


 

 

 
ABSTRACT 

 

Discovering and Calibrating Design Rules for 
Programming Adeno-Associated Virus Nanoparticles  

 

by 

 

Michelle Liane Ho 
 

 Effective gene therapy must deliver therapeutic genes to disease sites 

while avoiding healthy tissue. However, engineering targeted gene delivery 

vectors to ensure exclusive delivery to diseased sites remains a challenge. 

Adeno-associated virus (AAV) is receiving increasing attention for its potential as 

a gene delivery vehicle because it offers several advantages: it is considered the 

safest viral vector, it infects human cells efficiently, and it can be genetically 

altered to improve therapeutic efficacy. However, even slight modifications to the 

virus capsid (the outer protein shell covering its genome) lead to unpredictable 

outcomes. Thus, a governing set of design rules for virus capsid assembly and 

function is needed to improve future engineering efforts. To this end, this thesis 

uncovers some of these rules by applying a computational model, often used in 

protein engineering, to the AAV capsid. A new strategy to improve AAV targeting 

was also explored by engineering AAVs to sense and become activated by 

extracellular proteases found in diseased tissues. The specificity of these 

protease-activatable viruses can be tuned to recognize a variety of protease 

profiles to treat a multitude of diseases. Design rules for these platform 

technologies are unveiled through their development and in-depth 

characterization. We also explore new motifs in the AAV capsid to further our 

understanding of AAV basic biology. Ultimately, these studies advance our ability 

to program virus nanoparticles for many biomedical applications. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

GENE THERAPY 

Overview of Gene Therapy 

 Gene therapy is a promising therapeutic strategy to deliver genes into 

cells to restore proper or create new cellular functions. First conceived in the 

1960s and 70s, gene therapy is still regarded as in its infancy since long-term 

safety and efficacy data is limited. With that being stated, over 2,200 gene 

therapy clinical trials have been completed, are ongoing, or have been approved 

worldwide—highlighting its popularity in the clinic.1 Rosenberg et al. performed 

the first human gene therapy clinical trial in 1989 at the National Cancer Institute 

in Bethesda. Investigators used retrovirus to deliver a gene encoding neomycin 

resistance into tumor-infiltrating lymphocytes via ex vivo gene delivery, or outside 

the patient’s body.2 These cells were then re-infused into five patients with 

metastatic melanoma to determine safety and efficacy of gene delivery. This 

pioneering work led to the first therapeutic human gene therapy clinical trial in 

1990. A four-year old girl and a nine-year old girl with adenosine deaminase 

(ADA) deficiency were infused with their own T lymphocytes, which had been 

treated with a retroviral vector carrying a normal ADA gene. Four years later, 

results from this study were published and researchers concluded retroviral-

mediated gene transfer was safe in humans.3 However, no significant therapeutic 

effects were reported. 

 Since then, there have been thousands more clinical trials using various 

viral and non-viral vectors to treat a wide array of diseases.1 Notably, treatment 
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of lipoprotein lipase deficiency and hemophilia B in adults using adeno-

associated virus (AAV) gene delivery vectors have demonstrated clinical 

efficacy.1,4,5 However, both trials suffered from transient clinical benefits due to 

immune responses directed against vector components. Thus, immune 

recognition still represents a major hurdle for gene therapy, though investigators 

are exploring transient immune suppression and vector stealthing alternatives to 

prevent unwanted immune responses.1,6 

VECTORS FOR GENE THERAPY 
To date, both viral and non-viral gene vectors have been used to deliver 

therapeutic payloads to targeted sites. While non-viral vectors are increasingly 

popular, over two-thirds of all clinical trials use viral vectors for gene delivery.1 

Generally, viral vectors benefit from increased gene delivery efficacy, whereas 

non-viral vectors demonstrate better safety profiles. Developments in both fields 

have yielded significant clinical results and led to commercialization of gene 

therapy vectors. 

Viral Gene Delivery Vectors 

 Viral vectors dominate the field of gene therapy, mostly due to their 

efficacy in clinical trials. Retroviruses, once prevalent in early trials, have steadily 

declined in popularity as gene delivery vectors in recent years (currently 18.4% of 

trials compared to 28% in 2004). This is likely due to its random chromosomal 

integration, which poses serious safety concerns. Additionally, retroviruses can 

only infect dividing cells, drastically limiting the gene delivery potential. 

Adenoviruses are currently the most common vector of choice (22% of all clinical 

trials). They contain a larger genome than retroviruses, exhibit greater 

transduction efficiency, and can infect non-dividing cells. However, gene 

expression is transient, limiting its use in treating several chronic diseases. 

Rising amongst the ranks is adeno-associated virus (AAV), which has received 

heightened attention as a gene vector due to its ability to efficiently infect dividing 
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and non-dividing human cells, low rate of random chromosomal integration, long-

term persistence of gene expression, and relatively low immunogenicity 

compared to other viruses.7,8 In fact, the first gene therapy vector commercially 

approved in Europe in November 2012 is based on AAV. A major drawback of 

AAV—and most other viruses—is its limited DNA carrying capacity (~5kb). 

Packaging truncated promoters and transgenes can mitigate this issue. A second 

disadvantage is that pre-existing neutralizing antibodies represent a significant 

obstacle in translating AAV therapies to the clinic because most humans are 

already infected with several AAV variants. However, recent efforts to conceal 

the epitopes recognized by neutralizing antibodies are beginning to show 

promise of increased clinical efficacy of AAV vectors.9 An additional challenge of 

using viral vectors is altering their natural tropism to target a different organ. 

Recently, several methods involving chemical conjugation and/or genetic 

engineering have successfully altered the tropism of viruses. 

Non-Viral Gene Delivery Vectors 

 In general, non-viral gene therapy vectors are considered safe, although 

many materials have elicited cytotoxic effects in both in vitro and in vivo tests.10,11 

The simplest and most widely used non-viral system (17% of all trials) involves 

“naked” DNA, which, upon direct injection into specific tissues produces 

significant gene expression. Notably though, non-viral levels of gene expression 

are much lower than those achieved by viral vectors. Several other non-viral 

vectors, like chitosan-DNA nanoparticles,12 cationic liposomes,13 and 

dendrimers14 have been developed to deliver therapeutic cargo to target sites. 

Many have been designed to be temperature-, pH-, and hypoxia-sensitive to 

increase specificity of delivery and reduce the amount of non-specific cytotoxic 

occurrences (reviewed by S. Ganta et al.15). Additionally, many nanoparticles 

have been embedded within hydrogels and microspheres to better control 

release kinetics and dosage. Unfortunately, most of the non-viral nanoparticles 

have not demonstrated clinical efficacy in vivo. Due to cytotoxicity of several 
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polymers developed to protect the nucleic acid cargo, only low dosages can be 

administered. Moreover, cells do not take up most synthetic nanoparticles with 

high efficiency, which is why viruses are increasingly popular. 

GENE THERAPY INDICATIONS 
 Many gene therapies have been developed to correct monogenic diseases 

since the transgenes, tissues, and often, tissue-specific promoters have been 

identified for successful gene expression. However, the overwhelming majority of 

gene therapy vectors being developed are for cancer treatment (64% of all trials). 

This is likely due to its significantly higher rate of incidence, leading to a greater 

demand for a cure. Since vectors can ostensibly target every tissue in the human 

body, gene therapy could be useful for treating practically any disease in which 

genes are misregulated or the underlying cause of the disease is unknown. 

Cancer Gene Therapy 

Cancer remains one of the most widespread and lethal diseases around 

the world today. Due to the significant impact of this disease, researchers have 

invested tremendous effort into leveraging gene therapy strategies to treat 

cancer. Most strategies involve boosting immune responses, either by increasing 

cytokine production or modifying T cells to recognize tumor cells via adoptive T 

cell therapy.16,17 Viral (i.e., retrovirus and lentivirus) and non-viral techniques (i.e., 

Sleeping Beauty and piggyBac) have been used to genetically engineer T cells.16 

While this technology is promising, a major disadvantage of this strategy is lack 

of specificity of low-avidity off-target binding once T cells are reintroduced to the 

patient.18 Other strategies for cancer gene therapy include delivering therapeutic 

genes encoding cytotoxic proteins or RNAi to inhibit tumor suppressor regulators. 

One example is an adenoviral vector delivering p53 (tumor suppressor) to treat 

head and neck carcinoma in China.19 Additionally, several enzyme-prodrug 

combinations have been developed to convert inert compounds into toxic 

analogues to induce cellular apoptosis, such as herpes simplex virus thymidine 
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kinase (HSV-tk) that converts gangiclovir to ganciclovir triphospate,20 

carboxylesterase 2 that converts inert irinotecan into toxic SN-38,21 and cytosine 

deaminase that similarly metabolizes prodrug 5-fluorocytosine into 5-

fluorouracil.22 

While many therapeutic genes have already been identified, specific 

delivery of therapeutic payload remains a critical issue for cancer gene therapy. 

Many researchers have attempted to target cancer-specific cell surface receptors 

to improve delivery. However, many types of cancer lack unique receptors, and 

thus, cannot be targeted with this strategy.23 In Chapter 3, we explore an 

alternative tumor microenvironment biomarker targeting strategy to hone a viral 

vector to the cancer site.  

ADENO-ASSOCIATED VIRUS (AAV) 
 Adeno-associated virus (AAV) is a promising gene delivery vector that is 

increasingly becoming popular in clinical and commercial developments. The 

major advantages of AAV are: it is non-pathogenic; it infects dividing and non-

dividing cells with high efficiency; it has low levels of random integration; and it 

displays low immunogenicity compared to other viral vectors. But AAV also has 

its drawbacks: it has a low DNA packaging capacity (~5kb); pre-existing 

neutralizing antibodies are prevalent in humans; and gene delivery is not specific. 

Each of these issues represents a major focal point in AAV research to enhance 

the clinical viability of these vectors. To continue making improved AAV vectors, 

we must understand its fundamental biology and structure. 

