for 

rAAV2/9, were purified by ultracentrifugation on a discontinuous iodixanol gradient followed by 

anion exchange chromatography; rAAV2/9 failed to bind to the anion exchange column so was 

purified by two rounds of ultracentrifugation. It was also shown that rAAV2/6 could be purified by 

heparin affinity chromatography. Assessment showed all vectors to be of high purity. The purity of 

vector stocks was confirmed in vitro by a lack of activation of human monocyte-derived dendritic 

cells. 

3.2  Results 

3.2.1  Polyethylenimine is the most efficient transfection reagent for the production of rAAV in 

293 cells 

Transient transfection of HEK 293 cells was selected as the method for vector production because 

of the flexibility of the method. Calcium phosphate co-precipitation is the most commonly used 

method to transfect HEK 293 cells to produce rAAV (399). However the efficiency of calcium 

phosphate co-precipitation is known to be very sensitive to the purity of the reagents and small 

variations in pH (388). Other transfection methods used in the production of rAAV include cationic 

lipids, polyamines, and electroporation (388, 407, 428). Cost is a limiting factor in the use of 

commercial transfection reagents. Efficient transfection of 293 cells using polyethylenimine (PEI) 

prepared in-house has recently been reported (388). PEI achieved higher levels of transfection than 

calcium phosphate co-precipitation and was equivalent to commercial transfection reagents. In 

addition, higher titres of rAAV were obtained with PEI than with calcium phosphate co-

precipitation (388). The cost of this method is ~$0.30 per batch of five 15cm plates, compared with 

~$260 if Lipofectamine 2000 was used. Therefore it was decided to assess the use of PEI for the 

production of rAAV. 

The efficiency of transfection with PEI is affected by the amount of DNA, the amount of PEI, and 

the solution used for complex formation (388). Reed et al. determined that 1-3 μg DNA/well of a 6 

well plate was optimal, and used 3 μg in rAAV production (388). The ratio of PEI to DNA affects 

the size of aggregate formed, which affects transfection efficiency (388). This ratio can be described 

as the amount of nitrogen in PEI relative to the amount of phosphate in DNA, the N:P ratio, and is 

calculated as described in Formula 2.1.  
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The effect of N:P ratio was determined by transfection of HEK 293 cells with the β-galactosidase-

expressing plasmid pCS2+cβGal at N:P ratios of 5, 10, 15, and 20. Specific β-galactosidase activity 

was determined at 48 hours by a β-galactosidase assay and a BCA assay. In agreement with Reed et 

al. a N:P ratio of 20:1 was found to be the best  of the conditions tested (Figure 3.1) (388). Using 

the same methodology, the effect of the solution for complex formation (150mM NaCl vs 

OptiMEM (Invitrogen)) was compared and no difference was found (Figure 3.2). Similarly Reed et 

al. compared 150mM NaCl with 5% glucose and found no difference (388). 

Figure 3.1  Determining the optimal N:P ratio for transfection of HEK 293 cells. HEK 293 cells 

were seeded at a density of 2.25x105 cells/well of a 24 well plate 24 hours prior to transfection. PEI-DNA 

complexes were prepared with a range of different N:P ratios by varying the amount of PEI. Cells were 

transfected with pCS2+cβGal and the media changed 5-6 hours later. Forty eight hours post transfection the 

cells were harvested and β-galactosidase activity and total protein concentration determined. The experiment 

was performed twice in triplicate (n=6). Means and 95% confidence intervals are shown. Results were log10 

transformed and compared with a one way ANOVA; as  p<0.05 pairwise comparisons were made by the 

Holm-Sidak method. * 20 to 1 vs 10 to 1 and 5 to 1, p<0.001; ** 15 to 1 vs 10 to 1 and 5 to 1, p<0.002; ¶  10 

to 1 vs 5 to 1, p<0.001. 
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Figure 3.2  OptiMEM and 150mM NaCl are equally efficacious as media for PEI-DNA complex 

formation. HEK 293 cells were seeded at a density of 2.25x105 cells/well of a 24 well plate 24 hours prior to 

transfection. PEI-DNA complexes were prepared in either 150mM NaCl or OptiMEM. Cells were 

transfected with pCS2+cβGal and the media changed 5-6 hours later. Forty eight hours post transfection the 

cells were harvested and β-galactosidase activity and total protein concentration determined. The experiment 

was performed twice in triplicate (n=6). Means and 95% confidence intervals are shown. Results were 

compared with paired t-test. There was no significant difference between groups (p=0.74).  

The optimised method for transfecting HEK 293 cells with PEI was compared to calcium phosphate 

co-precipitation and Lipofectamine 2000 at a range of seeding densities. HEK 293 cells were 

seeded 24 hours prior to transfection at densities of 1.5x105, 2.25x105, and 3x105 cells/well of a 24 

well plate. Cells were transfected with pCS2+cβGal and specific β-galactosidase activity 

determined 48 hours post transfection. At seeding densities of 1.5x105 and 2.25x105 there was no 

significant difference between PEI and Lipofectamine 2000, both of which were significantly 

superior to the calcium phosphate precipitation method (Figure 3.3). The transfection efficiency 

with PEI was significantly reduced at a seeding density of 3x105, suggesting that a seeding density 

of 750 to1125 HEK 293 cells/mm2 is optimal (Figure 3.3). 
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Figure 3.3  Comparison of methods for transfecting HEK 293 cells. HEK 293 cells were seeded 24 

hours prior to transfection at 1.5x105, 2.25x105, or 3.0x105 cells per well. Cells were transfected with 

pCS2+cβGal and the media changed 5-6 hours later. Forty eight hours post transfection the cells were 

harvested and β-galactosidase activity and total protein concentration determined. The experiment was 

performed twice in duplicate (n=4). Means and 95% confidence intervals are shown. Results were log10 

transformed and compared with a one way ANOVA; as p<0.05 pairwise comparisons were made by the 

Holm-Sidak method. * Lipofectamine (all seeding densities) and PEI (1.5x105, 2.25x105) vs calcium 

phosphate (2.25x105, 3.0x105), p<0.001; other differences were not significant. 

The yields of rAAV following transfection with PEI, calcium phosphate co-precipitation and 

Lipofectamine 2000 were compared. Twenty four hours prior to transfection cells, were seeded at 

0.72x106 or 1.08x106 per well of a 6 well plate (750 and 1125 cells/mm2 respectively). Cells were 

transfected with the packaging plasmid pNLRep, which encodes the serotype 2 rep and cap genes, 

the helper plasmid pFdelta6, which encodes the adenoviral helper functions, and the plasmid 

encoding the vector genome, pAM/CAG-eGFP-WPRE-bGHpA. In the vector genome plasmid, the 

expression of enhanced green fluorescent protein (eGFP) is controlled by the hybrid CMV 

enhancer/chicken β actin promoter and the woodchuck hepatitis virus post-transcriptional 

regulatory element, and is flanked by AAV serotype 2 inverted terminal repeats. Forty eight hours 

post-transfection cells and media were harvested. The cells were lysed by three freeze-thaw cycles, 

and the amount of vector in the clarified cell lysate and media was determined in a transduction 

assay in HeLa cells (388, 393). In these experiments transduction was assessed by fluorescent 

microscopy. Significantly higher titres of rAAV were obtained with PEI at both seeding densities 

(Figure 3.4). No significant difference in viral titre was seen between the 2 seeding densities. Of 
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note, despite the equivalent transfection efficiency achieved with PEI and Lipofectamine 2000, ten-

fold less infectious virus was produced with Lipofectamine 2000; the reason for this is not clear 

from these experiments. While it is possible that the Lipofectamine 2000 interferes with virus 

production, this would seem unlikely as the successful production of rAAV using Lipofectamine 

has been previously reported (407, 429). 

 

Figure 3.4  Transfection with PEI yields higher titres of rAAV. HEK 293 cells were seeded in a six 

well plate at 0.72x105 cells/well or 1.08x106/well 24 hours prior to transfection. Cells were transfected with 

pNLRep, pFdelta6, and pAM/CAG-eGFP-WPRE-bGHpA using either calcium phosphate co-precipitation, 

PEI, or Lipofectamine 2000. Media and cells were harvested 48 hours later and transduction titre determined 

by a transduction assay. The combined amount of vector in the media and cell lysate is shown. The 

experiment was performed twice in duplicate (n=4). Means and 95% confidence intervals are shown. Results 

were log10 transformed. As there was no significant difference between the two seeding densities for each 

method by a paired t-test, the results were pooled and analysed by a one way ANOVA; as p<0.05, pairwise 

comparisons were made by the Holm-Sidak method. * PEI vs Lipofectamine, p=0.002; ** PEI vs Calcium 

phosphate, p=0.003. 

3.2.2 Optimisation of a real time PCR method for quantification of rAAV 

Accurate titration of vector stocks is essential for subsequent experiments. Various methods have 

been used to quantify rAAV, including ELISA, electron microscopy, HPLC, dot blot hybridisation, 

quantitative real time PCR, spectrophotometry, transduction assays, and infection assays (390, 393, 

399, 418-423, 426). DNase resistant viral particles can be accurately assessed by quantitative real 

time PCR (393, 421, 423, 425). Assessment of DRPs by quantitative real time PCR requires 
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removal of unencapsidated genomes and plasmids by DNase treatment. Further, inhibitory 

substances must also be removed. A variety of methods of template preparation have been 

described in the literature, including dilution alone, lysis with NaOH, commercial lysis solutions, 

proteinase K +/- SDS, phenol-chloroform extraction and ethanol precipitation, and the use of 

commercial spin columns (387, 393, 421-423). Therefore a method of template preparation was 

sought that allowed reproducible and accurate assessment of DNase resistant, encapsidated viral 

genomes by quantitative real time PCR. 

Template purification protocols must balance the removal of unencapsidated DNA with preventing 

degradation of encapsidated vector genomes. To remove unencapsidated DNA, samples were 

incubated for 30 minutes at 37oC with DNase I; DNase I is an endonuclease that non-specifically 

cleaves single stranded and double stranded DNA into mono- and oligonucleotides (product 

information, Invitrogen). To prevent degradation of encapsidated vector genomes, it is important to 

ensure DNase I is completely inactivated prior to caspid denaturation. As DNase I requires the 

presence of divalent cations for activity (product information, Invitrogen), EDTA was added to 

samples prior to irreversible denaturation of the DNase I by incubation at 65oC for 10 minutes. To 

ensure complete release of vector genomes, capsids were then denatured by incubation with 500 

μg/ml proteinase K in 0.5% SDS for 2 hours. The proteinase K was heat inactivated at 95oC for 20 

minutes to prevent residual activity. 

Three methods of downstream template purification were assessed. DNase I and proteinase K-

treated samples were either diluted 1:100 in water, precipitated in potassium acetate and ethanol, or 

extracted in phenol/chloroform prior to potassium acetate and ethanol precipitation. Three batches 

of vector, prepared as described below, were treated with DNase I and proteinase K and 

subsequently purified by one of the three methods. In the absence of a vector standard a plasmid 

control that was not treated with DNase I was included with each treatment; a plasmid control was 

also treated with DNase I as a control of the DNase I treatment. A lower co-efficient of variation 

and greater accuracy of the assay was seen with 1:100 dilution in water than with the other methods 

(Table 3.1). However, the quantity of the plasmid control was consistently over-estimated by 

approximately three-fold by this method (Table 3.2). Of note, supercoiled plasmid was used as a 

standard for absolute quantification in these experiments. 
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Table 3.1 Intra- and inter-experimental variation of three methods of template preparation. 

Samples of rAAV were treated with DNase I and proteinase K and then purified by one of three methods: 

dilution 1:100, ethanol precipitation, or phenol:chloroform extraction followed by ethanol precipitation. 

Three different viral preparations were assayed by each method on three occasions in triplicate (n=9). In 

addition, PCR was performed on each sample in triplicate. The mean inter- and intra-assay co-efficients of 

variation (CV) and standard errors of the mean (SEM) are shown.  

 

Table 3.2 Accuracy of the various methods of template purification. A known amount of the 

control plasmid was mock-treated with DNase I and then treated with proteinase K and SDS. Samples were 

then either diluted 1:100, precipitated with ethanol, or extracted with phenol/chloroform and then 

precipitated with ethanol. The quantitative real time PCR results are expressed relative to the actual amount 

of plasmid assayed. The experiment was performed three times in triplicate (n=9). In addition, PCR was 

performed in triplicate. Of note, a supercoiled plasmid standard was used. Mean and standard error of the 

mean (SEM) are shown. 

The overestimation of the amount of the control plasmid present may have been due to the use of a 

supercoiled plasmid as a standard. Different standard curves are obtained when supercoiled and 

linearised plasmid standards are used (430). Wang et al. demonstrated that the CT was about 0.5 

cycles earlier with a linearised plasmid standard and confirmed that a linearised plasmid standard 

was more accurate than a supercoiled standard when compared with an adenovirus reference 

standard. Therefore it was hypothesised that the overestimation of the amount of the control 

plasmid was due to the use of a supercoiled standard, while the control plasmid lost supercoiling 
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during the template preparation process, specifically during heat inactivation of proteinase K.  

Comparison of supercoiled and linearised plasmid standards confirmed that the CT was reduced by 

0.51 cycles with the linearised standard (Table 3.3). This resulted in more accurate quantification of 

the control plasmid. Over the course of the research described in this thesis, the accuracy of the 

assay, as assessed by quantification of the plasmid control, was 115.5% (n=36) with a co-efficient 

of variation of 0.42, demonstrating that the assay was reasonably accurate and robust. 

Samples were treated with DNase I to remove any unencapsidated vector genomes or plasmid 

DNA. To assess whether treatment with DNase I successfully removed contaminating DNA, 

aliquots from each stage of the purification process (as described below) and a plasmid control were 

quantified with and without DNase I treatment. DNase I treatment reduced the amount of 

unencapsidated DNA over 170 times, as assessed by digestion of the control plasmid. In contrast, 

while treatment of the clarified lysate reduced the number of viral genome copies 4.5 times (95% 

confidence interval -0.96 to 10.0), there was no the change when the iodixanol fraction or vector 

stocks were assessed (Figure 3.5). This suggests that while there is a small amount of contaminating 

unencapsidated DNA remaining in the Benzonase® endonuclease-treated clarified lysate it is 

removed by subsequent purification steps. With DNase I treatment of the plasmid control there was 

an absolute reduction of 9.5x109 plasmids or 28ng of plasmid DNA per template preparation. If all 

the transfected DNA remained in the cell lysate, then DNase I treatment would remove about one 

third. In terms of vector genomes this reduction is equivalent to 2.85x1011 vector genomes per 

template preparation (or 9.5x1012/ml). In contrast, the absolute reduction in vector genome copies in 

the clarified lysate was equivalent to 1.1x109 viral genome copies per preparation. Therefore the 

capacity of the DNase I to remove unencapsidated DNA far exceeds the amount of  unencapsidated 

DNA present by more than 250 times. Importantly, no contaminating DNA was seen in vector 

stocks purified by any of the methods described. Of note, plasmid controls with and without DNase 

I treatment were included in all vector titrations throughout the course of this research; overall 

treatment with DNase I reduced the amount of plasmid DNA by 2 log10 (Table 3.4). 
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Table 3.3.  Comparison of the CT with a dilution series of supercoiled and linearised plasmid 

standards. 

 

Table 3.4  Assessment of the accuracy of the real time quantitative PCR assay (n=36) and 

efficiency of the DNase I digestion (n=32) over the course of the study. In each real time PCR assay 

plasmid controls of known concentration were included; one control was treated with DNase I while the 

other was mock treated. Linearised plasmid standards were used. The accuracy of the assay was calculated 

from the undigested control. The DNase efficiency was calculated by dividing the titre of the DNase I 

digested control by the titre of the mock-treated control. 
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Figure 3.5 The efficiency of DNase I digestion greatly exceeds levels of contaminating 

unencapsidated DNA. Samples from different steps of the purification process or purified by different 

methods (see below) were mock-treated or treated with DNase I and quantified by real time PCR. The fold 

reduction in titre with DNase I digestion is shown. The number of replicates is: clarified lysate and iodixanol 

fraction, n=4, stock (ion exchange) and (heparin affinity), n=3; stock (iodixanol x2) and plasmid control, 

n=2. All replicates were with different vector preparations, except for “Stock – iodixanol x2”, which was 

repeated on the same vector preparation (n=2). Means and 95% confidence intervals are shown. 

3.2.3 Multiple pseudotypes of rAAV can be purified by iodixanol ultracentrifugation and anion 

exchange chromatography 

Twelve serotypes and more than 100 variants of AAV have been described (189-191). Many of 

these have been used to produce pseudotyped rAAV. Pseudotyped rAAV vectors have a capsid 

serotype or variant which is different to the serotype of the genomic inverted terminal repeats 

(ITRs), which are usually from AAV serotype 2.  Different pseudotyped vectors have been shown 

to differentially transduce various cell lines and tissues (219, 282-289). Purification of pseudotypes 

other than AAV2 usually involves sequential caesium chloride gradients (390). When compared 

with chromatography-purified vector, vector purified by the standard method of sequential caesium 

chloride gradients is of lower purity and reduced infectiousness (389, 391, 409). It has previously 

been reported that rAAV of pseudotypes 2, 5, and 8 can be purified by ultracentrifugation on a 
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discontinuous iodixanol gradient followed by anion exchange chromatography (389, 411). This 

study sought to assess whether a broader range of pseudotypes could be purified by a modified 

version of this method.  

Pseudotyped rAAV vectors of six different serotypes (1, 2, 5, 6, 8, 9) and three variants isolated 

from rhesus monkeys (rh8, rh10, rh13) were produced by transient transfection of HEK 293 cells 

with PEI; these serotypes and variants represent the genetic breadth of AAV capsids, including 

clades A (1, 6), B (2), D (rh13), E (8, rh10), and F (9), as well as the outlier, AAV5, and rh8, which 

spans clades D and E (189) (Figure 3.6). The method of cell harvest was modified from previous 

reports (387, 389). Briefly, cells were detached from the plates with a cell scraper, resuspended in 

lysis buffer, and lysed by three freeze-thaw cycles. The cell lysate was then treated with sodium 

deoxycholate to 0.5% to ensure complete release of the vector. DNA and RNA were degraded by 

the addition of Benzonase® endonuclease to 50U/ml. After incubation at 37oC for 30 minutes the 

lysate was clarified by centrifugation. The clarified cell lysate was loaded on to a discontinuous 

iodixanol gradient and centrifuged at 402,000 x g for 2 hours, essentially as previously described 

(389, 390). The interface between the 40% and 60% iodixanol fractions and part of the 40% layer 

were collected. Subsequently anion exchange was performed, essentially as previously described 

(389). The vector-containing iodixanol fraction was diluted in low salt buffer (buffer AIE) and 

loaded manually onto a pre-equilibrated 1ml Bioscale UNOsphere Q column (Bio-rad). After 

washing, the vector was eluted with a step gradient of increasing NaCl concentration. The peak 

fraction was determined by quantitative real time PCR, aliquoted and stored at -80oC. 

 

Figure 3.6 Phylogram of serotypes and variants included in this study. The phylogram is based on 

cap sequences and was prepared using Phylogeny.fr (431). 

While some variation in elution peak was seen between pseudotypes, all pseudotypes and variants 

except pseudotype 9 eluted at low salt concentration (100-150mM) (Figure 3.7); pseudotype 9 

failed to bind to the anion exchange columns. The overall yield of the two step purification 
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procedure varied by pseudotype, with recoveries of between 14 and 59% (Table 3.5). More than 

50% of the input iodixanol-purified vector was recovered in the peak fraction for all pseudotypes 

except for rAAV2/6, for which recovery was poor (mean 40%). The chromatography step 

significantly increased the purity of the viral preparation over one round of ultracentrifugation alone 

as assessed by silver staining following SDS-PAGE (Figure 3.8). Viral stocks approached 100% 

purity as assessed by SYPRO-ruby staining following SDS-PAGE (Figure 3.9). The purity of rAAV 

vector stocks was such that they failed to cause maturation of monocyte-derived dendritic cells 

(Figure 3.10).  
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Figure 3.7 Elution profiles of rAAV pseudotypes from Bioscale UNOsphere Q columns. Vector-

containing iodixanol fractions were diluted in buffer AIE, loaded onto pre-equilibrated columns, washed, and 
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eluted with a step gradient of NaCl. Vector titres in each fraction were determined by quantitative real time 

PCR. Each line represents a different vector preparation. 

 

 

Figure 3.8 A two step purification results in high purity vector. Forty microlitre aliquots of 
the clarified lysate, the vector-containing iodixanol fraction, and the vector-containing fraction 
following anion exchange chromatography were precipitated with trichloroacetic acid and run on a 
10% SDS-PAGE gel. Gels were silver stained. The concentration of NaCl in the vector-containing 
fraction is indicated. 
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Figure 3.9 Vector stocks prepared by ultracentrifugation and anion exchange chromatography (A 

and B) or two rounds of ultracentrifugation (B – rAAV2/9) are of high purity. 1.5x1010 viral genome 

copies (A) or 1.0x1010 viral genome copies (B) of each vector stock were precipitated with trichloroacetic 

acid and run on a 10% SDS-PAGE gel. The gel was stained with SYPRO-Ruby and visualised with a 

Fujifilm FLA2000 (A) or a Fujifilm LAS-4000 (B). 

A. 

B. 
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Figure 3.10  Vector stocks do not activate monocyte-derived dendritic cells. Monocyte-derived 

dendritic cells were infected with rAAV and analysed by flow cytometry after 48 hours. Note that different 

antibodies were used in this experiment than in Figure 3.13. The grey histogram represents control dendritic 

cells, the black histogram is dendritic cells matured with lipopolysaccharide 5μg/ml for 48 hours, and the red 

histogram is cells treated with rAAV. 
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Table 3.5  Recovery of the various pseudotypes of rAAV after purification by ultracentrifugation 

and anion exchange chromatography. If two elution fractions contained significant titres of vector they 

were combined. Relative yield is the ratio of the mean yields of the indicated fractions. 
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3.2.4 Purification of rAAV2/9 by sequential ultracentrifugation on iodixanol gradients 

As rAAV2/9  failed to bind to the anion exchange columns and vector purified by a single step 

ultracentrifugation was insufficiently pure (Figure 3.8), rAAV2/9 was further purified by a second 

round of isopycnic ultracentrifugation using a self-forming continuous iodixanol gradient, modified 

from the method described by Hermans et al. (391).  Following the second round of 

ultracentrifugation 1ml fractions were collected and the fraction containing the vector was identified 

by real time qPCR. The purity of the final vector preparation was assessed by SYPRO ruby staining 

of a SDS-PAGE (Figure 3.9). Similar to the other preparations of vector, rAAV2/9 prepared by two 

rounds of ultracentrifugation on iodixanol gradients failed to activate monocyte-derived dendritic 

cells (Figure 3.10). Therefore the purity of rAAV2/9 stocks was comparable to other pseudotypes 

purified by anion exchange chromatography (Figures 3.9-3.10). 

3.2.4 Purification of rAAV2/6 and rAAV2/2 by heparin affinity chromatography 

Given the poor yields of rAAV2/6 by anion exchange chromatography and the ability of rAAV2/6 

to bind heparin (392), purification of rAAV2/6 by heparin affinity chromatography was assessed. 

Some batches of rAAV2/2 were also purified by heparin affinity chromatography. The method was 

modified from previously published methods (387, 392). Briefly, the vector containing fraction 

from the discontinuous iodixanol fraction was diluted in buffer AH and manually loaded on to a pre-

equilibrated 1ml HiTrap Heparin HP column. The column was washed and a step elution was 

performed with increasing concentrations of NaCl. Vector-containing fractions were pooled, as 

described in the methods, concentrated and the buffer exchanged to PBS using a centrifugal filter 

device (Amicon Ultra-4 100K MWCO), before filtration through a 13mm 0.2μm syringe filter. 

rAAV2/6 consistently eluted at 300mM NaCl (Figure 3.11). The recovery of rAAV2/6 and 

rAAV2/2 was greater than with anion exchange chromatography and more concentrated stocks 

were generated (Table 3.6). The purity of stocks prepared by this method were similar to those 

purified by anion exchange chromatography, as assessed by SDS-PAGE (Figure 3.12) and the lack 

of activation of monocyte-derived dendritic cells (Figure 3.13).   
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Figure 3.11 Elution peak of rAAV2/6 with heparin affinity chromatography. Two separate 

preparations are shown. Viral genome copies were determined by quantitative real time PCR. FT, flow 

through; W-100, wash 100mM NaCl. 

 

Figure 3.12 Comparable purity of rAAV2/6 purified by heparin affinity chromatography and 

anion exchange chromatography. Vector was purified by ultracentrifugation on an iodixanol step gradient 

followed by heparin affinity chromatography or anion exchange chromatography. 1.0x1010 viral genome 

copies of each vector stock were precipitated with trichloroacetic acid and run on a 10% SDS-PAGE gel. 

The gel was stained with SYPRO-Ruby and visualised with a Fujifilm LAS-4000. 
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Figure 3.13  rAAV2/6 vector stocks purified by ultracentrifugation and heparin affinity 

chromatography do not activate monocyte-derived dendritic cells. Monocyte-derived dendritic cells were 

infected with rAAV2/6 and analysed by flow cytometry at 48 hours. Note that different conjugated 

antibodies were used in this experiment than in Figure 3.10. The grey histogram is immature dendritic cells, 

the black histogram is dendritic cells matured with lipopolysaccharide 100ng/ml for 24 hours, and the red 

histogram is cells treated with rAAV2/6. The same data, analysed in a different fashion, is presented in 

Figure 4.5. 

 

Table 3.6  Comparison of anion exchange and heparin affinity chromatography for the 

purification of rAAV2/6. Separate preparations were initially purified by ultracentrifugation on a 

discontinuous iodixanol gradient and then were either purified by anion exchange chromatography or by 

heparin affinity chromatography. With anion exchange chromatography, if both the 100mM and 150mM 

NaCl fractions contained significant amounts of vector they were combined. With heparin affinity 

chromatography, the 300mM and 500mM +/- the 200mM NaCl fractions were combined, concentrated with 

buffer exchange, and filter sterilised.  

3.2.5 Determination of vector potency of multiple pseudotypes 

While the number of encapsidated genomes can be determined by quantitative real time PCR, the 

functionality of the vector must be assessed by direct examination of transduction efficiency. 

Multiple methods have been described for determining the functionality of rAAV but there is no 

standardised method (399). The relative potency of a preparation of vector can be described by the 
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ratio of viral genome copies to transduction units or infectious particles. Comparisons of vector 

potency can be made between different preparations of the same pseudotype but not between 

different pseudotypes, as different pseudotypes have varying abilities to transduce different cell 

lines (390). Furthermore, comparisons of vector potency between studies are only possible if the 

same cell line and method were used. Few studies report the potency of non-serotype 2 pseudotypes 

making comparisons difficult. However, measures of vector potency do allow monitoring of batch 

to batch variation.   

A previously described transduction assay was used to assess the functionality of the various 

pseudotyped vectors (121, 393).  HeLa cells were infected with rAAV stocks at several dilutions 

and the expression of eGFP was assessed 48 hours post infection, either by inverted fluorescent 

microscopy (in the experiments comparing different transfection methods described above) or by 

flow cytometry (in all subsequent experiments). The vector potency (vg copies:transduction units) 

of the various preparations of each pseudotype is shown in Table 3.7. Variation in vector potency 

between batches was small. Further, no differences in vector potency were seen with the different 

methods of purification of rAAV2/2 or rAAV2/6 (anion exchange vs heparin affinity 

chromatography) (Table 3.7). Transduction of HeLa cells was detected with all pseudotypes, 

confirming vector functionality, however considerable inter-pseudotype variation in vector potency 

was seen (Table 3.7). The vector potency of rAAV2/2 was similar in this study (810 to 2000 vg 

copies:TU) to that reported by Reed et al. (700-3000 vg copies:TU) (388). 
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Table 3.7 Potency of Vector Stocks. All vector stocks were purified by ultracentrifugation and anion 

exchange chromatography, except for rAAV9, which was purified by two rounds of ultracentrifugation, and 

AAV2 (heparin) and AAV6 (heparin), which were purified by ultracentrifugation and heparin affinity 

chromatography. 

