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ABSTRACT 
 

Background: Adeno- associated virus serotype 9 (AAV9) has a high transduction efficiency for 

cardiac tissues, along with liver, skeletal muscle, pancreatic tissue, and the eye, versus other AAV 

serotypes. Unfortunately, nonspecific targeting to the intended tissue can result in the need for 

use of higher particle numbers to obtain intended transduction of the target tissue, which may 

also increase chances of initiating innate and adaptive immune responses. Such limitations 

require the need to bioengineer AAV9, and other serotypes including AAV6 and AAV8, in order to 

develop recombinant AAV vectors with cardiac tissue specific targeting and altered surface 

antigenic properties that may evade phosphorylation mediated degradation, neutralization, and 

clearance. 

 

Methods: Random mutagenesis PCR was used to mutate the external surface domains of AAV9 

and chimeric AAV9-2 capsids. Mutations in the VP3 capsid sequences, cloned into helper plasmids 

pXR9 and chimeric pXR9-2 (substituting the 3-fold loop region of AAV9’s VP3 with AAV2’s), were 

used to generate a small library of rAAV9 or chimeric 9-2 vectors with mutant capsids. For 

accurate comparison, parent plasmids AAV9-2, AAV9 and AAV2 (with no mutations) were also 

used to generate rAAV vectors, each packaging the luciferase transgene. Mutant or parent 

vectors expressing luciferase were used to transduce HEK293 cells (HEK293s), neonatal 

cardiomyocytes (NCMs), and neonatal or adult rat cardiac fibroblasts (RCFs), in vitro (1,000 

vp/cell). Relative luciferase activities and protein concentrations were measured (RLU/ug/uL), 

respectively. A second approach at mutagenesis of the pXR9-2 capsid was employed. Surface-

exposed T and Y residues were substituted for Valine or Phenylalanine and an ischemic 

myocardium targeting peptide (ICTP) motif was inserted at site 588 of the VP1 capsid protein.   

 

Results: A small library of mutant rAAV9 or 9-2 vectors was screened in HEK293s, NCMs, and 

RCFs in vitro. Luciferase assay results led to the selection of several mutants, believed to have 
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enhanced levels of transgene expression. After large scale production of mutant and parent 

vectors, in vitro transduction assays revealed mutant vectors did not transduce NCMs or RCFs 

cultures better than their respective parent vectors. Recombinant AAV9-2R mutants, containing 

all or some point mutations and/or ICTP, produced similar results. Some mutants exhibited 

changes in tropism properties that were different from the parent vectors. Still, parent vector 

AAV9-2 displayed robust transduction efficiency, much greater than the other parent or mutant 

vectors. These results encourage us to continue our investigation into its unique properties.  

  

Conclusions: This study reflects the difficulties of AAV capsid mutagenesis. We hope that this 

study can serve as a tool to further our understanding of AAV’s molecular and structural biology 

properties.  
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CHAPTER 1 

INTRODUCTION 

 
Classifications of Gene Therapy 

Gene therapy has been best defined as the transfer of nucleic acids (or genetic material) 

to somatic cells or, less often, germ line cells of an individual to yield a therapeutic effect or to 

prevent disease [1, 2, 3, 4]. Identification of the therapeutic target is the first step in a rational 

method for gene delivery which may include: replacement of a defective or absent gene product, 

increasing expression of the normal or mutated gene, and antagonized expression of the normal 

or mutated gene. Once the intended molecular target is selected, the cellular/tissue target must 

be decided upon. But, the most challenging step involves developing an efficient system that 

allows for the successful delivery of the genetic material [5]. The “polyanionic nature and high 

molecular weight of free nucleic acids” can hinder the efficient crossing through the negatively-

charged plasma membrane making cellular uptake extremely difficult [6]. This indicates that the 

development of an ideal delivery system for cellular delivery of nucleic acids is crucial for the 

effective application of gene therapy.  

Three major criteria for a successful gene delivery system include: protection of the 

transgene against degradation by nucleases in intracellular matrices, efficient delivery of the 

transgene across the plasma membrane and into the nucleus of target cells, and minimal toxicity 

or absence of detrimental effects [7]. There are both viral and non-viral approaches to gene 

therapy. Non-viral vectors can be physical, based on the use of physical forces to weaken the cell 

membrane and allow for uptake of genetic materials. They can also be chemical, prepared by 

electrostatic interaction between lipids or polymers and anionic phosphates of nucleic acids 

(lipoplexes and polyplexes) [8]. Unfortunately, these non-viral vector approaches have had 

significant limitations. Cationic lipids, polymers, and other naturally occurring compounds have 
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had great success in vitro, but have shown lackluster performance in human gene therapy clinical 

trials [7].   

 

Viral Vectors in Gene Delivery 

Viruses are being used as vectors for the delivery of therapeutics into target tissues, 

much more commonly [9]. According to Yin et al. 2014, ~70% of gene therapy clinical trials, 

conducted thus far, used modified viruses, such as: retroviruses, lentiviruses, adenoviruses (Ads) 

and adeno-associated viruses (AAVs) for gene delivery [10]. Because viruses have evolved 

proficient mechanisms for delivering their own genomes into cells, recombinant (r) engineered 

viruses can be considered the most efficient system of gene transfer [1]. Viral vectors can 

mediate gene delivery adeptly, while sustaining transient or long term transgene expression [7, 

12]. These properties of viruses adds credence to the argument that viral delivery systems 

outperform naked DNA plasmids, lipofection, and other non-viral vectors [13].   

Within the past years, researchers have made great advances in understanding precisely 

how viruses and viral vectors interact with host cells, on the molecular level. The main classes of 

clinically applicable viral vectors are derived from Ads, AAVs, retroviruses, lentiviruses, herpes 

simplex-1 viruses (HSV-1s), baculoviruses, and poxviruses [14]. Viral vectors can also be divided 

into two major groups determined by capability to integrate into the host genome (retroviruses, 

lentiviruses, and poxviruses) or be maintained episomally (AAVs, adenoviruses, baculoviruses, 

and HSVs).  

Most ideal r-viral vectors avoid subsequent expression of viral genes responsible for 

replication and toxicity, by deletion of specific coding regions of the viral genome (not including 

the terminal repeat sequences or other cis elements required for packaging or integration) [15].  

Retroviral vectors were preferred for earlier human gene therapy studies using ex vivo methods, 

because of their stable integration in rapidly dividing cells [16, 17]. However, the shift toward the 

application of viral vectors for in vivo studies has created a larger necessity for the development 
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of r-viral vectors capable of (1) transducing non-dividing cells, (2) transducing a wider range of 

cell types, and (3) generating higher levels of transgene expression in the cellular target [18].    

 

AAV Mediated Gene Therapy 

Discovery of a large and diverse family of more than 120 AAV serotypes, in both human 

and non-human primate tissues, has boosted the use of AAV vectors [19]. Early on, r-adenoviral 

vectors were used to transduce cardiac tissues and displayed reasonable transgene expression, 

but with limited duration (only weeks) resulting from an immunologic response caused by 

remaining viral genes within the vector; additionally, lentiviruses, capable of transducing post 

mitotic cells, may integrate within or near a tumor suppressing or promoting area, and cause 

unobstructed growth and division [20]. In contrast, the only cis-elements of the AAV genome 

necessary for DNA replication and packaging are the inverted terminal repeats (ITR); both the 

entire rep and cap genes can be replaced by any sequence of interest, within a size limit of 

approximately 5 kb [21]. This reduces the risk of recombination of the wild type virus and 

lengthens the duration of transgene expression. Moreover, the lack of viral gene products being 

expressed in target cells reduces the risk of eliciting a cellular immune response and increases 

successful transgene expression [22]. In addition, rAAV serotypes retain the ability for nuclear 

trafficking, uncoating of the virion, and cell transduction [23].   

Recombinant AAV vectors have been employed in human gene therapy to treat 

cardiovascular diseases (CVDs), as CVD remains the leading cause of mortality worldwide [24]. 

Initially focused on treatment of inherited monogentic diseases, gene therapy is also applicable 

for treatment polygenic diseases (peripheral vascular disease, ischemic heart disease, 

arrhythmias, and congestive heart failure) [25]. For example, a phase 1/2 clinical trial using 

administration of an AAV1 vector to deliver SERCA2a to patients with congestive heart failure 

resulted in improvements of various key outcomes [26, 27]. Of the 9 patients treated, several 

demonstrated improvements from baseline to month 6 across a number of parameters important 

in HF, including symptomatic (NYHA and Minnesota Living with Heart Failure Questionnaire, 5 
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patients), functional (6 minute walk test and VO2 max, 4 patients), biomarker (NT-ProBNP, 2 

patients), and LV function/remodeling (EF and end-systolic volume, 5 patients) [28].  

While AAV1 and AAV6 are well suited for local muscle tissue gene delivery via direct 

injection, AAV8 and AAV9 appear more applicable for systemic gene transfer to the muscle and 

the heart [29]. Recombinant AAV9 vectors are believed to cross the vascular endothelial barriers, 

making it a prime candidate for future cardiac gene therapy, as opposed to other serotypes [30].  

Unfortunately, systemic delivery of rAAV in large mammals remains an overwhelming challenge 

[31].  