AAV Biology 

There are two main stages in the AAV life cycle: lytic and latent. In lytic 

infections, AAV requires coinfection with adenovirus (Ad) or herpes simplex virus 

(HSV) for replication. Specifically, adenovirus early gene product expression E1a, 

E1b, E2a, E4, and VA RNA must be present.7 Latent infections occur without the 

presence of helper virus, and AAV integrates into the host cell genome as a 
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provirus.7 Latent AAV proviruses are generally stable, though AAV can be 

rescued to enter the lytic cycle if cells are super infected with a helper virus. This 

unique capability of establishing latent infection in cells is a resourceful 

adaptation ensuring survival in the absence of helper virus. Upon replication, 

capsid proteins are expressed in the cytoplasm and assemble in nucleoli to form 

60-subunit capsids packaging a minus or plus single-stranded DNA (ssDNA) 

genome. 

AAV Genome 
AAV is a non-pathogenic member of the Parvoviridae virus family that 

packages a linear ssDNA genome (~4.7kb) and infects mammals.24 The AAV 

genome contains two genes, rep and cap, flanked by inverted terminal repeats 

(ITRs), which are necessary for packaging the genome inside the capsid. The rep 

gene encodes four non-structural proteins required for replication, capsid 

assembly, genome packaging, and integration. These non-structural rep gene 

products are under the control of promoters positioned at map positions 5, and 

19 (p5 and p19, Fig 1-1). The cap gene encodes three structural protein subunits 

VP1, VP2, and VP3 (MW: 87 kDa, 73 kDa, and 62 kDa, respectively) that self-

Figure 1-1 AAV Genome. The AAV genome contains two genes: rep and cap, flanked by inverted terminal 
repeats (ITRs) that act as packaging signals. The rep gene encodes four non-structural proteins initiated by 
two promoters and an alternative splice site near the C-terminus. The cap gene encodes three structural 
capsid proteins (VP1, VP2, and VP3) translated from unique initiation sites from two alternatively spliced 
mRNA transcripts. Cap also encodes assembly-activating protein (AAP) in a different open reading frame 
than the VPs, which is necessary for virus assembly. All mRNAs share the same polyA tail.  
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assemble to form a 60-mer capsid. These subunits, under control of the p40 

promoter, are transcribed from the same gene via alternative splicing and 

variable start sites and share a common VP3 structural domain (Fig. 1-1).25,26 

The cap gene also encodes the assembly-activating protein (AAP), on an 

alternate open reading frame, which was recently discovered to be necessary for 

capsid assembly.27 

The exact mechanism of AAV capsid assembly and genome packaging 

has not been determined. Researchers have been able to create genome-free 

capsids in vitro, suggesting capsid assembly occurs independently of viral DNA.7 

The current theory for AAV virion assembly is that capsid subunits self-assemble 

to form empty 60-mer capsids, into which ssDNA genomes are packed.28 Rep68 

and/or Rep78 control DNA replication through direct interaction with AAV’s ITRs 

(i.e., origins of replication). Rep proteins are also thought to be important for 

genome packaging, again through direct binding of the ITRs. 

Recombinant AAV Production 

To use AAV as a gene delivery vector, researchers have developed 

methods to create recombinant AAVs (rAAVs) packaging their transgene of 

interest instead of the wt genome. rAAV capsids can be created to package 

different transgenes (less than 5kb) via molecular cloning techniques to replace 

the sequence between the ITRs with a gene of interest. As replication of DNA 

requires rep gene products, rep must be delivered in trans with the transgene 

(flanked by ITRs) to be rescued and replicated. Thus, rAAV typically is produced 

via co-transfection of a human cell like (i.e. HEK293T cells) with a plasmid 

containing the rep and cap ORFs under control of AAV p5, p19, and p40 

promoters, but lacking ITRs. Rep proteins trans-activate p40 promoter 

expression, which drives production of the structural Cap proteins and leads to 

capsid formation. The rep gene products also allow for AAV ITR replication, 

which results in ssDNA viral genomes being packaged in the capsids.7 To 

produce recombinant viruses, researchers have developed Ad-helper plasmids, 
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like XX6-80, to eliminate risk of contaminating Ad paricles.29 The plasmid 

contains Ad early proteins necessary for AAV replication: E1a, E1b, E2a, E4, and 

VA RNA. E1a activates AAV rep and cap transcription; E1b and E4 help with 

accumulation of AAV mRNA transcripts; and E2a and VA RNA aid in efficient 

translation of capsid mRNAs initiated from p40 promoter and potentially confer 

host cell tolerance to viral mRNA.29 

AAV Pathway of Infection 

 The AAV capsid mediates the virion’s interactions with cells by binding 

specific receptors (e.g. heparan sulfate proteoglycan, sialic acid, and galactose) 

and co-receptors to gain entry into cells. Many AAV serotypes have different 

capsid surface properties and binding pockets that allow for diverse tropisms 

(ability to infect a certain tissue).30 Upon binding a cell surface receptor, AAV 

undergoes clathrin-coated vesicle endocytosis.31 In vitro studies have 

demonstrated the importance of endosomal compartment acidification for AAV 

infectivity.31 While the exact mechanism is still unknown, the VP1 and VP2 N-

termini externalize to present phospholipase A2 catalytic domains and basic 

nuclear localization signals that allow for endosomal escape and direct the virion 

to the nucleus, respectively.32–34 It is generally accepted that the capsid then 

enters the nucleus, uncoats, and delivers its genome. In order to be transcribed, 

AAV genomes must become double-stranded. Both host cell polymerases and 

DNA damage repair proteins have been implicated in the second-strand 

synthesis by using the ITRs as primers (Fig. 1-2a).35 The double-stranded DNA 

then forms head-to-tail, head-to-head, and tail-to-tail concatamers, eventually 

creating episomes, or circularized DNA (Fig. 1-2b). Episomes can also integrate 

into the host chromosome, but this occurrence is rare. Analysis of somatic cell 

hybrids has revealed the wt AAV integrates specifically into chromosome 19.36 

Thus, AAV is an attractive human gene therapy vector since its chromosomal 

integration site is not random, as is the case for retroviruses.  
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 Second-strand synthesis represents a bottle-neck for rAAV vector gene 

delivery.37 For this reason, self-complementary (scAAV) vectors have been 

constructed to bypass the time-consuming ssDNA to dsDNA genome 

conversion.38 An scAAV vector packages dimeric inverted repeat genomes that 

contain both plus and minus ssDNA molecules, which fold and base pair to 

create a dsDNA molecule. In general, scAAV vectors demonstrate faster onset of 

gene expression in vitro and in vivo and overall higher levels of transgene 

expression.39 The major constraint of this technology is a reduced vector 

construct size (~2.5kb) compared to the full-length ssDNA genome (~4.7kb). 

AAV TARGETING STRATEGIES 
 Specific tissue targeting is crucial for most gene therapy applications to 

reduce off-target effects. Modifying the vector and using pre- or post-

transcriptional regulation to achieve tissue-specific gene expression represent 

two key strategies to increase targeting. 

Receptor-Ligand Rational Design Strategies 
In the laboratory, evolution is used to create viruses with new properties 

that have not yet been discovered in nature.40–43 Efforts to improve AAV for gene 

therapy have focused on modifying the AAV capsid (~25nm diameter), which is 

composed of three monomeric protein subunits (VP1, VP2, and VP3) that self-

Figure 1-2 Fate of rAAV genomes upon uncoating 
within the nucleus. (a) Structure of an inverted 
terminal repeat in the ssDNA AAV genome. (b) The 
ssDNA AAV genome first undergoes second-strand 
synthesis through DNA synthesis and/or annealing. 
The double-stranded (dsDNA) genome 
concatamerizes through intermolecular ligation to form 
episomes. However, sometimes chromosomal 
integration occurs, typically at double-strand breaks. 
Figure adapted from 35. 
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assemble into a T = 1 icosahedral 60-mer during viral replication.25 Due to the 

importance of intermolecular connections between capsid subunits, protein 

engineering has been challenging. Regardless, several protein engineering 

approaches have been used to alter cell tropism,44–46 evade the immune 

response,9 and improve in vitro transduction efficiency.47 As with most protein 

engineering strategies, the crystal structure of various AAV serotypes has 

dramatically improved the rational design of new vectors. For instance, a cryo-

EM reconstruction of AAV9 was used to successfully engraft the galactose-

binding footprint onto the AAV2 capsid.48 This new mutant used both parental 

primary receptors (heparan sulfate proteoglycan and galactose) to bind cells, 

demonstrating that serotype-specific capsid features can be combined with pre-

existing cell-binding moieties to create mutants with altered phenotypes. Another 

method to achieve new capsid binding properties is to combine VP subunits (cap 

gene) from several serotypes during vector production. Based on the ratio of 

capsid proteins from each serotype, the mosaic capsid can display combined 

tropism of parental serotypes or exhibit a new tropism altogether.49,50 

In addition to grafting pre-existing glycan-binding domains of other 

serotypes, researchers have incorporated targeting ligands, such as cyclic RGD 

(CDCRGDCFC) or human luteinizing hormone peptide (HCSTCYYHKS), into the 

AAV2 capsid to re-direct tropism.51,52 Shi et al. found several insertion sites 

tolerant of their peptide in the N-terminal region of VPS (after amino acid 139, 

161) and in the VP3 variable loop region IV (following amino acid 459, 548, or 

587).51 In particular, vector AAV-A139LH (LH peptide inserted after residue 

A139) demonstrated increased transduction efficiency in ovarian cancer cells that 

express luteinizing hormone receptors compared to wt.52 Using similar strategies 

to create AAV-targeting peptide fusions, researchers have also developed new 

mutants to target vascular smooth muscle cells,53 vascular endothelial cells,54 

SK-OV-3 ovarian cancer cells,55 and many more. By expanding, and in some 

cases, completely altering the tropism of the virus, AAV can be tailored to target 

specific tissues for more effective gene delivery. 
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Combinatorial Directed Evolution Strategies 
In cases where structures are not available to aid in protein design, 

researchers have used laboratory evolution strategies to create novel variants 

with mutations and structural modifications that could not have been predicted. 

DNA shuffling approaches, which rely on homologous recombination, have been 

used to create diversity in chimeric mutants with altered function.56,57 

Researchers have also created libraries of randomly recombined and mutated 

virus mutants to use in directed evolution studies. By applying stringent selection 

pressures to the libraries, mutants with a desired phenotype can be isolated and 

further characterized. Through in vitro and in vivo directed evolution, researchers 

have produced new AAV variants with enhanced gene delivery for targeting 

neural stem cells,58 outer retinal cells,59 human pluripotent stem cells,60 and 

several others. These protein engineering approaches are particularly useful for 

AAV capsid engineering since sequence-structure-function relationships are not 

well characterized yet. 