3.3 Discussion 

Transient transfection of human embryonic kidney 293 cells is the method of choice for the early 

stages of vector development because of its flexibility. Both the vector genome and the pseudotype 

can be readily changed. In contrast, methods based on stable packaging cell lines or infection of 

insect cells with baculoviruses can require multiple experimental steps to exchange the vector 

pseudotype and/or genome. Given the goal of assaying nine different pseudotypes for the optimal 

transduction of monocyte-derived dendritic cells (Chapter 4), as well as various alterations of the 

vector genome (Chapters 4 and 5), transient transfection of HEK 293 cells was selected as the 

method of vector production. 

Calcium phosphate co-precipitation, the cationic polymer PEI, and cationic lipid transfection 

reagents have all been used to produce rAAV by transient transfection of HEK 293 cells (432). 

While calcium phosphate co-precipitation is the most commonly used transfection method (399) its 

efficiency is critically dependent on the purity and pH of reagents (388), on the time before addition 

to cells and on the viability, passage number, and confluency of HEK 293 cells (432). PEI is a 

cationic polyamine transfection reagent which comes in a variety of molecular weights and can be 

linear or branched. Reed et al. described a method for producing rAAV in HEK 293 cells or HeLa 

cells using a PEI transfection reagent prepared in house from linear 25kDa polyethylenimine (388). 

The method of Reed et al. was compared with calcium phosphate co-precipitation and the 

commercial lipid transfection reagent, Lipofectamine 2000. The levels of transfection achieved in 

HEK 293 cells with PEI were similar to Lipofectamine 2000 and significantly higher than calcium 

phosphate co-precipitation. Optimised transfection conditions agreed with those previously reported 

(388), with an N:P ratio of 20 being optimal and 150mM NaCl equivalent to more complex 

transfection solutions. In addition, the optimal seeding cell density for transaction of HEK 293 cells 

was determined to be between 750 and 1125 cells/mm2. Furthermore, significantly higher titres of 

rAAV were obtained with PEI than with calcium phosphate co-precipitation or with Lipofectamine 

2000. Similarly, Reed et al. obtained higher titres of rAAV by transfection with PEI than with 

calcium phosphate co-precipitation (388). The reason for 10-fold lower titres of vector with 

Lipofectamine 2000 is unclear. It is likely that higher yields of rAAV could be achieved with 

further optimisation as successful production of rAAV with Lipofectamine has been previously 
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described (433). However the use of commercial cationic lipids is limited by their prohibitive cost 

(432). 

Accurate quantification of rAAV stocks is essential for meaningful comparisons of different vector 

stocks. In this study vectors were primarily quantified by determining the number of DNase-

resistant particles by real time PCR. A transduction assay was used to confirm the functionality of 

pseudotyped vectors and to monitor for batch to batch variation within each pseudotype. As 

different pseudotypes variably transduce different cell lines, functional titres cannot be compared 

(390). Quantification of encapsidated genomes requires treatment of samples with DNase, 

inactivation of the DNase, then release of vector genomes from the capsids prior to quantitative real 

time PCR or dot blot hybridisation. Assessment of the efficiency of the DNase step showed it was 

able to remove more than 250 times more unencapsidated DNA than was present in the clarified 

lysate. The low level of exogenous DNA contamination most likely reflects efficient degradation of 

DNA by Benzonase® endonuclease during preparation of the cell lysate. Furthermore, no 

contaminating unencapsidated DNA was seen in iodixanol and chromatography-purified fractions. 

This is consistent with previous report that purified vector using an iodixanol gradient (422).  

Therefore vector titres were not falsely elevated by unencapsidated DNA.  

To prevent residual DNase I activity when vector genomes were released from capsids, a two step 

inactivation process was used. DNase I was reversibly inhibited with EDTA prior to irreversible 

denaturation by heat treatment. In the absence of a vector standard it was not possible to assess the 

presence of persisting DNase activity, however Rohr et al. demonstrated no difference in vector titre 

with or without DNase treatment when the DNase was heated inactivated under identical conditions 

(422). While some methods rely on heating to release vector genomes from the capsids (422), 

treatment with proteinase K and SDS ensured complete release of vector genomes. A further benefit 

of the use of proteinase K is the degradation of DNases. Others have reported using proteinase K 

alone for the quantification of rAAV (387, 421). Proteinase K efficiently degrades protein in a 

range of conditions and its activity is increased in the presence of the denaturant SDS (product 

information, Roche Applied Sciences, Mannheim, Germany). As no direct comparison was made 

between heating alone and the use of proteinase K, it is not possible to assess whether this step is 

necessary for accurate quantification of rAAV. However, alkaline lysis of rAAV particles has 

previously been shown to increase the vector titre by almost 100% compared with no lysis 

procedure, suggesting that heat alone is insufficient for complete release of vector genomes (423). 

Similarly Mayginnes et al. found an 11% increase in titre with an alkaline lysis procedure (393). In 

contrast, Rohr et al. found no difference in vector titres with or without proteinase K (422). The use 
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of proteinase K and 0.5% SDS to extract DNA has previously been reported (434); dilution of 

samples >1:100, so that the SDS concentration was <0.005%, prevented inhibition of the Taq 

polymerase. Alternatively, with the addition of 2% Tween 20, which neutralises SDS, only a 1:10 

dilution was required (434). Wang et al. lysed recombinant adenoviral vectors with 0.2% SDS 

followed by 1:100 dilution prior to PCR (430). The accuracy of the assay with a 1:100 dilution 

suggests that there was no significant inhibition of the PCR (see Table 3.4). 

Three methods were compared for the purification of template prior to quantitative real time PCR. 

Samples were either diluted 1:100 in water, precipitated in potassium acetate-ethanol, or were 

extracted with phenol-chloroform and then precipitated in potassium acetate-ethanol. A simple 

1:100 dilution had the lowest intra-assay and inter-assay co-efficient of variation (0.25 and 0.52 

respectively); it was also the most accurate, as assessed by quantification of a sample spiked with a 

known amount of plasmid (however see discussion in the next paragraph). For clinical trials the 

Food and Drug Administration recommends that the co-efficient of variation of the assay should not 

exceed 0.15 (435). Veldwijk et al. reported intra- and inter-assay co-efficients of variation with 

quantitative real time PCR using a TaqMan probe as low as 0.042 and 0.093 respectively (423). In 

contrast, the quantitative real time PCR of Rohr et al., which used SYBR Green for PCR product 

detection, had intra- and inter-assay co-efficients of variation of 0.04 and 0.48 respectively (422). 

Wang et al. demonstrated significantly greater precision with TaqMan probes than with SYBR 

Green (430). Therefore, while the intra- and inter-assay co-efficients of variation are high, they are 

not dissimilar to previous reports using the same detection chemistry; greater precision may be 

obtained using TaqMan probes.  

The reason for the poor performance of the other methods is unclear. The use of phenol:chloroform 

extraction followed by ethanol precipitation with or without subsequent spin column purification 

has previously been reported for the quantification of rAAV (436, 437). Glycogen was included as a 

carrier to prevent loss of template with ethanol precipitation. Despite this, it may be that with low 

concentrations of total DNA that template was variably lost during the wash steps. Alternatively, 

carryover of phenol-chloroform or ethanol may have inhibited the PCR (438).  

It was noted in the experiments described above that the PCR consistently overestimated the 

amount of plasmid in the non-DNase treated control by about 3-fold; supercoiled plasmid was used 

as a standard in these experiments. Wang et al., when assessing various standards to quantify 

adenovirus vectors, noted that the use of a supercoiled plasmid standard over-estimated the quantity 

of the vector standard by almost 2-fold, with the Ct being delayed about 0.5 cycles. In contrast a 

linearised plasmid standard gave the same standard curve as the adenovirus standard (430). As no 



 

116 
 

AAV standard was available, a linearised plasmid standard and a supercoiled standard were 

compared. In agreement with Wang et al. the Ct was 0.51 cycles later with the supercoiled standard. 

In addition the linearised standard correctly quantified the plasmid control that had not been treated 

with DNase I. This suggests that the process of template extraction, most likely the 20 minute 

incubation at 95oC, caused the plasmid to lose its supercoiled configuration. Indeed, the accuracy of 

all assays performed across the period of research was high (Table 3.4). While the accuracy of the 

DNA extraction process and the PCR ideally would be assessed with a rAAV standard, none was 

available.  

The functionality of the vector stocks was also assessed by a transduction assay. All pseudotypes 

were able to transduce HeLa cells but with markedly different efficiencies, as assessed by vector 

potency (the ratio of viral genome copies to transduction units). There was little batch to batch 

variation in potency within pseudotypes. It is not possible to make comparisons between 

pseudotypes as different pseudotypes infect different cell lines with different efficiencies (390). 

Furthermore, comparisons can only be made between studies which use the same assay. At present 

there is no standardised assay, with a variety of methodologies for transduction assays, enhanced 

transduction assays, and infection/replication assays reported (399). There was no difference in the 

potency of rAAV2/2 vector made in this study and that reported by Reed et al. (388). Comparison 

of other pseudotypes is not possible.  

Recombinant AAV vector has been purified by ultracentrifugation alone, chromatography alone, or 

ultracentrifugation and chromatography (389, 390, 409, 410, 412). Different methods of purification 

have been reported for different pseudotypes. Recombinant AAV2/2 can purified by heparin 

affinity chromatography (410) while other serotypes are traditionally purified by two rounds of 

ultracentrifugation on a caesium chloride gradient (390). However, vectors prepared by two rounds 

of ultracentrifugation on caesium chloride gradients are often of low purity and reduced potency 

(389, 391, 409). A modification of the caesium chloride protocol has recently been reported 

involving differential precipitation of rAAV by polyethylene glycol; high purity vector with 

increased potency was obtained (409). However, caesium chloride is toxic to cells and vector-

containing fractions are hyperosmotic, necessitating extensive dialysis (408). Iodixanol (Optiprep) 

is an alternative material for generating density gradients by ultracentrifugation. Iodixanol has the 

advantage that it is a non-toxic, non-ionic density gradient medium that can be prepared as an 

isosmotic solution, removing the need for dialysis (389). rAAV2/2 that had initially been 

precipitated with ammonium sulphate or purified with cellufine sulphate column chromatography, 

was purified by ultracentrifugation on a self-generated continuous iodixanol gradient (391). Another 
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study reported the purification of rAAV2/1, 2/2, and 2/5 by ultracentrifugation on a discontinuous 

iodixanol gradient followed by anion exchange chromatography (HiTrap Q column) or heparin 

affinity chromatography (rAAV2/2 only; heparin-agarose Type I column). Resulting vector stocks 

were 99% pure and of high titre and potency (389). Alternatively, rAAV can be purified by one or 

more chromatography steps. However, the chromatography media and the conditions need to be 

optimised for each pseudotype (410, 412, 439) and the removal of empty capsids is difficult (416, 

417). Therefore to date no broadly applicable method to replace caesium chloride 

ultracentrifugation has been reported.  

The method of Zolotukhin et al. (389) was adapted to purify a broader range of rAAV pseudotypes 

by a single protocol, without the need for an HPLC system. All pseudotypes except rAAV2/9 could 

be purified by this method. Vectors consistently eluted at low salt concentration. Recoveries from 

the iodixanol step were variable, with between 8% and 67% recovery; marked variation was seen 

between pseudotypes. In contrast, recovery of 76% of rAAV2/2 has previously been reported (411). 

When assessed, large amounts of vector were present in the remaining gradient (data not shown); 

the reasons for this are unclear. It may be that despite treatment with Benzonase® endonuclease and 

inclusion of 1M NaCl in the 15% iodixanol fraction, DNA or protein contaminants remained bound 

to the vector, altering its buoyant density. Indeed, the presence of 150mM NaCl in the lysis solution 

may have inhibited the Benzonase® endonuclease (396). Alternatively, digestion with Benzonase® 

endonuclease prior to cell lysis may improve yields (387, 396). Furthermore, replacement of NaCl 

in the first step of the iodixanol gradient with a divalent cation, such as Mg2+, may decrease vector 

aggregation and binding to cellular debris (396). In contrast, recoveries from manual anion 

exchange chromatography were reasonable, with greater than 50% recovery for most pseudotypes. 

Recovery of rAAV2/6 was relatively poor at only 40%. The recovery rate from the chromatography 

step contrasts favourably with previous reports (411, 415, 439, 440). Overall recovery rates were 

low, varying from 14% to 59% (Table 3.5). Zoltotukhin et al. reported recovery rates of 26% to 

35% with sequential iodixanol ultracentrifugation and chromatographic purification (411). Vector 

stocks were of high purity, as evidenced by a lack of contaminating proteins and lack of activation 

of monocyte-derived dendritic cells (Figures 3.8-3.10). 

Recombinant AAV2/9 could not be purified by anion exchange chromatography as it failed to bind 

to the column, with all of the vector found in the flow through. As vector preparations purified by a 

single round of ultracentrifugation were insufficiently pure (Figure 3.8), a second round of 

ultracentrifugation on an iodixanol gradient for the purification of rAAV2/9 was investigated. 

Hermans et al. reported the purification of rAAV2/2 by ammonium sulphate precipitation or 
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cellufine sulphate column chromatography followed by ultracentrifugation on continuous iodixanol 

gradient (391). Using a modification of that method the vector containing iodixanol fraction from 

the first round discontinuous iodixanol gradient was further purified by a second round of 

ultracentrifugation on a self-generated continuous iodixanol gradient. Purity of the resulting vector 

stocks was comparable to those purified by chromatography (Figure 3.9B and 3.10). rAAV2/9 was 

able to transduce HeLa cells, albeit at low efficiency (Table 3.7). It is possible that the vector 

potency of rAAV purified by two rounds of iodixanol ultracentrifugation differs from that of vector 

purified by sequential ultracentrifugation on a discontinuous iodixanol gradient and 

chromatography, however it is not possible to assess this from my data. This could be assessed by 

performing a transduction assay on another pseudotype of rAAV that had been purified by both 

methods. The inability of rAAV2/9 to bind to the anion exchange column in the ionic and pH 

conditions used is unexplained. While the pI of rAAV2/9 has not been determined it is assumed that 

it must differ significantly from the other serotypes and variants assessed. This is unexpected given 

the sequence homology with other serotypes and variants tested (Figure 3.6).  

As the recovery of rAAV2/6 following anion exchange chromatography was low, an alternative 

method was investigated. It has previously been shown that capsid of AAV 6 is able to bind to 

heparin, albeit with lower affinity than serotype 2 (392); serotype 6 elutes from a heparin affinity 

chromatography column at 300mM NaCl compared with 500mM NaCl for serotype 2 (392). The 

purification of rAAV2/6 by heparin affinity chromatography has previously been described. Halbert 

et al. concentrated rAAV2/6 by centrifugation through a sucrose cushion prior to purification on a 

HiTrap heparin column (392). While Seiler et al. also concentrated rAAV2/6 by centrifugation on a 

sucrose cushion, they performed one round of ultracentrifugation on a caesium chloride gradient 

prior to purification on a HiTrap heparin column (222). In this study rAAV2/6 was initially purified 

by ultracentrifugation on a discontinuous iodixanol gradient prior to loading on a HiTrap heparin 

column. A step elution was performed with ~70% of the vector eluting at 300mM NaCl (Figure 

3.11). The peak fraction was then concentrated, the buffer exchanged for PBS, and filter-sterilised 

as previously described ((387), D. Young, unpublished). Recovery of rAAV2/6 was higher with 

heparin affinity chromatography than with anion exchange chromatography. In addition, the vector 

stocks were more concentrated (Table 3.6). The purity of rAAV2/6 purified by heparin affinity 

chromatography was similar to vector purified by anion exchange chromatography (compare 

Figures 3.12-3.13 with Figures 3.8-3.10). rAAV2/2 was also purified by this method. The 

purification of rAAV2/2 by heparin affinity chromatography has been well described previously 

(389, 390, 410, 411). 
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In conclusion, robust methods of producing, purifying, and quantifying rAAV of multiple 

pseudotypes have been developed. All vector stocks were of high purity and failed to activate 

immature monocyte derived dendritic cells. These methods will allow ready comparison of different 

pseudotypes in vitro. Further modifications of the purification process should allow increased 

vector recovery, which will facilitate the testing of these vectors in vivo. 
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Chapter 4 - Transduction of MoDCs by rAAV 

4.1 Introduction 

Dendritic cells (DCs) are the key antigen presenting cell for priming naive CD4+ and CD8+ T cell 

responses (25). In mice selective depletion of DCs inhibits priming of CD4+ and CD8+ T cell 

responses (441, 442). DCs present endogenous antigens or cross present exogenous antigens on 

MHC class I molecules, stimulating CD8+ T cell responses (29, 36). DCs stimulate CD4+ T cells by 

presenting exogenous antigens on MHC class II molecules; intracellular antigens can also be 

presented on MHC class II molecules (51-53).  CD4+ T cell help is required for a robust CD8+ T 

cell response. CD4+ T cells are important for licensing DCs via CD40L (45), maintaining CD8+ T 

cell memory (46), and enabling tissue homing of CD8+ T cells (47). Robust antigen-specific CD8+ 

T cell responses are required for the control of chronic viral infections, such as HBV, HCV, and 

HIV, and malignancy (6, 443-451). Therefore, dendritic cells are an attractive target for in vivo and 

ex vivo vaccination strategies.  

Efficient priming of T cell responses requires antigen presentation by mature DCs (25, 26). DCs 

mature in response to danger signals or licensing by CD4+ T cells (25). On maturation DCs up-

regulate the expression of MHC class I and II molecules, which are loaded with antigenic peptides 

(signal 1). Mature DCs also up-regulate the expression of co-stimulatory molecules such as CD80 

and CD86 (signal 2), which stimulate several rounds of T cell proliferation, and secrete cytokines 

(signal 3), which program T cells for survival and effector functions (26). Signals 2 and 3 are 

essential for priming naive T cell responses (26). In contrast, antigen presentation by immature 

dendritic cells inhibits T cell effector function and induces the expression of antigen-specific IL-10 

secreting cells (452). Therefore maturation of DCs is critical in any T cell vaccination strategy.  

Distinct subsets of DCs are known to exist, each with variable capability to stimulate T-cell 

responses and secrete type 1 interferon (453). In the absence of inflammation, conventional DCs 

(cDCs) and type I interferon-secreting plasmacytoid DCs (pDCs) are found in lymphoid tissues, 

non-lymphoid tissues, and in blood (454). cDCs found in different lymphoid and non-lymphoid 

tissues are phenotypically distinct (454). Non-lymphoid tissue resident cDCs include Langerhans 

cells in the epidermis, dermal DCs in the dermis, mucosa-associated DCs, and interstitial DCs, 

while lymphoid tissue DCs include splenic marginal zone DCs, T cell zone-associated 

interdigitating DCs, germinal centre DCs, and thymic DCs (454). Further, several different subsets 

of DCs can be distinguished in peripheral blood (453). Under inflammatory conditions, monocytes 

can also differentiate into cDCs, known as monocyte-derived DCs (MoDCs) (453, 455). Cells 
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resembling conventional DCs can be derived in vitro from monocytes or CD34+ haematopoietic 

stem cells (290, 455); plasmacytoid DCs can be derived from CD34+ haematopoietic stem cells 

(290). As primary DCs are a rare population in the peripheral blood, in vitro generated DCs are 

widely used as experimental models and have also been used in ex vivo DC therapy. Various 

protocols exist for generating monocyte-derived dendritic cells (MoDCs) but most involve culture 

of monocytes in a cytokine cocktail, usually GM-CSF and IL4 or tumour necrosis factor-α (TNF-α) 

for between 2-7 days (455, 456). At the end of the culture period the MoDCs phenotypically 

resemble either immature or mature conventional DCs, depending on the protocol. The process of 

differentiation of monocytes into DCs in vitro is thought to recapitulate what occurs in vivo at sites 

of inflammation, suggesting that this in vitro derived cell type has relevance in vivo. 

Various viral vectors have been investigated as potential vaccines for stimulating CD8+ T cell 

responses, including recombinant adenoviruses, poxviruses and lentiviruses (165, 173, 174, 180, 

183). Adenovirus, poxvirus and lentivirus vectors are able to infect dendritic cells (115-117, 124, 

180). The ability to transduce dendritic cells has been correlated with the ability to stimulate a 

robust T cell response (115, 378). Adenoviral vectors stimulate strong transgene-specific T cell 

responses (148, 160). However, anti-vector T cell responses are commonly seen (150, 151), which 

may be immunodominant and limit the expansion of transgene-specific T cells. Furthermore, pre-

existing neutralising antibodies to the most frequently used adenoviral serotypes are common, 

reducing their efficacy (148, 164). Immunodominance is also a problem with the use of poxvirus 

vectors, which encode multiple viral proteins (152). In addition, infection of dendritic cells by 

vaccinia virus is abortive, prevents dendritic cell maturation and induces apoptotic cell death (124).  

While pre-existing immunity is not seen with lentiviral vectors, the risk of insertional mutagenesis 

may limit their use (183, 185).  

Recombinant adeno-associated virus (rAAV) is an alternative candidate T cell vaccine vector and 

has several advantages over other viral vectors. In contrast to poxviral, lentiviral, and most 

adenoviral vectors, rAAV lacks sequences encoding viral proteins, reducing the risk of an 

immunodominant immune response against vector-derived epitopes. Unlike lentiviral vectors the 

rAAV genome forms an extrachromosomal episome, reducing the risk of insertional mutagenesis 

(250). Also, there is no clear association between wild-type AAV infection and disease, and there is 

extensive experience from clinical trials with rAAV as a potential gene therapy vector (312). In 

vitro experiments in mice and non-human primates have confirmed the ability of rAAV2/2 to prime 

a CD8+ T cell response, with a reduction in viral set point seen following vaccination in a rhesus 

macaque SIV model (352, 371).  
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However, a phase I clinical trial of rAAV2/2 as a vector for a prophylactic HIV vaccine 

demonstrated poor immunogenicity (372). Subsequent studies in mice with rAAV2/7 and 2/8 

showed that while large numbers of antigen-specific CD8+ effector T cells were stimulated, there 

was poor development of T cell memory and an inability to boost rAAV-primed T cell responses. 

The authors confirmed their results with rAAV2/1, 2/2, 2/5 and 2/9 (373, 374). This phenomenon 

may reflect poor priming, a lack of CD4+ T cell help, or partial T cell exhaustion due to the 

persistence of antigen. However, not all pseudotypes prime a dysfunctional T cell response. It was 

recently shown that rAAV2/rh32.33 primes robust CD4+ and CD8+ T cell responses that can be 

boosted with a recombinant adenoviral vector (376). Furthermore, the differential ability of various 

rAAV pseudotypes to prime CD8+ T cell responses has been linked to their ability to transduce DCs 

(378).    

Transduction of human MoDCs was first demonstrated with AAV2/2 (343). Subsequent studies 

have confirmed the ability of AAV2/2 to transduce MoDCs and to stimulate antigen-specific T cells 

in vitro and have also found rAAV2/1 to be more efficient than rAAV2 in transducing MoDCs  

(290, 457). A screen of AAV1-5 and 7-8 revealed the tropism of rAAV5/5 for both human and 

murine DCs leading to robust immune responses against HIV epitopes in mice (283),  while another 

recent study identified rAAV2/6 as having the highest tropism for murine bone marrow-derived 

DCs (383). Given that rAAV2/1, 2/2 and 2/5 have been shown to prime dysfunctional T cell 

responses in a mouse model, the identification of a pseudotype that is more efficient at transducing 

MoDCs may improve the utility of rAAV as a vaccine vector.  

In this study a wide range of pseudotyped rAAV vectors were compared for their ability to 

transduce human MoDCs at various stages of differentiation.  A single exposure of monocytes or 

immature MoDCs to rAAV2/6 resulted in significantly greater transduction of MoDCs than with 

other serotypes or clones. Further improvement in transduction efficiency was observed following 

mutation of tyrosine residues within the VP1 capsid. Transduction by rAAV2/6 caused minimal 

alteration of immunophenotype of MoDCs which retained their immunostimulatory ability. 

Furthermore, antigen encoded by rAAV2/6 was correctly processed and presented to T cells by 

transduced MoDCs. Altogether, these results provide a rational basis for the use of AAV6-based 

vectors in the development of human vaccines and immunotherapy applications.   
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4.2 Results 

4.2.1 Recombinant AAV2/6 is the optimal serotype for the transduction of human monocytes and 

MoDCs 

A limited range of serotypes has previously been assessed for their ability to transduce human 

monocytes and MoDCs. This study sought to determine whether previously untested serotypes and 

clones might exhibit a greater tropism for monocytes and human MoDCs. In preliminary 

experiments human monocytes (day 0) or immature MoDCs were infected with rAAV pseudotyped 

with capsids from serotypes 1, 2, 5, 6, 8, or 9, or with variants rh8, rh10, or rh13 (Figure 3.6) at a 

multiplicity of infection (MOI) of 1x105 vg copies per cell. Transduction was assessed 48 hours 

after infection by detection of expression of the vector-encoded transgene eGFP by flow cytometry 

(Table 4.1). Only rAAV2/1, rAAV2, rAAV2/5, and rAAV2/6 vectors transduced more than 0.5% of 

day 6 MoDCs and only rAAV2/6 more than 0.5% of monocytes (Table 4.1).  

 

Table 4.1 Initial screening study of transduction of monocytes and monocyte-derived dendritic 

cells by various pseudotypes of rAAV. Results were compared with a one way ANOVA; if p<0.05 then 

pairwise comparisons were made by the Holm-Sidak method. N=3. a Transduction defined as fluorescence in 

FL-1 >99.9% of the uninfected control.  b AAV6 vs rest, p<0.001, other differences NS. c AAV6 vs rest, 

p<0.001, other differences NS. 

The ability of rAAV2/1, rAAV2/2, rAAV2/5, and rAAV2/6 to transduce MoDCs and monocytes 

was examined in more detail using cells isolated from three donors repeated on two different 

occasions (Figure 4.1). Consistent with the preliminary experiments (Table 4.1) rAAV2/6 was 

significantly more effective at transducing MoDCs than the next most effective vector, rAAV2/2 

(14.2% mean transduction efficiency versus 3.3%, p=0.005), while rAAV2/1 and rAAV2/5 gave 

transduction efficiencies of 1.0% and 1.6% respectively.  Monocytes were considerably more 

resistant to transduction by all serotypes when compared with MoDCs (Figure 4.1 (B)). However 
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when the assessment of transgene expression in transduced monocytes was delayed until day 8, 

there was little difference when compared to MoDCs (Figure 4.1 (C)).  Only a modest decline in 

transduction efficiency was observed when the MOI was reduced to 1 x 104 and transduction 

efficiency with rAAV2/6 at a MOI of 1 x 104 remained higher than with 10-fold more rAAV2/1, 

rAAV2/2, or rAAV2/5 (Figure 4.1 (A) and Figure 4.1 (D)). 

Second strand synthesis has previously been shown to be a rate limiting step in the transduction of 

MoDC with the use of a self-complimentary rAAV (scAAV) increasing the level of transgene 

expression (290, 458). In parallel with the experiments described above the effect of a self-

complimentary genome on the rates of transduction with rAAV2/6 was assessed but no statistically 

significant difference was seen at the MOIs tested (Figure 4.1 (D)).  Notably, eGFP expression was 

driven by a CMV promoter in the self-complimentary vector while in the single stranded vector 

expression was driven by the CAG/WPRE promoter enhancer. Of note the CAG-eGFP-WPRE-

bGHpA expression cassette exceeds the packaging capacity of the self-complimentary vector. 

 

B. A. 

C. D. 
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Figure 4.1  Effect of rAAV serotype, genome configuration and multiplicity of infection on 

transduction MoDCs. Day 6 MoDCs (A) or day 0 monocytes (B) were infected with the indicated serotypes 

or variants of rAAV/eGFP at a MOI of 105 and 48 hours later eGFP expression was assessed by flow 

cytometry. Transduction of MoDCs infected at day 0 was also assessed at day 8 and compared with infection 

at day 6 at the indicated MOIs (C). To compare self-complimentary and conventional genomes day 6 

MoDCs were infected with scAAV2/6 or rAAV2/6 and eGFP expression assessed at day 8 by flow 

cytometry (D). All experiments were performed in parallel. Monocytes were collected from three donors on 

two different occasions (n=6) and experiments performed in duplicate. Means are indicated by horizontal 

lines. Serotypes, variants, and MOIs (A, B, D) were compared with a one way ANOVA with subsequent 

pairwise multiple comparisons by the Holm-Sidak method. Day of transduction and genome configuration 

were compared by paired t tests. * AAV6 vs others p<0.01; ‡ AAV6 vs AAV1/5, p<0.01; † AAV6 MOI 105 

vs AAV6 MOI 103, p=0.02; †† scAAV6 MOI 105 vs scAAV6 MOI 103 (p<0.001) and MOI 104, p=0.02. 