 

AAV Biology 

AAV is a non-pathogenic parvovirus, of the Dependovirus genus [32, 33]. AAV has a non-

enveloped genome, packaging single stranded DNA, and is ~4,700 bases in size [34]. The AAV 

genome (see Figure 1) is composed of three open reading frames (ORFs), flanked by inverted 

terminal repeats (ITRs); The ITRs facilitate functions such as: DNA replication, packaging, 

regulation of gene expression, and host genome integration [32]. The 5’-ORF encodes the rep 

gene and the 3’-ORF encodes the cap gene. The rep gene allows for expression of four non-

structural proteins (p5 promoted Rep78 and Rep68, and p19 promoted Rep52 and Rep40) 

required for viral replication; additionally, the proteins also play a role in transcriptional 

regulation, site-specific integration, and virion assembly [35, 36, 37].     

The cap gene allows for expression of three structural proteins (VP1, VP2 and VP3), 

overlapping one another, and are necessary for assembly of the virion; expression of these three 

proteins occurs through alternate splicing and usage of alternate start codons. The VP1-3 

proteins are translated from mRNA that is transcribed from the p40 promoter [38, 34, 33].  

Newly identified structural protein, assembly activating protein (AAP), was found to be translated 

from an alternative ORF, also located in the VP2/VP3 region mRNA; the AAP localizes the cap 

proteins to the nucleolus, enabling assembly of the capsid [38, 39]. Cap proteins VP2 and VP3 

are both translated from the major spliced mRNA transcript; however, VP3 is translated more 
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efficiently due to the use of the more favorable ATG start codon [40]. As a result, the proteins 

VP1-3 are present in a predicted ratio of 1:1:10, respectively.  All AAV transcripts terminate at a 

single polyadenylation signal [41].  

 

 

 

AAV Capsid 

The genome of AAV is packaged within a non-enveloped icosahedral capsid, ~22-26 nm 

in diameter; each virion has 60 subunits arranged with T = 1 icosahedral symmetry [42, 43].    

Some important structural features of the capsid (see Figure 2) are: (1) a dimple-like depression 

at the twofold axis of symmetry, (2) three elongated spikes surrounding the threefold axis of 

symmetry, and (3) 12 narrow pores at the fivefold axis of symmetry [44].  The virion of each 

serotype displays unique physical characteristics that influence tissue tropism, transduction 

Figure 1. The adeno-associated virus (AAV) genome. The AAV genome is packaged within a 

non-enveloped icosahedral capsid and contains three open reading frames (ORFs) flanked by 

inverted terminal repeats (ITRs), which form T-shaped hairpin ends. The rep ORF encodes 

four non-structural proteins (Rep40, Rep52, Rep68 and Rep78) that are essential for viral 

replication, transcriptional regulation, genome integration and virion assembly. The cap ORF 

encodes 3 structural proteins (VP1, VP2 and VP3) that form the 60-mer viral capsid with the 

aid of the assembly-activating protein (AAP), which is encoded by an alternative ORF (grey 

arrow) located within cap. Hypervariable regions are denoted by colored arrows. Regions 

encoding surface-exposed amino acids are indicated on cap (black lines) [26]. 
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efficiency, and rate of blood-clearance [38, 14]. The capsid proteins also impact initial binding to 

cell surface receptors and cellular trafficking that allow the virus to gain access to the nucleus 

[34].   

The structure of AAV’s VP3 protein has some highly conserved regions that are common 

between all serotypes (see Figure 3); this includes a core motif of an antiparallel 8 stranded beta 

(β)-barrel (strands labeled B-I) and a small alpha (α)-A helix [38, 42]. These β-strands have five 

long intrastrand loops inserted between them, containing β-ribbons and elements of secondary 

structure that form most of the outer surface of the capsid [46, 45, 33]. Within these loops, 

located on the surface of the capsid, there are 9 variable regions (VRs) that are linked to distinct 

functional roles in the AAV life cycle, such as: receptor binding, transduction, and antigenic 

specificity [38]. These VRs also contribute to the topological differences between serotypes [47].   

The distinctive HI loop (between βH and βI), that is needed for proper incorporation of 

VP1 into an assembled infectious particle, permits efficient packaging of the viral genomes [38]. 

The GH loop (between βG and βH) is the largest and most variable intrastrand loop; it has 4 

subloops (GH1-4), which are implicated in the formation of protruding “spikes” at the three-fold 

axis of symmetry [33].  Widespread interaction exists amongst the subunits, at the threefold axis, 

as they form three clusters of peaks on the surface of the virion [43]. It is the threefold proximal 

peaks that contain the most variability and have the greatest contact energy [48, 49]. In 

contrast, the twofold axis has the weakest protein interactions and the lowest contact energy; 

the fivefold axis is thought to have intermediate interactions [50]. Thus, structural differences in 

each serotype can be exploited to tailor the design of varied tropisms to specific tissues or cell 

types [38].  
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Figure 2. Radially color-cued AAV1 capsid. The AAV1 capsid (from center to surface: blue-

green-yellow-red; ~110–130 Å) generated from 60 VP monomers (RCSB PDB #3NG9). The 

approximate icosahedral 2-, 3-, and 5-fold symmetry axes, as well as the AAV capsid surface 

features, are indicated by the arrows and labeled [100]. 
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Receptor Binding of Different Serotypes 

The initial cell surface binding of AAV capsids is mediated through glycosaminoglycans 

[51]. Researchers have identified many different types of these molecules as receptors or co-

receptors for AAV serotypes. This includes glycoproteins, glycans, and glycolipids [52]. AAV2 and 

-3 were shown to utilize heparan/heparin sulfate proteoglycan (HSPG) as primary receptors for 

cell attachment, respectively; while, AAV2 also utilizes αVβ5 integrin, fibroblast growth factor 

receptor (FGFR-1), and hepatocyte growth factor receptor (HGFR) as co-receptors [52, 53, 54]. 

AAV1, -4, -5, and -6 all use specific sialic acids (SIA) linkages as a receptor [55].    

Figure 3. Ribbon drawing of the AAV-2 subunit. The locations of the neighboring symmetry 

axes are shown. The β-barrel is on the inner surface of the capsid (pink) with strands of the 

two β-sheets labeled conventionally as A, B, I, D, and G, and C, H, E, and F. Loops are 

labeled according to the flanking strands (e.g., GH loop). Regions where the sequence differs 

greatest between the AAV serotypes are colored purple [43]. 
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Closely related AAV1 and -6 and distantly related AAV5 all use N-linked α2,3 and/or α2,6 

SIA. Alternately, AAV4 uses O-linked α2,3 SIA as a primary receptor. In addition, AAV5 and -6 

use co-receptors, platelet-derived growth factor receptor (PDGFR-α-polypeptide) and epidermal 

growth factor receptor (EGFR), respectively [56, 52, 57, 58]. AAV8 uses a unique 37/67-kDa 

laminin receptor (LamR), and AAV9 uses the N-linked galactose (GAL) receptor [59, 60]. 

Interestingly, AAV2, -3, and -9 also utilize LamR, as a co-receptor, for cell attachment, efficient 

internalization, and transduction [59]. Awaiting further investigation, primary and secondary 

receptors utilized by the other AAV serotypes are currently unknown [61].   

Crystallography and mutagenesis studies led to the identification of the specific amino 

acid sites (using VP1 numbering) responsible for employing the primary receptors of each 

serotype. The HSPG receptor of AAV2 is bound by residues R484, R487, K532, R585, and R588 

[62]. However the HSPG receptor of AAV3 is void of residues R585 and R588 that are considered 

vital for heparan binding by AAV2 [63]. In regard to specific SIA linkage receptors, residues 

essential for AAV4’s O-linked α2,3 SIA receptor binding are K492, K503, M523, G581, Q583, and 

N585. The AAV5 SIA receptor utilizes one important residue, A581 [64]. Four majority basic 

residues: K459, K493, K531, and R576 define the N-linked α2,3 and/or α2,6 SIA receptor of AAV6 

[65]. Additionally, the AAV9 N-linked galactose receptor requires D271, N272, N470, Y446, and 

W503 [55]. Other AAV serotype receptor residues, including the SIA receptor for AAV1, are 

continuously being worked on. These receptor binding residues are all located on the GH sub-

loops. 

 

Cellular Tropisms and Transduction Efficiency 

The various AAV serotypes differ in their specific properties of tropism for different target 

tissues and their ability to transduce those tissues. Though AAV2 was the first isolated and most 

explored serotype, AAV serotypes -1, -3, and -5-9 seem to transduce various tissues, including: 

muscle, liver, heart, central nervous system (CNS), vascular endothelium, arthritic joints, 

pancreas, cochlear inner hair cells, and the retina, more efficiently [66].   
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Comparative analysis of tropism characteristics for many of the serotypes have been 

conducted; this has revealed that the route of administration can cause tissue distribution and 

transduction kinetics to vary [23]. AAV5 and -6 appear to transduce lung and airway epithelial 

tissues the greatest when administered locally [66].  However, AAV9 seems to have a greater 

transduction efficiency for murinealveolar and nasal epithelia, when administered intrathecally 

[67].   

When using intravenous administration, AAV serotypes -6-9 transduce the heart and liver 

with high efficiency [51]. Yet, AAV serotypes -1, -6, -8 and -9 have greater tropism for the 

myocardium than all others [68, 69]. Serotypes AAV8 and -9 have been identified as the most 

efficient in crossing the blood vessel barrier to achieve systemic transgene expression in both 

skeletal and cardiac muscle [70].   