Modulating AAV Gene Expression Using Intracellular Transcriptional and 

Translational Regulators 

Altering AAV tropism via capsid modifications has led to the creation of 

promising vectors with more selective targeting. However, intracellular 

transcriptional and translational regulators can also be used to enhance 

specificity of gene delivery to target cells. In particular, many tissue-specific 

promoters have been identified and used to limit gene expression to target 

tissues. For example, Katwal et al. used the muscle-specific creatine kinase-

based (CK6) promoter to restrict gene expression of AAV9 vector to skeletal 

muscle in vivo.61 Another method to modulate gene expression is to leverage 

tissue-specific microRNAs (miRNAs). miRNAs are key post-transcriptional 

regulators that recognize specific short mRNA sequences and signal transcripts 

containing complementary miRNA binding sites for degradation. Tissue-specific 

miRNAs in several tissues have been discovered and used to knock down off-

target gene expression via post-transcriptional silencing. By incorporating the 
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complementary miRNA binding sequence in AAV genomes, any viral-based 

mRNA transcripts will be destroyed prior to translation. Xie et al. demonstrated 

reduced heart and liver targeting upon systemic injection of AAV9 packaging 

miR-1 and miR-122 binding sites.62 By combining capsid engineering techniques 

with transcriptional and translational regulation, AAV vectors can be built with 

customized specificity for a variety of target tissues. 

NANOPARTICLE BIOCOMPUTATION  
 Biocomputation is an exciting sector of synthetic biology that applies 

electrical engineering concepts to biological systems; biomolecules are used as 

inputs to control various output behaviors. Though initially created as exploratory 

projects, nanoparticles with biocomputing abilities—nanorobots or nanobots—are 

now being leveraged as therapeutic delivery vehicles.63–65 Creative engineers 

and scientists have built sophisticated nano-scale computation devices that 

accept biomolecules as inputs. Due to the complexity of biological systems, 

researchers are developing more sophisticated methods to control drug delivery 

through Boolean operators. Recently, Amir et al. created DNA origami boxes that 

release its payload upon sensing biomolecular inputs in live cockroaches.64 

Multiple prototypes were built to emulate different logic gates (AND, OR, XOR, 

NAND, NOT, CNOT, and half adder) for in vivo biocomputation. Nikitin et al. took 

an entirely different approach to create nanoparticles that shed receptor-shielding 

particles upon sensing two different biomolecular inputs (chloramphenicol and 

fluorescein).65 In the absence of these inputs, the nanoparticles are shielded from 

binding cells. Though in vivo therapeutic efficacy has yet to be realized with these 

devices, clinical prospects of these technologies are promising. In Chapter 3, we 

describe our efforts in creating an AAV-based biocomputation platform. 

THESIS OVERVIEW 
 This thesis describes the pursuit of uncovering design rules governing 

AAV biology and its infectious pathway for biomedical applications. Chapter 2 
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describes a structure-guided protein engineering approach to determine AAV’s 

tolerance of disruption. Simple design principles were unveiled based on 

generation and characterization of over a dozen chimeric AAV mutants. Chapter 

3 explores the development of a prototype protease-activatable AAV vector that 

senses pathological biomolecules for activatable cell transduction. In Chapter 4, 

we optimize transduction efficiency of the protease-activatable viruses (PAVs) 

using a mosaic capsid approach. Chapter 5 highlights the in vivo therapeutic 

efficacy of PAVs in ovarian and pancreatic cancer. In Chapter 6, we describe our 

efforts to expand the PAV platform to a different serotype to increase the different 

types of cells we can target. And in Chapter 7, we describe our discovery of 

previously uncharacterized domains of the VP1/2 N-terminus to find critical motifs 

for AAV infectivity. In sum, this work describes the development and 

characterization of clinically relevant AAV mutants with potential to treat 

numerous diseases, like cancer and cardiovascular disease.   
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CHAPTER 2: CALIBRATING A SCHEMA-BASED 

COMPUTATIONAL DESIGN OF VIRUS CAPSID CHIMERASv 

INTRODUCTION 
 Recombination represents one mechanism by which genetic variability is 

introduced into viruses during evolution as they traverse protein sequence 

space.66,67 Exchange of genetic information through recombination has been 

studied to the greatest extent within RNA viruses, although there is evidence that 

single-stranded DNA (ssDNA) viruses acquire sequence diversity through 

recombination.68–71 This mechanism of creating genetic diversity is thought to be 

vital for multiple aspects of viral population dynamics.67,71 Homologous 

recombination between closely related viruses has been proposed to help 

maintain genomic stability by avoiding the accumulation of detrimental mutations 

that arise when viral genomes are replicated by error-prone DNA and RNA 

polymerases.67,69 In addition, homologous recombination is thought to provide 

viruses with an efficient means of acquiring adaptive phenotypic traits that require 

multiple simultaneous residue changes.72 These traits, which include altered 

tropisms and abilities to escape neutralizing antibodies and host immunity, are 

thought to improve virus fitness by creating an evolutionary advantage.68  

 In the laboratory, evolution is used to create viruses with new properties 

that have not yet been discovered in nature.40–43 One ssDNA virus that has been 

the focus of many studies is adeno-associated virus (AAV), a non-pathogenic 

member of the Parvoviridae virus family that packages a linear single-stranded 

DNA genome (~4.7kb) and infects mammals.24 AAV is a promising gene delivery 

v Parts of this chapter have been adapted from Ho et al, ACS Synthetic Biology, 2013.181 
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vector for human gene therapy due to its ability to efficiently infect human cells, 

low rate of random chromosomal integration, and relatively low immunogenicity 

compared to other viruses.7,8 Efforts to improve AAV for gene therapy have 

focused on modifying the AAV capsid (~25nm diameter), which is composed of 

three monomeric protein subunits (VP1, VP2, and VP3) that self-assemble into a 

T = 1 icosahedral 60-mer during viral replication.25 These subunits are 

transcribed from the same gene using alternative splicing and variable start sites 

and share a common structural domain.25,26 Laboratory evolution efforts 

employing random recombination (DNA shuffling) for directed evolution have 

yielded AAVs with improved transduction of glioma cells,73 myocardium,57 neural 

stem cells,58 and human pluripotent stem cells.60 While these studies highlight 

the potential for using recombination to alter AAV function for diverse 

applications, the annealing-based recombination methods used in these studies 

have not allowed engineers to establish quantitative design rules for constructing 

capsid chimeras with user-defined sequences and functions.74 DNA shuffling 

methods used to create AAV libraries are limited to recombining closely related 

homologs with high (>70%) sequence identity and typically constrain crossovers 

to regions of high identity. These limitations can highly bias chimeric libraries in 

their diversity, structural disruption, and the number (and kinds) of amino acid 

changes relative to their parents.  

Site-directed protein recombination may be capable of accessing 

additional AAV capsid diversity by creating capsid protein chimeras from 

distantly-related serotypes that are difficult to recombine using DNA shuffling.75 

Another benefit to this approach is that crossover sites that are least likely to 

disrupt virus capsid structure can be identified using an algorithm, such as 

SCHEMA, that anticipates the effects of each possible crossover site on protein 

structure.76 Using sequence and structural information from parental proteins as 

inputs, SCHEMA calculates the number of residue-residue contacts broken upon 

recombination (defined as E) in chimeras. Laboratory evolution studies using 

multiple enzymes (lactamases, cytochromes P450, cellulases, and arginases) 
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have shown that E is a reliable metric for anticipating structural conservation 

upon recombination.77–80 Among chimeras with the same number of amino acid 

substitutions, those with lower calculated disruption retain structure and function 

with a higher frequency.77 These studies have also demonstrated that proteins 

with highly divergent sequences (<50% identity) can be recombined using 

SCHEMA to create libraries enriched in functional proteins that share as little as 

70% sequence identity with known sequences.81 Furthermore, SCHEMA-guided 

recombination can be used to diversify catalytic function,78 increase protein 

thermostability,79 and identify sequence elements that contribute to stability and 

catalysis.80 To date, SCHEMA has not been applied to proteins that form large, 

megadalton complexes like AAV capsids, and it remains unclear how its 

predictions correlate with structural and functional properties in virus capsids. 

Here we explore the effect of recombination on structural and functional 

conservation within the AAV capsid upon recombining distantly related AAV 

serotypes (AAV2 and AAV4) whose capsid proteins display 58% sequence 

identity within the VP3 region of the cap gene. To establish how calculated 

SCHEMA disruption correlates with experimental capsid disruption, we created 

seventeen chimeras with a range of E values and calibrated how E scales with a 

variety of capsid properties. This information will be critical for future studies that 

use SCHEMA to build larger virus mutant libraries and explore functional 

variation within the AAV capsid.  

RESULTS AND DISCUSSION 

Estimating Capsid Structural Disruption Using SCHEMA 
 Schema disruption values were calculated using AAV4 and AAV2 capsid 

sequences and the AAV4 structure.25,82 These viruses assemble into capsids 

with similar structures (0.5Å RMSD26) containing 60 viral protein (VP) subunits, 

even though they have divergent sequences (~58% sequence identity within the 

overlapping primary sequence that is shared by VP1, VP2, and VP3). In AAV 

capsid structures, SCHEMA considers two types of residue-residue contacts 
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(Fig. 2-1a): intramolecular and intermolecular VP subunit contacts, which are 

predicted to contribute to the structural disruption in megadalton capsid chimeras. 

Intramolecular SCHEMA disruption (Eintra) was calculated as the number of 

residue-residue contacts within each VP subunit that are broken by homologous 

recombination (Fig. 2-1b).83 Intermolecular SCHEMA disruption (Einter) was 

calculated as the number of residue-residue contacts broken between a single 

VP subunit in the capsid and all subunits that have at least one atom within 4.5Å 

of that subunit (Fig. 2-1c). Total disruption per subunit (Esubunit) was calculated as 

the sum of Eintra and 0.5 x Einter, and capsid chimera disruption (Ecapsid) was 

calculated as the total number of intramolecular and intermolecular residue- 

residue contacts broken on a per capsid level (Fig. 2-1d). 