There was no significant difference between rAAV2/6 and scAAV2/6 at any MOI. 

4.2.2 Transduction of MoDCs by rAAV2/6 is abolished by a lysine to arginine mutation in the 

capsid  

Significantly lower transduction of MoDCs was seen with rAAV2/1 than with rAAV2/6, despite 

99.2% sequence similarity between the capsids of AAV1 and AAV6. Wu et al., demonstrated that a 

single lysine to glutamate mutation (K531E) in the capsid of AAV6 reduced both liver transduction 

efficiency and the ability to bind heparin while the converse mutation in the AAV1 capsid had the 

opposite effect (223).  To investigate the molecular basis for the distinct tropism of rAAV2/6 for 

MoDCs the effect of the K531E mutation in the AAV6 capsid and the converse mutation in the 

AAV1 capsid on the transduction of MoDCs was assessed.  Figure 4.2 (A) demonstrates that the 

K531E mutation significantly reduces the transduction of MoDCs by rAAV2/6 while the converse 

mutation in AAV1 (E531K) restored a level of transduction comparable to the wild-type rAAV2/6 

vector. No inhibition of transduction by rAAV2/6 was seen with soluble heparin except at the 

highest concentration tested (1mg/ml) where only partial inhibition was seen.  By contrast, 

transduction of MoDCs with rAAV2 was susceptible to inhibition by soluble heparin at a 10-fold 

lower concentration (Figure 4.2 (B)).  These experiments suggest that rAAV2/6 does not utilise 

heparin as a receptor on MoDCs despite being able to bind immobilised heparin.  
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Figure 4.2  The tropism of rAAV2/6 for MoDCs is determined by Lys 531 but not due to its ability 

to bind heparin.  Day 6 MoDCs were infected with rAAV pseudotyped with the indicated capsids at a MOI 

of 104. Forty eight hours post infection eGFP expression was detected by flow cytometry. Results are 

expressed relative to wild-type (WT) rAAV2/6 (A). In addition, WT rAAV2/6 and rAAV2 were incubated 

with heparin at the indicated concentrations for 1 hour prior to infection. Results are expressed relative to 

untreated rAAV (B). Comparisons to wild-type rAAV2/6 (A) or untreated rAAV2/6 or rAAV2 (B) were 

made by a one sample t test. * p=0.02; ‡ p<0.001 

4.2.3 Mutation of surface-exposed tyrosine residues improves transduction of MoDCs by 

rAAV2/6  

It has recently been shown that mutation of surface-exposed tyrosine residues in the capsid of 

AAV2 blocks capsid phosphorylation by epidermal growth factor receptor protein tyrosine kinase 

(EGFR-RTK) and subsequent ubiquitination and proteasomal degradation (236). Capsid mutants 

achieved higher levels of transduction of HeLa cells in vitro and murine hepatocytes in vivo than 

vectors with wild-type capsids and increased nuclear translocation of vector was demonstrated.  The 

amino acid sequences of VP1 from AAV2 and AAV6 are highly conserved; of the three tyrosine 

residues in the AAV2 sequence that were previously associated with the greatest improvement in 
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transduction efficiency when mutated only Y500 is absent in VP1 from AAV6 (Figure 4.3).  To 

investigate whether mutation of the other two surface-exposed tyrosines would improve transgene 

expression in rAAV2/6-transduced MoDCs, Y445 and Y731 in the AAV6 capsid were mutated to 

phenylalanine and an additional double mutant (Y445F + Y731F) was generated. Transduction of 

HeLa cells with vectors containing these mutations confirmed their ability to increase the rate of 

transduction albeit at a reduced level compared to that reported previously for rAAV2/2; no 

synergistic effect was seen with the double mutant (Figure 4.4 (A)). When the effect of tyrosine 

mutation on the transduction of MoDCs was assessed, a modest (approximately 2-fold) increase in 

transgene expression was observed with the Y731F mutant.  Surprisingly, both the Y445F and 

double mutant resulted in a significant decrease in transduction (Figure 4.4 (B)). The role of 

proteasomal degradation in this reduction in transduction was unable to be assessed as proteasome 

inhibitors were highly toxic to MoDCs (data not shown).  

         

Y445F

F501

Y731F

Y445F

F501

Y731F

 

Figure 4.3 Alignment of the amino acid sequence of the capsid protein VP1 from AAV2 and 

AAV6 demonstrates conservation of tyrosine residues at sites 445 and 731 but not at 501. An AAV6 

double mutant, in which Y445 and Y731 are mutated to phenylalanines, is also shown. 
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Figure 4.4 Mutation of surface tyrosine 731 improves the transduction of HeLa cells and MoDCs 

by rAAV2/6. HeLa cells (B) and day 6 MoDCs (C) were infected at the indicated MOIs with rAAV 

pseudotyped with the various capsid mutants or with wild-type (WT) AAV6. Transduction was assessed by 

detection of eGFP expression by flow cytometry 48 hours post infection. Results are expressed relative to 

WT. HeLa cells n=6. MoDCs n=6. Means and 95% confidence intervals are shown. Comparisons to WT 

were made by a one sample t-test.* p<0.01 for all mutants at both MOIs; ** p<0.001 for Y445F and 

Y445F+Y731F at both MOIs; † p=0.02; ‡ p=0.012. 

4.2.4 Effect of transduction with rAAV2/6 (Y731F) on MoDC immunophenotype 

The effect of infection with rAAV2/6 (Y731F) on the immunophenotype of MoDCs was next 

examined. Maturation of DCs is essential for the stimulation of naive T cells. Maturation occurs in 

response to signalling via innate immune receptors, inflammatory cytokines, or CD4+ T cell help 

A. 

B. 
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(25). Mature DCs down-regulate endocytosis and phagocytosis, secrete cytokines, and increase the 

surface expression of co-stimulatory molecules, such as CD80 and CD86, class I and II MHC 

molecules, and CD83 (25). To assess the effect of rAAV2/6 (Y731F) on MoDC immunophenotype, 

day 8 MoDCs that had been infected at day 6 were stained for immunophenotypic markers and 

assessed by flow cytometry. At day 8 the expression of CD83, CD86, and HLA-DRa were only 

partially up-regulated in transduced (eGFP+) compared with uninfected MoDCs. This partial up-

regulation was not due to contaminants in the inoculum as MoDCs exposed to the inoculum but that 

were not transduced (eGFP-) had an identical immunophenotype as uninfected immature MoDCs. 

These results suggest that transduction with rAAV2/6 (Y731F) is unable to trigger full MoDC 

maturation (Figure 4.5).  

To assess whether rAAV2/6 (Y731F) transduced MoDCs were capable of undergoing maturation 

necessary for T cell stimulation, cells were infected with rAAV2/6 (Y731F) expressing GFP and 24 

hours later treated with the Toll-like receptor 4 (TLR4) agonist, lipopolysaccharide (LPS).  

Immunophenotype was assessed after a further 24 hours by flow cytometry. Infection with 

rAAV2/6 (Y731F) had no effect on the ability of MoDC to mature (Figure 4.5). 

 

 

A. 
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Figure 4.5 Partial upregulation of co-stimulatory markers in MoDCs transduced with rAAV2/6 

(Y731F). MoDCs were infected with rAAV2/6 (Y731F)/eGFP or mock-infected and 24 hours later were 

treated with 100ng/ml of lipopolysaccharide (LPS) or left untreated (A, B). Immunophenotype (CD83, 

CD86, HLA-DR) was assessed at 48 hours. Viable cells (7AAD-) were gated into transduced (eGFP+) and 

untransduced (eGFP-) populations. A representative example is shown (A). The geometric mean fluorescent 

intensities (GeoMFI) of the immunophenotypic markers on the MoDCs (n=3) untreated and treated with LPS 

are shown (fine dotted line/squares = eGFP+, solid line/circles = eGFP-, dashed line/triangles = mock 

infected) (B). 

4.2.5 MHC class I-restricted epitopes from the rAAV2/6 (Y731F)-encoded transgene are correctly 

processed and presented by transduced MoDCs 

Finally, the ability of MoDCs infected with AAV2/6 (Y731F) to process and present MHC class I-

restricted epitopes derived from the vector-encoded transgene was assessed. Conventional and self-

complimentary rAAV2/6 (Y731F) vectors encoding the core antigen from hepatitis B virus 

(HBcAg) were constructed as outlined in Figure 4.6; expression of HBcAg was confirmed by 

Western blot (Figure 4.7). Day 6 MoDC isolated from HLA-A2-positive donors were infected with 

rAAV2/6 (Y731F) encoding HBcAg. Forty eight hours after infection rAAV-infected MoDC were 

incubated with a CD8+ T cell clone specific for the HLA-A2 HBcAg epitope 18-27. This clone was 

derived from a HLA-A2+ patient who had recently recovered from acute hepatitis B virus infection. 

Significantly, activation of this clone is independent of costimulation (386).  Stimulation of the T 

B. 
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cell clone was assessed by CD107a and interferon-γ (IFNγ) expression by flow cytometry. Antigen-

specific CD107a expression was seen with both conventional and self-complimentary rAAV2/6 

(Y731F) vectors expressing HBcAg; no IFNγ expression was seen (Figure 4.8). This confirms that 

the HBcAg was correctly processed and the 18-27 epitope presented at the cell surface in 

association with HLA-A2 molecules. Therefore transduction with rAAV2/6 (Y731F) does not 

interfere with antigen processing or presentation. 

 

 

Figure 4.6 Generation of pAM/CAG-HBcAg-WPRE-bGHpA and pHPA-trs-SK/HBcAg. (A) 

HBcAg was amplified from plasmid pCMV-1/c with primers SP/HBC-1 and ASP/HBC-1and cloned into the 

TA cloning vector, pGEMTEasy. pGEMTEasy/HBcAg and pAM/CAG-pL-bGHpA were digested with 

EcoRI and EcoRV and HBcAg ligated into the vector backbone. (B) To generate the self-complimentary 

genome encoding HBcAg, pAM/CAG-HBcAg-WPRE-bGHpA and pcDNA3.1 were digested with EcoRV 

and SacI and ligated to generate pcDNA3.1/HBcAg. The expression cassette (CMV-HBcAg-bGHpA) was 

amplified from pcDNA3.1/HBcAg and cloned into pGEMTEasy to generate pGEMTEasy/HBcAg. The 

expression cassette was released from pGEMTEasy/HBcAg by digestion with KpnI and SalI and was ligated 

into pHPA-trs-SK digested with the same enzymes, to generate pHPA-trs-SK/HBcAg. A version of this 

figure that contains more detailed vector maps is available electronically on the accompanying CD (Figure 

A5.2). 

A. 
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Figure 4.6 (continued) 

B. 



 

133 
 

36

22

16
pA

M
/H

B
cA

g

U
nt

ra
ns

fe
ct

ed

Tr
un

ca
te

d 
rH

B
cA

g

 

Figure 4.7 HBcAg is expressed by transfected HEK 293 cells. HEK 293 cells were transfected with 

pAM/HBcAg or were mock transfected. After 24 hours cells were harvested and a Western blot performed. 

112.5ng of a truncated recombinant HBcAg (140 amino acids, 14kDa), kindly provided by Dr Julie 

McIntosh, was included as a positive control. A polyclonal anti-HBcAg was used. The blot was imaged 

using light sensitive film (Kodak X-Omat BT film). The arrow indicates the full-length HBcAg (21kDa). 
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Figure 4.8 Vector encoded antigen is correctly processed and presented to a CD8+ T cell clone by 

transduced MoDCs. MoDCs from HLA-A2+ donors either were infected with either conventional or self-

complimentary rAAV2/6 (731F) encoding HBcAg or eGFP or were mock infected. Forty eight hours post 

infection MoDCs were incubated with a co-stimulation-independent CD8+ T cell clone specific for the HLA-

A2-restricted HBcAg 18-27 epitope. Cells were stained for surface expression of CD107a and CD8 and 

intracellular expression of IFNγ and the cells analysed by flow cytometry. Expression of CD107a and IFNγ 

by CD8+ cells infected with the self-complimentary vectors are shown (n=3). Similar results were obtained 

with the conventional vectors. 

4.3 Discussion 

The availability of AAV serotypes with distinct tissue tropism has fostered their widespread use as 

gene transfer vectors in vitro and in vivo (189). The pivotal role played by dendritic cells in the 

initiation and regulation of immune responses has prompted several groups to examine their 

permissiveness to transduction by rAAV vectors. In this study rAAV vectors pseudotyped with 

capsids from AAV serotypes 1,2,5,6,8,9 and variants rh8, rh10 and rh13 isolated from non-human 

primates were assessed for their tropism for human peripheral blood monocytes and monocyte-

derived dendritic cells (MoDCs).  Initial experiments showed that undifferentiated (day 0) 
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monocytes were markedly less permissive than immature MoDCs (cultured for 6 days in GM-CSF 

and IL-4) (1.95% versus 9.85% transduction with rAAV2/6 at a MOI of 105 vg copies/cell; Table 1) 

but transduction of monocytes reached a comparable efficiency when the cells were left to 

differentiate over 8 days (Figure 1C).  In a subsequent assessment with cells from 3 donors 

rAAV2/6 mean transduction levels at a MOI of 105 vg copies/cell reached 13.8% compared to 3.6% 

with rAAV2 and 1.3% with rAAV2/1. Significant donor to donor variation was observed with all 

serotypes, consistent with previous studies (343, 458). 

The transduction of mature DCs was not assessed.  In vivo, immature DCs represent a more 

relevant target for vaccination. Immature DCs are resident in the peripheral tissues where they first 

encounter antigen; maturation is a continuous process that, while initiated in the periphery, 

continues during migration to the lymph nodes and is completed on interaction with T cells (25). 

Indeed, pre-activation of DCs impairs MHC class II presentation of exogenous and endogenous 

antigens (57). CD4+ T cell help is important for a robust CD8+ T cell response (45-47). While the 

tropism of various serotypes might differ with the stage of differentiation of MoDCs no difference 

was seen in the hierarchy of serotypes between monocytes and immature MoDCs. 

There are conflicting reports over which AAV serotype exhibits the greatest tropism for human 

MoDCs.  Initial reports of DC transduction were with rAAV2/2 (343, 381).  Subsequent studies 

showed that the transduction efficiency of MoDCs by rAAV2/2 and rAAV2/1 was less than 1% but 

increased 10-fold when vectors with self-complementary genomes were used, indicating that second 

strand synthesis might be a limiting factor in transduction, consistent with results obtained in other 

cell types (290).  A comparison of  AAV serotypes in human and mouse DCs revealed rAAV5/5 to 

be significantly more effective than rAAV2/2 and all other serotypes tested (1,2,5,7 & 8) (283).  

Most recently, a comparison of self-complimentary vectors pseudotyped with serotypes 1-8 

identified rAAV2, 5 and 6 as possessing a similarly high transduction ability (>20%) even at a MOI 

100-fold lower than in the above studies (458).  Based on these experiments it may be concluded 

that rAAV2/6 transduces human MoDCs with significantly higher efficiencies than the other 

serotypes and variants examined here, approximately 5-fold greater than rAAV2/2 and 10-fold 

greater than all other serotypes tested. The rates of transduction seen with rAAV2/1, 2, and 8 in this 

study were similar to those seen in previous studies using the same MOI (283, 290). However in 

contrast to a previous report (283) rAAV pseudotyped with capsids from AAV5 was found to be no 

more efficient at transducing MoDCs than rAAV2/1 and rAAV2/2. This discrepancy may be due to 

the use of pseudotyped vectors in this study while Xin et al. used rAAV5/5, where the genome had 

AAV5 ITRs, which may influence other aspects of the viral transduction. Indeed, a further study 
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(383) reported poor transduction of murine DCs by rAAV2/5 while Xin et al. found high levels of 

transduction with rAAV5/5.  

Recombinant AAV vectors pseudotyped in the non-human monkey variant rh32.33 have recently 

been shown to stimulate a superior transgene-specific CD8+ and CD4+ memory T cell response in 

mice to pseudotypes 1, 2, 5, 7, 8, and 9; the immunogenicity was also confirmed in rhesus 

macaques (376). Intriguingly, in the same study rAAV2/6 demonstrated a similar ability to 

stimulate antigen-specific CD4+ and CD8+ memory T cell responses in mice. Given the similarities 

in transgene-specific T cell responses stimulated by rAAV2/6 and rAAV2/rh32.33 in mice and the 

known ability of rAAV2/6 to transduce murine dendritic cells (383), it is tempting to speculate that 

rAAV2/rh32.33 also efficiently transduces dendritic cells. Indeed it has recently been shown that 

the differing abilities of rAAV pseudotypes 2/1 and 2/8 to stimulate transgene-specific T cell 

responses is determined by their abilities to transduce dendritic cells (378). Therefore, it would be 

interesting to compare the abilities of rAAV2/rh32.33 and rAAV2/6 vectors to transduce dendritic 

cells. 

Several studies have shown that a rate-limiting step in the expression of transgenes is the synthesis 

of double-stranded DNA capable of acting as a transcription template, a process that requires host-

cell factors (247, 248).  rAAV with a deletion of the terminal resolution site in one inverted terminal 

repeat (ITR) forms a  self-complementary (sc) genome that can form a double-stranded structure 

following unpackaging, eliminating the rate-limiting step of second-strand synthesis and leading to 

an increased rate of transgene expression in several cell types, including DCs (247, 248, 290)). In 

contrast with previous studies no statistically significant difference between conventional and self-

complementary genomic forms of rAAV2/6 was observed at MOIs of 103 to 105. This could be due 

to variation in the strength of the hybrid CMV enhancer/chicken β-actin (CAG) promoter and 

woodchuck hepatitis virus post-transcriptional regulatory element (WPRE), used in the 

conventional vector, and the CMV immediate-early promoter, used in the self-complimentary 

vector, in MoDCs (Figure 5.14). In previous studies transgene expression has been driven by the 

CMV immediate early promoter (283, 290, 343, 458). Moreover, Santos et al. found no difference 

in activity between these two promoters in murine DCs (459). Alternatively the lack of difference 

between conventional and scAAV may be due to the earlier time post-infection that transduction 

was assessed in this study (2 days compared with 4 to 8 days (290, 458)).  

The molecular basis for the superior tropism of rAAV2/6 for MoDCs is intriguing.  The genome 

sequence of AAV6 suggests that it is a hybrid that arose through recombination between AAV1 and 

AAV2 (460). Despite the very high degree of sequence similarity between the capsids of AAV1 and 
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AAV6 (99.2%), a recent study observed that these viruses vary significantly in their ability to 

transduce liver in vivo (223).  These authors demonstrated that a single lysine to glutamate mutation 

(K531E) in the capsid of AAV6, reduced both liver transduction efficiency and the ability to bind 

heparin while the converse mutation in AAV1 increased liver transduction and imparted heparin 

binding affinity (223); K531 is unique to AAV6 among other AAV serotypes (223, 461).   This 

suggested that the affinity of rAAV2/6 for heparin may be responsible for its superior transduction 

of MoDCs.  A recent study that evaluated natural and engineered AAV variants showed direct 

correlations between heparin binding, uptake into MoDCs and activation of a capsid-specific T cell 

response, although rAAV2/6 was not included in this study (350). Interestingly, the 

immunogenicity and toxicity of vectors based on human adenovirus type 5 has also recently been 

correlated with its ability to utilise a heparin-sensitive receptor on dendritic cells (156). This study 

has confirmed that K531 is important for the ability of rAAV2/6 to transduce MoDCs, with the 

E531K mutation in rAAV2/1 conferring similar levels of transduction to rAAV2/6. Surprisingly 

however heparin did not inhibit transduction of MoDCs by rAAV2/6 except at 1mg/ml where only 

partial inhibition was seen; in contrast rAAV2/2 was inhibited at 0.1mg/ml. This suggests that while 

residue K531 is critical for efficient MoDC transduction heparan sulphate proteoglycans are 

unlikely to act as a receptor for rAAV2/6. It cannot be excluded that other positively charged 

glycans other than heparin sulphate may be involved in the binding of AAV6 to MoDCs. 

Alternatively K531 may be important in the recognition of a protein receptor that is present on 

MoDCs or may influence intracellular trafficking. These issues should be addressed in future 

studies. 

While rAAV2/6 exhibits a high affinity for MoDCs, the study sought to determine whether its 

intrinsic tropism could be further increased by the selective mutation of amino acid residues in the 

capsid. A recent study demonstrated that mutation of surface-exposed tyrosines in the capsid of 

AAV2 led to increased transduction in vitro and in vivo (236). These tyrosine residues are 

conserved between AAV2 and AAV6 suggesting that their functional significance is also likely to 

be conserved.  Those residues reported to have the greatest effect on rAAV2 transduction titres after 

mutation to phenylalanine were selected for mutation (236). Transduction of HeLa cells with 

mutant rAAV2/6 confirmed that the mutants increased the transduction efficiency, though by a 

significantly lower amount than reported for rAAV2/2. The relatively small increase in transduction 

efficiency may be due to the phenylalanine at position 501 in AAV6 as opposed to the tyrosine in 

AAV2; no further increase in transduction was seen with the rAAV2/6 double mutant, suggesting 

that the effect of mutation of multiple tyrosine residues is not necessarily additive. The potential of 

mutants to increase the transduction of MoDCs was then examined (Figure 4.4). Surprisingly, two 
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capsid mutations that increased the transduction of HeLa cells caused a significant decrease in the 

transduction of MoDCs, while the remaining mutant (Y731F) resulted in an approximate 2-fold 

increase in transduction.  Attempts to determine whether transduction efficiency could be increased 

by proteasome inhibition were unsuccessful due to the toxicity of inhibitors to MoDCs.  The effect 

of mutations at selected capsid tyrosine residues on transduction differed between HeLa and 

MoDCs.  The precise reason(s) for this difference is not immediately obvious from our experiments.  

One plausible explanation is that epidermal growth factor receptor protein tyrosine kinase (EGFR-

PTK), which is responsible for the phosphorylation of capsid tyrosine residues leading to 

ubiquitination and proteasomal degradation (236), is differentially expressed in these two cell types.  

Indeed there are conflicting reports as to whether EGFR is expressed in MoDCs (462, 463), Thus 

the greater effect of these mutations in HeLa cells may reflect greater EGFR-PTK activity 

compared to DCs. Alternatively, AAV6 may utilize distinct cell surface receptors on HeLa cells and 

DCs and the effect of mutating capsid tyrosine residues could impact selectively on receptor 

binding on DCs alone; intriguingly, EGFR has just been identified as a receptor for rAAV2/6 (464).  

These results suggest that the effect of mutation of surface-exposed tyrosine residues on 

transduction efficiency are likely dependant on both the virus serotype and target cell. 

Antigen presentation to naïve T cells by mature dendritic cells stimulates proliferation and memory 

differentiation; in contrast presentation by immature dendritic cells leads to tolerance (26, 465). 

Mature dendritic cells provide signals 1, 2, and 3 to T cells, presenting antigen via MHC class I and 

II molecules (signal 1), expressing high levels of co-stimulatory molecules such as CD80 and CD86 

(signal 2),  and secreting cytokines, such as interleukin-12 or type I interferons (signal 3) (26, 466). 

The immunophenotype of MoDCs transduced with rAAV2/6 (Y731F) was assessed and only minor 

upregulation of CD86 and of other markers of maturation HLA-DRa and CD83 was observed 

(Figure 4.5), consistent with previous findings (290, 458). Dendritic cells mature in response to 

signals via innate pathogen recognition receptors, such as the Toll-like receptors (TLRs) (25). 

Studies of gene expression in human cell lines and in mice in vivo suggest that infection with rAAV 

causes minimal activation of innate immune signalling pathways (112, 114). Furthermore, rAAV is 

not recognised by pattern recognition receptors, does not activate the type I interferon response and 

does not stimulate the activation of IL-1β (320). Importantly however MoDCs transduced by 

rAAV2/6 (Y731F) are still able to mature in response to stimulation by the TLR-4 ligand LPS 

(Figure 4.5). Thus co-administration of an adjuvant will be required to optimise the immunogenicity 

of rAAV as a vaccine vector. Alternatively, unadjuvanted rAAV may be a suitable vaccine vector 

for induction of tolerance (369). Finally these experiments confirmed that rAAV2/6-transduced 

MoDCs are able to process and present the vector-encoded transgene on MHC class I molecules, as 
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assessed by their ability to stimulate a costimulation independent CD8+ T cell clone, which requires 

only signal 1 to respond (386) (Figure 4.6).  

In conclusion this series of experiments makes the novel finding that rAAV vectors pseudotyped 

with serotype 6 are significantly more efficient at transducing human MoDCs. Lysine 531 is a 

critical determinant of MoDC tropism through a mechanism that is independent of its effect on 

heparin binding. Transduction efficiency can be increased further by mutation of the capsid tyrosine 

residue at position 731, consistent with a recent study on rAAV/2 (236). Transduction of MoDCs 

with rAAV2/6 led to only minor upregulation of surface markers of MoDC maturation. Therefore 

future vaccine studies with rAAV should use rAAV2/6 (Y731F) in combination with an adjuvant. 
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Chapter 5 – Development of a self-adjuvanting rAAV vector 

5.1 Introduction 

Maturation of dendritic cells (DCs) is critical for the stimulation of a naive T cell response (25). 

Upon maturation tissue resident DCs down-regulate phagocytosis and receptor-mediated 

endocytosis, alter chemokine receptor expression and migrate to the lymph nodes where they 

encounter T cells, and up-regulate expression of MHC class I and class II molecules (signal 1) (25). 

Mature DCs also express high levels of co-stimulatory molecules (signal 2), such as CD80 and 

CD86, which stimulate several rounds of T cell proliferation, and secrete cytokines (signal 3), such 

as interleukin-12 (IL-12) and type I interferons, which program T cells for survival and effector 

function (26). The nature of signal 3 also polarises the CD4+ T cell response; secretion of IL-12 and 

type I interferon polarises CD4+ T cells to a TH1 phenotype while secretion of IL4 and IL10 

polarises CD4+ T cells to a TH2 phenotype (38). TH1 cells are important for CD8+ T cell priming, 

tissue homing and memory development (26, 46, 47, 467). Thus maturation of dendritic cells is 

critical in determining the adaptive immune response.  

Maturation occurs when DCs encounter a danger signal, either a pathogen associated molecular 

pattern (PAMP), host molecules signalling inflammation (eg interleukin 6) or necrosis (eg heat 

shock proteins), or CD4 T cell help (CD40L) (25). Danger signals are recognised by specific 

receptors on immature DCs. PAMPs are recognised by pattern recognition receptors present on the 

cell surface or in endocytic vesicles, such as the Toll-like receptors (TLRs) and C-type lectins, or 

intracytoplasmic receptors such as MDA5/RIG-I  and AIM 2 (468-471). Ten TLRs are expressed in 

humans (TLR 1-10) (472). Different combinations of TLRs are expressed by different cell types 

(472, 473); myeloid DCs express TLRs 1, 2, 3, 4, 5, 6, 7, 8, and 10 while plasmacytoid DCs express 

TLRs 1, 6, 7, 9 and 10 (38, 472, 474, 475). TLRs signal via MyD88 or TICAM-1; TLR4 can signal 

via either MyD88 or TICAM-1 while TLR3 signals via TICAM-1 alone (471). Signalling via 

MyD88 activates NFκB and MAPK kinases while signalling via TICAM-1 activates NFκB, MAP 

kinases and interferon regulatory factors (IRFs) 3, 5, and 7 (471, 476-478). RIG-I/MDA-5 signal via 

mitochondrial antiviral signalling protein (MAVS) and activate both NFκB and IRF3 (479-481). 

Activation of these transcriptional programs leads to the maturation of DCs (38, 482, 483).  