Upon systemic delivery of AAV2 pseudo-typed AAV 1-9, via tail vein injection, AAV7 and -

9 displayed the highest levels of transgene expression. AAV1, and AAV-6 -9 all displayed rapid 

onset of expression. AAV9 displayed the greatest distribution of viral genomes and highest 

protein levels. While, AAV4 displayed the greatest number of genome copies, in the lung and 

kidney, and a relatively high copy number in the heart [23].   

Interestingly, upon intrastriatal or subretinal injection, AAV5 has the greatest 

transduction in neurons and photoreceptors, respectively; yet AAV4 preferentially transduces 

ependymal cells with high efficiency [71, 72]. Most impactful was the discovery that, after 

intravascular administration, AAV9 has the ability to cross the blood brain barrier in both neonatal 

and adult mice generating widespread expression to the CNS, while preferentially targeting 

neonatal neurons and adult astrocytes [73, 74, 75].    

 

Bioengineering of AAV by Rational Designs 

Though the use of AAV vectors in gene therapy studies and clinical trials have had many 

great achievements, there are still significant limitations that need to be addressed. AAV 

serotypes have a wide range of tropisms, however transduction can occur with low cellular 
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specificity and limited efficiency [21]. The production of neutralizing antibodies and immune 

mediated clearance against AAV vectors has also been a substantial barrier in successful gene 

delivery [76]. Moreover, endocytosis, cellular trafficking, uncoating of the virion, and rate-limiting 

second strands synthesis of uncoated genomes, all have some impact on transduction efficiency 

[77]. Various methods are being employed in an attempt to increase the transduction efficiency 

and cellular specificity of rAAV vectors; most of these methods focus on mutagenesis of the viral 

capsid [78].   

Directed evolution of AAV capsids is thought to be a powerful method in the engineering 

of rAAV vectors. Random mutagenesis of capsid genes, via error-prone PCR, can generate large 

libraries of AAV mutants, which can be screened for desirable properties including: altered 

receptor binding, increased transduction, evasion of neutralizing antibodies, and transduction of 

non-permissive cell types [79, 80, 29, 81]. This method seems to require the least amount of 

knowledge of the AAV virion structure; yet, with our advancing understanding of virus biology 

and solving of crystal structures of different AAV serotypes, this approach can easily be expanded 

upon [81].     

DNA shuffling of the different AAV serotype rep and/or cap genes can be used to 

produce mosaic or chimeric rAAV vectors. One study, led by Yang et al., produced the mutant 

recombinant vector, AAVM41, containing a mosaic capsid that was generated from AAV1, 6, 7, 

and 8. Upon systemic (iv) administration, AAVM41 preferentially transduced the myocardium and 

displayed a significant decrease in transduction of the liver [82]. Use of these approaches permits 

the combination of favorable domains from different serotypes and can create novel serotypes 

with diverse properties of tropism and transduction.  

The insertion of receptor-targeting peptides, based on known receptor ligands or library-

based approaches, has been used to retarget rAAV vectors to specific cell types [83]. The region 

of the capsid near the VP amino acid R588 or A589 (AAV serotypes 2 and 9, respectively) has 

been shown to well tolerate incorporation of peptide insertions. These insertions are compatible 

with viral capsid assembly and are consequently presented 60 times within the 3 fold spike region 
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of the capsid surface. Additionally, peptide insertion at this position has been noted to disrupt 

HSPG receptor binding of AAV2 and is believed to promote evasion from neutralizing antibodies 

[66, 85]. Previously, a study led by Zhang et al., used a novel combination of in vivo phage-

selection and a bacterial 2-hybridization scheme to identify peptides that specifically bind normal 

heart endothelium [86]. A more recent study, used an in vivo phage display to identify a peptide 

capable of targeting ischemic tissues, specifically in the myocardium [87].   

Viral intracellular trafficking is an important rate-limiting step in AAV-mediated 

transduction (see Figure 4). Studies, within the last decade, have revealed that specific surface-

exposed tyrosine (Y), serine (S), threonine (T) and lysine (K) residues can trigger ubiquitin-

mediated proteasome degradation of the capsid [88, 89]. It was determined that epidermal 

growth factor receptor protein tyrosine kinase (EGFR-PTK) signaling has a negative effect on 

transduction of AAV2 vectors, due to the impairment of nuclear transport of the vectors [90]. The 

EGFR-PTK protein phosphorylates T residues of single-stranded D-sequence binding protein, 

FKBP52 and strongly inhibits the viral second-strand DNA synthesis of AAV [91]. Similarly, JNK 

and p38 MAPK S/T kinases can phosphorylate specific S and T residues of the AAV capsid 

surface, further inhibiting transduction [92].   

Rational point mutations of phosphodegrons, the phosphorylation sites recognized as 

degradation signals by ubiquitin ligases, can significantly increase transduction efficiency [93]. 

Aslandi et al., generated single and combinatorial point mutations of Y, S, T, or K residues to 

valine (V) or phenylalanine (F) in the AAV2 capsid. When transfecting HEK293 cells, the triple-

mutant (T491+550+659V), displayed a transduction efficiency that was 10-fold higher than the 

wild-type (wt) vector, and 3-fold higher than the best single-mutant (T491V) vector. A 

quadruple-mutant (Y444+500+730F+T491V) AAV2 vector presented an increased transduction 

efficiency ~24-fold greater than the wild-type AAV2 vector, in immortalized murine hepatocytes 

[94]. All of these approaches have shown to be effective and can be combined, to optimize the 

reengineering of rAAV vectors and other viral vectors, for the advancement of gene therapy [9].  
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Figure 4. Cellular internalization and nuclear trafficking. A model for interaction between 

epidermal growth factor receptor protein tyrosine kinase (EGFR-PTK) signaling and ubiquitin 

(Ub)/proteasome pathway in the regulation of intracellular trafficking as well as second-strand 

DNA synthesis of adeno-associated virus (AAV2) vectors. See text for details. The * indicates 

that proteasome inhibitors only affect the degradation step of AAV2 vectors, and **denotes 

that both the ubiquitination of AAV2 capsids and the viral second-stand DNA synthesis steps 

are affected by EGFR-PTK inhibitors. EE, early endosome; CP, clathrin-coated pits; LE, late 

endosome; F, FKBP52; P, phospho-tyrosine residues; HSPG, heparan sulfate proteoglycan 

[101]. 
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Aim of This Study 

The capsid of AAV can impact the transduction efficiency at several steps. Earlier studies 

using AAV2 vectors have demonstrated the ability to manipulate viral tropism and the rate of 

transduction to target cardiac tissues in vitro and in vivo. However, we now know that other 

serotypes such as AAV8 and AAV9 can broadly transduce cardiac tissues with much higher 

efficiency and cause less immunogenic responsiveness.  

Therefore, the aim of this study was to generate mutant AAV9 and chimeric AAV9-2 

vectors that display increased transduction efficiency and selectively target cardiac cell types. 

This was based on a combinatorial approach of different directed evolution methods. This study 

focused on mutating the external surface domains of AAV9 and/or chimeric AAV9-2, while limiting 

mutagenesis to residues within the VP3 region. This study was carried out using 1) a random 

mutagenesis strategy to generate a small library of AAV9 and AAV9-2 mutants, 2) point 

mutations of specific surface exposed residues targeted for degradation, and 3) insertion of an 

ischemic cardiac tissue-selective peptide at site 588 of AAV 9-2. Experiments were conducted 

using in vitro transduction of HEK293 cells, neonatal cardiomyocytes, and neonatal or adult rat 

cardiac fibroblasts. Results from transduction assays were analyzed using luciferase luminescence 

assays. 
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CHAPTER 2 

METHODS 

 

Plasmids 

The pXR9 plasmid was constructed as previously described [23]. The chimeric pXR9-2 

plasmid was constructed by amplifying the 3-fold loop region of AAV2 and cloning it into the 

pXR9 plasmid (void of its 3-fold loop region) using an In-Fusion cloning reaction (Clontech). The 

wild-type capsid domain of AAV9 was amplified from pXR9 by high fidelity PCR (Q5® High-

Fidelity 2X Master Mix, NEB), using the forward primer: 5’-actagatgcgggcccctcgagactggca and the 

reverse primer: 5’-tcctcgcccttgctcaccatggggcggg Primers were designed to contain unique 

restriction enzyme sites NcoI and XhoI. The PCR product was gel purified (NucleoSpin® Gel and 

PCR Clean-up kit, MN) and was cloned into the plasmid pUC57mCherry, which was also digested 

and linearized with both enzymes, using the In-Fusion cloning reaction.  This plasmid, denoted 

pUC57mCherry-AAV9cap, was used as the template for mutagenesis.  

Mutant pXR9 and pXR9-2 capsids were generated by error-prone PCR (GeneMorph II 

Random Mutagenesis Kit, Agilent). Plasmids were restriction digested with BsiWI and AfeI to 

remove the wild-type capsid domain. PCR products were digested with DpnI, purified, and 

subcloned into their respective plasmid backbone, as previously stated or by ligation (T4 DNA 

Ligase, NEB). Once complete, 5 uL of the respective reaction was transformed into competent E. 

coli cells (NEB 5-α, NEB) and plated on ampicillin plates, for overnight incubation at 37°C. 