 To identify simple chimeras to construct for calibrating SCHEMA 

predictions, we calculated disruption (E) and amino acid substitution (m) levels 

for all possible single-crossover and double-crossover chimeras that can arise 

from homologous recombination of AAV2 and AAV4 within the region of the VP 

sequence whose structure is known (Fig. 2-2). Within the AAV capsid sequences 

considered by Schema, AAV2 differs in primary sequence from AAV4 at 223 

positions. The m for each chimera is reported relative to AAV4 (m = 0). Using this 

E = 1 Einter = 86 Eintra = 14 Ecapsid = 3,420 

3.6A%

I685%

M247%

AAV2%

AAV4%

a b c d 

Figure 2-1 Calculating SCHEMA disruption values for virus capsids. (a) For each chimera considered, 
SCHEMA was used to calculate the number of residue-residue contacts broken (E) by recombination when a 
VP chimera is created using sequence elements from AAV2 (red) and AAV4 (blue). The number of contacts 
broken (b) within each capsid subunit and (c) between one VP subunit and all contacting subunits 
(transparent subunits) were used to calculate (d) the number of contacts broken within a fully assembled 
capsid. The total disruption per subunit (Esubunit) is defined as the sum of Eintra and 0.5·Einter, and the total 
disruption per capsid (Ecapsid) is calculated as 60·Eintra + 30·Einter. Chimera 475-734 subunits and capsid 
are depicted using the AAV4 capsid structure. Panel a was rendered in Swiss PDB Viewer using AAV4 VP3 
crystal data (PDBID: 2G8G). Panels b-d were generated using AAV4 VP3 crystal data (PDBID: 2G8G) using 
default capsid ‘2g8g_001’. Residues for a theoretical chimera corresponding to the AAV4 parent were 
colored blue while those corresponding to the AAV2 parent were colored red. 
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frame of reference, the m of AAV2 is 223 and chimeras that are most divergent 

from both parental proteins have an intermediate m value. These calculations 

revealed that, on average, E values correlate with the mutation distance from 

AAV2 and AAV4 (Fig. 2-2). However, in the case of multiple crossover events, 

chimeras can be generated at each value of m with a range of E values, which 

can differ by over an order of magnitude. For example, at an m = 128, Ecapsid can 

range from 630 to 6,420 for double-crossover chimeras. A large range of Eintra 

and Einter was also observed at each m for double-crossover chimeras (data not 

shown). Since it is unclear whether or not intramolecular and intermolecular 

contacts broken by recombination are equally disruptive, four single-crossover 

and thirteen double-crossover chimeras displaying a range of disruption and 

mutation values were chosen for construction and characterization (Table 2-1). A 

comparison of chimera gene sequences and parental AAV2 and AAV4 shows 

that a subset of these chimeras grafts the heparin-binding domain (HBD) from 

AAV2 into AAV4 (Fig. 2-3). Additionally, a subset of our chimeras recombines the 

assembly-activating protein (AAP),27 a protein that is required for efficient capsid 
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Figure 2-2 SCHEMA disruption in chimeric VP capsids created using single- or double-crossovers. 
Capsid disruption (Ecapsid) was calculated for all chimeras that can be created by recombining AAV2 and 
AAV4 using (a) single- or (b) double-crossovers. Capsid disruption is shown relative to the per subunit amino 
acid substitution level (msubunit), which was calculated relative to AAV4 (m = 0). 
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assembly. The structure of AAP is not yet known, so SCHEMA could not be used 

to consider broken contacts within AAP.  

Analysis of Chimera Capsid Assembly and Genome Packaging 

Upon homologous recombination, VP subunits can display a range of 

phenotypes. VP chimeras can: (i) misfold or aggregate during translation, (ii) fold 

into a native-like topology, but fail to assemble into a capsid, (iii) fold and self-

assemble into a capsid-like structure but fail to package its DNA cargo, (iv) form 

a capsid that contains DNA that is not well protected from degradation, (v) form a 

capsid with native AAV stability but is defective in cellular transduction, or (vi) 

form a capsid with native AAV stability and transduction. To first assess the 

structural disruption of our chimeras, we examined whether they assembled into 

capsids and packaged genomes. This was accomplished by expressing VP 

chimeras in HEK293T cells and separating fully assembled capsids from 

incompletely assembled capsids using a discontinuous iodixanol density 

Table 2-1 Subunit SCHEMA disruption values used to calculate Ecapsid. The Eintra and Einter values used 
to calculate Esubunit and Ecapsid are provided for each chimera analyzed in this study. 
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gradient. VP subunits sediment to different layers of the gradient during 

ultracentrifugation based on their ability to self-assemble into complete 60-mers 

and to package genomes. Genome-containing capsids reside in the 40% 

iodixanol layer, whereas empty capsids and other capsid intermediates reside 

within the interface between the 25% and 40% iodixanol layers.84–87 Packaged 

viral genomes were quantified using quantitative polymerase chain reaction (Q-

PCR) as previously described.42  

Q-PCR analysis of virus genomic titers extracted from the 40% iodixanol 

gradient layer is shown in Figure 2-3. Of the seventeen VP chimeras generated, 

AAV4 

AAV2 

607-612 

655-670 

345-357 

294-370 

265-370 

289-372 

254-435 

505-734 

492-734 

439-597 

416-606 

438-633 

475-734 

408-654 

379-646 

385-699 

408-734 

 
msubunit 

 
Ecapsid Genomic 

titer 

0 0 !!!! 

223 0 !!!! 

3 180 !!!! 

6 60 !!!! 

7 90 ! 

25 1,380 n.d. 

26 1,620 n.d. 

26 1,530 n.d. 

55 1,290 n.d. 

106 3,810 ! 

119 4,800 !!! 

120 1,500 n.d. 

125 930 n.d. 

127 690 !!!! 

128 3,420 !!! 

132 870 ! 

140 2,160 !! 

148 2,100 n.d. 

161 1,830 n.d. 

VP1 VP2 VP3 

HBD AAP!

Figure 2-3 SCHEMA values and genome packaging properties of AAV2-AAV4 capsid chimeras. AAV2 
(red) and AAV4 (blue) genes were recombined to create capsid proteins with a range of sequence 
properties. Translation initiation sites (black dashes) are shown for each VP protein (VP1, VP2, and VP3), 
as well as the location of the AAV2 heparin-binding domain (HBD, yellow dashes) that is not present in 
AAV4. Locations of AAV4 and AAV2 assembly-activating proteins (AAP) are indicated under the AAV2 
sequence. Ecapsid represents the number of per capsid residue-residue contacts disrupted by recombination. 
The effective level of mutation per chimeric subunit (msubunit) is the minimum number of amino acid mutations 
required to convert each chimera into AAV4. The genomic titers of each chimera were measured by Q-PCR 
and scored on a scale of 1 to 4 (diamonds) relative to the detection limit and the titers obtained with AAV2 
and AAV4. Each diamond represents 1-log in titer. n.d. = not detected above background. 
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nine yielded genomic titers detectable above background with values varying by 

approximately four orders of magnitude. The three chimeric capsids with the 

highest genomic titers differed by less than 1-log from the titers observed with 

AAV2 and AAV4. Genomic DNA packaging did not correlate strongly with m or E. 

Chimeras with detectable titers differed by an average of 65 residues per subunit 

from either parent, whereas chimeras that did not protect genomes differed by an 

average of 58 residues. In addition, the values of Ecapsid for chimeras that 

packaged genomes ranged from 60 to 4,800 (average = 1,786 ± 1,522), whereas 

Ecapsid for chimeras that did not package genomes ranged from 930 to 2,100 

(average = 1,818 ± 351). This finding demonstrates that AAV capsid structures 

tolerate larger numbers of broken residue-residue contacts compared with 

smaller enzymes whose recombination tolerance has been calibrated against 

SCHEMA.77,80,83 Furthermore, this result suggests that a large fraction of the VP 

chimeras that can be created by recombining AAV2 and AAV4 (Fig. 2-2) will form 

capsids and package DNA since 28% of the possible double-crossover chimeras 

have an Ecapsid ≤ 1,800.  

To assess whether chimeras with virus titers below the limits of detection 

simply have defects in VP chimera expression or if they express VP chimeras 

and assemble oligomers to some extent, we performed western blot analysis on 

VP chimeras within the 40% iodixanol layer and 25-40% iodixanol interface (Fig. 

2-4). Whereas the 40% layer contains full (genome-packaging) 60-mer capsids, 

empty capsids and VP protein oligomers that are smaller than a fully assembled 

capsid partition to the 25-40% iodixanol interface.84–87 Due to the relatively low 

genomic titers of the chimeras and sensitivity limitations of our antibodies, VP 

expression was not detected for most chimeras in the 40% layer. VP subunits 

from all of the single-crossover chimeras could be detected in the 25-40% 

interface using the B1 monoclonal antibody, which binds to an epitope within the 

C-terminus of each AAV2 VP. Since the double-crossover chimeras lack the 

epitope recognized by the B1 antibody, we used the A1 monoclonal antibody that 

reacts with a conserved epitope in the VP1 subunit of AAV2 and AAV4. A 
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majority of the chimeras with undetectable genomic titers expressed VP1 at 

detectable levels in the 25-40% interface, albeit many at lower levels than AAV2 

and AAV4. Only the VP1 from 254-435 could not be readily detected. These 

observations suggest that most of our chimeric VP subunits associate together 

into capsid-like oligomers. The finding that a vast majority of our chimeras retain 

the ability to oligomerize suggests that VP subunit oligomerization does not 

depend on Ecapsid in the range that we sampled. 