Infection of MoDCs with rAAV causes minimal change in immunophenotype (Figure 4.5) (290, 

458). This is consistent with microarray studies of mouse liver which show little change in gene 

expression following infection with rAAV (112). Similarly no change in the expression of 
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inflammatory chemokines was seen when HeLa cells or murine renal epithelium derived cells were 

infected with rAAV; while infection of mice led to rapid expression of inflammatory chemokines in 

the liver, expression returned to baseline within 6 hours and in contrast to adenoviral infection little 

cellular infiltrate in the liver was seen (114). In animal models humoral responses are commonly 

seen against the capsid but anti-vector or anti-transgene cell mediated immune responses are rare 

(320). However in a clinical trial of gene therapy for haemophilia B a rise in transaminase levels 

was seen in 2/7 participants several weeks after vector infusion; this was associated with loss of 

transgene expression in one while significant expression was not achieved in the other participants. 

The rise in transaminase levels was associated with the detection of capsid-specific interferon-γ 

secreting T cells. No humoral or cell-mediated immune response was seen against factor IX (317). 

Subsequent analysis demonstrated capsid-specific T cells in up to 60% of healthy subjects; capsid-

specific T cells had a central memory phenotype. Injection with rAAV stimulated expansion of 

capsid-specific T cells. In contrast mice injected with rAAV did not develop a capsid-specific T cell 

response (319). Unlike infection of mice with rAAV, primary infection of humans is with wild-type 

AAV which is accompanied by co-infection with adenovirus or another helper virus; adenoviruses 

are potent activators of an innate immune response which may allow priming of AAV-specific T 

cells. Therefore the authors suggested that  the infusion of vector stimulated an amnestic T cell 

response to cross-presented vector capsid (319).   

When rAAV2  was used as a vaccine vector in a phase I clinical trial poor immunogenicity was 

seen; weak interferon-γ-secreting T cell responses were detected by ELIspot in 7/64 and 1/16 

subjects developed a detectable ELIspot following a second dose of vector (372). Inability to detect 

a response following a second dose of vector may be due in part to neutralising antibodies elicited 

after the first dose (377). Intramuscular vaccination of mice with rAAV2/8 gag leads to poor 

development of T cell memory, especially central memory, and inability to boost with an adenoviral 

vector (373). In another study co-administration of an adjuvant, either incomplete Freund’s adjuvant 

or poly I:C, with rAAV2/7 gag failed to correct the inability to boost with an adenovirus vector 

following a rAAV prime. Persisting effector function (granzymehi) and markers of T cell exhaustion 

(PD1 and CD244) were demonstrated on transgene-specific T cells, however blockade of PD-1 

failed to restore T cell proliferative capacity. Persistence of transgene expression at the site of 

injection was implicated as adoptive transfer of rAAV-primed antigen-specific T cells to a non-

immunised RAG-/- mouse restored proliferative capacity in response to an adenoviral boost (374). 

Alternatively these results may reflect poor priming of a CD4+ and CD8+ T cell response.  
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The intramuscular route of immunisation may also impair the CD8+ T cell response to rAAV-

encoded antigen. Pseudotypes rAAV2/7 and 2/8, which were used intramuscularly in the studies 

described above, transduce murine myocytes with high efficiency, elicit little inflammatory 

infiltrate and demonstrate prolonged transgene expression (484). While intramuscular immunisation 

with rAAV2 encoding ovalbumin stimulated a strong humoral response against ovalbumin, little 

cytotoxic T cell response was seen; in contrast subcutaneous, intraperitoneal, and intravenous 

immunisation stimulated robust cytotoxic and humoral anti-ovalbumin immune responses (339). In 

another study, following intramuscular injection the cellular immune response against the highly 

immunogenic influenza virus haemagglutinin (HA) was delayed when HA was expressed by rAAV 

rather than an adenoviral vector. DCs were isolated from the draining lymph node but in contrast to 

adenovirus-immunised mice haemagglutinin mRNA could not be detected by RT-PCR in rAAV-

immunised mice, suggesting that the DCs were not infected and that HA was cross presented (116). 

Similarly, following intramuscular injection it was bone marrow derived antigen presenting cells 

that were responsible for presenting plasmid-encoded antigen to cytotoxic T cells via cross-

presentation (485). In contrast to subcutaneous tissues, in the absence of inflammation DCs are 

sparse  (486) or absent from normal human (487) or mouse and rat muscle (488, 489). DCs are 

recruited to muscle in response to injury or inflammation by chemokines and cytokines secreted by 

tissue resident macrophages (488). Therefore effective priming of a naive T cell response following 

intramuscular immunisation will require activation of tissue resident macrophages, for example via 

TLRs, and the subsequent recruitment of DCs. As rAAV fails to activate innate immune signalling 

pathways the co-administration of an adjuvant may be important. In addition, immunisation by a 

more immunogenic route, such as subcutaneously, may improve the cellular immune response to 

the vector encoded transgene.  

An adjuvant can be either co-administered with the viral vector or can be encoded by the vector. 

Co-administration of an adjuvant, such as the TLR3 agonist polyI:C, activates DCs synchronously 

with infection. However given the eclipse period between infection of a cell by a virus and the first 

detection of viral gene expression (490-492), DC activation and antigen expression will be poorly 

synchronised if an adjuvant is co-administered. Synchronisation of DC activation and antigen 

presentation may be important. Optimal loading of MHC class II molecules requires that the TLR-

ligand and the antigen are in the same phagosome (493). Similarly, stronger cytotoxic T cell 

responses are stimulated when antigen and adjuvant are co-encapsulated in the same microsphere 

than when the adjuvant is coadministered in a separate microsphere or as a soluble molecule (494). 

Pre-activation of DCs impairs class II but not class I presentation of endogenous antigens (57). 

CD4+ T cell help is important for the development, maintenance, and tissue homing of CD8+ T cell 
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memory (26, 46, 47, 467). Therefore synchronisation of expression of the adjuvant and the antigen, 

as would occur with co-expression from a viral or plasmid vector, may be important for generation 

of antigen-specific CD4+ T cells and as a consequence CD8+ T cells.  

Various vector-encoded adjuvants have previously been reported, including TLR-agonists, such as 

flagellin, dsRNA, and CpG motifs (89, 495-498), adaptor molecules in TLR signalling pathways 

(90, 499), a viral activator of NFκB (vFLIP) (500), heat shock proteins (501-503), CD40L (498, 

504), cytokines or interferons, such as GM-CSF, TNFα, IL-2, IL-6, IL-7, IL-12, IL-15, Flt3 ligand, 

interferon-γ, interferon-α, and interferon-β (95-97, 505-512), co-stimulatory molecules (96, 513), a 

gene fusion with the C’ terminus of the α-chain of C4bp (514), and a gene fusion with the 

commonly encountered Ag85B from Mycobacterium kansasii that stimulates an amnestic TH1-

polarised CD4+ T cell response (515). In these studies the adjuvant was either encoded by a separate 

vector and co-administered or was encoded by the same vector as the antigen as a fusion protein or 

a second cistron (bicistronic vector). While most studies have involved plasmid vectors, the use of 

adjuvants with viral vectors has also been described. Expression of an adjuvant alone has been 

reported with the paramyxovirus simian virus 5 (flagellin) (496), an oncolytic adenovirus (flagellin 

or Klebsiella pneumoniae protein P40) (497), a recombinant adenovirus (Eimeria tenella antigen) 

(516), an oncolytic autonomous parvovirus (insertion of immunostimulatory CpG motifs into the 

genome) (517), and recently rAAV (IL-2 or IL-7) (509). A bicistronic Moloney murine leukemia 

virus expressing both GM-CSF and antigen has been described (511). No previous studies have 

examined a single rAAV vector encoding both an antigen and an adjuvant. 

Therefore this work sought to develop a rAAV2/6 (Y731F) vector that expressed both an antigen 

and an adjuvant and to assess its ability to activate MoDCs and prime a naive T cell response. 

Initially various molecules were assessed for their ability to stimulate NFκB and IRF3 activity in a 

reporter assay. Bicistronic vectors, expressing the antigen and the adjuvant from separate promoters 

or a promoter and an internal ribosomal entry site, were developed. Due to packaging constraints a 

CMV promoter was used, however this proved to be less active in MoDCs than the CAG/WPRE 

promoter enhancer. Therefore various fusion protein vectors with expression driven by the 

CAG/WPRE promoter/enhancer were developed. While both bicistronic and fusion protein plasmid 

vectors showed robust activation of NFκB and IRF3 in the reporter assay difficulties were 

encountered producing MAVS-encoding vectors at adequate titre. Reduced viability of 293T cells 

was shown following transfection with a MAVS-expressing plasmid. Therefore other methods of 

vector production will need to be developed to allow assessment of the effects of these vectors on 

MoDCs and on the priming of naive T cells.   
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5.2 Results 

5.2.1 Screening of different candidate molecular adjuvants 

Three molecules were identified as potential vector-encoded adjuvants: toll-like receptor adaptor 

molecule 1 (TICAM-1, also known as Toll–IL-1 receptor domain-containing adaptor-inducing 

IFNβ (TRIF)), a signalling molecule in the MyD88-independent signalling pathway of TLR 3 and 4 

(478, 518, 519), a vector-encoded short hairpin RNA with a 40bp stem, known as DS40 (89), which 

is expected to be a ligand for retinoic acid-inducible gene-I (RIG-I) (520), and mitochondrial 

antiviral signalling protein (MAVS; also known as virus-induced signalling adapter (VISA), CARD 

adaptor inducing interferon-β (CARDIF) and interferon-β promoter stimulator-1 (IPS-1)), a 

mitochondrial anchored signalling molecule in the RIG-I/MDA-5 signalling pathway (481) (Figure 

5.1). Both TICAM-1 and DS40 have previously been assessed in mice as plasmid vector-encoded 

adjuvants (89, 90). MAVS has not previously been assessed as an adjuvant but over-expression has 

been shown to lead to robust activation of NFκB and IRF-3 stimulated genes (481). 

 

Figure 5.1 Innate immune signalling pathways and candidate vector-encoded adjuvants. DS40 is 

predicted to be a ligand for RIG-I, which signals via mitochondrial-anchored MAVS to activate the MAPK 

kinases, IRF3 (and in some cells IRF7), and NFκB. TICAM-1 is an adaptor molecule involved in TLR3 and 
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TLR4 signalling. TICAM-1 activates IRF3/IRF7 and NFκB signalling. In contrast other TLRs, such as 

TLR2, signal via MyD88, activating MAPK kinases, NFκB and IRF5.  Adapted from Latz and Fitzgerald 

(521). 

TICAM-1 was amplified from total RNA from HepG2 cells by reverse transcriptase polymerase 

chain reaction (RT-PCR), 3’ A-overhangs added and cloned into pGEM-T Easy; TICAM-1 was 

subsequently subcloned into pcDNA3.1 (Figure 5.2 (A)). DS40 was produced as previously 

described by annealing and filling in overlapping oligomers (89). DS40 was cloned directly into 

pcDNA3.1 (Figure 5.2 (B)). MAVS was amplified by PCR from the human cDNA clone (pCMV-

SPORT6 catalogue number 5751684, ATCC) and subcloned into pcDNA3.1 (Figure 5.3 (C)). The 

fidelity of the cloning was assessed by restriction enzyme digestion and by sequencing; despite 

multiple attempts sequencing of the entire DS40 insert was not possible, presumably due to the high 

degree of secondary structure. 

 

Figure 5.2  Cloning strategy for the development of pcDNA3.1/TICAM-1 (A), pcDNA3.1/DS40 (B), 

and pcDNA3.1/MAVS (C). A version of this figure that contains more detailed vector maps is available 

electronically on the accompanying CD (Figure A5.2). 

 

A. 

B. 
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Figure 5.2 (continued) 

pcDNA3.1/TICAM-1, pcDNA3.1/DS40, and pcDNA3.1/MAVS were assessed for their ability to 

stimulate NFκB and IRF3 signalling in a reporter assay. HEK 293 cells were transiently transfected 

with one of the three plasmids or pcDNA3.1/eGFP, and with pBIIX-Luc or p125-Luc, and pRL-TK. 

All plasmids were prepared using an endotoxin-free maxiprep kit (Qiagen). The reporter plasmid 

pBIIX-Luc contains two κB sites from the Igκ enhancer controlling the expression of firefly 

luciferase (522). Plasmid p125-Luc contains a truncated human interferon-β promoter (-125 to +19) 

controlling the expression of firefly luciferase (523) and is activated by interferon regulatory factor 

3 (IRF3) (524). Plasmid pRL-TK (Promega) encodes Renilla luciferase under the control of the 

herpes simplex virus thymidine kinase promoter and controls for transfection efficiency. Twenty 

four hours post-transfection firefly and Renilla luciferase activities were determined. Strong 

stimulation of both NFκB and IRF-3 responsive promoters was seen with pcDNA3.1/TICAM-1 and 

pcDNA3.1/MAVS (Figure 5.3); TICAM-1 was a more potent stimulator of NFκB (1.6 fold higher 

luciferase activity; p<0.001) and IRF3 (1.7 fold higher luciferase activity; p=0.005) signalling than 

MAVS. No luciferase activity was seen with pcDNA3.1/DS40 or pcDNA3.1/eGFP.  Due to the 

packaging constraints of rAAV it was elected to proceed with MAVS as the gene is 837bp shorter 

than TICAM-1 and robust activation of both NFκB and IRF3 signalling was seen. 

C. 
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Figure 5.3  Over-expression of TICAM-1 and MAVS causes activation of NFκB and IRF3 

signalling. HEK 293T cells were transiently triple transfected with one of pcDNA3.1/eGFP, 

pcDNA3.1/DS40, pcDNA3.1/TICAM-1, or pcDNA3.1/MAVS, and with pBIIX-Luc or p125-Luc, and pRL-

TK. Twenty four hours post transfection firefly and Renilla luciferase activity were determined with the 

Dual-Glo luciferase assay system (Promega). Stimulation of NFκB signalling (A) and the IRF-3 responsive 

interferon-β promoter (B) are expressed relative to pcDNA3.1/eGFP. The experiment was performed twice 

in triplicate (n=6). Means and 95% confidence intervals are shown. Results were log10 transformed and 

compared with a one way ANOVA; if p<0.05 then pairwise comparisons were made by the Holm-Sidak 

method. * p<0.001; ** p<0.001; † p0.005; ‡ p<0.001 

5.2.2 Construction of dual promoter and IRES plasmid vectors and their assessment 

Bicistronic plasmid vectors encoding MAVS and an eGFP reporter were generated in the rAAV 

genome-encoding plasmid pAM backbone. Due to the packaging constraints of rAAV vectors (280, 

281), expression of the first cistron was driven by the immediate early cytomegalovirus (CMV) 

promoter and the second cistron was either driven by a second CMV promoter or by an internal 

ribosomal entry site (IRES) (Figure 5.4). Both dual promoter and IRES vectors were generated in 

both orientations, with either MAVS or eGFP in the 5’ position. Bicistronic adenoviral vectors with 

homologous promoters have been shown to be stable if heterologous polyadenylation signals are 

A. 

B. 
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used (525). Therefore in the dual CMV promoter plasmid heterologous polyadenylation signals 

were used; the bovine growth hormone polyadenylation signal (bGHpA) was used for the first 

cistron and the SV40 polyadenylation signal (SV40pA) for the second cistron.  In the IRES-

containing vectors, translation was controlled by the CMV promoter with transcription of the 

3’gene controlled by the encephalomyocarditis virus (ECMV) IRES; the ECMV IRES was cloned 

from pIRESNeo3 (Clontech).  

The cloning strategy to develop the four bicistronic and two monocistronic vectors is shown in 

Figure 5.5. Initially monocistronic vectors with a CMV promoter and a SV40 polyadenylation 

signal (SV40pA) expressing either eGFP or MAVS were generated as outlined in Figure 5.5 (A). 

As there were no restriction sites between the bGHpA and the 3’ ITR, the bGHpA was exchanged 

for the SV40pA by use of a chimeric PCR product. SV40pA was amplified from 

pcDNA3.1/TICAM-1 with the antisense primer containing sequence complimentary to the ITR. The 

ITR was amplified from pAM/CAG-eGFP-bGHpA (generated from pAM/CAG-eGFP-WPRE-

bGHpA by digestion with ClaI) with the AvrII site immediately downstream of the ITR included. 

The PCR products were combined and a second round PCR was performed using the sense primer 

complimentary to the 5’ end of the SV40pA and the antisense primer complimentary to the 3’ end 

of the ITR. The PCR product (SV40pA-ITR) and pAM/CAG-eGFP-bGHpA were digested with 

ClaI and AvrII and ligated to generate pAM/CAG-eGFP-SV40pA.  A new version of 

pcDNA3.1/eGFP was generated to ensure the correct restriction sites were present 5’ and 3’ of 

eGFP. Briefly, eGFP was amplified from pAM/CAG-eGFP-WPRE-bGHpA and the resulting PCR 

product was digested with XbaI and EcoRV and ligated into pcDNA3.1/TICAM-1, in which 

TICAM-1 had been removed by sequential digestion with NheI and PmeI, to give pcDNA3.1/eGFP. 

CMV-eGFP was then amplified from pcDNA3.1/eGFP, digested with KpnI and ClaI and inserted 

into pAM/CAG-eGFP-SV40pA, which had also been digested with KpnI and ClaI to remove CAG-

eGFP, to give pAM/CMV-eGFP-SV40pA. Similarly CMV-MAVS was amplified by PCR from 

pcDNA3.1/MAVS, digested with KpnI and ClaI and inserted into pAM/CAG-eGFP-SV40pA in 

place of CAG-eGFP to give pAM/CAG-MAVS-SV40pA. These monocistronic vectors then formed 

the basis for the construction of the bicistronic plasmids. 
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Figure 5.4 The design of the monocistronic and bicistronic vectors expressing eGFP and MAVS.  
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A. 
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Figure 5.5 Construction of the monocistronic and bicistronic plasmid vectors with expression 

driven by the CMV promoter. (A) Generation of pcDNA3.1/CMV-eGFP-SV40pA and pcDNA3.1/CMV-

MAVS-SV40-pA. (B) Generation of the dual promoter bicistronic plasmids pAM/CMV-eGFP-bGHpA-

CMV-MAVS-SV40pA and pAM/CMV-MAVS-bGHpA-CMV-eGFP-SV40pA. (C) Generation of the 

ECMV IRES containing bicistronic plasmids pAM/CMV-eGFP-IRES-MAVS-SV40pA and pAM/CMV-

MAVS-IRES-eGFP-SV40pA. A version of this figure that contains more detailed vector maps is available 

electronically on the accompanying CD (Figure A5.2 (A), (B), and (C)). 

 

B. 
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Figure 5.5 (continued) 

The construction of the bicistronic plasmids is outlined in Figure 5.5 (B) and Figure 5.5 (C). To 

generate the dual promoter plasmid the 5’ cistron was generated by amplification of the CMV-

eGFP-bGHpA or CMV-MAVS-bGHpA expression cassettes from pcDNA3.1/eGFP or 

pcDNA3.1/MAVS respectively. These PCR products and the monocistronic plasmids described 

above were digested with KpnI and MluI and ligated to generate pAM/CMV-eGFP-bGHpA-CMV-

MAVS-SV40pA and pAM/CMV-MAVS-bGHpA-CMV-eGFP-SV40pA (Figure 5.5 (B)); the MluI 

site 3’ of the transgene had been incorporated when pcDNA3.1/eGFP and pcDNA3.1/MAVS were 

designed. To generate the IRES-containing plasmid (Figure 5.5 (C), the intron and IRES were 

amplified by PCR from pIRESNeo3 (Clontech); different restriction enzyme sites were 

incorporated into the 5’ and 3’ ends of the PCR product depending upon which transgene they were 

to follow. To generate pAM/CMV-eGFP-IRES-MAVS-SV40pA, the intron-IRES PCR product and 

pAM/CMV-eGFP-bGHpA-CMV-MAVS-SV40pA were digested with BspEI and AflII and ligated; 

BspEI and AflII restriction sites had been incorporated 3’ of eGFP and 5’ of MAVS respectively 

during the design of pcDNA3.1/eGFP and pcDNA3.1/MAVS. To generate pAM/CMV-MAVS-

IRES-eGFP-SV40pA, the other intron-IRES PCR product and pAM/CAM-MAVS-bGHpA-CMV-

C. 
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eGFP-SV40pA were digested with PacI and XhoI and ligated; PacI and XhoI restriction sites had 

been incorporated 3’ of MAVS and 5’ of eGFP respectively during the design of pcDNA3.1/MAVS 

and pcDNA3.1/eGFP. The fidelity of the cloning was assessed by restriction enzyme digestion and 

by sequencing. 

Plasmids pAM/CMV-eGFP-bGHpA-CMV-MAVS-SV40pA (pAM/eM), pAM/CMV-MAVS-

bGHpA-CMV-eGFP-SV40pA (pAM/Me), pAM/CMV-eGFP-IRES-MAVS-SV40pA (pAM/eiM), 

and pAM/CMV-MAVS-IRES-eGFP-SV40pA (pAM/Mie), along with the monocistronic controls, 

pAM/CMV-eGFP-SV40pA (pAM/eGFP) and pAM/CMV-MAVS-SV40pA (pAM/MAVS) were 

assessed for their ability to express both transgenes by transient transfection of HEK 293T cells. 

The plasmids were co-transfected as previously described with either pBIIX-Luc or p125-Luc, and 

pRL-TK. Twenty four hours post transfection eGFP expression was assessed by flow cytometry 

(Figure 5.6) and activation of NFκB and IRF-3 signalling determined by luciferase activity (Figure 

5.7). Expression of eGFP was similar to the monocistronic plasmid with all plasmids except 

pAM/Mie, in which eGFP expression was driven by the IRES, in which the GeoMFI was reduced 

by 58%, although allowing for multiple comparisons this did not reach statistical significance 

(p=0.05).  In the NFκB reporter assay all bicistronic vectors stimulated significantly less luciferase 

activity than pAM/MAVS (p<0.01), although pAM/eM, pAM/Me, and pAM/Mie all achieved 

levels of luciferase activity of more than 60% of that seen with pAM/MAVS; pAM/Me was 

significantly more active than pAM/eM and pAM/Mie (p<0.001) (Figure 5.7 (A)). In the IRF3 

reporter assay all bicistronic vectors except pAM/Me (p=0.11) were significantly less active than 

pAM/MAVS (p<0.002). pAM/Me stimulated significantly more luciferase activity than all the other 

bicistronic vectors (p<0.02). Therefore with the dual promoter vector expression levels from the 5’ 

cistron were higher; this reached significance in the luciferase assays but not when eGFP expression 

was assessed. However the absolute difference in activity by position was small (expression of 

luciferase relative to pAM/MAVS was 84% and 115% for the 5’ cistron and 67% and 76% for the 

3’ cistron in the NFκB and IRF3 reporter assays respectively). IRES-driven expression was 

significantly weaker than that driven by the CMV promoter in both eGFP and luciferase assays. 

Interestingly, CMV promoter-driven expression of MAVS led to significantly less luciferase 

activity if the transcript contained an IRES; this difference was not evident when eGFP expression 

was assessed.  
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Figure 5.6 Expression of eGFP by 293T cells transfected with monocistronic and bicistronic 

plasmids. HEK 293T cells were transiently transfected with either a monocistronic plasmid (eGFP or 

MAVS) or a bicistronic plasmid (eM, Me, eiM or Mie). eGFP expression was assessed 24 hours post 

transfection by flow cytometry. The percentage of transduced cells (A) and the geometric mean fluorescent 

intensity (GeoMFI) (B) is presented. MAVS reflects the background fluorescence as it does not encode 

eGFP. Means and 95% confidence intervals are shown. For comparisons between groups data was natural 

log (ln) transformed and analysed with a one-way ANOVA. If the groups were statistically different (p<0.05) 

then multiple pairwise comparisons were made by the Holm-Sidak method. (A) No significant differences 

except MAVS, which is significantly different to rest (* p<0.001). (B) Significant difference between MAVS 

and all others (** p<0.003); other differences did not reach statistical significance (eiM vs Mie p=0.007, 

eGFP vs Mie p=0.05, eM vs Mie p=0.05).  

A. 

B. 
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Figure 5.7 Activation of NFκB (A) and IRF3 (B) signalling by the monocistronic and bicistronic 

plasmids. HEK 293T cells were transiently triple transfected with either a monocistronic plasmid (eGFP or 

MAVS) or a bicistronic plasmid (eM, Me, eiM, Mie), and with pBIIX-Luc (A) or p125-Luc (B), and pRL-

TK. Twenty four hours post transfection firefly and Renilla luciferase activity were determined with the 

Dual-Glo luciferase assay system (Promega). Stimulation of NFκB signalling (A) and the IRF-3 responsive 

interferon-β promoter (B) are expressed relative to MAVS. The experiment was performed twice in triplicate 

(n=6). Means and 95% confidence intervals are shown. Results were natural log (ln) transformed and 

compared with a one way ANOVA; if p<0.05 then pairwise comparisons were made by the Holm-Sidak 

method. (A) All differences are significant (p<0.01) except for eM and Mie (p=0.21). (B) All differences are 

significant (p<0.02) except for MAVS and Me (p=0.11).  

5.2.3 Production and Assessment of rAAV bicistronic vectors 

Bicistronic rAAV vectors were produced by transient transfection of HEK 293T cells as previously 

described in Chapter 3. Vector titres of MAVS-expressing vectors were 4.5 times lower than 

monocistronic eGFP-expressing vectors of the same pseudotype, including both 6(Y731F)/CMV-

eGFP-SV40 and previous preparations of 6(+/-Y731F)/CAG-eGFP-WPRE-bGHpA (p<0.00001 for 

A. 

B. 
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comparison of log10 transformed titre of virus in the clarified lysate for all preparations of 6 or 

6(Y731F)/eGFP vs pooled MAVS-containing vectors) (Table 5.1). The transduction titre of the 

bicistronic vectors and the monocistronic 6(Y731F)/CMV-eGFP-SV40pA vectors was determined 

in HeLa cells as described in Materials and Methods. The viral genome to transduction unit ratio 

was significantly higher for both the bicistronic vectors and the eGFP-expressing monocistronic 

vector when compared with vectors of the same serotype expressing eGFP under the control of the 

CAG/WPRE promoter/enhancer (Table 5.2). While the expression of MAVS may have contributed 

to the reduced vector potency, the reduced potency of the monocistronic eGFP-expressing vector 

suggested that rather it was something common to all the vectors, such as the promoter strength. It 

is interesting to note that in contrast to the findings with transient transfection of HEK 293T cells, 

in HeLa cells higher levels of transduction were achieved with 6(Y731F)/eiM and 6(Y731F)/Mie 

compared with the monocistronic eGFP vector. However these differences should be interpreted 

with care as the data from HeLa cells represents a single assessment. This could be further 

investigated by the assessment of eGFP expression following either transient transfection or 

infection of HeLa and 293 cells. 

 

Table 5.1  Yields of bicistronic and monocistronic rAAV vectors with a CMV/SV40pA expression 

cassette.  
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Table 5.2  Potency of bicistronic and monocistronic vectors with a CMV/SV40pA expression 

cassette.  

HEK 293T cells were infected with bicistronic or monocistronic rAAV at a MOI of 1x104 and 

eGFP expression was assessed 24 hours later (Figure 5.8). Significantly fewer cells were transduced 

and the GeoMFI was significantly lower with all CMV driven vectors than with the CAG/WPRE 

driven vector. To assess whether levels of MAVS expression were adequate to activate IRF3-

responsive promoters, HEK 293T cells were transiently transfected with pRL-TK and p125-Luc, the 

media changed 4 hours post transfection, and the cells infected with the various bicistronic and 

monocistronic vectors at a MOI of 1x104. Cells were harvested 24 hours post-infection and 

promoter activity determined by luciferase expression. Little activation of the IR3-responsive 

promoter was seen with any of the constructs (Figure 5.9).   

   

A. 

B. 
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Figure 5.8 Reduced expression of eGFP in HEK 293T cells infected with monocistronic or 

bicistronic rAAV6 (Y731F) vectors in which expression is driven by the CMV promoter. HEK 293T 

cells were infected with vector at a MOI of 1x104. Transgene expression was determined 24 hours post 

infection by flow cytometry. The percentage of transduced cells (A), the GeoMFI of transduced cells (B), 

and eGFP expression (%transduced x GeoMFI of transduced cells) (C) are shown.  The experiment was 

performed twice in triplicate (n=6). Means and 95% confidence intervals are shown. Results were compared 

with a one way ANOVA; if p<0.05 then pairwise comparisons were made by the Holm-Sidak method. (A) 

CAG-e was significantly different to all other vectors (* p<0.001); eiM was significantly different to M, UT, 

Mie, e, and eM (**p<0.001); Me was significantly different to M, UT, Mie († p<0.001); other differences 

were not significant. (B) CAG-e was significantly different to all other vectors (‡ p<0.001); Mie was 

significantly different to M, UT, eM, Me, and eiM (†† p<0.001); all other differences were not significant. 