Plasmid DNA, from colonies picked for overnight cultures, was purified (NucleoSpin® 

Plasmid/Plasmid (NoLid) kit, MN) and sequenced through the capsid region to identify present 

mutations. The pTJU2-scCMV transgene plasmid packaging the firefly luciferase gene was made 

similar to pTRCMV-Luc [23], but was shortened and subcloned into a self-complementary scCMV-

Luc vector backbone. A similar approach was used to generate the green fluorescent protein 

(GFP) reporter plasmid, hPa-GFP. The construction of helper plasmid pXX6-80, that contains the 
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genes necessary for adenovirus helper function in AAV replication, has been described elsewhere 

[95].  

The AAV capsid region, between restriction sites BsiWI and NotI, of the parent plasmid 

pXR9-2 was used to design the insertion of site directed mutations (Y444, 500, 730F, and T491, 

550, 659V), shown to prevent proteasome degradation [94], and insertion of an ischemic cardiac 

tissue targeting peptide (CSTSMLKAC) at site 588 [87] . This mutant capsid sequence was 

designed with the use of VectorNTI and was synthesized (GenScript) into pUC57 (referred to as 

pUC57 9-2 mutant cap). Restriction digests, BsiWI to NotI; BsiWI to XmaI; and XmaI to NotI of 

pUC57 9-2 mutant cap, allowed cloning of the full mutant capsid, region one only, and region 

two only to be cloned into the pXR9-2 backbone, respectively. Cloning was achieved via ligation. 

 

Cell Cultures 

Cultures of HEK293 cells, neonatal rat cardiac fibroblasts (NRCFs), and adult rat cardiac 

fibroblasts (RCFs) were all maintained at 37 °C and 5% CO2 in Dulbecco's modified Eagle's 

medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–

streptomycin (pen-strep). On day one, Neonatal cardiomyocytes (NCM) were seeded onto 24-well 

Primaria surface treated plates (Corning) at a density of 2x105  cells per well. Cells were 

maintained at 37°C and 5% CO2 in 1x Ham’s F-10 serum (Cellgro), supplemented with 10% 

Horse serum, 5% FBS, and 1% pen-strep. The following day, media was changed to 1x Ham’s F-

10 serum (Cellgro) supplemented with 5% FBS, and 1% pen-strep only. On day one, NRCFs or 

RCFs were seeded onto 10 cm plates (Cellstar). The day prior to transduction, cells were seeded 

onto 24 well plates (cellstar) at a density of 1.9x105 or 4.5x104 cells/well.  

 

Viral Vector Production and Purification (Small Scale) 

Recombinant AAV vectors were made, via the triple transfection method [95]. One day 

prior to transfection, HEK293 cells were plated at 1x106 cells/well in 6 well plates. Using a 2:1:1 

plasmid ratio, 1.5ug pXX6-80, 0.75ug of pTJU2-scCMV or hPa-GFP, and 0.75ug of one of the 
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pXR9 or pXR9-2 mutants or pXR2, pXR9, or pXR9-2 parent plasmids were used for each well. 

Each of the plasmid mixtures was combined with 200uL of DMEM (Corning), without serum or 

antibiotics. Then, 6ul of polyethyleneimine (PEI, 1ug/ml, Polysciences) was added for a PEI:DNA 

ratio of 2:1. The contents were mixed and set aside for 10 min. Following the 10 min wait, the 

total contents of each reaction mix was added to its designated well, in a drop-wise manner. 

Media was aspirated from cells, 72 hrs later, and replaced with 500 uL of 1x Dulbecco’s 

phosphate buffered saline (DPBS, Corning) per well. Cells were harvested in microcentrifuge 

tubes, and then tubes were freeze thawed 3 times on dry ice suspended in ethanol. Then, 1uL of 

Benzonase® Nuclease (25 units/uL, Novagen) and Leupeptin(1mg/mL, Amresco) were added to 

each tube and incubated in a 37°C water bath for 1hr. Afterward, the tubes were spun at 16 rpm 

for 20 min. The viral supernatants were collected in new tubes and stored at -80°C. No viral 

titers were taken.  

 

Viral Vector Production and Purification (Large Scale) 

One day prior to transfection, HEK293 cells were plated at 1.5x107 cells/15cm plate. 

Assuming that the cells grow slightly overnight, the density can be adjusted to 2.0x107 

cells/15cm plate the day of transfection. A total of 20 plates were used for each transfection. 

Using a 2:1:1 plasmid ratio, 30ug pXX6-80, 15ug of pTJU2-scCMV, and 15ug of one of the pXR9 

or pXR9-2 mutants or pXR2, pXR6, pXR9, or pXR9-2 parent plasmids were used for each plate. A 

master mix of 300ug of pXX-680, 150ug of pTJU2-scCMV, and 150ug of the respective pXR 

plasmid was combined with 48mL of DMEM, and 2.4mL of the PEI reagent was added. The 

contents were mixed and set aside for 10 min. Subsequently, 2.5 mL of the reaction mix was 

added to each plate of cells, in a drop-wise manner.  

Cells were harvested from plates, 72 hrs after transfection, and collected in 50 mL 

conical tubes (Genemate) for centrifugation (1,000 rpm for 5min, Heraeus™ Multifuge™ X3R, 

Thermo Scientific™). The supernatant was poured off, and the cell pellets were resuspended in a 

solution of 10mM Tris (pH 8.0), 5mM MgCl2, and 1mM CaCl2 (up to total volume of 9.5 mL). 
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Additionally, 75ul of Leupeptin (100mg/mg) was added to each tube before 45 sec of sonication 

in 1 sec intervals at 30% amplitude (Branson Sonifier 250, VWR Scientific). Next, 5ul of Universal 

Nuclease (Pierce) was added to each tube, before 1hr of incubation in a 37°C water bath. 

Afterward, the salt concentrations were adjusted by adding 2mL of 5M NaCl and transferred to 

Optiseal tubes (Beckman Instruments) in preparation for Iodixanol gradient centrifugation. Using 

a 10 mL syringe (BD) and capillary tube, the following layers of Iodixanol were added to the 

bottoms of the tubes: 4mL of 15%, 6mL 25%, 7mL of 40%, and 3-4mL of 60% Iodixanol. This 

method of addition avoids the disruption of the Iodixanol gradient. Tubes were spun at 65,000 

rpm and 12° C for 1hr, and the 40% Iodixanol layers were carefully extracted and diluted 1:1 

with 10mM Tris (pH 9.0), for fast performance liquid chromatography (FPLC) purification 

(AKTAFPLC, GE Healthcare Life Sciences). The viral fractions were collected and preliminary titers 

were determined, using the Quantiflour dsDNA system (Promega). The peak fractions were 

combined and final titers were determined as described for determination of preliminary titers. 

The combined fractions were then aliquot into cryotubes (Fisher), labeled respectively, and 

frozen at -80°C for storage. 

 

Silver Staining 

The viral vectors were diluted into ~1x1011 viral particles aliquots, with 10uL of each 

added together with 10uL of a 2x laemmli sample buffer (Sigma-Aldrich). Crude viral lysate was 

used as a control. All samples were heat inactivated for 5 minutes at 90°C, using a thermal cycler 

(C1000 Touch, Bio Rad) and then loaded onto a 10% acrylamide gel alongside the protein ladder. 

The gel was run at 80 volts for 90 minutes (Power Pac 300, Bio Rad). Remaining steps were 

conducted following instructions of the Pierce® Silver Stain Kit (Thermo Scientific). Results were 

visualized using the Gel Doc XR+ Imager (Bio Rad).  

 

Transduction and Luciferase Assay 
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Primary cultures of NCMs, NRCFs, and RCFs were used for all transduction experiments. 

All cells were maintained in 24 well plates; on the day of transduction, cells were treated with a 

respective parent or mutant rAAV vector, using a multiplicity of infection (MOI) of 1,000 vp/cell. 

Plates were incubated at 37°C and 5% CO2 for 72hrs.  

Post transduction, media was aspirated from cells.  For cell lysis, 100ul of a 1x lysis 

reagent (with 4mL of 1x DPBS and 1mL of 5x cell culture lysis reagent, Promega) was added to 

each well and shaken at 4°C for 20min. Cell lysates were added onto a 96 well plate (Corning). 

Luciferase activity was measured, according to manufacturer’s protocol (Luciferase Assay System, 

Promega), using a microplate reader (Infinite® M1000 PRO, Tecan). Luciferase units were 

normalized to total protein concentration (DC™ Protein Assay, BioRad).  

 

Quantitative PCR 

To determine infectious particle titers of parent and 9-2R mutant rAAV vectors, genomic 

DNA was isolated (NucleoSpin® Tissue kit, MN) from a 24 well plate of HEK293 cells, harvested 

after 72hr transduction with rAAV vectors at an MOI of 1,000 vp/cell, respectively. Samples were 

diluted to 10ug/uL with 10mM Tris-HCL (pH 8.0). The qPCR reaction conditions were carried out 

as instructed by the Real-Time PCR Applications Guide (Bio-Rad).  