Using Genome Protection as a Measure of Capsid Intactness 

 While several chimeric VP proteins assembled into oligomers stable 

enough to protect genomes through iodixanol gradient ultracentrifugation and 

extraction, it was unclear how well these protein subunits were assembled 

together. To test if these capsids had similar structural integrity as AAV2 and 

AAV4, we investigated the extent to which each chimeric capsid protected its 

genome from nuclease digestion after purification and used the level of protection 

as a measure of capsid intactness.88 Chimeras with genomic titers detectable 

above background were treated with benzonase, and the percentage of genomes 

remaining after nuclease treatment was measured using Q-PCR. The genomic 

titers of nuclease-treated AAV2 and AAV4 did not decrease significantly 
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Figure 2-4 Immunoblot analysis of chimeric VP expression. Western blot analysis of chimeric capsids 
extracted from the 25-40% iodixanol interface after separation using an iodixanol gradient. Viral proteins 
were detected with (a) monoclonal anti-VP (B1) antibody which binds to C-termini of VP1-3 of AAV2 and (b) 
monoclonal anti-VP1 (A1) antibody which binds to VP1 of AAV2 and AAV4. The B1 antibody staining is 
stronger due to recognition of VP3, which is expressed at higher stoichiometric ratios than VP1 and VP2, but 
could only be used for four chimeras with AAV2 C-termini in their VPs. Thus, A1 antibody was used to 
measure VP1 expression for all chimeras. 
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compared to sham buffer-treated samples (Fig. 2-5a). As a negative control, 

unprotected DNA encoding green fluorescent protein (GFP) was degraded to 

undetectable levels by a similar treatment. We found that chimeras protected 

genomes to varying extents. Interestingly, capsid intactness did not correlate with 

the measured genomic titers of the chimeras. Chimeras 438-633 and 492-734 did 

not protect their genomes well (1.1 ± 0.2% and 54.3 ± 2.3%, respectively) despite 

having high titers. On the other hand, chimera 345-357 protected its genome 

Figure 2-5 Chimeric capsid intactness determined by nuclease sensitivity and TEM imaging. (a) 
Q-PCR was used to determine the percentage of viral genomes remaining after treatment with 
benzonase. Percentage protected represents benzonase treated samples normalized to a sham 
condition. Chimeras are sorted horizontally based on their genomic titers compared to wt capsids; 
diamonds at the top represent relative titers of each chimera compared to parental capsids as in Fig. 3. 
Error bars indicate the standard error of the mean (SEM) calculated from three independent 
experiments. Transmission electron microscopy of (b) AAV2, (c) AAV4, and (d) chimera 438-633 show 
that AAV2 and AAV4 capsids exclude negative stain whereas the chimeric 438-633 capsids contain 
negative stain (dark centers). Images were taken at 40,000x magnification; insets were taken at 
150,000x magnification. 
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(108.5 ± 5.0%) despite its titer being more than 1,000-fold lower than either 

parent. While the linear correlation between Ecapsid and the observed nuclease 

protection among our small sampling of chimeras is weak (r = -0.28), the three 

chimeras (655-670, 607-612, and 345-357) with the greatest resistance to 

benzonase (98.2 ± 9.4%, 101.6 ± 5.0%, 108.5 ± 5.0%, respectively) also have 

the lowest calculated Ecapsid values: 60, 90, and 180, respectively. The average 

Ecapsid for these variants (110 ± 62) is >20-fold lower than that observed with the 

benzonase-sensitive chimeras (2,388 ± 1,741). Thus, calculated structural 

disruption correlates with capsid intactness to a greater extent than genome 

packaging. 

 To better understand the capsid structure of chimera 438-633, which had 

a high titer but low nuclease-protection ability, we imaged this chimera using 

transmission electron microscopy (TEM) and compared the results to that of 

AAV2 and AAV4. Q-PCR was used to verify high genomic titers (>1011 

genomes/mL) of virus samples one day prior to negative staining in order to 

ensure the capsids being imaged still contained genomes after buffer exchange. 

At both lower (40,000x) and higher magnifications (150,000x), phenotypic 

differences are observed between chimera 438-633 and the wild type capsids. 

Whereas AAV2 (Fig. 2-5b) and AAV4 (Fig. 2-5c) capsids have clearly defined 

straight edges that form hexagonal particles (due to the icosahedral symmetry of 

the virus), chimera 438-633 capsids are irregularly shaped (Fig. 2-5d), although 

they have a similar overall diameter. In addition, the negative staining of AAV2 

and AAV4 reveals mostly intact capsids, whereas all of the chimeric 438-633 

capsids appear empty, as evidenced by their darkened, uranyl formate-stained 

capsid interiors. These findings suggest that the genomes protected by this 

chimera were sensitive to the sample preparation protocol prior to TEM analysis, 

which included buffer exchange, concentration, and uranyl formate staining. 

Collectively, the data suggest chimera 438-633 forms a genome-containing 

capsid but has a defect in capsid intactness. 
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Ability of Chimeras to Bind Heparin  
 The two AAV serotypes recombined in this study differ in the 

proteoglycans and co-receptors on cell surfaces that they bind as a means of 

transduction. AAV2 binds negatively charged heparan sulfate proteoglycan 

(HSPG) using a cluster of positively charged amino acids (R487, R585, R588) at 

the 3-fold axis of symmetry.89,90 In contrast, AAV4 binds α-2,3 O-linked sialic 

acid.91 The exact AAV4 capsid residues critical for this binding event have yet to 

be determined.26 Previous studies have demonstrated that insertion of the AAV2 

HSPG binding domain into AAV5, which naturally does not bind HSPG, confers 

HSPG binding to AAV5 with similar affinity as AAV2.90 This previous finding 

suggested that AAV2-AAV4 chimeras containing the HSPG binding motif might 

also bind HSPG. 

To test whether chimeras containing or lacking the AAV2 HSPG binding 

domain (HBD) associate with heparin, we performed heparin affinity 

chromatography. This was achieved by incubating viruses with heparin-

sepharose beads, washing the beads to remove non-specific binding, and eluting 

bound viruses using a series of buffers with increasing ionic strengths. To 

determine the relative fractions of heparin-bound viruses after each step, 

genomic titers within each elution were measured using Q-PCR (Fig. 2-6). Due to 

Q-PCR sensitivity limitations, we were only able to characterize heparin binding 

of chimeras with titers >5x109 genomes/mL. Chimeras that lack the HBD 

uniformly did not bind heparin and displayed a similar elution profile as wild type 

AAV4 capsids. In contrast, all chimeras containing the AAV2 HBD associated 

with heparin, albeit to varying degrees. Chimeras deriving a larger fraction of their 

primary sequence from AAV2 bound heparin stronger than those with a smaller 

amount of AAV2 sequence. These findings demonstrate that although the cluster 

of positively charged amino acids (R487, R585, R588) in AAV2 is required for 

heparin binding, other sequence elements in AAV2 contribute to the strength of 

the interaction with heparin.  
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Transduction of Cells with Chimeric Capsids 

To determine whether chimeras retained the ability to transduce cells, we 

incubated capsid chimeras that contained the GFP gene with Cos-7 cells and 

measured reporter expression 48 hours after infection using flow cytometry. We 

chose Cos-7 cells for this transduction assay because this cell line has the cell-

surface receptors (HSPG and sialic acid) required for transduction by both AAV2 

and AAV4.91 Only chimeras with genomic titers >2x109 genomes/mL were 

analyzed for in vitro transduction efficiency since otherwise we were unable to 

add sufficient amounts of virus to cells under our experimental conditions. At a 

multiplicity of infection (MOI) of 5,000 viruses/cell, chimeras displayed a range of 

transduction efficiencies (Fig. 2-7). As previously reported, AAV2 and AAV4 both 

yielded high percentages of GFP-positive cells.91 While two of the chimeras 

tested (655-670 and 607-612) infected Cos-7 cells with similar efficiency as 

AAV4 (>30% GFP-positive cells), three chimeras produced a low percentage of 

GFP-positive cells (<2%). SCHEMA disruption calculations revealed that the 

Figure 2-6 Association of chimeric capsids with heparin. Heparin binding of chimeras containing 
(black) and lacking (white) the AAV2 heparin-binding domain (HBD) was analyzed using a heparin 
affinity column. Q-PCR was used to quantify the number of viruses that did not bind to the column, 
eluted when the column was washed with buffer, and eluted when the column was washed with buffers 
containing 250 mM, 650 mM, and 5 M NaCl. For each virus, the number of genomes detected by Q-
PCR in all of the salt elutions was divided by the total number of viruses collected from the initial 
unbound flow-through, buffer wash, and salt elutions. Error bars indicate the SEM calculated from three 
independent experiments. 
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chimeras that transduced most efficiently were those with low Ecapsid (60 and 180, 

respectively). The Ecapsid for these chimeras are >24-fold lower than the average 

Ecapsid for the remaining chimeras whose transduction was assessed. While our 

sample size is small (n = 5), the linear correlation between Ecapsid and the 

transduction efficiency of our chimeras is relatively strong (r = -0.70). Thus, 

calculated structural disruption is inversely correlated to the functional 

conservation of cellular transduction.  

CONCLUSIONS 

Schema-based Design Rules 
Within our small chimera sample (n = 17), we obtained evidence that 

SCHEMA disruption is a useful metric for anticipating structural conservation in 

virus capsid chimeras generated via recombination (Table 2-2). We found that 

both chimeric capsid intactness and transduction were inversely related to Ecapsid 

for those chimeras that packaged genomes (Fig. 2-8). These results can be used 

to inform future studies that seek to create larger libraries of AAV chimeras that 

are enriched in VP subunits that assemble into capsids, package genomes, and 

Figure 2-7 Transduction of Cos-7 cells by chimeric capsids. Chimeric capsid transduction efficiency 
was compared to that of AAV2 and AAV4 by analyzing the level of GFP expression in Cos-7 cells after 
incubation with viruses carrying the GFP transgene. Reporter expression was quantified by flow cytometry 
48 hours post-transduction. Data represent the percentage of cells (out of 10,000 cells per sample) that 
expressed the GFP reporter and is shown as the mean of three independent experiments with error bars 
corresponding to the SEM. *, p<0.05. NS = not significant. 
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transduce cells. Such libraries can be identified using the RASPP algorithm, 

which finds crossovers that minimize the average Ecapsid of different libraries 

subject to constraints on the distance between crossovers.92 RASPP-designed 

libraries should be useful for building artificial families of capsid chimeras, and 

analysis of sequence-function relationships in such libraries should help identify 

sequence elements that contribute to different aspects of AAV structure and 

function.79,80,93  

Table 2-2 Summary of virus characteristics. For each virus analyzed, the finding from each method 
of characterization is listed, including: Q-PCR analysis of genome packaging (genomic titer), 
immunoblot detection of VP production (VP subunit expression), capsid protection of genomes from 
nucleases (% nuclease protection), capsid binding to heparin (% of Heparin-Bound Eluates) and cellular 
transduction (% Transduction Efficiency). In the case of the genomic titer, the black diamonds represent 
titers relative to the detection limit and the titers obtained with AAV2 and AAV4. Each diamond 
represents approximately 1-log in titer over background and n.d. means not detected above 
background, i.e., within 1-log of the signal obtained with pBlueScript II plasmid lacking the AAV cap 
gene. n/a = not analyzed because titer was too low. 
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Surprisingly, we did not observe a strong correlation between genome 

packaging by chimeric capsids and SCHEMA disruption. More than half of the 

chimeric VP proteins formed capsids that co-purified with viral genomes, 

including the three chimeras with the highest Ecapsid values. The number of 

broken residue-residue contacts tolerated by these chimeras (>3,000 per capsid) 

is almost two orders of magnitude greater than the level that has been shown to 

disrupt the folding of monomeric enzymes.94 This finding indicates AAV capsid 

structures are robust to amino acid substitutions created by recombination,95 and 

it suggests even the most distantly related AAV serotypes can be recombined to 

create libraries that are relatively rich in virus particles containing genomes, albeit 

potentially deficient in transduction activity.  