(C) CAG-e was significantly different to all other vectors (¶ p<0.001); all other differences were not 

significant. 

 

Figure 5.9 Monocistronic or bicistronic rAAV6 (Y731F) vectors in which expression is driven by 

the CMV promoter fail to stimulate IRF3 signalling. HEK 293T cells, which had been transfected with 

p125-Luc and pRL-TK 4 hours previously, were infected with vector at a MOI of 1x104. Luciferase 

expression was determined 24 hours post infection. As a positive control HEK 293T cells were also 

C. 
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transfected with plasmid pAM/CAG-MAVS-WPRE-bGHpA (Tx MAVS). The stimulation of luciferase 

expression relative to 6(Y731F)/CMV-eGFP-SV40pA (e) is shown. The experiment was performed twice in 

triplicate (n=6). Means and 95% confidence intervals are shown. Log10-transformed data were compared 

with a one way ANOVA; if p<0.05 then pairwise comparisons were made by the Holm-Sidak method. The 

positive control (Tx MAVS) was significantly different to all the viral vectors (* p<0.001); M was 

significantly different to e, Me and eiM (** p<0.001). 

As promoter activity may vary between cell lines day 6 MoDCs from four donors were infected 

with the various bicistronic and monocistronic vectors at a MOI of 1x104. Forty eight hours post 

infection the cells were harvested and eGFP expression and immunophenotype (CD80, CD83, 

CD86, and HLA-DR) were assessed by flow cytometry. Transduction levels with 6(Y731F)/CAG-

eGFP-WPRE-bGHpA were similar to previous results (Figure 5.10). However little or no 

transduction was seen with either 6(Y731F)/CMV-eGFP-SV40pA or any of the bicistronic vectors. 

In addition no change in immunophenotype was seen (Figure 5.11).  

 

Figure 5.10 Monocistronic or bicistronic rAAV6 (Y731F) vectors in which expression is driven by 

the CMV promoter transduce MoDCs poorly. Day 6 MoDCs from 4 different donors were infected with 

vector at a MOI of 1x104. Transgene expression was determined 48 hours post transfection by flow 

cytometry. The percentage of transduced cells is shown. Means of duplicate measurements are shown. Lines 

indicate means. Natural log (ln) transformed data were compared with a one way ANOVA; if p<0.05 then 

pairwise comparisons were made by the Holm-Sidak method. CAG-eGFP was significantly different to all 

other vectors († <0.001); other differences were not significant. 
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Figure 5.11 Monocistronic or bicistronic rAAV6 (Y731F) vectors in which expression is driven by 

the CMV promoter do not alter the immunophenotype of MoDCs. Day 6 MoDCs from 3 different 

donors were infected with vector at a MOI of 1x104.Negative (uninfected) and positive (uninfected + 

addition of 100ng/mL LPS 24 hours prior to analysis) were included. Expression (GeoMFI) of CD80 (A), 

CD83 (B), CD86 (C), and HLA-DRa (D) were assessed 48 hours post-infection by flow cytometry. Means of 

duplicate measurements are shown. Lines indicate means. Results were compared with a one way ANOVA; 

if p<0.05 then pairwise comparisons were made by the Holm-Sidak method. With all markers (A-D) the 

positive control (+LPS) was significantly different to all others (p<0.001); other differences were not 

significant. 

A. B. 

C. D. 

CD80 CD83 

CD86 HLA-DRa 
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In an attempt to explain the discrepancy between transduction efficiency of vectors in which 

expression was driven by CMV promoter compared with those in which expression was driven by 

the CAG/WPRE promoter/enhancer the sequence data was re-analysed. An 11bp deletion was 

discovered in the 3’ ITR that had been introduced during the construction of the SV40pA-ITR by 

PCR (Figure 5.12). ITRs are important for rescue from the plasmid, genome replication and 

packaging, the initiation of second strand synthesis, the formation of episomes, and integration into 

the genome (241, 245, 246, 249, 250, 269, 526). In order to determine the impact of the deletion on 

expression levels a vector with a CMV-eGFP-bGHpA expression cassette was generated by a 

KpnI/ClaI digest of pAM/CAG-eGFP-bGHpA and pAM/CMV-eGFP-SV40pA, with subsequent 

ligation of CMV-eGFP into the pAM backbone. ITR integrity was confirmed by sequencing. 

Pseudotyped vectors were produced and the ability of 6(Y731F)/CMV-eGFP-bGHpA and 

6(Y731F)/CMV-eGFP-SV40pA to transduce HEK 293 and HeLa cells were compared. The vector 

with the deletion in the 3’ ITR (6(Y731F)/CMV-eGFP-SV40pA) transduced significantly fewer 

HEK 293T and HeLa cells (Figure 5.13); a transduction assay confirmed the reduction in vector 

potency of 6(a4t)/CMV-eGFP-SV40pA (1.0x105 vg:TU) while 6(a4t)/CMV-eGFP-bGHpA 

(8.6x103 vg:TU) had a potency similar to 6(a4t)/CAG-eGFP-WPRE-bGHpA (2.8x104 vg:TU). 

Therefore the lack of expression seen in MoDCs, 293T cells, and HeLa cells was due, at least in 

part, to the deletion in the 3’ ITR.  

 

Figure 5.12 The inverted terminal repeat (ITR) of rAAV2. The deletion in the C’ region is shown (red 

box). The structure was determined using the M-fold prediction program (527). 
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Figure 5.13 The deletion in the 3’ ITR of 6(Y731F)/CMV-eGFP-SV40pA reduces its infectivity. 

HeLa (A) and 293 cells (B) were infected with either 6(Y731F)/CMV-eGFP-SV40pA (  ) or 

6(Y731F)/CMV-eGFP-bGHpA (  ) at the indicated MOIs. Transgene expression was assessed by flow 

cytometry at 24 hours. The experiment was performed twice in duplicate (n=4). Means and 95% confidence 

intervals are shown. The vectors were compared at each MOI with a t-test. There was a significant difference 

between the two vectors at each MOI in both cell lines (p<0.001 except in HEK 293T cells at a MOI of 

20000 where p=0.001).  

To assess whether difference in promoter activity also contributed to the low transduction efficiency 

in MoDCs, MoDCs from three donors were infected at a MOI of 1x103 and 5x103 and eGFP 

expression was assessed by flow cytometry 48 hours post infection. Considerable variation in 

promoter activity was seen between donors. In one donor at a MOI of 5x103 virtually no MoDCs 

were transduced by 6(Y731F)/CMV-eGFP-bGHpA while 1.3% were transduced by 

6(Y731F)/CAG-eGFP-WPRE-bGHpA. In contrast in another donor similar levels of transduction 

were seen with the two vectors with no significant difference in the GeoMFI of transduced cells 

(Figure 5.14). Therefore the activity of the CMV promoter in MoDCs varies considerably between 

B. 

A. 
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donors with more consistent activity seen with the CAG/WPRE promoter/enhancer, making the 

CAG/WPRE the preferred promoter/enhancer for controlling transgene expression in MoDCs.  

 

Figure 5.14 The activity of the CMV promoter and the CAG/WPRE promoter/enhancer in 

MoDCs. MoDCs from three donors were transduced at the indicated MOI with either 6(Y731F)/CMV-

eGFP-bGHpA (CMV) or 6(Y731F)/CAG-eGFP-WPRE-bGHpA (CAG). The expression of eGFP was 

assessed 48 hours post infection by flow cytometry. On the left the percentage of transduced cells (A), the 

A. D. 

B. E. 

C. F. 



 

164 
 

GeoMFI of transduced cells (B), and eGFP expression (% transduced x GeoMFI) (C) is shown. On the right 

the ratio of % transduced cells (D), of GeoMFI of transduced cells (E) and of eGFP expression (F) in CAG-

infected MoDCs relative to CMV-infected MoDCs is shown. Means of duplicate measurements are plotted 

and lines indicate means. Differences were not significant. 

5.2.4 Development and assessment of fusion protein vectors  

The CAG/WPRE promoter/enhancer is 941bp larger than the CMV promoter. Given that the there 

is a marked reduction in the packaging efficiency and transduction efficiency of rAAV vectors with 

genomes larger than 5.2kbp (280, 281) construction of bicistronic vectors with a CAG/WPRE 

promoter/enhancer is likely to be problematic; IRES-containing vectors would be 5.57kbp while a 

dual promoter vector would be 6.35kbp. Therefore an alternative strategy for the combined 

synchronous expression of antigen and adjuvant was developed. Previous reports have 

demonstrated that MAVS remains functional with an N-terminal tag (481, 528-533); Brail et al. 

added GFP and eYFP at the N terminus (531) while others have added Myc (528, 530, 533), HA 

(481, 530), and FLAG (529, 532) tags at the N terminus. In addition N-terminal or C-terminal 

FLAG- or VSV- tags were used by Meylan et al. for immunoprecipitation experiments (480). 

Therefore a vector expressing MAVS with either a N-terminal or C-terminal eGFP as a fusion 

protein was developed (Figure 5.15). 
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Figure 5.15  Schematic of the fusion protein vectors with expression driven by the CAG/WPRE 

promoter/enhancer. 

Plasmid vectors encoding MAVS with a N-terminal or C-terminal eGFP tag were synthesised as 

described in Figure 5.16. Both N-terminal and C-terminal tagged MAVS were designed with a 

flexible 6 amino acid linker (Thr-Gly-Gly-Ser-Arg-Thr) as previously described (531); this linker 

contained the AgeI, BamHI and BsiWI restriction sites. To generate N-terminally tagged MAVS, 

eGFP was amplified with the linker encoded in the 3’ antisense primer and MAVS was amplified 

with the same linker in the 5’ sense primer. Both PCR products were used as templates in a second 

round PCR using the 5’ sense primer specific for eGFP and the 3’ antisense primer specific for 

MAVS. The resulting PCR product was cloned into the multiple cloning site of pAM/CAG-pL-

WPRE-bGHpA by digestion with XhoI and HindIII; a XhoI site had been incorporated at the 5’ end 

of the PCR product and a HindIII site at the 3’ end. To generate C-terminally tagged MAVS, 

MAVS was amplified with the linker encoded in the 3’ antisense primer and eGFP was amplified 

with the same linker in the 5’ sense primer. Both PCR products were used as template in a second 

round PCR using the 5’ sense primer specific for MAVS and the 3’ antisense primer specific for 

eGFP. Again the resulting PCR product was cloned into the multiple cloning site of pAM/CAG-pL-
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WPRE-bGHpA by digestion with XhoI and HindIII. The integrity of PCR constructs was confirmed 

by sequencing and of plasmids by restriction digestion.  

As an alternate approach a fusion protein with single ubiquitin molecule separating MAVS and 

eGFP was developed (Figure 5.15). The linear fusion of ubiquitin to the N-terminus of a protein 

leads to the co-translation cleavage of the C-terminal protein immediately after the last ubiquitin 

residue by deubiquitylating enzymes (534-536). When a ubiquitin residue is encoded between two 

proteins, the C-terminal protein is released while the N-terminal protein retains a ubiquitin residue 

at its C-terminus; the N-terminal protein can retain its structure and function with a C-terminal 

ubiquitin (537). In addition the presence of an ubiquitin molecule at the C-terminus does not target 

the protein for polyubiquitination and degradation, unlike the covalent linkage of ubiquitin to the ε-

amino group of a lysine residue by an isopeptide bond (536, 537); mutation of the lysine at position 

48 in ubiquitin to arginine further reduces the risk of polyubiquitination (536). Therefore a MAVS-

ubiquitin-eGFP fusion protein was constructed.  
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Figure 5.16 Construction of the plasmid vectors encoding N-terminal or C-terminal tagged MAVS. 

A version of this figure that contains more detailed vector maps is available electronically on the 

accompanying CD (Figure A5.16). 

Plasmid vectors encoding MAVS-ubiquitin-eGFP were constructed as outlined in Figure 5.17. 

Briefly a linker-ubiquitin-ELA fusion where the linker encodes the amino acid sequence Thr-Gly-

Gly-Ser-Arg-Thr and contains the restriction sites AgeI, BamHI, and BsiWI, as described above, 

was commercially synthesised (GenScript). ELA is a HLA-A2-restricted epitope from the melan-

A/MART-1 protein which has had the second anchor residue mutated from an alanine to a leucine, 

increasing the affinity of the peptide for the HLA-A2 molecule and increasing its antigenicity (538, 
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539). ELA-specific CD8+ T cells exist at high frequency in healthy HLA-A2 donors and have a 

naive phenotype (538) making them an attractive in vitro assay system for assessing the efficacy of 

rAAV encoding an adjuvant. Indeed the efficacy of a vaccinia virus vector expressing an eGFP-ub-

ELA fusion protein has previously been assessed using this system (539). To generate pAM/CAG-

MAVS-ub-eGFP-WPRE-bGHpA, eGFP was amplified from pAM/CAG-eGFP-WPRE-bGHpA 

with the 5’ sense primer containing a 20bp sequence that was complimentary to the 3’ sequence of 

ubiquitin. Linker-ubiquitin-ELA was released from the plasmid backbone (pUC57) by digestion 

with AgeI and HindIII and was used as a template, along with the eGFP PCR product, for a second 

round PCR to generate linker-ubiquitin-eGFP. The second round PCR product and pAM/CAG-

MAVS-eGFP-WPRE-bGHpA were then digested with AgeI and HindIII and ligated to generate 

pAM/CAG-MAVS-ub-eGFP-WPRE-bGHpA. The alternative construct, pAM/CAG-eGFP-ub-

MAVS-WPRE-bGHpA, was not generated. The C-terminus of antigenic peptides is determined by 

proteasomal processing (540). The C-terminus of ELA is generated by the proteasome but not the 

immunoproteasome; while DCs constitutively express both the immunoproteasome and the 

standard proteasome they fail to stimulate an ELA-specific CTL clone as they do not generate the 

correct C terminus of the epitope (541). Therefore when expressed in MoDCs ELA needs to be at 

the C-terminus of a fusion protein to ensure correct processing. This restriction however will not 

apply to many other epitopes so placement of MAVS after the ubiquitin may be a reasonable 

approach. The integrity of PCR constructs was confirmed by sequencing and of plasmids by 

restriction digestion. 
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Figure 5.17 Construction of the plasmid vector encoding MAVS-ubiquitin-eGFP. A version of this 

figure that contains more detailed vector maps is available electronically on the accompanying CD (Figure 

A5.17). 

To assess the ability of plasmids pAM/CAG-eGFP-MAVS-WPRE-bGHpA (eMFP), pAM/CAG-

MAVS-eGFP-WPRE-bGHpA (MeFP), and pAM/CAG-MAVS-ubiquitin-eGFP-WPRE-bGHpA 

(MubeFP), to express functional eGFP and MAVS, 293 cells were transiently transfected with one of 

the plasmids or pAM/CAG-eGFP-WPRE-bGHpA and p125-Luc and pRL-TK  as described above. 

Activation of IRF-3 was determined by detecting luciferase expression 24 hours post-transfection. 

eGFP expression was determined by flow cytometry. The ability of plasmids encoding the C-

terminal tagged MAVS (MeFP) and the ubiquitin system (MubeFP) to stimulate IRF3 signalling was 

moderately reduced compared to the plasmid expressing MAVS alone, although only the later 

reached statistical significance (p=0.004); the plasmid encoding N-terminal tagged MAVS (eMFP) 
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achieved similar levels of IRF3 signalling as the plasmid encoding MAVS alone (Figure 5.18). The 

eGFP tag also retained its function with similar numbers of cells transfected with all vectors (Figure 

5.19 A). However the GeoMFI was reduced with all plasmids expressing fusion proteins, although 

when allowing for multiple comparisons only the difference with MeFP reached statistical 

significance (p<0.001) (eMFP p= 0.03, MubeFP p=0.06) (Figure 5.19 B). The GeoMFIs seen with the 

fusion protein plasmids were similar to eGFP expression driven by the CMV promoter (Figure 

5.19B).  It was confirmed that eGFP was efficiently cleaved from MAVS-ubiquitin-eGFP by a 

Western blot, suggesting that the reduced fluorescence seen with the fusion proteins was due to 

over-expression of MAVS rather than the conformation of the fusion protein (Figure 5.20). 

 

Figure 5.18 Activation of the type I interferon promoter by the various MAVS fusion protein 

vectors. HEK 293T cells were transfected with p125-Luc, pRL-TK, and one of pAM/CAG-eGFP-MAVS-

WPRE-bGHpA (eM), pAM/CAG-MAVS-eGFP-WPRE-bGHpA (Me), pAM/CAG-MAVS-ub-eGFP-

WPRE-bGHpA (Mube), pAM/CMV-MAVS-SV40pA (CMV-M), pAM/CAG-MAVS-WPRE-bGHpA 

(CAG-V), pAM/CMV-eGFP-SV40pA (CMV-e), or pAM/CAG-eGFP-WPRE-bGHpA (CAG-e). Luciferase 

activity was determined 24 hours post-transfection. Luciferase activity is expressed relative to CAG-MAVS.   

The experiment was repeated twice in triplicate (n=6). Means and 95% confidence intervals are shown. Data 

was natural log (ln) transformed and compared with a one way ANOVA; if p<0.05 then pairwise 

comparisons were made by the Holm-Sidak method. CMV-e (*p<0.001) and CAG-e (**p<0.001) were 

significantly different to all other plasmids; CAG-M was significantly different to Mube (†p=0.004). Other 

differences were not significant. 
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Figure 5.19 Expression of eGFP by HEK 293T cells transfected with plasmids expressing MAVS 

fusion proteins. HEK 293 T cells were transfected with pAM/CAG-eGFP-MAVS-WPRE-bGHpA (eM), 

pAM/CAG-MAVS-eGFP-WPRE-bGHpA (Me), pAM/CAG-MAVS-ub-eGFP-WPRE-bGHpA (Mube), 

pAM/CMV-MAVS-SV40pA (CMV-M), pAM/CAG-MAVS-WPRE-bGHpA (CAG-V), pAM/CMV-eGFP-

SV40pA (CMV-e), or pAM/CAG-eGFP-WPRE-bGHpA (CAG-e). eGFP expression was determined 24 

hours post-transfection by flow cytometry. The percentage of transduced cells (A) and GeoMFI (B) is 

shown. The experiment was repeated twice in triplicate (n=6). Means and 95% confidence intervals are 

shown. Data was natural log (ln) transformed and compared with a one way ANOVA; if p<0.05 then 

pairwise comparisons were made by the Holm-Sidak method. A: CMV-M (* p<0.001) and CAG-M 

(**p<0.001) were significantly different to all other plasmids. All other differences were not significant. B: 

CAG-e was significantly different to Me, CMV-M, CAG-M, and CMV-e (p<0.005); CMV-M (†p<0.001) 

and CAG-M (‡p<0.001) significantly different to all other plasmids. Other differences were not significant. 

A. 

B. 
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Figure 5.20 eGFP is cleaved from MAVS-ub-eGFP. HEK 293 T cells were transfected with 

pAM/CAG-MAVS-ub-eGFP-WPRE-bGHpA (MAVS-ub-eGFP), pAM/CAG-eGFP-WPRE-bGHpA, or 

pAM/CAG-eGFP-MAVS-WPRE-bGHpA and 24 hours later the cells were harvested, resuspended in 1x 

Laemmli loading buffer, and run on a 10% SDS-PAGE gel. The protein was transferred to a nitrocellulose 

membrane, probed with anti-eGFP (above), stripped and then probed with anti-tubulin (below).  

To assess the effect of fusion protein expression in MoDCs vector stocks were prepared. However 

titres of vector stocks were repeatedly low due to reduced yield (Table 5.3); yields were reduced by 

1 log10 compared with previous preparations that did not express MAVS. When losses through the 

purification process were considered the titres of the vector stocks were insufficient for experiments 

in MoDCs. The over-expression of MAVS has recently been show to induce apoptosis in HEK 

293T cells in a caspase-dependent manner (542). To assess whether the reduced yields of vector 

were related to cell viability HEK 293T cells were transfected by the PEI method with pFΔ6, 

pAAV2/6  (Y731F) and pAM/CAG-eGFP-WPRE-bGHpA, pAM/CAG-MAVS-WPRE-bGHpA or 

pAM/CMV-MAVS-SV40pA, in the same ratios as if vector were being prepared. Forty eight hours 

post-transfection cells were harvested and the cell count and viability determined by trypan blue 

staining; in addition an aliquot was stained with propidium iodide and viability assessed by flow 

cytometry. In cells transfected with a MAVS-encoding plasmid cell counts (p=<0.001) and cell 

viability, whether determined by trypan blue staining (p<0.003) or flow cytometry (p<0.001), were 

significantly reduced (Figure 5.21). A small but significant difference in cell counts (p=0.02) but 

not cell viability was seen between cells transfected with pAM/CAG-eGFP-WPRE-bGHpA and 

uninfected controls.  
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Table 5.3 Yield of rAAV encoding MAVS or MAVS fusion proteins under the transcriptional control 

of the CAG/WPRE promoter/enhancer. 
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Figure 5.21 Expression of MAVS in HEK 293T cells reduces the number and viability of cells at 48 

hours. HEK 293T cells were transfected with pFΔ6, pAAV2/6(Y731F), and one of pAM/CAG-eGFP-

WPRE-bGHpA (CAG-eGFP), pAM/CAG-MAVS-WPRE-bGHpA (CAG-MAVS), or pAM/CMV-MAVS-

SV40pA (CMV-MAVS) in a 6 well plate as per the protocol for vector production. Cells were harvested by 

trypsinisation 48 hours post transfection and cell number (A) and viability (B) assessed by trypan blue 

staining in a haemocytometer. Viability was also assessed by propidium iodide staining and flow cytometry 

A. 

B. 

C. 
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(C). The experiment was performed three times in duplicate (n=6). Means and 95% confidence intervals are 

shown. Samples were compared with a one way ANOVA; if p<0.05 then pairwise comparisons were made 

by the Holm-Sidak method. * p=0.02; ** p<0.001; † p<0.003; ‡ p<0.001. 

5.3 Discussion 

Activation of DCs is essential for priming a naive T cell response (25, 26). As shown in this thesis 

and by others, rAAV fails to activate MoDCs (290, 458). In a phase I clinical vaccine trial rAAV 

was weakly immunogenic (372). Further in studies in mice intramuscular immunisation with rAAV 

elicited an aberrant immune response (373, 374). This study sought to improve the ability of rAAV 

to activate MoDCs and to prime a transgene-specific T cell response by the inclusion of a vector-

encoded adjuvant. TICAM-1, an adaptor molecule in the MyD88-independent TLR signalling 

pathway (478, 518, 519), MAVS, a mitochondrial-anchored adaptor molecule in the RIG-I and 

MDA-5 signalling pathways (481), and DS40, a sequence encoding a short hairpin RNA with a 

40bp stem (89) were assessed for their ability stimulate NFκB and IRF3 signalling in a luciferase 

assay. TICAM-1 and DS40 have previously been assessed as plasmid vector encoded adjuvants for 

DNA vaccination (89, 90). In an in vitro reporter assay TICAM-1 was shown to be the most potent 

activator of the interferon-β promoter of a range of TLR adaptor molecules tested (MyD88, TIRAP, 

TOLLIP, IRAK-1, and TRAF6) (90). In mice immunised with a bicistronic plasmid encoding 

TICAM-1 and LacZ, splenocytes had higher levels of interferon-γ mRNA and greater LacZ-specific 

cytolytic activity than mice that had been immunised with a plasmid encoding LacZ alone. In 

comparison with a monocistronic plasmid encoding antigen alone enhanced protection was seen in 

a lethal influenza virus challenge model and in a tumour growth model (90). Similarly, 

immunisation of mice with a bicistronic plasmid encoding DS40 and either  env or nef from HIV 

elicited significantly more interferon-γ-secreting splenocytes as assessed by ELIspot than a vector 

encoding the antigen alone (89). The ability of DS40 to activate NFκB and IRF3 signalling has not 

previously been assessed. MAVS has not previously been assessed as an adjuvant but over 

expression has been shown to potently activate IRF 3, IRF7 and NFκB signalling (479). The 

experiments carried out here found that TICAM-1 and MAVS both stimulated robust NFκB and 

IRF3 signalling with 1.6 fold (p<0.001) and 1.7 fold (p=0.005) greater activity respectively seen 

with TICAM-1 (Figure 5.3). This is consistent with a previous study which found approximately  4-

fold greater activation of both IRF3 and NFκB-mediated signalling by TICAM-1 than with MAVS 

(543). It is not clear why no reporter activity was seen with DS40. Vector-expressed short hairpin 

RNAs have previously been shown to activate type I interferon production (544, 545). It is possible 

that the assay lacked sensitivity to detect DS40-mediated signalling. Alternatively, DS40 may not 
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have been expressed; this could be assessed by a northern blot. Given the robust activation of IRF3 

and NFκB-mediated signalling with MAVS, its smaller size (837bp smaller), and the limited 

packaging capacity of rAAV (280, 281) it was decided to proceed with MAVS as a candidate 

vector-encoded adjuvant. 

Other vector encoded adjuvants that have been reported include TLR-agonists, such as flagellin, 

(89, 495-498), a viral activator of NFκB (vFLIP) (500), heat shock proteins (501-503), CD40L 

(498, 504), cytokines or interferons (95-97, 505-512), co-stimulatory molecules (96, 513), a gene 

fusion with the C’ terminus of the α-chain of C4bp (514), and a gene fusion with Ag85B from 

Mycobacterium kansasii (515). A theoretical advantage of the signalling adaptors TICAM-1 and 

MAVS and the short hairpin RNA encoding DS40, which is expected to be a ligand for RIG-I 

(520),  is that their site of action is in the cytoplasm of the infected cell; this ensures adjuvant 

mediated innate immune signalling in the transduced cell while avoiding signalling in non-

transduced cells, minimising the risk of toxicity. In contrast TLR agonists, such as flagellin, heat 

shock proteins, and cytokines require secretion from the cell to activate innate immune signalling 

pathways (25, 546-548) which may lead to activation of non-transduced cells, increasing the risk of 

toxicity. A further theoretical advantage of TICAM-1, MAVS and DS40 is that like TLR agonists 

they would be expected to activate a broad  transcriptional program, leading in DCs to the 

upregulation of MHC class I and II surface expression (signal 1), of co-stimulatory molecule 

expression (signal 2), and of secretion of a range of cytokines, including IL-12 and interferon-β 

(signal 3) (25, 26). Expression of co-stimulatory molecules alone is insufficient to prime a naive T 

cell response (26). While DCs can be activated by inflammatory cytokines, DCs activated by 

cytokines in the absence of pattern recognition receptor-signalling  are unable to polarise a CD4+ TH 

cell response, suggesting that TLR-signalling is critical for priming an appropriate T cell response 

(549). A potential disadvantage of vector-encoded TICAM-1 or MAVS is the risk of homologous 

recombination, however this occurs at a much lower frequency and is far less likely to cause 

oncogenesis than random integration (550, 551).  