 

Statistical Analysis 

Transductions and luciferase assays were conducted in triplicate. Results are presented 

as the mean +/- the standard error of the median set of group values for each separate 

experiment (n=9) or +/- the standard error of the mean (n=3). The variation among and 

between groups was determined using a one-way analysis of variance (ANOVA). The probability 

of a difference between parent and/or individual mutant rAAV vectors was determined using a 

two-tailed Student T-test by assuming unpaired, independent samples. A P value of <0.05 was 

considered to be statistically significant. 
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CHAPTER 3 

RESULTS 

 

Generation of mutated capsid proteins by random mutagenesis 

We hypothesized that the generation of random mutations in the AAV9 and/or chimeric 

AAV9-2 capsid sequences would allow for production of recombinant AAV vectors with increased 

transduction efficiency, specifically retargeted to cardiac cell types (in vitro). To test this theory, 

small libraries of mutant AAV9 or AAV9-2 capsid sequences were generated by using error prone 

(ep)-PCR. The incorporation of these mutations were restricted to the VP3 region of the capsid 

protein (Figure 3). 

To assess the frequency at which mutations would be generated, we had plasmid DNA 

from each mutant sequenced, using the same primers created for the ep-PCR. To identify present 

mutations, a total of 28 AAV9 capsid mutants were sequenced, through approximately 850 base 

pairs (bps) in the forward and reverse direction (Table 1). The number of mutations in a single 

mutant capsid ranged from 1 to 8. Mutations were quantified further as amino acid changes, 

silent mutations, frame shifts (only the first, if there were multiple), or stop codons (Figure 5). 

With a total of 23,800 bps sequenced, there were 109 total mutations generated. This gives an 

average rate of ~4.6 mutations per 1,000 bps. Mutant capsids possessing stop codons or frame 

shift mutations (deletions or insertions) were excluded from further testing. Thus, of the 28 

mutants sequenced, 13 were viable for rAAV vector production and further characterization. 

Alignment of mutant capsid sequences revealed that mutations typically clustered near the outer 

surface of VP3, as seen previously [96].  
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Figure 5. Quantitative overview of mutagenesis results. Total number of mutations in the 

sequenced data (not duplicated), those resulting in amino acid changes, those resulting in 

silent, frame-shift and/or stop mutations are quantified.  
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Characterization of Mutated Recombinant AAV vectors 

To identify capsid mutations that may increase transduction efficiency and cardiac cell 

targeting, rAAV vectors were used to transduce HEK293s, NCMs, NRCFs, and RCFs, as previously 

described. Each rAAV vector packaged the luciferase reporter gene, which allowed us to conduct 

luciferase activity assays on cell lysates after transduction. AAV9-2 parent vector was also triple 

transfected with green fluorescent protein (GFP), to be used as both a negative control and to 

visualize the quality of vector production. Approximately, 100 mutant vectors were produced at a 

smaller scale, transfecting individual wells of 6 well plates seeded with HEK293s. Following 

harvest and freeze thaw, 20uL of the viral lysate from each mutant was then used to transduce 

24 well plates of HEK293s. Seventy-two hours post transduction, expression of luciferase was 

detected using a luciferase activity assay (Figure 6).  
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Figure 6.  Pre-screening of mutant rAAV9 and rAAV9-2 vectors in HEK293 cells. Each mutant 

vector packaged the firefly luciferase transgene. Transduction assays were conducted 

measuring relative light units (RLUs) produced from 20uL transductions of each mutant or 

parent vector, respectively. Error bars indicate standard error of n=3. 
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These preliminary results were used to identify those mutant rAAV vectors that could 

successfully assemble the virion, package the DNA, express luciferase, and transduce cells.  

Initial luciferase assay results, from small scale viral supernatants, indicated that mutants AAV9-

2: m27A, m30A, m32A, m2B, and m6B, and AAV9: m3B, m9B, and m18B may have displayed 

some indication of increased transduction and/or tropism retargeting, in one or more of the cell 

types used (Figure 7).  

 

  

Figure 7. Screening for positive mutants. Results from luciferase assays in HEK293 cells were 

used to compare selected mutant vectors positive for luciferase expression. Mutant vectors 

were further tested in neonatal cardiomyocytes (NCMs) and either adult or neonatal rat 

cardiac fibroblasts (RCFs). Error bars indicate standard error of n=3. 
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To establish a more accurate comparison, viral titers of each selected mutant and parent 

vectors were measured from viral proteins purified by FPLC. Mutant or parent vectors were used 

to transduce NCMs, and NRCFs or RCFs at an MOI of 1,000 vp/cell. Transductions, luciferase 

assays, and protein assays were all conducted in triplicate. Unfortunately, it appeared that none 

of the mutants displayed a greater transduction efficiency than their respective parent vectors 

(Figure 8). It was determined that some mutant vectors transduced one cell type with at least 2-

fold greater efficiency over the other. Still, most of the mutant vectors presented a general 

decline in transduction, which may be attributed to the loss of important residue interactions 

within the three-fold loops and adjacent regions of the capsid [97]. There were no amino acid 

change mutations detected in mutant 9-2m30 (see Table 2). However, sequence data revealed at 

least one frameshift mutation, which would alter the cap open reading frame and transcription 

and translation of the VP3 protein.  

 

  

Figure 8. Large scale comparison of mutant and parent vectors. Mutant and parent vectors 

packaging luciferase were used to transduce NCMs or RCFs at an MOI of 1,000 vp/cell. 

Transductions and luciferase assays were each conducted in triplicate. Error bars indicate 

standard error of n=9. A p-value <0.05 is significant. (vp = viral particles) 



    26 
 

Comparison of final viral titers did not show any decrease in yields (Table 2). This 

suggests that these mutations do not have a negative effect on the production of the viral 

vectors. Further, there may not be any effect on the packaging of the mutant capsids. 

Interestingly, it appears that mutant AAV9-m3B and AAV9-2m6B may have better efficiency for 

viral particle production. To accurately determine any statistically significant difference in viral 

production efficiency, it is necessary to repeat the process of transfection and harvest of viral 

proteins one or two additional time.  

 

  

*Amino acid changes were not detected in mutant vector 9-2m32 based on sequencing data.  
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For quantitative analyses of DNA containing particles relative to physical particle titers, 

real-time PCR should be performed to normalize viral titers to genome copies obtained from a 

single producer cell. Silver staining of purified mutant and parent rAAV vectors was used to 

assess the purity of each vector (Figure 9). It was also important to visualize presence of capsid 

proteins VP1-3. Bands of AAV9m9 appeared to have more saturated bands, which may indicate 

use of a sample concentration higher than the assumed 1x1010 viral particles. In contrast, this 

could indicate an ability to increase expression of capsid proteins (many being possibly devoid of 

genomic DNA). This has not yet been determined. 

  

Figure 9. Silver stain image of purified rAAV vectors. Detection of capsid proteins by silver 

staining. A concentration of 1 × 1010 viral particles in 20uL for each vector was used for SDS-

PAGE followed by silver staining. 
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Combinatorial Approach to Capsid Mutagenesis 

The plasmid pUC57 9-2 mutant cap was designed to contain point mutations of surface-

exposed threonine (T) and tyrosine (Y) residues (T491, 550, 659V and Y444, 500, 730F). There 

was also the insertion of an ischemic cardiac tissue targeting peptide (ICTP: CSTSMLKAC) at 

amino acid site 588. Viral titers revealed that 9-2mR1+2, 9-2mR1, and 9-2mR2 capsid mutants 

produced rAAV vectors with lower yields compared to parent and previously described mutants 

(Table 2). This may be result of poor PEI/DNA reaction in vector production and not a reflection 

of mutations that decrease vector production. Silver staining (not shown) further confirmed that 

all three capsid proteins were present with reasonable band intensities.  

Luciferase assay results from 9-2mR1+2 revealed that the inclusion of all six point 

mutations, in combination with the ICTP, led to complete loss of transduction in both NCMs and 

RCFs (Figure 10). It was not surprising that a large combination of mutations could have an 

abrogating effect on the stability of the virion. However, 9-2mR1, void of mutations T659V and 

Y730F, and 9-2mR2, only containing mutations T659V and Y730F, displayed relatively decreased 

levels of transduction. This could indicate incorporation of the ICTP peptide may be causing 

retargeting from “normal” or healthy cardiac tissues, resulting in inhibition of transduction. 

Interestingly, the transduction efficiency of 9-2mR2 was significantly higher in cultures of RCFs 

than in NCMs. The reasoning or cause of this feature is unclear. Also, these transduction 

experiments should be repeated to determine if this occurrence is truly significant.  
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Figure 10. Transduction of large scale 9-2R mutants. Both mutant and parent rAAV vectors 

packaged the luciferase transgene. Transductions of NCMs and RCFs were done at MOI of 

1,000 vp/cell, using three wells per vector. Error bars indicate standard error of n=3. A p-

value <0.05 is significant. 
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To have a better understanding of the properties of our AAV9-2 parent and our 9-2R 

mutants, real-time or quantitative PCR (q-PCR) of genomic DNA was used to determine the 

amount of infectious particles obtained after 72 hour transduction of HEK293 cells at an MOI of 

1,000 vp/cell (Figure 11). The results from parent vector AAV9-2 correlated well with 

transduction assay data in NCMs and RCFs. What was more interesting was the low viral genome 

copy number associated with mutant 9-2mR2, because it was still capable of transducing NCMs 

and RCFs at a transduction level similar to AAV2. This may indicate mutant 9-2mR2 has a higher 

transduction efficiency relative to the amount of infectious particles packaged. 
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Figure 11. Quantitative PCR of parent and 9-2R mutant vectors. Transductions of HEK293 

cells were done at MOI of 1,000 vp/cell. The samples were added at concentrations of 

10ng/uL prior to addition of SYBR green master mix. Error bars indicate standard deviation of 

n=3. 
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CHAPTER 4 

DISCUSSION 

Use of recombinant adeno-associated viral (rAAV) vectors has become a powerful tool in 

gene therapy. These viral vectors are considered safe and efficient devices for successful gene 

transfer. Key features that increase favor of rAAV vectors include: nonpathogenicity, lack if viral 

coding sequences, extended duration of transgene expression, transduction of both dividing and 

non-dividing cells, safety in human clinical trials, broad range in cellular tropism, among other 

characteristics [98].  