Among the double-crossover chimeras that did not protect viral genomes, 

more than half contained crossovers in locations that resulted in recombination of 

AAP – the AAV protein required for efficient capsid assembly.27 Western blot 

VP Expression  
WB of Iodixanol Layers 

Packaging 
Q-PCR Genomic Titer 

Capsid Intactness 
Benzonase Protection 

Functional Conservation 
Transduction Efficiency 

Figure 2-8 Calculated structural disruption in capsids is inversely correlated with genome-
protection and transduction ability. The sequence space for finding chimeric capsids depends on the 
definition of structural and functional tolerance to recombination, with high stringency definitions increasing 
from left to right. The top images illustrate how theoretical capsid populations change with each tolerance 
definition (empty = no internal genomes, full = with genomes, incomplete and/or unstable capsids = dotted 
capsid outlines). The bottom graphs summarize the relationship between Ecapsid and capsid measurements, 
including (i) western immunoblot detection of capsids and capsid proteins that cannot assemble into full 60-
mers (ii) Q-PCR detection of genome packaging which requires capsids to be assembled or at least strongly 
associated with the capsids, (iii) benzonase protection of genomes, a more stringent definition of capsid 
intactness that requires capsids to be stably assembled, and (iv) cellular transduction. Among these four 
capsid properties, only capsid intactness and cellular transduction were inversely correlated with Ecapsid. 
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analysis revealed that a majority of the chimeras with a recombined AAP were 

expressed and soluble, but unable to assemble into AAV-like genome-containing 

capsids, which may be due to disrupted AAP activity in these variants.27,96 This 

finding also suggests that one way to enrich the fraction of capsid-forming 

chimeras in future recombination studies is to avoid crossover sites that 

recombine AAP or to co-express native AAP with VP chimeras. The former 

approach can be achieved by using SCHEMA to guide noncontiguous 

recombination of AAV VP proteins.97 Future selections of AAV libraries will be 

required to assess which approach is most effective for enriching libraries in 

capsid chimeras that package genomes. 

Collectively, our results demonstrate the first application of the SCHEMA 

algorithm to the design of virus nanoparticles through site-directed 

recombination. Building and characterizing our small sample of virus chimeras 

have enabled us to calibrate SCHEMA predictions of different AAV capsid 

properties. Future work will involve building large chimera libraries and mining 

them with the goal of obtaining statistically rigorous quantitative design rules for 

virus capsid engineering. Virus nanoparticles engineered through site-directed 

recombination may find widespread use as supramolecular structures for drug 

delivery, bioimaging, tissue engineering, nanocatalysis, and nanotechnology.98–

102 
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CHAPTER 3: DEVELOPING PROTEASE-ACTIVATABLE VIRUS 

(PAV) NANOPARTICLES FOR TARGETED GENE DELIVERY✜ 

INTRODUCTION 
Cancer and cardiovascular diseases together kill over 1.1 million people in 

the United States per year.103,104 While drugs for removal and/or slowing the 

progression of several cancers and heart disease exist, they can produce life-

threatening side effects. An additional problem is that most cancerous tissues are 

extremely heterogeneous in their expression of biomolecular signatures,105 

adding to the difficulty of specific targeting of the diseased site. Some diseases 

lack unique receptor biomarkers altogether,106 which make them even harder to 

treat without invasive surgery. In many cases, surgery is still not enough to save 

the patient’s life. 

 Proteases normally serve many physiological roles, including regulating 

extracellular matrix remodeling, blood clotting, cell signaling, cell migration, and 

endosomal protein degradation.107,108 However, abnormal proteolytic activity has 

been observed in the progression of most human cancers, atherosclerosis, and 

several other inflammatory diseases.109–112 The upregulation of specific 

proteases, especially matrix metalloproteinases (MMPs), is increasingly being 

used as a detectable biomarker for several diseases, which has spurred the 

development of protease diagnostic tests and therapeutic protease inhibitors. 

Protease-responsive gene delivery vectors (viral and non-viral) have also been 

explored in an effort to achieve greater tissue targeting specificity. While research 

into creating non-viral protease-activatable gene delivery vectors has been 

✜ Parts of this chapter have been adapted from Judd et al., ACS Nano, 2014.141 
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limited, cationic liposomes and polyethylenimine-DNA-gelatin B complexes have 

demonstrated protease activation in vitro.113,114 Others have developed viruses 

for protease-activatable gene delivery.115 In particular, retroviruses have been 

engineered to include protease-cleavable blocking domains, which allow them to 

become infectious only in the presence of specific proteases upregulated in 

cancer environments.116,117 Similarly, the protease-cleavable domain of the fusion 

protein from measles virus118 and Sendai virus119 have been altered to become 

dependent on MMPs, rather than the ubiquitous proteases that are typically 

required for virus activation. However, protease activation of viruses has not yet 

been demonstrated in vivo through systemic injection. Safety concerns regarding 

the random chromosomal integration of retroviruses have also limited 

researchers in retroviral vector development. 

Our group is the first to create a protease-responsive AAV, which requires 

extracellular protease activation for successful viral entry and subsequent gene 

delivery to target cells. Since AAV is one of the most promising candidates for 

gene therapy, engineering AAV to require specific protease activation would be a 

major improvement for vector targeting strategies for clinical applications. We 

have begun to build a toolkit of protease-activatable viruses that can be used to 

treat a host of different diseases characterized by inflammation. In addition, the 

protease-activatable virus (PAV) could serve as a novel biocomputation platform, 

which can sense and respond to multiple extracellular inputs. As no group has 

yet explored virus nanoparticle-based biocomputation, this platform technology 

could serve as the first stepping-stone for virus engineers, or synthetic virologists, 

to enter an emerging field that has thus far mostly comprised synthetic biologists. 

RESULTS AND DISCUSSION 

Rational Design of Protease-Activatable Virus (PAV) 

To build AAV vectors whose activities are “unlocked” and activated upon 

detection of specific biomolecular “keys”, we genetically inserted peptide “locks” 
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into the capsid. Three major design criteria were considered in creating the PAV: 

1) inserted peptide lock must ablate cell binding; 2) peptide lock must be surface 

accessible for MMP cleavage; and 3) PAV must regain its cell-binding ability after 

MMP treatment. We chose AAV serotype 2 (AAV2) as the parental capsid 

because it is the most extensively characterized AAV variant and its cell binding 

interactions are well understood.120,121 AAV2 uses heparan sulfate proteoglycan 

(HSPG)—a highly negatively charged cell surface receptor—as its primary cell 

receptor that it binds via positively charged clusters of residues at base of 3-fold 

axis of symmetry protrusions. More specifically, amino acids R585 and R588 are 

primarily responsible for binding HSPG.90 Mutational analyses of these residues 

result in ablation of heparin binding.90  

We posited inserting a negatively charged peptide “lock” (tetra-aspartic 

acid motif – D4) near these residue positions in every heparin binding domain 

would prevent heparin binding via electrostatic repulsion—and likely steric 

hindrance. More recent data suggest steric hindrance plays the greatest role in 

“locking” the PAVs (unpublished). To allow for protease-dependent release of the 

locks, we included specific protease-cleavable peptide sequences flanking both 

ends of the tetra-aspartic acid motif (Fig. 3-1).  

As a proof-of-concept, we inserted a lock motif (amino acid sequence: AG-

PLGLAR-G-D4-G-PLGLAR-GA) immediately after residue G586 using classical 

molecular cloning techniques. We chose residue 586 so the “lock” would be 

placed in the 3-fold depression of the capsid, between two key residues (R585 

and R588) responsible for HSPG binding, thus preventing the virus from binding 

cells. The “AG” and “GA” residues flanking the cleavable peptide sequences 

(PLGLAR) serve a dual purpose: 1) they act as spacer linkers to increase the 

peptide lock’s flexibility and accessibility for MMP cleavage and 2) they encode 

NgoMIV and KasI restriction sites, respectively, to make cloning straightforward. 
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An important consideration is that several residues will be left behind after 

MMP cleavage, which could impact cell-binding and intracellular trafficking 

downstream of PAV activation. Thus, peptide lock sequences must be carefully 

selected to ensure that PAV all downstream functions leading to transgene 

expression are restored after the locks have been cleaved, and hence removed. 

Characterization of PAV Switchable Binding and Transduction 

Prototype PAV1 (containing PLGLAR protease-cleavable sequence in the 

peptide lock) was first tested for its susceptibility to MMP cleavage. Western blot 

analysis of MMP-7 treated and untreated PAV demonstrated successful 

proteolysis (Figure 3-2a).  The monoclonal B1 antibody was used since it binds 

the C-terminus of all three VP proteins. While VP1, VP2, and VP3 (typically 

Figure 3-1 Schematic design of a protease-activatable AAV vector. A small peptide lock (bottom 
and center) was inserted into the AAV capsid proteins to block the virus’ interaction with cell surface 
receptors. The peptide lock is cleavable on both ends by MMPs (underlined, arrow indicates scissile 
bond), which allows for release of the lock and recovery of cell binding ability. Figure adapted from J. 
Judd’s Thesis: “Encryption of Adeno-Associated Virus for Protease-Controlled Targeted Gene Therapy”. 
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expressed in a 1:1:10 ratio) are clearly detected in the untreated condition, 

treatment of PAV-586 results in the detection of only the truncated VP bands. 