Bicistronic plasmid vectors encoding MAVS and eGFP were constructed in the rAAV genome-

encoding plasmid pAM/CAG-eGFP-WPRE-bGHpA. Expression was driven by either two CMV 

promoters or a CMV promoter and the IRES from ECMV. The CMV promoter was used instead of 

the CAG/WPRE promoter enhancer due to the packaging constraints of rAAV; a marked reduction 

in packaging efficiency and transduction efficiency has previously been demonstrated with vector 

genomes greater than 5.2kbp (280, 281).  Vectors were generated in both orientations, with either 

eGFP or MAVS in the 5’ position. Transfection of HEK 293T cells with these plasmids revealed 
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that the position of the gene made little difference to expression levels in the dual promoter vector, 

with only a minor albeit significant reduction in expression from the 3’ promoter. In contrast IRES-

mediated expression was significantly weaker than that from the CMV promoter alone. While it has 

been suggested that promoter competition may complicate the use of dual promoter vectors (552, 

553) another report demonstrated no competition between two copies of the same promoter, albeit 

separated by over 20kbp (525). IRES-mediated expression varies with cell type and with the type of 

IRES (554). Levels of expression from the wild-type ECMV IRES are generally greater than from 

other IRES sequences and capped mRNA (555). Competition between IRES- and cap-mediated 

translation was noted in a cell free system but was less evident in HeLa cells (555). In contrast in 

pIRES (Clontech) the IRES is partially disabled with ~1log10 reduction in expression levels in both 

a cell free system and in HeLa cells compared with wild-type ECMV IRES (555). Further, the 

proximity of the 5’ and 3’ cistrons to the IRES can affect translation efficiency (555). Therefore the 

low levels of IRES-mediated expression seen in my experiments may reflect a combination of the 

IRES used and the surrounding sequence.  The wild-type ECMV IRES should be used to achieve 

higher levels of expression.  For antigen expression in DCs an IRES may be preferred. When DCs 

are activated there is an initial burst of protein synthesis which is later followed by inhibition of 

cap-mediated translation and a switch to IRES-mediated translation (556). Therefore IRES-

mediated translation may be preferred in DCs to ensure ongoing production of transgene. Further, 

the relative activity of the IRES and dual promoter vectors in 293 cells may not accurately reflect 

activity in DCs. 

To assess the activity of the dual promoter and IRES bicistronic vectors in DCs and their effect on 

DC immunophenotype bicistronic rAAV was produced. Of note yields were 4.5 fold lower with 

MAVS-encoding vectors than with the monocistronic vector 6(Y731F)/CMV-eGFP-SV40pA and 

with previous preparations of vectors of the same pseudotype that did not encode MAVS. Poor 

transduction of MoDCs was seen and no alteration in immunophenotype was noted. Further, levels 

of transduction of HEK 293T and HeLa cells were significantly lower with all bicistronic vectors 

and with the monocistronic 6(Y731F)/CMV-eGFP-SV40pA vector compared with 6(Y731F)/CAG-

eGFP-WPRE-bGHpA. Reanalysis of sequencing data revealed an 11bp deletion in the 3’ ITR in the 

C’ region. ITRs are important for rescue of the vector genome from the plasmid, genome replication 

and packaging, the initiation of second strand synthesis, the formation of episomes, and integration 

into the genome (241, 245, 246, 249, 250, 269, 526). As similar titres of rAAV6(Y731F)/CMV-

eGFP-SV40pA were obtained as previously it is unlikely that this deletion affected genome rescue, 

replication or packaging. To assess whether the deletion in the ITR was responsible for the low 

levels of transduction seen in MoDCs, 293T and HeLa cells, a new vector in which eGFP 



 

177 
 

expression was driven by the CMV promoter was generated (6(Y731F)/CMV-eGFP-bGHpA). 

Significantly greater levels of transduction were seen with 6(Y731F)/CMV-eGFP-bGHpA in HEK 

293T and HeLa cells and vector potency was similar to 6(Y731F)/CAG-eGFP-WPRE-bGHpA. 

While the polyadenylation signal also varied between 6(Y731F)/CMV-eGFP-bGHpA and 

6(Y731F)/CMV-eGFP-SV40pA, a previous study found no difference in the stability of mRNA 

transcripts or gene expression with these two polyadenylation signals (525) suggesting that the 

deletion in the ITR had compromised vector transduction. From the data it is not possible to 

determine at which step post infection the block in transduction is occurring; second strand 

synthesis could be assessed by a Southern blot.  

The relative activity of the CMV promoter and the CAG/WPRE promoter/enhancer was assessed in 

MoDCs. Marked inter-individual variation in transduction efficiency with the CMV promoter was 

noted; in contrast the CAG/WPRE promoter/enhancer was consistently as or more active than the 

CMV promoter. There have been no previous comparisons of the CMV promoter and the 

CAG/WPRE enhancer in DCs. Garg et al. immunised mice with a DNA vaccine encoding influenza 

virus haemagglutinin under the transcriptional control of either CMV, CAG, or CAG/WPRE; 

significantly higher humoral and cellular immune responses were seen with CAG/WPRE and there 

was enhanced protection against a lethal influenza virus challenge (557). In contrast Santos et al. 

found no difference in activity between these two promoters in murine DCs (459), although the 

CAG promoter is more active in murine skin (558) and brain (559). Indeed, in 293 cells higher 

levels of transgene expression were seen with the CAG/WPRE promoter/enhancer (Figure 5.19). 

Therefore for the transduction of DCs the CAG/WPRE promoter/enhancer should be preferred to 

the CMV promoter. 

As the CAG/WPRE promoter/enhancer is 941bp larger than the CMV promoter, the dual expression 

of a vector-encoded adjuvant and an antigen or reporter from the same vector required the 

development of a fusion protein vector. Bicistronic vectors with a CAG/WPRE promoter/enhancer 

would exceed the packaging capacity of rAAV of 5.2kbp (280, 281); dual promoter vectors would 

be 6.35kbp and IRES-containing vectors 5.57kbp. For use as a vaccine vector the function of the 

adjuvant is paramount while the antigen does not need to functional; antigen is cleaved into 

peptides by the proteasome, transported by TAP into the endoplasmic reticulum and loaded onto 

MHC class I molecules (540). Previous reports have demonstrated that MAVS is functional with an 

N-terminal tag (481, 528-533), including a GFP or a  eYFP tag (531) and C-terminal tags have also 

been used in immunoprecipitation experiments (480). Therefore plasmid vectors expressing a fusion 

of protein of MAVS with either a N-terminal or C-terminal eGFP were generated. In addition a 
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plasmid expressing a MAVS-ubiquitin-eGFP fusion protein was generated. Co-translational 

cleavage of the fusion protein immediately after the last ubiquitin residue by deubiquitylating 

enzymes releases the C-terminal protein while the ubiquitin remains attached to the N-terminal 

protein (534-536). The N-terminal protein can retain its structure and function with a C-terminal 

ubiquitin (537) and it is not targeted for polyubiquitination and subsequent proteasomal degradation 

(536, 537); mutation of the lysine at position 48 in ubiquitin to arginine further reduces the risk of 

polyubiquitination (536).  Complete cleavage was confirmed by a Western blot (Figure 5.20). 

The functionality of MAVS when expressed as a fusion protein was assessed using the IRF3 

reporter assay. N-terminally tagged MAVS showed similar levels of activation of IRF-3 signalling 

as un-tagged MAVS. Reduced activity was seen with the MAVS-ub-eGFP and with MAVS-eGFP, 

although the latter did not reach statistical significance. This suggests that an N-terminal tag does 

not disrupt the function of MAVS, consistent with previous reports (481, 528-533), but that a C-

terminal eGFP causes a moderate reduction in function. It is not possible to determine from these 

experiments whether the reduced levels of IRF-3 activation seen with MAVS-ub-eGFP were due to 

the C-terminal positioning of the ubiquitin or to increased proteasomal degradation, although the 

levels of IRF3 activation with MAVS-ub-eGFP were similar to MAVS-eGFP. The positioning of 

MAVS at the C-terminus of the ubiquitin fusion protein (ie eGFP-ub-MAVS) may lead to greater 

MAVS activity. This vector was not constructed as it was intended to assess the ability of the self-

adjuvanted vector to stimulate co-stimulation dependent ELA-specific CD8+ T cells; the 

immunoproteasome, which is constitutively expressed in DCs, fails to produce ELA-encoding 

peptides with the correct C-terminus  (541) necessitating the placement of the ELA epitope at the C-

terminus of the fusion protein. Similar restrictions would apply to the use of N-terminally tagged 

MAVS in this experimental system. Expression of eGFP was also assessed by flow cytometry. 

While a similar proportion of cells were transduced with all plasmids reduced levels of eGFP 

expression (as determined by GeoMFI) were seen with MAVS-ub-eGFP, eGFP-MAVS, and 

MAVS-eGFP, with only the latter reaching significance; the GeoMFIs with all fusion proteins were 

similar to eGFP expression driven by the CMV promoter. This reduction in eGFP expression may 

be due to either decreased production of the fusion protein, a reduction in half life or reduced 

function of eGFP, however as similar levels of GeoMFI were seen with MAVS-eGFP, eGFP-

MAVS and MAVS-ub-eGFP and eGFP was successfully cleaved from MAVS-ub-eGFP (Figure 

5.20) it suggests that a reduction in the function of eGFP is unlikely. Further both N-terminal and 

C-terminal fusion proteins of GFP have been shown to fold efficiently in eukaryotes (560). 

Therefore the reduction in eGFP expression may be due to co-expression of MAVS. While MAVS 

stimulates production of type I interferons (479-481), interferon-stimulated genes, such as protein 
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kinase R and oligoadenylate synthetase, which are involved in the inhibition of protein translation 

and degradation of cellular RNA respectively, are activated upon recognition of dsRNA which is 

not present in fusion protein. Further, while the cytoplasmic DNA sensor AIM2 is up-regulated by 

type I interferons, it is not expressed in HEK 293T cells (468, 469, 561), suggesting that stimulation 

of type I interferon secretion by over-expression of MAVS did not prime the HEK 293T cells to 

respond to cytoplasmic plasmid. Alternatively decreased production of eGFP may be due to 

apoptosis of HEK293T cells due to over-expression of MAVS (Figure 5.21) (542); MAVS mediates 

apoptosis in a interferon-independent, caspase-dependent manner, although apoptosis is more 

evident at 48 hours rather than at 24 hours when eGFP expression was assessed (542). 

In order to assess the effect of the expression of fusion proteins on the immunophenotype of 

MoDCs rAAV vectors were made. However low titres of MAVS-encoding vectors were obtained, 

with a 1log10 reduction in yield compared with that typically obtained with non-MAVS-expressing 

vectors; yields were approximately 2.5 fold less than with the bicistronic vectors. Accounting for 

losses through the purification process vector stocks were of insufficient titre to permit an 

assessment of their effect on MoDCs. It has recently been reported that over-expression of MAVS 

in 293 cells leads to apoptosis (542). To assess whether MAVS was adversely affecting the viability 

HEK 293T cells during vector production, vectors expressing either eGFP or MAVS under the 

control of either the CAG/WPRE promoter/enhancer or the CMV promoter were made. Cell 

number and viability at 48 hours post transfection were significantly reduced with both 

6(Y731F)/CMV-MAVS-SV40pA and 6(Y731F)/CAG-MAVS-WPRE-bGHpA; only a minor 

reduction in cell count was seen with the production of 6(Y731F)/CAG- eGFP-WPRE-bGHpA. 

This suggests that production of MAVS-encoding vectors in 293T cells is hampered by reduced cell 

viability; this is likely due to MAVS-induced apoptosis (542) but this cannot be discerned from my 

data. It is also possible that the MAVS-induced type I interferon production is compromising vector 

production, although the production of rAAV encoding type I interferons has previously been 

reported (562, 563)  

As adequate titres of vector could not be produced in HEK 293 cells it was not possible to assess 

the effect of expression of a MAVS fusion protein on the immunophenotype of MoDCs. MAVS is 

conserved in Eutheria therefore production in any mammalian cell line would likely prove similarly 

inefficient.   Alternatively rAAV could be produced in insect cell lines as there is no homologue of 

MAVS or the interferon system in insects. The next Chapter describes the development of a 

baculovirus-based system for the production of rAAV2/6(Y731F). 
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Chapter 6 – Baculovirus Production System for rAAV6 (Y731F) 

6.1 Introduction 

Due to the difficulties encountered in producing MAVS-expressing vectors in HEK 293T cells, 

alternative methods of vector production were sought. Over expression of MAVS in HEK 293T 

cells resulted in decreased cell number and viability (Figure 5.21); apoptosis of HEK293T cells 48 

hours post transfection with MAVS has recently been reported (542). MAVS is highly conserved in 

Eutheria suggesting that similar problems may be encountered with other mammalian cell lines. 

There is no homologue of MAVS in insects (Homologene, NCBI). The production of rAAV 

pseudotypes 1, 2, 5, 6 and 8 in insect cells using baculovirus has been described (283, 406, 564-

566). Therefore this study sought to develop a baculovirus system for producing MAVS-expressing 

rAAV6 (Y731F) vectors in insect cells. 

The production of rAAV in insect cells using a baculovirus system was first described for serotype 

2 vectors (406). The rAAV genome encodes two large non-structural Rep proteins from the p5 

promoter (Rep78 and Rep68) and two small Rep proteins from the p19 promoter (Rep52 and 

Rep40). Either large Rep protein is able to initiate vector genome replication (406, 567), while 

either small Rep proteins is required for genome encapsidation (272, 406). Urabe et al. 

demonstrated that the AAV non-structural protein Rep78 was able to initiate vector genome 

replication in Spodoptera frugiperda Sf9 cells (406).  Rep 78 and Rep 52 were successfully 

expressed in Sf9 cells from separate gene expression cassettes placed in a head to head orientation 

in a single baculovirus (406). In mammalian cells the structural proteins VP1, VP2, and VP3 are 

produced from the p40 promoter as a single transcript. Alternate splicing of the 5’ intron sequence 

yields VP1 or VP2/VP3, with VP2 translated from a poorly utilised, non-canonical initiation codon 

(ACG), giving the correct stoichiometry (1:1:10). The expression of the wild-type transcript in Sf9 

cells failed to yield capsid proteins (406). Therefore Urabe et al. expressed all three structural 

proteins from a single transcript by dispensing with the intron, mutating the initiation codon of VP1 

to the weaker ACG,  removing the splice acceptor site for VP2/VP3, and including a nine base pair 

sequence, which is found 5’ of the VP2 ACG initiation codon, in the same position relative to the 

newly generated VP1 ACG initiation codon (406). By infecting Sf9 cells with three separate 

baculoviruses, encoding the vector genome, the AAV structural proteins and the AAV non-

structural proteins (Rep78 and Rep52 only), infectious rAAV2 was produced that had similar 

transduction ability in vitro to rAAV2 produced in mammalian cells. Transduction of murine 

photoreceptor cells in vivo was indistinguishable from vector produced in mammalian cells. Further, 

the yield per cell was 1log10 higher than from mammalian cells (406). When combined with the 
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ability of Sf9 cells to be grown in suspension culture significant gains in vector yield can be made 

(397). 

Production of rAAV pseudotypes other than serotype 2 in insect cells has proven more complex. 

Kohlbrenner et al., attempted to produce pseudotypes 5 and 8 by incorporating the same mutations 

at the 5’ end of the cap coding sequence as described by Urabe et al., however infectivity of the 

vector was reduced by 3-4 orders of magnitude due to poor incorporation of VP1 and a subsequent 

loss of the phospholipase activity required for endosomal escape (564, 568). These workers 

corrected the loss of phospholipase activity by creating a chimeric AAV8 VP1. The N terminal 134 

amino acids of the AAV8 VP1 were replaced with the equivalent residues from the mutated 

serotype 2 VP1, restoring the phospholipase activity and infectivity of the particles. Mosaic vectors 

were also generated by including the mutated serotype 2 VP1 in addition to the non-functional VP1 

from rAAV5 or 8; expression of the AAV2 VP1 was controlled by a self-cleaving hammerhead 

ribozyme that was controlled by a small molecular inhibitor. Mosaic vectors also demonstrated 

restoration of phospholipase activity and infectivity (564).  Another group has also described the 

development of chimeric VP1 capsid proteins to restore infectivity of AAV5/5 vectors (565). 

Vectors with the serotype 5 VP1 N terminus were non-infectious. Chimeric VP1 molecules were 

constructed with between 12 and 140 amino acids replaced with the corresponding amino acids 

from serotype 2 VP1 that incorporated the previously identified mutations. With the exception of 

the 12 amino acid fusion, all were equally infectious in COS cells as rAAV produced in HEK 293T 

cells (565). Higher levels of transgene expression were seen in vitro and in vivo with the Sf9 cell-

produced vector; an increased tendency of Sf9 cells to package a monomer duplex or truncated 

monomer duplex genome if the genome size was significantly less than wild-type was noted, which 

may explain the differences in transduction efficiency (565). 

A recent report by Chen described a different approach to producing rAAV in insect cells (566). 

Chen used an artificial intron which contained the polH promoter (the sequence and the method of 

construction of the intron were not disclosed). By insertion of this synthetic intron within the gene 

encoding Rep78, both Rep78 and Rep52 were successfully produced. Similarly, insertion of the 

synthetic intron within the VP1 coding sequence prior to VP2 allowed production of high levels of 

VP1, VP2, and VP3 while maintaining the original VP1 AUG initiation codon. Pseudotypes 1, 2, 6, 

and 8 were prepared by this method. When compared with pseudotypes 2, 6, and 8 prepared with 

the mutations described by Urabe, higher levels of VP1 and VP2 were incorporated into the rAAV 

capsid. Pseudotype 2 and 6 vectors prepared by each method, along with pseudotype 2 vectors 

prepared in HEK 293 T cells, were compared for their ability to transduce HepG2 cells. For both 

pseudotypes, vector produced with intron-containing baculoviruses achieved 2-2.5 times the levels 
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of transduction as vector prepared with the Urabe mutations, and in the case of pseudotype 2 was 

comparable with vector produced in HEK 293 cells (566). This contrasts with the original report by 

Urabe et al. in which the pseudotype vector achieved similar levels of transduction of COS cells as 

vector produced in HEK 293 cells (406). Further no comparison was made with HEK 293 cell-

produced vector for rAAV6, nor was a chimeric VP1 protein assessed. Therefore it is not possible 

to determine from this study the relative infectiousness of baculovirus–produced rAAV2/6 or 

whether the phospholipase activity of VP1 is maintained when the Urabe mutations are used. As the 

synthetic intron approach is not described and has been commercialised it is not possible to 

replicate this approach. 

Production of rAAV in insect cells typically requires 3 baculoviruses, encoding Rep78 and Rep52, 

the capsid proteins and the vector genome (396, 405, 406, 565, 566, 569-571). Kohlbrenner et al. 

used separate baculoviruses to encode Rep78 and Rep52 as they found the baculovirus encoding 

both to be unstable with serial passage (564). Also the expression of the non-structural and 

structural proteins from the same baculovirus has recently been reported (413, 566). Insect cells are 

infected at high multiplicity of infection with equimolar amounts of each baculovirus to ensure 

infection of each cell with each baculovirus. A system for expressing multiple proteins from a 

single baculovirus has recently been described (572). The MultiBac system, which is modified from 

the Bac-to-Bac system, facilitates the expression of multiple proteins in the same cell at a 1:1 ratio, 

bypassing the requirement for co-infection with multiple baculoviruses. Infection with a single 

baculovirus expressing a protein complex led to increased protein yields of up to 30 fold compared 

with infection with multiple baculoviruses each expressing a single gene (572). The transfer 

plasmids in the MultiBac system contain a multiplication module that allows flexibility in the 

number of proteins expressed. In the original publication the authors reported the co-expression of 6 

genes, including the 5 member transcription factor sub-complex of TFIID (572). One previous 

study reports using the MultiBac system for producing rAAV but no details were given (573). 

This study sought to produce rAAV2/6 (Y731F) in Sf9 cells using the MultiBac baculovirus 

system. A strategy for the production of a single baculovirus encoding Rep78, Rep52, the capsid 

proteins and the rAAV vector genome was designed. However recurrent problems were 

encountered with production of baculovirus, probably due to persistence of plasmid DNA in bacmid 

DNA preparations. Therefore a redesigned two baculovirus system was devised which avoided the 

introduction of the contaminating plasmid. In this system one baculovirus encoded the structural 

(VP1, VP2, and VP3) and non-structural (Rep78 and Rep52) proteins while the other baculovirus 

encoded the rAAV vector genome. While baculovirus was produced, initial experiments yielded 

very low titres of rAAV. A preliminary assessment suggested that the infectivity of rAAV 
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incorporating the serotype 6 VP1 with the Urabe mutations was similar to vectors produced in HEK 

293T cells; transduction was not seen with vectors containing a chimeric VP1. Therefore an 

approach to producing rAAV2/6 (Y731F) in insect cells has been established however the system 

requires further optimisation. 

6.2 Results 

6.2.1 Development of a MultiBac system to produce rAAV/6 (Y731F) 

The MultiBac system is based on the Bac-to-Bac system (Invitrogen) with the insertion of loxP into 

the bacmid for site-specific Cre-mediated recombination and the deletion of the chiA and V-cath 

genes, which decreases protease mediated breakdown of baculovirus-encoded proteins (572). V-

cath encodes a cysteine protease which is involved in the breakdown of the host insect cell 

following its death and it is activated by a process which depends on chitinase, encoded by chiA 

(572). Shuttle vectors, which are modified from pFastBACDual, have a multiplication module 

allowing expansion of the number of expression cassettes. Shuttle vector pFBDM contains 

transposon elements, allowing its insertion into the bacmid via Tn7-mediated transposition; Tn7 is 

encoded by pMON7124, which is present in DH10MultiBac cells and is maintained by selection 

with tetracycline. Shuttle vector pFBDM contains a gentamicin resistance marker within the 

transposable element. Shuttle vector pUCDM contains a loxP site and is incorporated into the 

bacmid via Cre-mediated loxP site-specific recombination. The Cre recombinase is encoded on 

pBADZ-His6Cre and its expression is induced by arabinose; pBADZ-His6Cre encodes a Zeocin 

resistance marker. To insert pUCDM into the bacmid the DH10MultiBac cells first need to be 

transformed with pBADZ-His6Cre, the expression of the Cre recombinase induced with arabinose, 

and the cells made competent again. Shuttle vector pUCDM encodes a chloramphenicol resistance 

marker and has an origin of replication derived from R6Kγ, which requires the presence of the pir 

gene in the host cell to replicate. As DH10-MultiBac cells lack the pir gene, propagation of 

pUCDM relies on successful Cre-loxP site specific recombination (572). Berger et al. have shown 

that Cre recombination is highly efficient with more than 90% of the colonies containing the Cre 

recombinant (572).  Transposition and Cre-recombination can be performed simultaneously or 

sequentially. The system is summarised in Figure 6.1. 
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Figure 6.1  The MultiBac system. (A) Insertion of pUCDM and pFBDM into MultiBac by Cre-loxP 

site-specific recombination or Tn7-mediated transposition respectively. For further details, please see the 

text. (B) Insertion of two further expression cassettes into pUCDM using the multiplication module. The 

expression cassettes are excised by digestion with PmeI/AvrII and inserted into the multiplication module, 

which has been digestion with BstZ17I/SpeI or NruI/SpeI.  Further multiplication modules can be added 

sequentially by the same process. Adapted from Berger et al. and Bieniossek et al. (394, 572). An enlarged 

version of this figure is available electronically on the accompanying CD (Figure A6.1). 

A 

B 
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Figure 6.2  Strategy for the production of the rAAV-encoding MultiBac bacmid. An enlarged 

version of this figure is available electronically on the accompanying CD (Figure A6.2). 

To facilitate the production of rAAV2/6 (Y731F) vectors with different genomes, exchange of the 

genome should be possible at a late stage of vector construction. Therefore a system was devised 

whereby Rep78, Rep52 and the capsid proteins were encoded by the shuttle vector pFBDM, while 

the vector genome was encoded by the shuttle vector pUCDM and was added at the final step 

(Figure 6.2). Transformation and transposition of pFBDM into DH10-Multibac would allow 

production of stocks of competent bacteria containing bacmid that encoded the structural and non-

structural proteins required for vector production. The vector genome-encoding shuttle vector, 

pUCDM, could then be inserted into the bacmid by Cre recombination, allowing a one step 

preparation of bacmids encoding novel rAAV genomes. 
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From the previous report of the production of rAAV2/6 in insect cells, it is not clear whether 

rAAV2/6 incorporating the Urabe mutations has the same infectivity as vector produced in HEK 

293T cells as no comparison was made (566). The N-terminus of VP1 is essential for infectivity as 

it contains the phospholipase domain (568), therefore two parallel cloning strategies were pursued. 

Firstly a serotype 6 VP1 that incorporated the mutations previously described by Urabe for serotype 

2 was produced (406); these included mutating the initiation codon of VP1 to the weaker ACG,  

removing the splice acceptor site for VP2/VP3, and including the nine base pair sequence which is 

found 5’ of the VP2 ACG initiation codon in the same position relative to the newly generated VP1 

ACG initiation codon (406). Alternatively a chimeric cap gene was developed, analogous to the 

approach previously described for serotypes 5 and 8 (564, 565) The sequence encoding the N-

terminus of VP1 was replaced with the homologous sequence from  the serotype 2 cap gene 

incorporating the mutations described by Urabe et al. (Figure 6.3). The N-terminus of VP1 from 

serotype 6 has the greatest sequence homology to serotype 8 (Figure 6.4); as the production of 

rAAV2/8 required the N-terminus of VP1 from serotype 2 to restore infectivity (564), a domain 

swap may be required. Therefore two shuttle vectors were prepared. 

 

Figure 6.3  Sequence alignment of the capsid variants. The N terminal 200 amino acids of VP1 from 

(from the top) wild-type AAV6, AAV6 with the mutations described by Urabe al, the chimera of AAV2 and 

AAV6, VP1-266, AAV2 with the mutations described by Urabe et al., and wild-type AAV2. Sequences 

below the red line are from AAV2, while those above it are from AAV6. 

 

  

 

A. 
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Figure 6.4.  The N-terminus of serotype 6 VP1 shares the greatest sequence alignment with 

serotype 8. (A) A phylogenetic tree was generated for the N-terminal 142 amino acids of VP1 of serotypes 

2, 5, 6, and 8 using Phylogeny.fr (431). (B) Sequence alignment of the N-terminal 141 amino acids of VP1 

from serotypes 2, 6, and 8. The red boxed regions represent the phospholipase A2 motifs. Modified from 

(565).   

The vector genome encoding shuttle vector, pVector/CAG-eGFP-bGHpA, was generated by 

digestion of pUCDM with PmeI and AvrII and insertion of the vector genome, which had been 

removed from plasmid pAM/CAG-eGFP-bGHpA by digestion with NaeI and AvrII (Figure 6.5). 

Plasmid pAM/CAG-eGFP-bGHpA was used instead of pAM/CAG-eGFP-WPRE-bGHpA as there 

is a NaeI site in the WPRE element. It would be possible to reintroduce the WPRE element at a later 

stage by insertion into the ClaI site.  

Figure 6.5 Generation of the vector genome-encoding shuttle vector, pVector/CAG-eGFP-

B. 
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bGHpA. An enlarged version of this figure is available electronically on the accompanying CD 

(Figure A6.5). 

The generation of the shuttle vector encoding the non-structural and structural proteins are outlined 

in Figures 6.6 to 6.10. Initially the p10 promoter was attenuated by removal of the blast sequence as 

described by Urabe et al. (406). Briefly, two oligonucleotides were annealed yielding a 5’ overhang 

compatible with a NcoI restriction site and a 3’ overhang compatible with a PacI restriction site, and 

were inserted into pFBDM that had been digested with PacI and NcoI to generate pdeltaFBDM. The 

gene encoding Rep78 was amplified by PCR from pAAV2/6, digested with PacI and NheI, and 

ligated with pdeltaFBDM that had also been digested with PacI and NheI, to give 

pdeltaFBDM/2rep78. Expression of rep78 was driven by the attenuated p10 promoter as over-

expression of Rep78 can reduce viral yields (406), although in one study there was no difference in 

yield with robust expression of Rep78 (566).   The gene encoding Rep52 from AAV serotype 2 was 

also amplified by PCR from pAAV2/6. The resulting PCR product and pdeltaFBDM/2rep78 were 

digested with XbaI and BssHII and ligated to generate pdeltaFBDM/2rep78/2rep52, with the 

expression of rep52 being driven by the strong polH promoter (Figure 6.6). 

The serotype 6 VP1 with the mutations described by Urabe was generated by PCR amplification 

and mutagenesis of the full length cap gene from pAAV2/6; the mutations described by Urabe were 

incorporated in the 5’ primer (SP/AAV6 VP1 with Urabe mutations). The resulting PCR product 

was cloned into pGEMTEasy by TA cloning. pGEMTEasy/AAV6 VP1+U and pFBDM were 

digested with XbaI and EcoRI and ligated to produce pFBDM/6VP1+U. The expression cassette 

was excised from pFBDM/6VP1+U by restriction digestion with PmeI and AvrII and inserted into 

the multiplication module of pdeltaFBDM/2rep78/2rep52, which had been digested with BstZ17I 

and SpeI, generating pdeltaFBDM/2rep78/6VP1+U/2rep52 (Figure 6.7). 
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Figure 6.6 Insertion of Rep78 and Rep52 into pdeltaFBDM. An enlarged version of this figure is 

available electronically on the accompanying CD (Figure A6.6). 
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Figure 6.7 Generation of pdelta/FBDM/2rep78/6VP1+U/2rep52. An enlarged version of this figure 

is available electronically on the accompanying CD (Figure A6.7). 