However, we can reasonably argue that limitations in tissue specific transduction has 

been a major concern for several years. Targeting rAAV vectors to a specific tissue or cell type is 

an important issue to overcome, in order to enhance the specificity of any therapeutic effect 

[99]. Past and recent studies have validated the practice of directed evolution strategies to 

manipulate the capsid gene sequence. Mutagenesis of capsid residues can be quite impactful on 

the properties of cellular tropism, cellular internalization, and nuclear trafficking. Furthermore, 

each of these has some influence on transduction efficiency. 

The current study demonstrates advantages and disadvantages of specific mutagenesis 

techniques, when applied to restrictive parameters, such as: small library size, limiting the region 

for mutagenesis, or tissue specific screening, in vitro. The use of error-prone PCR to mutate the 

VP3 protein sequences of AAV9 and chimeric AAV9-2 capsid produced mutant rAAV9 and rAAV9-2 

vectors, most of which were non transducable (see Figure 6).  

This was likely a result of mutations in the capsid sequence causing improper viral 

genome packaging, incapability of stable virion assembly, or malfunctioning in some aspect of 

viral entry or viral uncoating [9]. In order to develop a thorough understanding of how each 

mutation may affect the structure and function of the virion, a more substantial level of 

experimental investigation of the properties of the AAV viral capsid is needed. 

Still, we were able to recover some mutant rAAV9 and rAAV9-2 vectors capable of 

transduction and successive firefly luciferase transgene expression in HEK293, NCM and RCF cell 
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cultures (see Figure 7). Some of these transduction positive mutants were chosen for large scale 

vector production, alongside parent vectors rAAV9-2, rAAV9, and rAAV2. Not all transduction 

positive mutants were chosen for large scale production, due to time constraints and supply 

restrictions.  

It was important to note that a comparison of large scale viral titers revealed no 

decrease in vector production (see Table 2).  A silver stain of viral particles also indicated 

presence of all three capsid proteins, VP1-3 (see Figure 9). It would be beneficial to determine 

relative genome copy numbers, as all mutant vectors were significantly less efficient in 

transduction efficiency for both NCMs and RCFs, in vitro. This would allow us to detect any 

mutant rAAV9-2 or rAAV9 vectors that produce a great amount of empty capsids (void of 

genomic DNA).  

The parent vector, rAAV9-2, performed much greater than parent vectors rAAV9 and 

rAAV2. As result, we decided to explore additional mutagenesis strategies in an attempt to 

further increase the transduction efficiency of rAAV9-2. We referred to Aslanidi, GV et al. 2013 

and Markusic, DM et al. 2010, which used site-directed mutagenesis to remove specific surface-

exposed tyrosine (Y), threonine (T), and serine (S) residues. It was shown that removal of target 

Y residues caused improvement of gene transfer for both single-stranded AAV and self-

complementary AAV [92]. Similarly removal of T and S residues targeted for phosphorylation by 

JNK and p38 MAPK serine/threonine kinases can lead to an increase in transduction efficiency 

[94]. 

We inserted point mutations T491+550+659V and Y444+500+730F into the AAV9-2 

capsid sequence. We also inserted a peptide motif, CSTSMLKAC, shown to be capable of 

selectively targeting ischemic cardiac tissues (referred to as ICTP) [87], at site 588 of the capsid 

sequence. Results from these mutant rAAV9-2 vectors presented a general decrease in 

transduction efficiency (see Figure 10). We believe mutants containing the ICTP may detarget 

normal cardiac tissues and would not efficiently transduce cultures of NCMs or RCFs.  
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It is necessary to test these mutants in more suitable conditions, such as cultures of 

ischemic cardiac tissues. It will also be interesting to assess the combination of the six point 

mutations without the inclusion of the ICTP, to determine if the removal of phosphorylation-

targeted T and Y residues can in fact enhance the transduction efficiency of the rAAV9-2 vector. 

In the future, we may also aim to explore effects of these mutations in our rAAV6 vector.  

A major limitation of this study, to be addressed, is the absence of in vivo studies. To 

successfully investigate the possible retargeting of AAV glycan receptors produced from 

mutagenesis, it would be valuable to test our mutant rAAV9 and rAAV9-2 vectors in vivo, using 

small rodent animal models. This study also lacks any experimentation using neutralizing 

antibodies (NAbs). Since many AAV reengineering studies focus on evasion of NAbs, it would be 

relevant to screen our mutant vectors in cultures treated with either human, non-human primate, 

or other mammalian NAbs.  

Our results provide some insight into the elaborate design of AAV capsid mutagenesis 

required to engineer highly transducing rAAV vectors and further encourages exploration of AAV’s 

structural biology.  

 

  



    34 
 

REFERENCES CITED 

1. Gunzburg WH, Salmons B. Virus vector design in gene therapy. Mol Med Today 

1995 Dec;1(9):410-417. 

2. Rubanyi GM. The future of human gene therapy. Mol Aspects Med 2001 6;22(3):113-

142. 

3. Robbins PD, Ghivizzani SC. Viral Vectors for Gene Therapy. Pharmacol Ther 1998 

10;80(1):35-47. 

4. Wadman M. Germline gene therapy 'must be spared excessive regulation'. Nature 1998 

Mar 26;392(6674):317. 

5. Fox JC. Cardiovascular gene therapy: current concepts. Ther Drug Monit 1996 

Aug;18(4):410-422. 

6. Jafari M, Soltani M, Naahidi S, Karunaratne DN, Chen P. Nonviral approach for 

targeted nucleic acid delivery. Curr Med Chem 2012;19(2):197-208. 

7. Gao X, Kim KS, Liu D. Nonviral gene delivery: what we know and what is next. AAPS J 

2007 Mar 23;9(1):E92-104. 

8. Ibraheem D, Elaissari A, Fessi H. Gene therapy and DNA delivery systems. Int J 

Pharm 2014 Jan 1;459(1-2):70-83. 

9. Perabo L, Endell J, King S, Lux K, Goldnau D, Hallek M, et al. Combinatorial 

engineering of a gene therapy vector: directed evolution of adeno-associated virus. J 

Gene Med 2006 Feb;8(2):155-162. 

10. Yin H, Kanasty RL, Eltoukhy AA, Vegas AJ, Dorkin JR, et al. Non-viral vectors for 

gene-based therapy. Nat Rev Genet. 2014 Aug;15(8):541-55. 

11. Kanasty RL, Eltoukhy AA, Vegas AJ, Dorkin JR, et al. Non-viral vectors for gene-

based therapy. Nat Rev Genet. 2014 Aug;15(8):541-55. 

12. Kay MA, Glorioso JC, Naldini L. Viral vectors for gene therapy: the art of turning 

infectious agents into vehicles of therapeutics. Nat Med 2001 Jan;7(1):33-40. 



    35 
 

13. Vannucci L, Lai M, Chiuppesi F, Ceccherini-Nelli L, Pistello M. Viral vectors: a look 

back and ahead on gene transfer technology. New Microbiol 2013 Jan;36(1):1-22. 

14. Warnock JN, Daigre C, Al-Rubeai M. Introduction to viral vectors. Methods Mol Biol 

2011;737:1-25. 

15. Thomas CE, Ehrhardt A, Kay MA. Progress and problems with the use of viral vectors 

for gene therapy. Nat Rev Genet 2003 May;4(5):346-358. 

16. Bouard D, Alazard-Dany N, Cosset F. Viral vectors: from virology to transgene 

expression. Br J Pharmacol 2009;157(2):153-165. 

17. Carter BJ. Viral Vectors for Gene Therapy. Biotechnology: Wiley-VCH Verlag GmbH; 

1998; 2008. p. 395-425. 

18. Robbins PD, Ghivizzani SC. Viral Vectors for Gene Therapy. Pharmacol Ther 1998 

10;80(1):35-47. 

19. Bell CL, Vandenberghe LH, Bell P, Limberis MP, Gao GP, Van Vliet K, et al. The 

AAV9 receptor and its modification to improve in vivo lung gene transfer in mice. J Clin 

Invest 2011 Jun;121(6):2427-2435. 

20. Kairouz V, Lipskaia L, Hajjar RJ, Chemaly ER. Molecular targets in heart failure 

gene therapy: current controversies and translational perspectives. Ann N Y Acad Sci 

2012 Apr;1254:42-50. 

21. Nonnenmacher M, Weber T. Intracellular transport of recombinant adeno-associated 

virus vectors. Gene Ther 2012 Jun;19(6):649-658. 

22. Hildinger M, Auricchio A. Advances in AAV-mediated gene transfer for the treatment 

of inherited disorders. Eur J Hum Genet 2004 Apr;12(4):263-271. 

23. Zincarelli C, Soltys S, Rengo G, Rabinowitz JE. Analysis of AAV serotypes 1-9 

mediated gene expression and tropism in mice after systemic injection. Mol Ther 2008 

Jun;16(6):1073-1080. 