This suggests that MMP-7 proteolysis of the capsid proteins went to completion, 

thus releasing the peptide locks from the capsid. Since the B1 antibody only 

binds the C-terminus of the VPs, the second cleavage product fragment cannot 

be detected. Wild type virus served as a control to ensure incubation with MMP-7 

did not cleave capsid proteins non-specifically. Importantly, genetic insertion of 

locks did not severely impact virus capsid assembly or genome packaging since 

genomic titers were within 1-logfold of wt.  

To test protease-activatable switching behavior of our prototype, we 

applied PAV1, ± MMP-7 treatment, to a heparin affinity column and eluted with 

increasing NaCl concentrations (Fig. 3-2b). Sham-treated PAVs do not bind 

heparin, and thus, elute in the initial flow-through and wash fractions. 

Interestingly, MMP-7-treated PAVs regain the ability to bind heparin and elute 

with higher salt concentrations, like wt. Thus, PAV1 displays protease-activated 

Figure 3-2 Prototype PAV demonstrates protease-dependent switchable behavior. (a) Western blot 
analysis using the B1 monoclonal antibody (against the C-terminus of VP proteins) to determine expression 
of VP1, VP2, and VP3 capsid proteins of iodixanol-purified PAVs after MMP-7 or sham buffer treatment. 
Protease-cleaved VP fragments migrate to lower expected molecular weights for PAV-586, whereas wild 
type, wt, capsid was not digested. (b) Heparin affinity assay for PAV1 ± MMP-7 demonstrates PAV1 elutes 
from the column at higher salt concentrations upon MMP digestion, thus exhibiting switchable heparin 
binding with MMP-7. (c) PAV1, packaging single-stranded (ssDNA) or self-complementary double-stranded 
(dsDNA) transgene encoding green fluorescent protein (GFP), was treated with MMP-7 or sham buffer and 
added to HEK293T cells. 48 hours post-transduction, fluorescence output was measured via flow cytometry. 
PAV1 demonstrates increased gene delivery after treatment by MMP-7 compared to sham, whereas wt 
remains unchanged upon MMP treatment.  
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receptor binding, which is critical for switchable cell transduction. We applied 

PAV1, ± MMP-7 treatment, packaging green fluorescent protein (GFP) to 

HEK293T cells to determine transduction efficiency. Remarkably, PAV1 

demonstrates low transduction levels upon sham-treatment and increased 

transduction efficiency upon treatment with MMP-7 (Fig. 3-2c). Wild-type 

transduction efficiency remains unchanged with sham vs. MMP-7 treatment, as 

expected. We successfully created the first AAV-based PAV whose receptor 

binding and in vitro cellular transduction is modulated by an extracellular 

protease. While encouraging overall, transduction data also revealed fully 

activated PAV1 cannot achieve wt-like levels of transduction (~60% vs. ~100% 

when packaging dsDNA gene). This issue will be addressed in the next chapter. 

Altering Specificity of PAVs by Swapping Out Cleavage Motifs 

Various diseases are characterized by different protease expression 

profiles. Thus, we aimed to create a panel of PAVs that sense varying MMPs to 

tailor selectivity of protease activation to the diseased microenvironment. To tune 

PAV specificity to respond to different protease inputs, several protease-

cleavable peptide sequences were inserted at position G586 to replace the 

prototype PAV1 “PLGLAR” cleavage sequence. The peptide sequences chosen 

have already been characterized for susceptibility and specificity of cleavage by 

various MMPs.122 However, the peptides used in the kinetic studies and affinity 

calculations were linear substrates and likely behave differently once 

incorporated into the virus capsid. This issue will be discussed in more detail later 

in this chapter. 

To begin characterizing the functional parameters of our PAVs, we 

determined their dose-response curves in response to various proteases. A few 

of the sequences that were tested are listed in Table 3-1. PAV variants were 

incubated PAV variants were incubated with various concentrations of MMP-2, -

7, -9, or sham buffer for 4 h at 37°C. After stopping the reactions with EDTA, 

PAVs were added to HEK293T cells. 48 hours after transduction, cells were 
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harvested and flow cytometry was used to determine the transduction index 

(%GFP-positive cells x geometric mean fluorescence intensity) for each condition 

(Figure 3-3). PAV1 is activated by MMP-7 or MMP-9 at high protease 

concentrations, PAV18 is activated by all three MMPs at high protease 

concentrations, PAV12 is highly selective for MMP-7, and PAV10 is highly 

selective for MMP-9 within the range of concentrations tested. We have created 

a number of PAV variants with differing MMP specificities. As the 

microenvironments of various diseases are enriched in different biomolecules 

and proteases, our demonstration of single input susceptibility suggests that 

increased specificity for targeted gene delivery may be achieved. 

Multiplex Signal Integration: AND Gate Logic in PAVs 

Microenvironments of many solid tumors are characterized by heightened 

expression of more than one protease.109 Thus, increased specificity of PAV 

delivery can be achieved by incorporating peptide locks that require a particular 

combination of inputs to activate the virus. To create PAVs that require more than 

one input for activation, PAV locks that only respond to a single input and are 

Table 3-1 PAV lock variants. Lock sequences are listed for several PAVs with the putative protease 
cleavage sequence underlined and bolded. The arrow denotes the cleavable scissile bond and the red 
sequence denotes the peptide fragment removed upon proteolysis. 
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Figure 3-3 PAV variants display different susceptibilities to MMPs. PAVs treated with MMP-2, -7, or -9 
were used to transduce HEK293T cells with a GFP reporter (dsDNA). Y-axes indicate normalized 
transduction index (nTI) as a measure of virus activity. 
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orthogonal to one another must be identified. Our data demonstrates two such 

orthogonal PAVs, PAV 12 and PAV 10, with single-input protease susceptibilities. 

As a proof-of-concept, we generated mosaic capsids by adding different ratios 

(1:1, 1:3, and 3:1) of plasmid encoding PAV 12 and PAV 10 cap genes upon 

virus production. We tested the mosaic PAVs for susceptibility to protease 

digestion by MMP-2, -7, or -9 over a range of concentrations. After stopping the 

reactions, we added the PAVs to HEK293T cells and used flow cytometry to 

quantify the transduction index 48 h later (Figure 3-4). As anticipated, the mosaic 

PAV (only 1:1 ratio is shown, in middle), which comprises capsid subunits of PAV 

12 and PAV 10, demonstrates AND gate behavior: two orthogonal MMPs (inputs) 

are required to activate the PAV, resulting in efficient transduction (output). This 

result is the first demonstration of basic Boolean AND gate regulation over 

protease-activatable virus transduction. In sum, we have constructed a small 

toolkit of PAV-based Boolean operators capable of performing the following 

functions with cellular transduction as the output: Buffer gate, 2- and 3-input OR 

gate, and 2-input AND gate. We intend to modify the design of the PAVs to sense 

more complicated protease profiles in the future.  

Challenges and Limitations of the PAV Design 

While promising, two key challenges remain: 1) activated PAV1 

transduction efficiency does not achieve wt-levels and 2) kinetics of PAV peptide 

lock cleavage does not match enzymatic kinetics of predicted linear substrates. 

We explore a potential solution to the first issue in the next chapter. The difficulty 

in achieving sufficient modularity with our platform is more complicated. Since the 

peptide locks are inserted in the middle of the cap gene, they are displayed on 

the capsid surface more-or-less as a hairpin loop—tethered to the capsid on both 

sides. This causes conformational strain, which likely results in the peptide 

sequence adopting a less thermodynamically favorable conformation than a free 

peptide. As prior work in measuring MMP cleavage kinetics and substrate 

recognition were performed using linearized substrates, the rate constants and 
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trends in MMP specificity and sensitivity cannot be directly applied to our 

PAVs.122 To address this issue we are currently exploring methods to display the 

peptide lock as a linear substrate (loose on one end) to ablate heparin binding, 

yet still be susceptible to MMP cleavage and subsequent release. Alternatively, 

Figure 3-4 Demonstration of AND gate behavior with a mosaic capsid PAV. A mosaic PAV (middle, red 
and blue virus) was created by adding a 1:1 ratio of VP subunits containing protease-cleavable peptide locks 
susceptible to MMP-7 (left, red virus) or MMP-9 (right, blue virus). Transduction data is displayed as a 
horizontal bar graph next to its corresponding truth table. The same data is also plotted as a heat map 
(below) where red indicates the highest level of transduction and blue indicates the lowest relative level of 
transduction. Where as the red virus is activated only by MMP-7 treatment and blue virus is activated only by 
MMP-9 treatment, the mosaic PAV requires high levels of both MMP-7 and MMP-9 for activation. Error bars 
represent the SEM of two independent experiments. 
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varying lock sequence, number of glycine/serine linkers, and/or lock insertion site 

may yield PAV variants with more predictable activation kinetics. 

Another limitation to the PAV design is its reliance on the parental AAV 

capsid’s native primary cellular receptor binding domain to determine tropism. 

Once the peptide locks are removed (i.e., able to transduce cells), the activated 

PAVs bind HSPG to facilitate cell entry. Depending on the target tissue, HSPG 

may or may not be readily displayed as a cell receptor. In Chapter 6, we 

investigate the potential to expand the PAV platform to other base serotypes to 

broaden its tropism of target tissues. Additionally, targeting ligands and peptides 

can also be inserted in the AAV2 heparin-binding domain to alter its natural 

tropism.51,123,52 By combining this method with our PAV technology, we may be 

able to expand the number of diseased tissues we can target in the future. 