A chimeric VP1 gene was also generated. The N terminal 143 amino acids of VP1-266 were from 

the serotype 2 VP1 and included the Urabe mutations. This construct was analogous to that 

described for the development of chimeric capsids for the production of rAAV5/5 (565) and was 

constructed in the same fashion. The N-terminus of VP1 from serotype 2 was amplified from 
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pNLRep by PCR. The 5’ sense primer (#32) contained the mutations described by Urabe while the 

3’ antisense primer (#42) included sequence that was conserved between serotype 2 and serotype 6. 

Part of the central portion of the serotype 6 VP1 was amplified by PCR, with the 3’ antisense 

primer #31 including a NarI (KasI) restriction site that is present at position 650bp of the cap gene 

(residue 218). The sequence of the 5’ sense primer (#41) was the reverse compliment of the anti-

sense primer used to generate the serotype 2 PCR product. The PCR products from the AAV2 and 

AAV6 PCRs were combined and amplified with primers #31 and #32 to generate the chimera of the 

N-terminus of VP1 (N-VP1-266).   

To generate pFBDM/VP1-266, the chimeric gene encoding VP1 was first cloned into pGEMTEasy, 

as restriction sites used were not unique in the pFBDM backbone. The second round PCR product 

(AAV6 VP1-266) and pGEMTEasy/AAV6 VP1+U were digested with HindIII and NarI 

(isoschizomer of KasI) and ligated, producing pGEMTEasy/AAV6 VP1-266. The chimeric VP1 

gene was then excised from the pGEMTEasy backbone by digestion with XbaI and EcoRI and 

ligated into pFBDM that had been cut with the same enzymes, yielding pFBDM/AAV6 VP1-266 

(Figure 6.9). The expression cassette was excised from pFBDM/AAV6 VP1-266 by restriction 

digestion with PmeI and AvrII and inserted into the multiplication site of 

pdeltaFBDM/2rep78/2rep52, which had been digested with BstZ17I and SpeI, generating 

pFBDM/2rep78/6VP1-266/2rep52 (Figure 6.10).  

 

Figure 6.8 Generation of chimeric cap gene. An enlarged version of this figure is available 

electronically on the accompanying CD (Figure A6.8). 
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Figure 6.9 Production of pFBDM/AAV6 VP1-266. An enlarged version of this figure is 

available electronically on the accompanying CD (Figure A6.9).  
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Figure 6.10 Production of pFBDM/2rep78/6VP1-266/2rep52. An enlarged version of this figure is 

available electronically on the accompanying CD (Figure A6.10). 

The shuttle plasmids pFBDM/2rep78/6VP1+U/2rep52 and pFBDM/2rep78/6VP1-266/2rep52 were 

transformed into chemically competent DH10Multibac cells, incubated at 37oC for 4 hours to allow 

Tn7-mediated transposition, plated to Luria agar plates containing kanamycin 50 μg/mL, 



 

194 
 

tetracycline 7 μg/mL, gentamicin 10 μg/mL, IPTG 40 μg/mL, and X-gal 200 μg/mL (KGTIX) and 

incubated at 37oC for 48 hours. Kanamycin provides a selective pressure for the bacmid, 

tetracycline for plasmid pMON7124 that encodes the Tn7 transposase, and gentamicin for the 

pFBDM-derived shuttle vectors, while IPTG and X-gal allow blue/white colour selection. As 

successful transposition disrupts a bacmid-encoded LacZ gene, white colonies were selected. 

Electrocompetent cells were generated and transformed by electroporation with pBADZ-His6Cre. 

Following incubation in 2x TY medium for 1 hour electroporated bacteria were plated to low salt 

TYE agar supplemented with kanamycin 50 μg/mL, gentamicin 10 μg/mL, and Zeocin 25 μg/mL 

(KGZ), as pBADZ-His6Cre encodes Zeocin resistance. To make electrocompetent cells that 

contained Cre-recombinase 500ml of low salt TYE media was inoculated with a single colony and 

incubated at 37oC shaking at 180rpm. When the OD600 reached 0.25, 0.1% L-arabinose was added 

to induce expression of Cre recombinase. Cells were harvested when the OD600 reached 0.5 and 

made electrocompetent. Expression of Cre-recombinase was confirmed by Fast blue staining of a 

SDS-PAGE gel (Figure 6.11). Stocks of Cre-recombinase-containing electrocompetent cells 

(MultiBacVP1+U and MultiBacVP1+266) were stored at -80o for subsequent transformation with 

pVector/CBA-eGFP-bGHpA.  

 

Figure 6.11 Induction of Cre recombinase expression with L-arabinose. Samples (500μL) were 

collected when the OD600 reached 0.25. Cre recombinase expression was then induced by addition of L-

arabinose to 0.1%. Samples (250μL) were collected when the OD600 reached 0.5. Bacteria were pelleted, 

resuspended in 150μL of 1x Laemmli buffer with 10% β-mercaptoethanol, and 10μL run on a 15% SDS-

PAGE gel. The gel was stained with Fast Blue.  

The vector genome was inserted into the bacmid by transformation of the electrocompetent 

MultibacVP1+U or MultibacVP1+266 with pVector/CAG-eGFP-bGHpA. Transformed cells were 
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incubated at 37oC for 8 hours, and then plated to TYE agar supplemented with kanamycin, 

gentamicin, chloramphenicol, IPTG and X-gal (KGCIX); pVector/CAG-eGFP-bGHpA encodes 

chloramphenicol resistance. Plates were incubated at 37oC for 48 hours and any colonies growing 

were assumed to contain the vector genome. Berger et al. have shown that Cre recombination is 

highly efficient with more than 90% of the colonies containing the Cre recombinant (572).   

Colonies obtained following Cre-recombination were used to prepare bacmid. Bacmid was prepared 

by an alkaline lysis method. However, high levels of contaminating plasmid DNA were seen 

(Figure 6.7). Adherent Sf9 cells were transfected in a 6 well plate with 4μg of DNA and Insect 

Gene Juice (Novagen). Seventy two hours post transfection the media was harvested. Subsequently 

two 72 hour amplifications were performed, firstly in a 6 well plate and then in 20mL of culture in a 

flask. Presence of baculovirus was detected in the flask amplification by failure of cells to grow and 

evidence of cytopathic effect. While clear evidence of baculovirus production was seen with a 

control bacmid, no baculovirus was obtained with bacmid from pVector-containing MultibacVP1+U 

and MultibacVP1+266. Transfections were repeated with fresh bacmid DNA preparations on 3 

separate occasions but amplification failed to yield virus even with a further round of amplification 

(Figure 6.12). Bacmid DNA consistently contained high levels of contaminating plasmid DNA, 

which was absent from the positive control (Figure 6.13). The transfection of MultibacVP1+U and 

MultibacVP1+266 electrocompetent cells with pVector/CAG-eGFP-bGHpA was repeated but the 

resulting bacmid preparations remained high in contaminating plasmid DNA and failed to yield 

baculovirus on transfection. 

 

A. 
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Figure 6.12 Transfection of rAAV-encoding MultiBac bacmids failed to produce baculovirus. Upon 

infection with baculovirus Sf9 cells rapidly stop dividing (395). Therefore cell counts can be used to monitor 

baculovirus infections. Cultures of Sf9 cells in Erlenmeyer flasks were inoculated with supernatants from 

plate amplification cultures post transfection. Cells were counted daily for three days. As apart from the 

positive control there was no evidence of baculovirus infection (A), supernatants from the amplification were 

used to perform a second round of amplification (B). 

 

Figure 6.13  Bacmid preparations contain high levels of plasmid DNA. Samples were run on a 1% 

agarose gel and stained with ethidium bromide. 

6.2.2 Development of a dual baculovirus system to produce rAAV/6 (Y731F) 

The repeated difficulties producing baculovirus using the MultiBac system were presumed to be 

due to persistence of the Cre-recombinase producing plasmid, pBADZ-His6Cre. Therefore an 

B. 
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alternative approach that did not require Cre-mediated recombination was devised. Instead of 

producing a single baculovirus that encoded all necessary components for rAAV production, 

separate baculoviruses encoding either the vector genome or the non-structural and structural 

proteins were developed. To generate the vector genome encoding shuttle vector, pAM/CAG-

eGFP-WPRE-bGHpA and pFBDM were digested with AvrII and NheI and ligated. The resulting 

plasmid, pFBDM/CAG-eGFP-WPRE-bGHpA, was transformed into chemically-competent DH10-

MultiBac cells and, following a 4 hour incubation at 37oC, plated to KGTIX media. White colonies 

were selected for the preparation of bacmid DNA. The bacmids encoding the non-structural and 

structural proteins were obtained from frozen stocks of electrocompetent cells prepared prior to 

transformation with pBADZ-His6Cre.  Agarose gel electrophoresis revealed no evidence of 

contaminating plasmid DNA (Figure 6.14). Adherent Sf9 cells were transfected as before; the 

media was harvested 72 hours post-transfection and used for a plate amplification. Marked 

cytopathic effect of Sf9 cells was noted at the end of the plate amplification for all preparations 

except VP1+U. Supernatants from the plate amplification were used to infect suspension cultures of 

Sf9 cells and evidence of baculovirus infection (failure of cell growth and cytopathic effect) was 

seen with all samples except VP1+U (Figure 6.15). The transfection and amplification was repeated 

with fresh bacmid DNA for VP1+U but failed to yield virus. Therefore the transformation of DH10-

MultiBac competent cells with pFBDM/Rep78/VP1+U/Rep52 was repeated. Subsequently 

baculovirus was successfully produced (Figure 6.15). 

     

Figure 6.14 Example of bacmid preparations used for successful transfection of Sf9 cells. Samples 

were run on a 1% agarose gel and stained with ethidium bromide. 
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Figure 6.15 Successful production of rAAV-encoding baculoviruses. Production of VP1-266, the 

baculovirus encoding the vector genome (A) and of VP1+U (B) is shown. Cultures of Sf9 cells in 

Erlenmeyer flasks were inoculated with supernatants from plate amplification cultures post transfection. 

Cells were counted daily for two days. Cultures were terminated at 48 hours as there was clear evidence of 

infection.  

6.2.3 Production of rAAV/6 (Y731F) using the dual baculovirus system 

Production of rAAV in Sf9 cells typically involves infection with high MOIs of each baculovirus to 

ensure each cell is infected with each baculovirus. MOIs of 3-5 pfu/cell are often used (406, 564-

566) but studies have reported the successful production of rAAV with MOIs as low as 0.03-0.1 

pfu/ml (569, 570). Accurate titration is required to calculate MOI. Baculoviruses are typically 

titrated by a plaque forming assay or by end-point dilution. Both methods are labour intensive, time 

consuming, and the presence of infection can be difficult to determine (574). Quantitative real time 

PCR has also been reported, however the detection of defective interfering particles can 

significantly over-estimate the infectious viral titre (395). Alternative methods for determining the 

B. 

A. 
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titre of baculovirus based on indirect measures of infection, such as inhibition of cell growth and 

increases in cell size, have been reported (395, 574, 575). These methods are rapid, allowing 

estimation of viral titre within 24 hours, and are of comparable accuracy to traditional methods 

(395).  

Titres of baculoviruses were estimated by the growth cessation assay. Cells infected with 

baculovirus immediately stop dividing. The amount of growth inhibition is related to the inoculum 

of virus. If cells are infected with serial dilutions of virus and the cell count assessed at 20-24 hours 

post infection the titre of virus can be calculated (see the formula in section 2.2.41 in the Methods 

chapter) (395). In the previous description of this assay a series of 8 dilutions of virus were cultured 

with Sf9 cells in a 20ml volumes in Erlenmeyer flasks; in addition cells infected with undiluted 

virus and uninfected cells were included as controls. The assessment of three baculoviruses at this 

scale would have greatly exceeded the facilities available in our laboratory. The cell size assay, 

which is usually performed in the same manner, has been carried out in a 24 well plate format 

(575). Therefore the cell growth assay was adapted to a 96 well plate format. Non-tissue culture 

treated plates were used to avoid adherence of the cells. Eight serial dilutions of each baculovirus 

were assessed. The plate was incubated at 28oC shaking at 130rpm. After 24 hours the cells were 

stained with trypan blue and viable cells counted (Figure 6.16). Viral titres in pfu/ml were 

calculated as described (395). 



 

200 
 

 

Figure 6.16 Quantification of baculovirus stocks by the growth inhibition assay. Fifty microlitres of 

Sf9 cells at 2x106 cells/ml were added to each well of a non-tissue culture treated 96 well plate. The 

baculovirus stocks (vector genome (A), VP1+U (B), VP1-266 (C)) were serially diluted in Sf900 III medium 

and 50μL was added per well. Plates were incubated at 28oC with shaking at 130rpm for 24 hours. Cells 

were then stained with trypan blue and counted. Growth inhibition and viral titre were calculated as 

described in Chapter 2 (395).  The calculated titre of each preparation is shown. 

To produce rAAV2/6 (Y731F) 12.5ml of Sf9 cells at 2x106 cells/ml were infected with the 

baculovirus encoding the rAAV genome and one of the baculoviruses encoding the structural and 

non-structural proteins (VP1+U or VP1-266); each baculovirus was added at a MOI of 5. As a 

control one batch of Sf9 cells was infected with only the baculovirus encoding the vector genome. 

Cell counts were monitored every 24 hours (Figure 6.17) and the media and cells collected at 96 

hours. The cell pellets was processed as described previously described (396). Briefly, the cell 

pellets were resuspended at 10 million cells per ml in lysis buffer (50mM Tris, 2mM MgCl2, pH 

7.5) supplemented with 5U/ml of Benzonase® endonuclease and incubated at room temperature for 

30 minutes. One tenth volume of 375mM MgSO4 was added and the samples were incubated at 

room temperature for a further 30 minutes. The samples was subjected to three freeze/thaw cycles, 

clarified by centrifugation and recombined with the media. Triton X-100 was added to 1% and 

A. B. 

C. 

2.9x109  pfu/ml 1.2x109  pfu/ml 

1.6x108  pfu/ml 
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Benzonase® endonuclease to 50 U/ml. The samples were incubated at room temperature for 30 

minutes with intermittent mixing, filtered through a 0.45μm syringe filter, and purified by heparin 

affinity chromatography. The samples were extensively washed to remove residual detergent. 

Purified samples were quantified by quantitative real time PCR (Table 6.1). HEK 293-T cells were 

infected at a MOI of 500 and cells incubated for 48 hours before eGFP expression was assessed by 

flow cytometry. Vector produced in HEK 293 T cells was tested in parallel. Equal levels of 

transduction were seen with VP1+U and vector produced in HEK 293T cells. In contrast, no 

transduction was seen with VP1-266, or the rAAV vector genome only control (Figure 6.18).  

 

Figure 6.17  Production of rAAV: kinetics of baculovirus infection. Sf9 cells at 2x106/ml were 

infected with the baculovirus encoding the vector genome and the baculovirus encoding the AAV structural 

and non-structural proteins (VP1+U or VP1-266). In addition one batch was infected with the vector 

genome-encoding baculovirus alone. Cells were incubated at 28oC and shaking at 130rpm for 96 hours. Cells 

were counted every 24 hours. 

Table 6.1 rAAV genome copies as assessed by quantitative real time PCR. 
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Figure 6.18  Baculovirus-produced rAAV2/6 (Y731F) containing VP1 with the Urabe mutations 

(VP1+U) has similar infectivity to rAAV2/6 (Y731F) produced in HEK 293T cells. HEK 293T cells were 

infected at a MOI of 500 pfu/cell. The media was replaced 3 hours post infection. After 48 hours incubation 

transgene expression (eGFP) was assessed by flow cytometry. Cells were gated on FSC and SSC; cells 

stained strongly with propidium iodide (non-viable) were excluded. Representative plots are shown.  

6.3 Discussion 

Difficulties were encountered producing MAVS-encoding rAAV2/6 (Y731F) vectors in HEK 293 

cells due to reduced cell viability. As there is no homologue of MAVS in insect cells the production 

of rAAV6 (Y731F) in insect cells was investigated.  The production of rAAV in insect cells using 

baculoviruses has been previously described (283, 406, 564-566). Mutations of the N-terminus of 

serotype 2 VP1 were required to achieve the correct stoichiometry of the capsid proteins. However, 

when the same mutations were employed rAAV of pseudotypes 5 and 8 was non-infectious due to 

loss of phospholipase activity (564, 565); the phospholipase domain is contained in the N-terminal 

portion of VP1 and is required for endosomal escape (568). Infectivity was restored by producing 

vectors with either a chimeric VP1, incorporating the N-terminus of the mutated serotype 2 VP1, or 

a mosaic capsid that contained both the mutated serotype 5 or 8 VP1 and the mutated serotype 2 

VP1 (564, 565). There is only one previous report of the production of rAAV6 using a baculovirus 

system; the vector produced when the expression of the capsid proteins was regulated by a synthetic 

intron was more infections than that containing the mutations described by Urabe (566). However, 

SS
C

eGFP 
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as no comparison was made with rAAV2/6 produced in HEK 293 cells it is unknown if rAAV2/6 

produced in insect cells is as infectious as that produced in HEK 293 cells. Nor is it known whether 

infectivity would be increased with a chimeric VP1 or a mosaic capsid. Notably, the details of how 

the synthetic intron was constructed were not given and the technology has been commercialised. 

Therefore this study sought to develop a system to produce rAAV2/6 (Y731F) in insect cells using 

baculoviruses. 

Initially the use of a single baculovirus that encoded the vector genome, structural and non-

structural proteins to produce rAAV2/6 (Y731F) was investigated. The baculovirus was constructed 

using the MultiBac system (572). Most previous reports have used three baculoviruses (406, 565), 

with one encoding the vector genome, one encoding the Cap proteins, and one encoding Rep78 and 

Rep52. Kohlbrenner et al. used four baculoviruses, with Rep78 and Rep52 encoded by separate 

baculoviruses to improve vector stability (564). Smith et al. recently described the production of 

rAAV pseudotypes 1 and 2 using two baculoviruses; Rep78 and Rep52 were combined in a single 

transcript by using a non-standard initiation codon for Rep78 and were expressed from the same 

baculovirus as the capsid proteins (413).  Similarly Chen expressed the non-structural and structural 

proteins from the same baculovirus by using the artificial intron to express Rep78 and Rep52 from 

the same transcript (566). There is one previous report of the production of rAAV using a single 

baculovirus using the MultiBac system but no details were given (573).  

The construction of the MultiBac-derived baculovirus was designed so that the shuttle vector 

encoding the rAAV genome was inserted into the bacmid at the final step, facilitating easy 

exchange of the vector genome. As the optimal method of producing pseudotype 6 vectors is not 

known, bacmids were generated with the serotype 6 cap gene incorporating the mutations described 

by Urabe (406), or with a chimeric cap gene encoding the N-terminal 144 amino acids from the 

mutated serotype 2 VP1 instead of the equivalent residues from the serotype 6 VP1. Difficulties 

were repeatedly encountered with bacmid transfection with no baculovirus produced. While it is has 

not been proven, it seems most likely that contamination of the bacmid DNA by large amounts of 

the Cre-recombinase-encoding plasmid, pBADZHis6Cre, inhibited transfection of the bacmid. A 

high plasmid to bacmid ratio would effectively reduce the amount of bacmid transfected, 

compromising the efficiency of bacmid transfection. Serial passage of the bacmid-containing 

bacteria with kanamycin selection alone failed to cure the bacteria of the contaminating plasmid. 

The identity of the contaminating plasmid is most likely pBADZHis6Cre as the origin of replication 

of pUCDM is derived from R6Kγ, which requires the presence of the pir gene in the host cell to 

replicate (572). As DH10-MultiBac cells lack the pir gene pUCDM is unable to propagate unless 

integrated into the bacmid (572). The contaminating plasmid is also unlikely to be a pFBDM 
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derivative as subsequent bacmid preparations from the direct ancestors of MultiBacVP1+U and 

MultiBacVP1+266 were free of contaminating plasmid DNA (Figure 6.14). 

To avoid the introduction of pBADZHis6Cre a two baculovirus system was designed. The vector 

genome-encoding bacmid was generated by Tn7-mediated transposition of the shuttle vector 

pFBDM/CAG-eGFP-WPRE-bGHpA, while the bacmids encoding the non-structural and structural 

proteins were recovered from the direct ancestors of MultiBacVP1+U and MultiBacVP1+266. There was 

no contaminating plasmid DNA in the bacmid preparations (Figure 6.14). Following bacmid 

transfection baculovirus VP1+266 was successfully recovered; the VP1+U bacmid had to be 

remade by transformation of DH10MultiBac with pFBDM/2rep78/VP1+U/2rep52 before 

baculovirus was recovered. This supports the theory that the previous failure of bacmid 

transfections was due to persistence of pBADZHis6Cre rather than an inherent defect of the 

bacmids.  

The titres of the baculoviruses were determined by a growth cessation assay (395). While 

baculoviruses have traditionally been quantified by plaque assays or limiting dilution these methods 

are time consuming, labour intensive and assessment of end points can be difficult (574). Direct 

quantification of baculoviruses by quantitative real time PCR or by detection of fluorescently 

labelled virus by flow cytometry has been reported, however these titres correlate poorly with 

infectious titres (395). Flow cytometry can be used to determine an infectious titre but only if the 

baculovirus expresses a fluorescent transgene (395). Methods for rapidly quantifying baculovirus by 

detecting the effects of infection on cell growth and cell size have been described (395, 574, 575). 

However, these assays require a lot of resources (10x 125ml Erlenmeyer flasks and 1x108 Sf9 cells 

per baculovirus quantification) (395, 574, 575). Given time constraints and because Janakiraman et 

al. suggested that these assays may be scalable (575), the 3 baculoviruses required for rAAV 

production were quantified in a 96 well plate format. These titres were used to calculate the volume 

of inoculum to infect Sf9 cells for rAAV production. If this assay were to be used routinely it would 

be important to validate the accuracy of the method performed at this scale. Comparison should be 

made with either the published method (395), a plaque assay or a limiting dilution assay.  

Sf9 cells were seeded at 2x106 cells per ml and infected with each baculovirus at a MOI of 5 pfu/ml 

(total MOI 10 pfu/ml), consistent with previous reports (406, 564, 565). Efficient infection of Sf9 

cells was seen (Figure 6.17) and both the cell lysate and media were harvested for further 

processing. Meghrous et al. demonstrated that the yield of virus was maximal at 96 hours, by which 

point the majority of virus had been released to the media (405). Therefore, both cells and media 

were harvested at 96 hours and the cells were lysed by a previously reported method (396). Chalal 
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et al. determined that three cycles of freeze-thaw released more vector from the cell pellet than 

treatment with a variety of surfactants. Yields of rAAV were higher when the cells were treated 

with Benzonase® nuclease in the absence of NaCl prior to cell disruption  (396); increasing 

concentrations of monovalent cations are known to inhibit Benzonase® nuclease activity (product 

information, Merck KGaA Darmstadt, Germany). Furthermore addition of MgSO4 prior to cell 

disruption was more effective than NaCl at preventing rAAV aggregation and binding to cell 

components as evidenced by increased yields (396).  Processed lysate was combined with the 

media, additional Benzonase® endonuclease added to 50 U/ml, and Triton X-100 added to 1% to 

inactivate baculovirus. Rueda et al. have previously shown complete inactivation of baculovirus 

after a 30 minute incubation at room temperature in 1% Triton X-100 (576). Recombinant AAV 

was then purified by heparin affinity chromatography. While baculovirus is also able to bind 

heparin and elutes at similar salt concentration (577), all baculovirus should be inactivated 

following treatment with Triton X-100 (576). The resulting vector stocks were quantified by real 

time PCR. It is likely that the baculovirus encoding the vector genome was contributing to these 

titres despite inactivation, as 1.8x108 vg copies/ml were seen with the preparation infected with the 

vector genome-encoding baculovirus alone. Yields were considerably lower than previously 

reported. Yields of pseudotypes 1, 2, 5, and 8 have previously been reported at ~50,000 DNase-

resistant rAAV particles per cell (406, 413, 564, 565). Although it is impossible to be certain of the 

exact titre due to contaminating baculovirus DNA, the yields were approximately 2-10 DNase-

resistant rAAV particles per cell, a 3.7-4.3 log10 lower yield than previously reported. If higher 

yields of rAAV were obtained the background noise in the quantitative real time PCR from 

contaminating baculovirus genomes would likely become insignificant. 

Baculovirus-produced rAAV2/6 (Y731F) vectors were assessed for their ability to transduce HEK 

293T cells; comparison was made with rAAV2/6 (Y731F) produced in HEK 293T cells and a 

negative control prepared from Sf9 cells infected with the vector genome-encoding baculovirus 

alone.  Similar levels of transduction were seen with the baculovirus-produced vector containing the 

Urabe mutations (VP1+U) and HEK 293T cell-produced vector; by contrast no transduction was 

seen with the chimeric capsid or with the negative control prepared from Sf9 cells infected with the 

vector genome-encoding baculovirus alone. Therefore this data is suggestive that baculovirus-

produced rAAV2/6 containing the full length serotype 6 VP1 protein, incorporating the mutations 

described by Urabe et al., is equally as infectious as rAAV2/6 produced in HEK 293T cells. Given 

the inaccuracies in vector titration due to the low titre in the presence of contaminating baculovirus 

genomic DNA, it cannot be excluded that vectors containing the chimeric capsid protein, VP1-266, 

are equally functional. Accurate assessment would require the preparation of high titre, accurately 
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quantified vector stocks. Given that the level of contaminating baculoviral DNA is ~3.5 copies per 

cell, this should have minimal impact on the accuracy of vector quantification if high titres of rAAV 

(ie 50,000 copies per cell) are obtained. 

Given the low yields per cell relative to previous reports, clearly optimisation is required. Firstly, 

baculoviruses should be plaque purified to remove defective interfering particles (578, 579) and to 

select clones that express high levels of the encoded transgenes. Transgene expression should be 

assessed by a Western blot of infected Sf9 cells. Once a plaque-purified clone that expresses high 

levels of the encoded transgene has been identified it should undergo a limited number of 

amplifications (eg 2-3) and the stability of transgene expression confirmed in amplified stocks by 

Western blotting. Loss of transgene cassettes, especially the Rep78 and Rep52-expression cassettes, 

has previously been reported with serial passage (564). Amplified stocks need to be accurately 

quantified. If the low volume growth inhibition assay described here is to be used further 

assessment is first required.   

Definition of the optimal MOI, cell density at the time of infection, and duration and temperature of 

culture are critical factors that determine the yield of rAAV. Efficient production of rAAV with 

multiple baculoviruses requires co-infection of every cell with each baculovirus; this is generally 

achieved by infecting at high MOI (405). Most reports have used an overall MOI of 3-15 pfu/cell 

(396, 406, 564-566), although one study found only a 3-fold reduction in rAAV yield at 72 hours 

when Sf9 cells were infected at a MOI of 0.03 pfu/cell (569) and Mena et al. recently reported an 

increase in yield with a MOI of 0.1 pfu/cell of each virus when the culture was harvested at 96 

hours (570). Other studies have shown that the highest yields of rAAV are obtained when Sf9 cells 

are infected at high MOI with equal amounts of each baculovirus (405, 571). No gain in rAAV 

yield was seen when the overall MOI was increased from 5 to 50 (405).  Most reports have used 

2x106 cells/ml (405, 406, 564, 565), but up to 5x106 cells/ml has been reported (566, 570). With a 

MOI of 0.03 similar yields of rAAV were obtained at 96 hours with starting cell densities of 0.5-

2x106 cells/ml (569). Mena et al. obtained a 3 fold increase in rAAV yield when Sf9 cells at 1x106 

cells/ml were infected with each virus at a MOI of 0.1pfu/cell and harvested at 96 hours rather than 

infected at a MOI of 3 pfu/cell and harvested at 48 hours. If the starting cell density was increased 

to 5x106/ml and the cells were infected at a MOI of 0.1 pfu/cell, the yield at 96 hours was similar to 

that obtained with a starting cell density of 1x106/ml due to a marked reduction in the amount of 

rAAV produced per cell. In contrast, the yield at 48 hours with a MOI of 3 pfu/cell was increased 

when the higher starting cell density of 5x106/ml was used, being similar to that obtained with a 

MOI of 0.1 pfu/cell (570). If high cell density  (5x106/ml) and the lower MOI (0.1 pfu/ml of each 

virus) were used and the culture was fed with a feed-cocktail 24 hour prior to infection, just before 
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infection and 24 hours post infection, the yield of rAAV was increased 6-fold (570). Therefore it 

may be possible to increase production of rAAV and to minimise the use of baculovirus by 

increasing the length of culture to 96 hours, using a high starting cell density, and feeding the 

culture. Further, increasing the temperature to 30oC from the time of infection can increase the yield 

of infectious particles 3-fold while not affecting the total amount of capsids; this increase in 

encapsidation may be due to an increase in the amount of Rep78 produced early post-infection 

(580). 