24. McNally EM. New approaches in the therapy of cardiomyopathy in muscular dystrophy. 

Annu Rev Med 2007;58:75-88. 



    36 
 

25. Hajjar RJ. Potential of gene therapy as a treatment for heart failure. J Clin Invest 2013 

Jan 2;123(1):53-61. 

26. Kotterman MA, Schaffer DV. Engineering adeno-associated viruses for clinical gene 

therapy. Nat Rev Genet 2014 Jul;15(7):445-451. 

27. Bish LT, Morine K, Sleeper MM, Sanmiguel J, Wu D, Gao G, et al. Adeno-

associated virus (AAV) serotype 9 provides global cardiac gene transfer superior to AAV1, 

AAV6, AAV7, and AAV8 in the mouse and rat. Hum Gene Ther 2008 Dec;19(12):1359-

1368. 

28. Jaski BE, Jessup ML, Mancini DM, Cappola TP, Pauly DF, Greenberg B, et al. 

Calcium upregulation by percutaneous administration of gene therapy in cardiac disease 

(CUPID Trial), a first-in-human phase 1/2 clinical trial. J Card Fail 2009 Apr;15(3):171-

181. 

29. Wang J, Faust SM, Rabinowitz JE. The next step in gene delivery: molecular 

engineering of adeno-associated virus serotypes. J Mol Cell Cardiol 2011 May;50(5):793-

802. 

30. Kotchey NM, Adachi K, Zahid M, Inagaki K, Charan R, Parker RS, et al. A 

potential role of distinctively delayed blood clearance of recombinant adeno-associated 

virus serotype 9 in robust cardiac transduction. Mol Ther 2011 Jun;19(6):1079-1089. 

31. Hakim CH, Yue Y, Shin JH, Williams RR, Zhang K, Smith BF, et al. Systemic gene 

transfer reveals distinctive muscle transduction profile of tyrosine mutant AAV-1, -6, and 

-9 in neonatal dogs. Mol Ther Methods Clin Dev 2014 Mar 5;1:14002. 

32. Sen D. Improving clinical efficacy of adeno associated vectors by rational capsid 

bioengineering. J Biomed Sci 2014 Nov 26;21(1):103. 

33. Van Vliet KM, Blouin V, Brument N, Agbandje-McKenna M, Snyder RO. The role 

of the adeno-associated virus capsid in gene transfer. Methods Mol Biol 2008;437:51-91. 

34. Bartel M, Schaffer D, Buning H. Enhancing the Clinical Potential of AAV Vectors by 

Capsid Engineering to Evade Pre-Existing Immunity. Front Microbiol 2011 Oct 4;2:204. 



    37 
 

35. Lusby E, Bohenzky R, Berns KI. Inverted terminal repetition in adeno-associated virus 

DNA: independence of the orientation at either end of the genome. J Virol 1981 

Mar;37(3):1083-1086. 

36. Henckaerts E, Linden RM. Adeno-associated virus: a key to the human genome? 

Future Virol 2010 Sep 1;5(5):555-574. 

37. McLaughlin SK, Collis P, Hermonat PL, Muzyczka N. Adeno-associated virus 

general transduction vectors: analysis of proviral structures. J Virol 1988 Jun;62(6):1963-

1973. 

38. Drouin LM, Agbandje-McKenna M. Adeno-associated virus structural biology as a tool 

in vector development. Future Virol 2013 Dec;8(12):1183-1199. 

39. Sonntag F, Schmidt K, Kleinschmidt JA. A viral assembly factor promotes AAV2 

capsid formation in the nucleolus. Proc Natl Acad Sci U S A 2010 Jun 1;107(22):10220-

10225. 

40. Wistuba A, Kern A, Weger S, Grimm D, Kleinschmidt JA. Subcellular 

compartmentalization of adeno-associated virus type 2 assembly. J Virol 1997 

Feb;71(2):1341-1352. 

41. DiMattia MA, Nam HJ, Van Vliet K, Mitchell M, Bennett A, Gurda BL, et al. 

Structural insight into the unique properties of adeno-associated virus serotype 9. J Virol 

2012 Jun;86(12):6947-6958. 

42. Chapman MS, Agbandje-McKenna M. Atomic structure of viral particles. In: Kerr JR, 

Cotmore SF, Bloom ME, Linden RM, Parrish CR (eds) Parvoviruses. Edward Arnold, Ltd., 

New York, 2006:107–123. 

43. Xie Q, Bu W, Bhatia S, Hare J, Somasundaram T, Azzi A, et al. The atomic 

structure of adeno-associated virus (AAV-2), a vector for human gene therapy. Proc Natl 

Acad Sci U S A 2002 Aug 6;99(16):10405-10410. 



    38 
 

44. Bleker S, Pawlita M, Kleinschmidt JA. Impact of capsid conformation and Rep-capsid 

interactions on adeno-associated virus type 2 genome packaging. J Virol 2006 

Jan;80(2):810-820. 

45. Chapman MS, Rossmann MG. Structure, sequence, and function correlations among 

parvoviruses. Virology. 1993 Jun;194(2):491-508. 

46. Agbandje-McKenna M, Chapman MS. Correlating structure with function in the viral 

capsid.In: Kerr JR, Cotmore SF, Bloom ME, Linden RM, Parrish CR (eds) Parvoviruses. 

Edward Arnold, Ltd., New York, 2006:125–139. 

47. Agbandje-McKenna M, Kleinschmidt J. AAV capsid structure and cell interactions. 

Methods Mol Biol 2011;807:47-92. 

48. Gao G, Alvira MR, Somanathan S, Lu Y, Vandenberghe LH, et al. Adeno-

associated viruses undergo substantial evolution in primates during natural infections. 

Proc Natl Acad Sci U S A. 2003 May 13;100(10):6081-6. 

49. Xie Q, Somasundaram T, Bhatia S, Bu W, Chapman MS. Structure determination of 

adeno-associated virus 2: three complete virus particles per asymmetric unit. Acta 

Crystallogr D Biol Crystallogr. 2003 Jun;59(Pt 6):959-70.  

50. DiPrimio N, Asokan A, Govindasamy L, Agbandje-McKenna M, Samulski RJ. 

Surface loop dynamics in adeno-associated virus capsid assembly. J Virol 2008 

Jun;82(11):5178-5189. 

51. Asokan A. Reengineered AAV vectors: old dog, new tricks. Discov Med 2010 

May;9(48):399-403. 

52. Parrish CR. Structures and functions of parvovirus capsids and the process of cell 

infection. Curr Top Microbiol Immunol 2010;343:149-176. 

53. Wu Z, Asokan A, Grieger JC, Govindasamy L, Agbandje-McKenna M, Samulski 

RJ. Single amino acid changes can influence titer, heparin binding, and tissue tropism in 

different adeno-associated virus serotypes. J Virol 2006 Nov;80(22):11393-11397. 



    39 
 

54. Handa A, Muramatsu S, Qiu J, Mizukami H, Brown KE. Adeno-associated virus 

(AAV)-3-based vectors transduce haematopoietic cells not susceptible to transduction 

with AAV-2-based vectors. J Gen Virol. 2000 Aug;81(Pt 8):2077-84. 

55. Bell CL, Gurda BL, Van Vliet K, Agbandje-McKenna M, Wilson JM. Identification of 

the galactose binding domain of the adeno-associated virus serotype 9 capsid. J Virol 

2012 Jul;86(13):7326-7333. 

56. Wu Z, Miller E, Agbandje-McKenna M, Samulski RJ. Alpha2,3 and alpha2,6 N-

linked sialic acids facilitate efficient binding and transduction by adeno-associated virus 

types 1 and 6. J Virol 2006 Sep;80(18):9093-9103. 

57. Ding W, Zhang L, Yan Z, Engelhardt JF. Intracellular trafficking of adeno-associated 

viral vectors. Gene Ther 2005 Jun;12(11):873-880. 

58. Asokan A, Schaffer DV, Samulski RJ. The AAV vector toolkit: poised at the clinical 

crossroads. Mol Ther 2012 Apr;20(4):699-708. 

59. Akache B, Grimm D, Pandey K, Yant SR, Xu H, Kay MA. The 37/67-kilodalton 

laminin receptor is a receptor for adeno-associated virus serotypes 8, 2, 3, and 9. J Virol 

2006 Oct;80(19):9831-9836. 

60. Shen S, Bryant KD, Brown SM, Randell SH, Asokan A. Terminal N-linked galactose 

is the primary receptor for adeno-associated virus 9. J Biol Chem 2011 Apr 

15;286(15):13532-13540. 

61. Wu Z, Asokan A, Samulski RJ. Adeno-associated virus serotypes: vector toolkit for 

human gene therapy. Mol Ther 2006 Sep;14(3):316-327. 

62. Kern A, Schmidt K, Leder C, Müller OJ, Wobus CE, et al. Identification of a heparin-

binding motif on adeno-associated virus type 2 capsids. J Virol. 2003 Oct;77(20):11072-

81. 

63. Govindasamy L, Padron E, McKenna R, Muzyczka N, Kaludov N, Chiorini JA, et 

al. Structurally mapping the diverse phenotype of adeno-associated virus serotype 4. J 

Virol 2006 Dec;80(23):11556-11570. 