Finally, to allow assessment of the effect of rAAV-encoded MAVS on human MoDC phenotype, 

baculovirus-produced rAAV6 (Y731F) will need to be purified to high purity. Baculovirus can 

stimulate the maturation of human immature monocyte-derived dendritic cells, with maturation 

being dependent upon the baculovirus gp64 envelope protein, which mediates viral entry into 

mammalian cells (581). The effect of residual inactivated baculovirus particles on dendritic cell 

maturation is unknown. Small scale preparations of rAAV could either be purified by two or more 

rounds of caesium chloride isopycnic gradient ultracentrifugation (565, 566, 582) or by 

ultracentrifugation on a caesium chloride or iodixanol gradient followed by ion exchange or affinity 

chromatography (406, 564, 565). To purify larger volumes by ultracentrifugation, precipitation of 

rAAV would first be required (569). Alternatively larger volumes could be purified by single or 

two-step column chromatography (583). Purification of baculovirus-produced rAAV2/2 by cation 

exchange chromatography followed by hydrophobic interaction chromatography has been reported 

(396, 570). Anion exchange chromatography or heparin affinity chromatography have also been 

used (564, 565). Recently a single step chromatographic purification of rAAV2/1 and rAAV2/2 was 

described that uses a recombinant single-chain antibody specific for AAV serotypes 1 and 2 (AVB 

Sepharose) (413). It is unknown whether rAAV2/6 would be bound by this antibody, however 

given the similarity of the cap gene of serotypes 1, 2, and 6 (Figure 4.3), it would seem likely. 

In conclusion, a baculovirus-based system for the production of rAAV2/ 6 (Y731F) has been 

developed. On a preliminary assessment, rAAV2/6 constructed with VP1 containing the mutations 

described by Urabe retained levels of infectivity similar to vector produced in HEK 293T cells. This 

suggests that phospholipase activity is retained and that a chimeric VP1 molecule is not required. 

This is in contrast to pseudotype 5 and 8 vectors, which require a chimeric VP1 or mosaic capsids 

(564, 565). Very low yields of rAAV2/6 were obtained suggesting that the system requires 

significant optimisation. Nonetheless this baculovirus system should allow production and 

assessment of MAVS-encoding rAAV2/6 (Y731F) vectors both in vitro and in vivo. 
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Chapter 7 - Summary and Perspectives 

7.1 rAAV as a vaccine vector 

Recombinant AAV has many attractive features as a potential vaccine vector. rAAV lacks vector-

encoded viral proteins, has a low rate of integration (250, 258, 259), has an excellent safety record 

in multiple clinical trials (312), and there is no definitive association of wild-type infection with 

disease. Evidence that rAAV can stimulate robust transgene-specific CD8+ T cell responses in mice 

and non-human primates has stimulated interest in rAAV as a vaccine vector (352, 363, 371). 

Furthermore, rAAV can elicit mucosal and systemic immune responses when administered orally or 

intranasally (362, 365). However, a phase I clinical trial of intramuscular rAAV2/2 as a 

prophylactic vaccine for HIV demonstrated disappointing immunogenicity (372). Subsequent 

studies in mice showed that a range of pseudotypes of rAAV stimulated dysfunctional T cell 

responses that may reflect poor priming, a lack of CD4+ T cell help, or partial exhaustion secondary 

to persistence of antigen (373, 374). The research described in this thesis sought to improve the 

immunogenicity of rAAV and its ability to prime transgene-specific CD4+ and CD8+ T cells by 

optimising the transduction of dendritic cells and by inclusion of a vector-encoded adjuvant to 

stimulate dendritic cell maturation.  

7.2 Improving immunogenicity by optimising transduction of dendritic cells 

Dendritic cells are the key antigen presenting cells in priming both CD4+ and CD8+ T cell responses 

(25). Depletion of dendritic cells inhibits CD4+ and CD8+ T cell priming in mice (441, 442). 

Further, the ability of viral vectors to transduce dendritic cells has been associated with their ability 

to prime robust CD8+ T cell responses (115, 378). In this study the novel finding was made that 

rAAV2/6 is the optimal pseudotype for the transduction of human dendritic cells. Interestingly 

rAAV2/6  has also previously been identified as the optimal pseudotype for transducing murine 

bone marrow-derived dendritic cells (383). Of note, the pseudotypes that induce dysfunctional T 

cell responses in mice transduce DCs relatively poorly in vitro, both in humans and in mice (283, 

290, 373, 374, 383). Interestingly, while rAAV5/5 appears to be efficient at transducing both human 

and mouse dendritic cells, pseudotyped rAAV2/5 does not, suggesting that steps other than viral 

attachment may also be important in determining tropism (283, 383). Second strand DNA synthesis 

has been previously identified as a limiting step in the transduction of DCs. Using self-

complimentary vectors of various pseudotypes, increases in the DC transduction of 3 to 10 fold 

have been reported (59, 290, 383). However no significant difference in the rates of transduction 

between rAAV2/6 with conventional and self-complimentary genomes was found in this study. The 
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reasons for this are not entirely clear, but could be due to differences in length of time from 

infection to assessment, the state of differentiation at the time of infection, or, because of more 

efficient viral entry with rAAV2/6,   annealing of genomes of opposite polarity bypassing the need 

for second strand synthesis (584).  

An alternative pseudotype, rAAV2/rh32.33, has recently been shown to stimulate robust, functional 

memory T cell responses in mice (376). Interestingly, in the same study pseudotype 6 vectors 

stimulated functional T cells and a robust memory T cell response of similar magnitude to 

rAAV2/rh32.33. It is tempting to speculate that the improved immunogenicity of rAAV2/rh32.33 

vectors is due to their ability to transduce dendritic cells. It will be important to assess the ability of 

rh32.33-pseudotyped vectors to transduce both mouse and human dendritic cells. One advantage of 

rAAV2/rh32.33 vectors is the low rate of pre-existing immunity to the capsid (377).  

Further improvements in the transduction of MoDCs were achieved by mutation of the surface-

exposed tyrosine at position 731 of the serotype 6 VP1 capsid protein. Phosphorylation of surface 

exposed tyrosines in the serotype 2 capsid has previously been shown to lead to polyubiquitination 

and degradation of capsids, while mutation of certain surface exposed tyrosine residues led to 

significant increases in transduction (235, 236). Mutation of homologous tyrosine residues in the 

serotype 6 capsid led to more modest improvements in transduction of HeLa cells (1.9-3.8 fold 

increase over wild-type for rAAV2/6 compared with the 9-11 fold increase previously reported for 

rAAV2/2), which may be due to the absence of the surface exposed tyrosine at position 500 of the 

serotype 6 VP1 capsid protein. Indeed, mutation of both Y445 and Y731 in the serotype 6 VP1 did 

not have a synergistic effect on transduction efficiency. Interestingly, the Y445F mutation, which 

conferred a similar increase in transduction efficiency to Y731F in HeLa cells, was deleterious in 

MoDCs. It is tempting to speculate that this residue is involved in receptor binding to MoDCs but 

not to HeLa cells. This should be clarified in future experiments.  

Residue K531 of the serotype 6 capsid may also form part of a receptor binding site. It has 

previously been shown that K531 is responsible for the ability of rAAV2/6 to bind heparin (223, 

392). This study has shown that the presence of K531 in the rAAV capsid enhances transduction of 

MoDCs; while a mean of 10.4% of MoDCs were transduced with wild-type rAAV2/6 (K531) at a 

MOI of 1x105 only 4.9% were transduced by the K531E mutant, and the transduction efficiency of 

rAAV2/1 increased from 1.6% to 11.9% with the E531K mutation. Interestingly however, pre-

incubation of the vector with heparin did not block infection of MoDCs, suggesting that K531 may 

be involved in binding to another receptor. The increase in transduction efficiency afforded by 

K531 was also independent of heparin in HepG2 cells (223).  It has recently been suggested that 
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EGFR is the receptor for rAAV2/6 (464). It is tempting to speculate that residues K531 and Y445F 

may be involved in binding to EGFR. This could be investigated by assessing the relative 

transduction efficiencies of wild-type, K531E and Y445F mutants in an EGFR- cell line that is 

transfected or mock transfected with EGFR.  

It will be important to assess the ability of rAAV2/6 (Y31F) to infect other DC subtypes. For in vivo 

vaccination the most relevant DC subtypes are CD1a+ dermal DCs and Langerhans cells (585). 

Several types of DCs have been described which can be delineated by expression of the markers 

CD1a, CD14 and CD207/Langerin (585). Assessment of the ability of rAAV2/6 to transduce 

dermal DCs and Langerhans cells will be important. Interestingly, Veron et al. have assessed the 

ability of conventional and self-complimentary pseudotype 1 and 2 rAAV vectors to transduce 

Langerhans cells derived in vitro from monocytes or CD34+ cord blood cells and plasmacytoid DCs 

(pDCs) derived in vitro from CD34+ cord blood cells. Higher rates of transduction were seen with 

Langerhans cells (both monocyte-derived and CD34+ cell-derived) and pDCs than with MoDCs, 

with transduction significantly increased with the self-complimentary vector (290). 

7.3 The failure of rAAV to activate dendritic cells 

Importantly, infection of MoDCs with rAAV2/6 caused little change in immunophenotype. This is 

consistent with previous findings (59, 290). Maturation of DCs is essential for priming of naive 

CD4+ and CD8+ T cell responses. Antigen presentation by immature dendritic cells induces antigen-

specific tolerance (26, 465). In contrast, mature DCs are potent primers of T cell responses. Mature 

DCs up-regulate the surface expression of MHC class I and II molecules (signal 1), co-stimulatory 

molecules (signal 2), and cytokines (signal 3) (25, 26). Priming determines the effector functions of 

T cells (26, 38). Therefore, for use as a vaccine vector co-delivery of rAAV with an adjuvant is 

likely to be important. While co-administration of an adjuvant with rAAV2/8 failed to correct T cell 

dysfunction (374), this may reflect the lack of transduction of DCs (378). In addition, timing of 

adjuvant administration is likely to be critical. Pre-activation of DCs has been shown to inhibit 

MHC class II presentation of endogenous antigens (57).  Furthermore, inclusion of a TLR ligand 

and antigen in the same phagosome is required for optimal loading MCH class II molecules (493). 

Stronger T cell responses are seen when antigen and adjuvant are co-encapsulated in the same 

microspheres compared with co-delivery in separate microspheres (494). Therefore, for stimulation 

of robust CD4+ T cell responses, coordination of innate immune signalling and exposure to antigen 

is likely to be important. CD4+ T cell responses are essential for the tissue homing of CD8+ T cells 

and the development and maintenance of CD8+ T cell memory (26, 46, 47, 467). 
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7.4 Self adjuvanting rAAV vectors 

Given the time lag between infection and transgene expression, the co-expression of an adjuvant 

and an antigen from the same rAAV vector was investigated. Many different molecules have 

previously been assessed as potential vector-encoded adjuvants (89, 90, 95-97, 495-515) . Two 

innate immune signalling molecules, TICAM-1 and MAVS, and a sequence encoding a short 

hairpin RNA were screened. In vitro screening by transient transfection identified TICAM-1 as the 

most potent stimulator of both NFκB and IRF3 signalling, however MAVS was selected as the lead 

candidate as it was 837bp smaller and still potently stimulated both signalling pathways. Two 

different approaches were trialled. Firstly, bicistronic vectors expressing MAVS and eGFP, either 

from two CMV promoters or from a CMV promoter and the ECMV IRES were developed. While 

plasmid vectors potently stimulated NFκB and IRF3 signalling and expressed high levels of eGFP, 

unfortunately the infectivity of rAAV vector was reduced by about 1log10 due to a mutation in the 

3’ ITR of the rAAV genome. Furthermore, subsequent experiments demonstrated that in MoDCs 

the activity of the CMV promoter was less, with greater inter-individual variation in activity, than 

the CAG/WPRE promoter/enhancer. Therefore an alternative approach was developed with the 

CAG/WPRE promoter/enhancer expressing MAVS fusion proteins. While MAVS was tolerant to 

both N-terminal and C-terminal tags, it was more active with a N-terminal tag. MAVS was also 

tolerant of a C-terminal linear fusion with ubiquitin; this system allowed co-translation cleavage of 

eGFP from MAVS. Unfortunately, it was not possible to produce high titres of MAVS-expressing 

vectors, precluding assessment of rAAV2/6 (Y731F) expressing a MAVS-eGFP fusion protein in 

MoDCs. Further experiments demonstrated a reduction in numbers and viability of HEK 293T cells 

when producing MAVS-expressing vectors, suggesting that over-expression of MAVS was toxic to 

HEK 293T cells. This was probably due to apoptosis as induction of apoptosis of HEK 293 cells 

following over expression of MAVS has recently been reported (542).  

7.5 Development of a baculovirus production system 

Production of rAAV in insect cells has previously been reported (406, 564, 565). As there is no 

homologue of MAVS in insect cells, this study sought to develop a baculovirus system to produce 

rAAV2/6 (Y731F). As the insect cells do not correctly process the 5’ intron of the cap gene, 

mutations to attenuate the expression of VP1 are required to ensure that the three capsid proteins, 

VP1, VP2, and VP3, are produced in the correct stoichiometry (406). While rAAV2/2 produced 

with these mutations was equally as infectious as HEK 293 cell-produced vector, infectivity of 

rAAV2/5 and rAAV2/8 was markedly reduced due to loss of the phospholipase activity that is 

encoded at the N terminus of VP1 (564, 565). Production of rAAV2/5 and rAAV2/8 required either 
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a chimeric VP1 gene, with the N-terminus from serotype 2, or a mosaic capsid containing both 

serotype 2 and serotype 5 or 8 VP1 capsid subunits (564, 565). While there is one previous report of 

the production of rAAV2/6 without the need for chimeric or mosaic capsids, no comparison was 

made with HEK 293 cell-produced vector (566). Therefore this study sought to produce rAAV2/6 

(Y731F) in insect cells and to determine whether the native serotype 6 VP1, incorporating the 

mutations described for serotype 2, retained infectivity or whether a chimeric VP1 was required.  

The production of rAAV in insect cells involves co-infection with 2-4 baculoviruses encoding the 

vector genome, the capsid proteins, Rep78, and Rep52 (396, 405, 406, 413, 564-566, 569-571). 

This method relies on co-infection of each cell with each type of baculovirus. To increase the 

efficiency of production the use of a single baculovirus encoding all the necessary functions for 

rAAV production was investigated. The baculovirus was developed using the MultiBac system 

(572). However repeated difficulties were encountered with producing the baculovirus, probably 

due to persistence of the Cre-recombinase-encoding plasmid, pBADZ-His6Cre. Therefore an 

alternative two baculovirus approach was developed, with one baculovirus encoding the structural 

and non-structural proteins required for rAAV production and the other baculovirus encoding the 

vector genome. Bacmid preparations were free of contaminating plasmid DNA and baculoviruses 

were successfully produced. The baculoviruses were titred by a variation of a previously published 

method (395) and Sf9 cells co-infected with both baculoviruses at high MOI.  However, only low 

titres of DNase-resistant particles were obtained; at these low titres quantification of the vector was 

inaccurate due to persistence of baculovirus DNA. Infection of HEK 293T cells with Triton X-100-

treated preparations confirmed the production of rAAV2/6 (Y731F) of similar infectivity to vector 

produced in HEK 293T cells. Infectious rAAV was only produced when serotype 6 VP1 

incorporating the Urabe mutations was used. While no infectious vector was produced with the 

mosaic VP1 protein, given the inaccuracies in quantification of low-titre preparations successful 

production cannot be excluded.  

Clearly further optimisation of the baculovirus system is required to produce high titre vector 

stocks. Initially the baculoviruses should be plaque purified and clones identified that produce high 

titres of the capsid and non-capsid proteins, as determined by Western blot. These clones will 

require accurate titration; if the modified cell growth assay is to be used further validation will first 

be required. Efficiency of rAAV production may also be increased by optimising the multiplicity of 

infection, the seeding density of Sf9 cells, and the temperature and length of culture (405, 569-571, 

580). In addition, further development of the MultiBac system is also warranted as use of a single 

vector may increase the efficiency of rAAV production, as has been previously shown for protein 

complexes (572).  
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Optimisation of methods of purifying baculovirus-produced rAAV will also be required. Processing 

of large volumes of media by ultracentrifugation is impractical. An alternative would be to process 

the cell lysate alone by ultracentrifugation on a discontinuous iodixanol gradient followed by anion 

exchange or heparin affinity chromatography. To maximise the amount of vector in the cell pellet 

the optimal duration of culture would need to be determined to allow production of high titres of 

rAAV while minimising cell lysis. Alternatively, rAAV could be purified by chromatography alone. 

As high purity stocks will be required to allow assessment of the effect of MAVS expression on DC 

immunophenotype, a two-step purification would likely be required. Sequential cation exchange 

and anion exchange chromatography (415), cation exchange and hydrophobic interaction 

chromatography (396), or a combination of anion exchange, heparin affinity or AVB Sepharose 

chromatography could be assessed. Alternatively, rAAV could be precipitated with polyethylene 

glycol or ammonium sulphate and purified by ultracentrifugation (391, 409).  

7.6 Use of an alternative vector-encoded adjuvant 

The use of an alternative vector-encoded adjuvant that is not toxic to HEK 293 cells may obviate 

the need for an insect cell production system. As MAVS-induced apoptosis is independent of IRF-3 

signalling (542), over-expression of other molecules in the RIG-I/MDA-5 signalling pathway may 

be an alternative. The successful production of rAAV expressing interferon-β suggests that type I 

interferons themselves do not interfere with rAAV production (562). Alternatively, over-expression 

of a signalling molecule in the MyD88- or TICAM-1-dependent TLR-signalling pathways may be 

effective (90). While production of rAAV expressing an alternative adjuvant may allow in vitro 

assessment of its efficacy, scale up of production will still be required for in vivo studies. Therefore 

refinement of the baculovirus system should be pursued. 

7.7 Future assessment of self-adjuvanting rAAV vaccine vectors in vitro 

Once adequate titres of rAAV2/6 (Y731F) expressing MAVS or an alternative adjuvant have been 

obtained, the effect of the self-adjuvanting rAAV on the immunophenotype and immunostimulatory 

ability of MoDCs should be assessed. rAAV genome-containing baculoviruses that encode the 

various MAVS fusion proteins have already been produced. Baculovirus-produced rAAV2/6 

(Y731F) expressing these various constructs should be assessed for their capacity to mature 

transduced MoDCs. In addition, the ability of MoDCs infected with self-adjuvanting rAAV2/6 

(Y731F) to prime a naive T cell response should be compared with rAAV2/6 (Y731F) expressing 

antigen alone. The HLA-A2- restricted Melan-A/MART-1 epitope 26-35 provides an ideal in vitro 

system for assessing T cell priming. Melan-A/MART-26-35-restricted CD8+ T cells occur at high 
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frequency in healthy HLA-A2+ positive individuals, with tetramer positive cells detected at mean 

frequencies of 0.07% (1:1400 CD8+ T cells) in more than 70% of individuals (538). Despite 

occurring at frequencies similar to memory T cells, these cells have a naive phenotype in healthy 

donors, as characterised by expression of CCR7+ CD45RA+ and failure to secrete cytokines on 

antigen challenge (538). The reason for the high frequency of these cells is unclear, however the 

presence of T cell receptor excision circles (TRECs), long telomeres, and high frequency of 

tetramer+ T cells in the thymus suggests that there is continuous thymic production (538). In HLA-

A2+ patients with melanoma, Melan-A/MART-26-35-restricted CD8+ T cells with memory and 

effector phenotypes are found. These cells lyse peptide-loaded target cells with 2 log10 less peptide 

when the anchor residue at position 2 is changed from alanine to leucine (586); the modified peptide 

is known as ELA (ELAGIGILTV). While both the natural and the mutated epitope can be produced 

from the full length protein by the proteasome, the immunoproteasome fails to generate the correct 

C-terminus (541). As DCs constitutively express the immunoproteasome, they do not generate this 

epitope. DCs transduced with a lentiviral vector expressing the full length protein failed to elicit an 

ELA-specific-specific T cell response; in contrast expression of the ELA epitope alone stimulated a 

robust T cell response. (541). Therefore assessment of the ability of rAAV-transduced MoDCs to 

stimulate naive ELA-specific CD8+ T cells will require expression of either the epitope alone or the 

epitope at the C-terminus of a fusion protein. rAAV genome-encoding plasmids that express MAVS 

with ELA at the C-terminus, eGFP with the ELA at the C-terminus, MAVS-ubiquitin-ELA fusion, 

or eGFP-ubiquitin-ELA fusion have been generated (see vector maps in the electronic Appendix). 

These vectors should be compared for their ability to prime a naive T cell response by assessing 

proliferation of ELA-specific CD8+ T cells in vitro. 

7.8 Future assessment of self-adjuvanting rAAV vaccine vectors in vivo 

Self-adjuvanting rAAV vectors should ultimately be assessed in mice. Given the dysfunctional 

immune response elicited by several rAAV pseudotypes in mice, it will be important to assess the 

magnitude, functionality, and phenotype of CD4+ and CD8+ T cell responses. The ability to boost 

rAAV-primed T cell responses should also be assessed. Self-adjuvanting vectors should be 

compared with vectors expressing either antigen or adjuvant alone. In addition, comparison should 

be made to immunisation with a mixture of vectors expressing antigen or adjuvant antigen alone to 

assess the benefit, if any, of a single vector approach. In parallel it would be interesting to assess the 

effect of a vector-encoded adjuvant in a rh32.33-pseudotyped vector; if MAVS was used however 

this would require the development of a baculovirus production system for this pseudotype.  
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In mice, persistence of transgene expression at the site of injection caused partial exhaustion of the 

antigen-specific T cells, with functional restoration on adoptive transfer (374). Therefore restricting 

antigen expression to DCs by replacement of the CAG/WPRE promoter/enhancer with a DC-

specific promoter may be beneficial. Several promoters have been suggested to be DC specific, 

including the promoters of HLA-DRa, CD83, DC SIGN, fascin, and dectin-2 (587-591). The 

packaging constraints of rAAV may limit the use of certain promoters. At 3.2kbp the dectin II 

promoter could only be used in rAAV with a single short transgene (591). While the human core 

promoter for fascin is only 210bp long it lacks cell type specific activity; 1.2 to 1.4kbp is required 

for the negative regulatory elements that control cell type specific activity (592). In contrast, the 

298bp minimal promoter of HLA-DRa is active in HLA-DRa+ cells and is highly specific (587). 

However, the activity of tissue specific promoters may be less than from a strong viral promoter. 

While Cui et al. found the activity of the minimal HLA-DRa promoter expressing eGFP to be 

similar to the EF1α promoter in the HLA-DRa+ descendents of lentiviral-transduced CD34+ 

haematopoietic stem cells (587), in MoDCs infected with rAAV encoding luciferase the HLA-DR 

promoter was found to be 19-23 fold less active than the CAG/WPRE promoter/enhancer (see 

Appendix Figure A7.1). Furthermore expression of eGFP in DCs was not detectable by flow 

cytometry. This may reflect differential activity of the promoter at different stages of differentiation 

(593). It remains to be determined whether the level of transgene expression driven by a DC-

specific promoter is adequate to induce a transgene-specific T cell response. 

7.9 The problem of T cell exhaustion 

The development of therapeutic vaccines is complicated by T cell exhaustion. T cell exhaustion has 

been described in chronic HBV, HCV, HIV, and in malignancy (62-65). In chronic HBV and HCV 

infection few virus-specific T cells are detectable directly ex vivo (448, 450, 594, 595). Expression 

of PD-1 is up-regulated on exhausted T cells (68). HBV- and HCV-specific T cells show up-

regulated expression of PD-1 (62, 596), although the association of PD-1 expression with disease is 

debated in HCV (597). Upregulation of PD-1 expression has also been shown in HIV infection and 

in various malignancies (63, 65, 67). The ligand of PD-1, PD-L1, is expressed on antigen presenting 

cells. Blocking the PD-1-PD-L1 axis with anti-PD-1 or anti-PD-L1 antibodies improves T cell 

exhaustion in mice chronically infected with LCMV and in rhesus macaques infected with SIV (68, 

598). Furthermore, blocking the signalling of other inhibitory pathways, such as LAG-2 may act 

synergistically to improve T cell function (60). For immunotherapy, immunisation with a vaccine 

vector alone may be insufficient to overcome T cell exhaustion and blockade of the PD-1-PD-L1 

axis may be required to reduce T cell exhaustion and stimulate a stronger T cell response (69, 70). 
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However antibody-mediated blockade of the PD-1-PD-L1 axis may cause autoimmunity (599). Co-

expression of antigen and a short hairpin or microRNA to knockdown the expression of PD-L1 by 

RNA interference may minimise the risks of autoimmunity (600). In addition, control of virus 

infection with antiviral drugs may also enhance the T cell response; lamivudine-induced reduction 

of the viral load in HBV infection leads to a transient improvement in both the frequency and 

function of antigen-specific T cells (601, 602). It is likely that a combination of these approaches 

will be required. Combining therapeutic vaccination with inhibition of the PD-1:PD-L1 axis and 

reducing viral load may be an effective approach to establishing immune control or clearance of 

chronic viral infections and malignancy. 

7.10 Conclusions 

In conclusion, while rAAV is an attractive vector for use as a T cell vaccine, improvements in its 

immunogenicity will likely be required to improve its therapeutic efficacy.  This research has 

addressed the immunogenicity of rAAV by optimising the infection of dendritic cells and by the 

inclusion of a vector-encoded adjuvant. The novel finding was made that rAAV2/6 is the optimal 

serotype for the transduction of human MoDCs. Further improvements in transduction efficiency 

were achieved by mutation of the surface tyrosine residue 731. Infection with rAAV failed to 

trigger the maturation of MoDCs, although infected MoDCs were still able to mature in response to 

LPS. Therefore an adjuvant will be required for optimal immunogenicity of rAAV vectors. MAVS 

was identified as a potential vector-encoded adjuvant. Vectors encoding both MAVS and an antigen 

or reporter were developed. However, rAAV production was hindered by a reduction in cell number 

and viability secondary to over-expression of MAVS. Therefore a baculovirus system was 

developed for the production of rAAV2/6 (Y731F). While much optimisation of this system is still 

required, vector was successfully produced. This will facilitate assessment of self-adjuvanting 

rAAV vectors, both in vitro and in vivo. If these studies confirm the increased immunogenicity of 

self-adjuvanting rAAV2/6 (Y731F) vectors, then rAAV should again be considered as a vector for 

clinical T cell vaccine trials. 
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Figure A7.1 Relative activity of HLADRa promoter and CAG/WPRE promoter/enhancer. MoDCs 

were infected at a MOI of 104 or 105 with rAAV2/6 (Y731F) expressing firefly luciferase under the control 

of either the HLADRa promoter or the CAG/WPRE promoter enhancer. Luciferase acitivity was determined 

48 hours post infection with the Bright-GloTM Luciferase Assay System (Promga) as per the manufacturer’s 

instructions. Luciferase acitivity is expressed relative to an uninfected control. The experiment was 

performed duplicate cell from two different donors (n=2). Means and 95% confidence intervals are shown. 

Samples were compared with a one way ANOVA with subsequent pairwise multiple comparisons by 

the Holm-Sidak method. Differences between promoters were significant at both MOIs (p<0.001), while 

for each promoter there was no significant difference in luciferase expression between MOIs (p>0.06).  
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