    40 
 

64. Huang LY, Halder S, Agbandje-McKenna M. Parvovirus glycan interactions. Curr 

Opin Virol 2014 Aug;7:108-118. 

65. Xie Q, Lerch TF, Meyer NL, Chapman MS. Structure-function analysis of receptor-

binding in adeno-associated virus serotype 6 (AAV-6). Virology. 2011 Nov 10;420(1):10-

9.  

66. Michelfelder S, Trepel M. Adeno-associated viral vectors and their redirection to cell-

type specific receptors. Adv Genet 2009;67:29-60. 

67. Limberis MP, Wilson JM. Adeno-associated virus serotype 9 vectors transduce murine 

alveolar and nasal epithelia and can be readministered. Proc Natl Acad Sci U S A. 2006 

Aug 29;103(35):12993-8. 

68. Lyon AR, Sato M, Hajjar RJ, Samulski RJ, Harding SE. Gene therapy: targeting the 

myocardium. Heart 2008 Jan;94(1):89-99. 

69. Palomeque J, Chemaly ER, Colosi P, Wellman JA, Zhou S, Del Monte F, et al. 

Efficiency of eight different AAV serotypes in transducing rat myocardium in vivo. Gene 

Ther 2007 Jul;14(13):989-997. 

70. Qiao C, Yuan Z, Li J, Tang R, Li J, Xiao X. Single tyrosine mutation in AAV8 and AAV9 

capsids is insufficient to enhance gene delivery to skeletal muscle and heart. Hum Gene 

Ther Methods 2012 Feb;23(1):29-37. 

71. Boye SE, Alexander JJ, Boye SL, Witherspoon CD, Sandefer KJ, Conlon TJ, et al. 

The human rhodopsin kinase promoter in an AAV5 vector confers rod- and cone-specific 

expression in the primate retina. Hum Gene Ther 2012 Oct;23(10):1101-1115. 

72. Rabinowitz JE, Rolling F, Li C, Conrath H, Xiao W, Xiao X, et al. Cross-packaging 

of a single adeno-associated virus (AAV) type 2 vector genome into multiple AAV 

serotypes enables transduction with broad specificity. J Virol 2002 Jan;76(2):791-801. 

73. Davidson BL, Stein CS, Heth JA, Martins I, Kotin RM, et al. Recombinant adeno-

associated virus type 2, 4, and 5 vectors: transduction of variant cell types and regions in 



    41 
 

the mammalian central nervous system. Proc Natl Acad Sci U S A. 2000 Mar 

28;97(7):3428-32. 

74. Foust KD, Nurre E, Montgomery CL, Hernandez A, Chan CM, et al. Intravascular 

AAV9 preferentially targets neonatal neurons and adult astrocytes. Nat Biotechnol. 2009 

Jan;27(1):59-65. 

75. Ojala DS, Amara DP, Schaffer DV. Adeno-associated virus vectors and neurological 

gene therapy. Neuroscientist. 2015 Feb;21(1):84-98. 

76. Mingozzi F, High KA. Therapeutic in vivo gene transfer for genetic disease using AAV: 

progress and challenges. Nat Rev Genet. 2011 May;12(5):341-55. 

77. Muzyczka N, Warrington KH,Jr. Custom adeno-associated virus capsids: the next 

generation of recombinant vectors with novel tropism. Hum Gene Ther 2005 

Apr;16(4):408-416. 

78. Naumer M, Popa-Wagner R, Kleinschmidt JA. Impact of capsid modifications by 

selected peptide ligands on recombinant adeno-associated virus serotype 2-mediated 

gene transduction. J Gen Virol 2012 Oct;93(Pt 10):2131-2141. 

79. Maheshri N, Koerber JT, Kaspar BK, Schaffer DV. Directed evolution of adeno-

associated virus yields enhanced gene delivery vectors. Nat Biotechnol. 2006 

Feb;24(2):198-204. 

80. Kwon I, Schaffer DV. Designer gene delivery vectors: molecular engineering and 

evolution of adeno-associated viral vectors for enhanced gene transfer. Pharm Res 2008 

Mar;25(3):489-499. 

81. Mitchell AM, Nicolson SC, Warischalk JK, Samulski RJ. AAV's anatomy: roadmap 

for optimizing vectors for translational success. Curr Gene Ther 2010 Oct;10(5):319-340. 

82. Yang L, Jiang J, Drouin LM, Agbandje-McKenna M, Chen C, Qiao C, et al. A 

myocardium tropic adeno-associated virus (AAV) evolved by DNA shuffling and in vivo 

selection. Proc Natl Acad Sci U S A 2009 Mar 10;106(10):3946-3951. 



    42 
 

83. Girod A, Ried M, Wobus C, Lahm H, Leike K, Kleinschmidt J, et al. Genetic capsid 

modifications allow efficient re-targeting of adeno-associated virus type 2. Nat Med 1999 

Sep;5(9):1052-1056. 

84. Michelfelder S, Varadi K, Raupp C, Hunger A, Korbelin J, Pahrmann C, et al. 

Peptide ligands incorporated into the threefold spike capsid domain to re-direct gene 

transduction of AAV8 and AAV9 in vivo. PLoS One 2011;6(8):e23101. 

85. Xu J, Ma C, Bass C, Terwilliger EF. A combination of mutations enhances the 

neurotropism of AAV-2. Virology 2005 Oct 25;341(2):203-214. 

86. Zhang L, Hoffman JA, Ruoslahti E. Molecular profiling of heart endothelial cells. 

Circulation. 2005 Sep 13;112(11):1601-11. 

87. Kanki S, Jaalouk DE, Lee S, Yu AY, Gannon J, Lee RT. Identification of targeting 

peptides for ischemic myocardium by in vivo phage display. J Mol Cell Cardiol 2011 

May;50(5):841-848. 

88. Hatakeyama S, Matsumoto M, Nakayama KI. Mapping of ubiquitination sites on 

target proteins. Methods Enzymol 2005;399:277-286. 

89. Zhong L, Li B, Jayandharan G, Mah CS, Govindasamy L, et al. Tyrosine-

phosphorylation of AAV2 vectors and its consequences on viral intracellular trafficking 

and transgene expression. Virology. 2008 Nov 25;381(2):194-202.  

90. Zhong L, Li B, Mah CS, Govindasamy L, Agbandje-McKenna M, Cooper M, et al. 

Next generation of adeno-associated virus 2 vectors: point mutations in tyrosines lead to 

high-efficiency transduction at lower doses. Proc Natl Acad Sci U S A 2008 Jun 

3;105(22):7827-7832. 

91. Qing K, Hansen J, Weigel-Kelley KA, Tan M, Zhou S, Srivastava A. Adeno-

associated virus type 2-mediated gene transfer: role of cellular FKBP52 protein in 

transgene expression. J Virol 2001 Oct;75(19):8968-8976. 



    43 
 

92. Markusic DM, Herzog RW, Aslanidi GV, Hoffman BE, Li B, Li M, et al. High-

efficiency transduction and correction of murine hemophilia B using AAV2 vectors devoid 

of multiple surface-exposed tyrosines. Mol Ther 2010 Dec;18(12):2048-2056. 

93. Gabriel N, Hareendran S, Sen D, Gadkari RA, Sudha G, Selot R, et al. 

Bioengineering of AAV2 capsid at specific serine, threonine, or lysine residues improves 

its transduction efficiency in vitro and in vivo. Hum Gene Ther Methods 2013 

Apr;24(2):80-93. 

94. Aslanidi GV, Rivers AE, Ortiz L, Song L, Ling C, Govindasamy L, et al. 

Optimization of the capsid of recombinant adeno-associated virus 2 (AAV2) vectors: the 

final threshold? PLoS One 2013;8(3):e59142. 

95. Gray SJ, Choi VW, Asokan A, Haberman RA, McCown TJ, et al. Production of 

recombinant adeno-associated viral vectors and use in in vitro and in vivo administration. 

Curr Protoc Neurosci. 2011 Oct;Chapter 4:Unit 4.17. 

96. Pulicherla N, Shen S, Yadav S, Debbink K, Govindasamy L, Agbandje-McKenna 

M, et al. Engineering liver-detargeted AAV9 vectors for cardiac and musculoskeletal 

gene transfer. Mol Ther 2011 Jun;19(6):1070-1078. 

97. Lochrie MA, Tatsuno GP, Christie B, McDonnell JW, Zhou S, Surosky R, et al. 

Mutations on the external surfaces of adeno-associated virus type 2 capsids that affect 

transduction and neutralization. J Virol 2006 Jan;80(2):821-834. 

98. Coura Rdos S, Nardi NB. The state of the art of adeno-associated virus-based vectors 

in gene therapy. Virol J 2007 Oct 16;4:99. 

99. Büning H, Braun-Falco M, Hallek M. Progress in the use of adeno-associated viral 

vectors for gene therapy. Cells Tissues Organs. 2004;177(3):139-50. 

100. Tseng YS, Agbandje-McKenna M. Mapping the AAV Capsid Host Antibody Response 

toward the Development of Second Generation Gene Delivery Vectors. Front Immunol. 

2014 Jan;5:9. 



    44 
 

101. Zhong L, Zhao W, Wu J, Li B, Zolotukhin S, et al. A dual role of EGFR protein 

tyrosine kinase signaling in ubiquitination of AAV2 capsids and viral second-strand DNA 

synthesis. Mol Ther. 2007 Jul;15(7):1323-30 