CONCLUSIONS  
In this chapter, we explored the signal integration capabilities of AAV. By 

genetically inserting peptide “locks” in the heparin-binding domains of the capsid, 

PAVs are effectively made inert. Upon protease digestion, peptide locks are 

released and PAVs regain their ability to bind HSPG, enter cells, and deliver 

genetic payload to target cells. Overall, this project is significant because we 

have taken the first steps to develop a platform of AAV-based vectors able to 

respond to extracellular proteases as target biomarkers. PAVs are the first of its 

kind based on the clinically promising AAV vector and lend it to potentially 

treating a host of diseases characterized by inflammation. 
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CHAPTER 4: TUNING PAV TRANSDUCTION EFFICIENCY 

THROUGH INCORPORATION OF STIMULUS-RESPONSIVE 

CAPSID SUBUNITS✜ 

INTRODUCTION 
Adeno-associated virus (AAV) is a single-stranded DNA virus that is being 

tested for its ability to deliver genes for a variety of gene therapy applications.124–

127 Structurochemical features of the AAV capsid determine cellular tropism, or 

the ability of the virus to infect a particular cell type. The capsid comprises three 

viral protein subunits (VP1, VP2, and VP3), that self-assemble into a 60-mer.25 

To change the natural tropism of AAV, researchers have genetically57,73,58,60,128,54 

and chemically129–131 modified capsids. In addition, several groups have 

demonstrated the feasibility of mixing AAV capsid proteins from different 

serotypes to form mosaic capsids with altered phenotypes.49,50 The resulting 

mosaic capsids can display phenotypes that resemble one or both parents. For 

instance, VP subunits from AAV3 (which binds heparin) and AAV5 (which binds 

mucin) were assembled at a 3:1 ratio to create mosaic capsids that are able to 

bind both heparin and mucin.50 These studies suggest viruses with new hybrid 

functionality could easily be constructed through the mosaic capsid approach. 

The pathophysiology of many diseases, including nearly all cancers109 and 

several cardiovascular diseases,132,133 involves increased activity of extracellular 

proteases in the diseased tissue. In particular, matrix metalloproteinases (MMPs) 

have a significant role in the progression of several cancers,134,135 coronary heart 

disease,136 and neurological diseases.137,138 For this reason, several therapeutics 

✜ Parts of this chapter have been adapted from Ho et al., Cellular and Molecular Engineering, 2014.182  
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and imaging reporters have been developed that specifically target sites with 

elevated MMP activity.118,139,140 Recently, we developed a protease-activatable 

virus (PAV) based on AAV that delivers genetic cargo into target cells only upon 

MMP proteolysis (Fig. 4-1a).141 Mutational and cryo-EM studies have 

demonstrated that AAV serotype 2 (AAV2) binds heparan sulfate proteoglycan 

(HSPG) as its primary receptor via clusters of positively charged amino acid 

residues (most importantly R585 and R588) near the base of the 3-fold axis of 

symmetry spikes.89,90 For the PAV, a negatively charged peptide “lock”, 

consisting of a tetra-aspartic acid motif (D4) flanked on both ends by protease-

cleavable peptide sequences, was inserted after position G586 in the heparin-

binding pocket of the AAV2 capsid. The lock is thought to block electrostatic 

interactions between AAV2’s glycan-binding pocket and its primary receptor, 

HSPG. In the presence of proteases that recognize the lock’s cleavage 

sequences, the D4 motifs are removed from the capsid and the virus regains its 

ability to bind and transduce cells. 

We demonstrated that the PAVs appear to function as a nanoscale node, 

or “nanonode”, able to integrate two different protease inputs guided by a simple 

Figure 4-1 Schematic of protease-activatable viruses (PAVs) and WT/PAV1 mosaic capsid 
compositions. (a) Locked PAV cannot interact with cellular membrane until proteolytic processing by MMP. 
Once processed, the unlocked virus regains its ability to bind cells and will deliver its genetic payload. (b) 
Mosaic capsids composed of WT and PAV1 (WT/PAV1), with WT in light blue and PAV1 in turquoise, at 
various ratios are shown. The ratios reflect WT:PAV1. 
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quantitative weighting function.141 However, most PAV variants—depending on 

the sequence of the vestigial lock residues—displayed reduced transduction 

efficiency even after complete lock proteolysis. Thus, further optimization of 

transduction output is necessary for future development of PAVs in gene therapy 

applications. 

Here we investigated the tunability of PAV transduction output responses 

by creating mosaic AAV capsids comprising both wild type and stimulus-

responsive subunits. We created and characterized three mosaic variants to 

investigate how transduction properties change with the incorporation of different 

proportions of stimulus-responsive subunits. This information will be crucial for 

future efforts to fine-tune the activation and output response of PAVs for 

biomedical applications. 

RESULTS AND DISCUSSION 

Doping Protease-Activatable Viruses with Wild-Type Subunits 
To improve PAV overall activity, we created mosaic capsids comprising 

different proportions of wild type (WT) and PAV subunits. We created three 

mosaic variants at WT:PAV ratios of 3:1, 1:1, and 1:3 (Fig. 4-1b). The PAV 

subunit is nearly identical to the WT AAV2 subunit, except for a ~2kDa PAV1 

peptide lock (AG-PLGLAR-G-DDDD-G-PLGLAR-GA) insertion at amino acid 

position 586.  

Mosaic viruses were generated by quadruple plasmid transfection using 

WT and PAV packaging plasmids, pXX6, and scAAV2-CMV-GFP in HEK293T 

cells. 48 h after transfection, cells were harvested and resuspended in gradient 

buffer (GB). All viruses were separated from cell lysate via iodixanol step-

gradient ultracentrifugation. To remove any contaminants, density-separated 

virus samples were passed through an anion exchange column. The purified 

viruses were subsequently spun through an Amicon Ultra-4 concentration unit to 

concentrate the samples and exchange the buffer to one compatible with MMP 

digestion (1X GB + Pluronic F-68). Our previous work has shown that production 

and packaging of PAV viruses is not impacted by the peptide lock insertion.141 As 
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expected, production of the mosaic viruses is not drastically affected by the 

inclusion of varying amounts of PAV subunits. Genomic titers of all three mosaic 

WT/PAV1 viruses were within 1 log-fold of WT titers, both before and after 

purification via anion exchange chromatography and amicon concentration. 

Therefore, results thus far demonstrate WT/PAV1 mosaic capsids can be 

generated at WT-like titers. 

Switchable Transduction Behavior of WT/PAV1 Mosaic Viruses 
 Previous work has shown that PAVs can “switch on” their ability to deliver 

transgenes into cells in response to MMP digestion.141 To determine whether 

WT/PAV1 mosaic capsids, containing fewer PAV locks per virus, exhibit similar 

switchable transduction behavior, we first confirmed that the mosaics are 

susceptible to MMP digestion. Viruses were incubated with MMP-7 or sham 

buffer (MMP storage buffer only), then denatured and separated on a 

polyacrylamide gel. Silver staining of undigested samples allowed us to quantify 

the observed ratio of WT/PAV1 subunit incorporation for the three mosaic 

capsids by densitometry (Fig. 4-2a). While individual capsid compositions cannot 

be confirmed, three separate virus preparations of each of the mosaic capsids 

(1:3, 1:1, and 3:1) revealed the population average of observed % WT subunit 

incorporation increases as the ratio of WT:PAV1 subunits increases (37 ± 3, 51 ± 

1, and 64 ± 4 % WT subunit incorporation, respectively). WT and PAV1 VP3 

subunits only were used in this quantification to avoid any potential bias due to 

premature cleavage fragments of sham-treated capsids being unresolvable from 

uncleaved VPs. For example, the cleaved VP1’ N-term fragment migrates at the 

same apparent molecular weight as WT VP2, so any premature cleavage of VP1’ 

would result in an observed increased expression of VP2 (as shown in Fig. 4-
2c). Silver staining of digested samples also revealed successful digestion of the 

PAV1 subunits in the mosaic capsids, as determined by the appearance of 

cleavage fragments of expected molecular weights (Fig. 4-2c).  
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We next transduced HEK293T cells with mosaic viruses ± MMP-7 and 

assayed for gene expression 48 h post-transduction (Fig. 4-3). All three mosaics 

show marked increases in GFP expression and transduction index (TI) values 

(%GFP-positive cells x geometric mean fluorescence intensity) after treatment 

with MMP-7. Notably, TI of activated mosaics increases as the proportion of WT 

Figure 4-2 Quantification of WT:PAV1 VP3 capsid subunit composition ratio and demonstration of 
mosaic capsid susceptibility to protease digestion. Silver staining was performed according to 
manufacturer instructions using sham-treated and MMP-7-treated mosaic capsids. (a) Densitometry was 
performed on silver stains (representative image in panel c) of purified, undigested mosaic capsids to 
compare relative amounts of WT (VP3) vs. PAV VP3 (VP3’) subunit protein expression. The % WT subunits 
was calculated by dividing WT VP3 expression by the total VP3 (VP3 + VP3’) expression X 100%. The 
average % WT subunits is representative of three separate virus preparations and the error bars represent 
the SEM of three independent experiments (*, p<0.05, **, p<0.01). (b) Top panel shows a scaled schematic 
of VP fragments generated by proteolysis. VP1, VP2, and VP3 start sites are indicated in drawing and share 
the same C-terminal protein sequence (VP3). (c) Silver stain shows cleavage of locks after treatment with 
MMP-7 (+) compared to sham (-). The sham conditions reveal full-length WT and PAV VP subunits (VP1’, 
VP2’ VP3’). Once treated with MMP-7, WT/PAV1 mosaics are fully cleaved, indicated by the disappearance 
of VP1’, VP2’, VP3’, and the appearance of C-term cleavage fragments at the bottom of the gel. 
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subunits increases (i.e., 3:1 > 1:1 > 1:3). Furthermore, the TI values of activated 

3:1 mosaic capsids approach WT levels (63,768 ± 2,015 vs. 79,375 ± 8,078, 

respectively, p = 0.2). The mosaic capsid approach appears to effectively 

combine the functional properties of two different AAV capsids. In this case, we 

desired to combine the high transduction efficiency property of the WT capsid 

Figure 4-3 “Switch-like” transduction behavior of MMP-7-treated WT/PAV1 mosaic capsids. Virus 
capsids treated with sham buffer or log102.5 nM MMP-7 (4h at 37°C) were used to transduce HEK293T cells. 
Cells were harvested and analyzed via flow cytometry 48h post-transduction to generate dotplots (left). The 
data is quantified in the bar graphs on the right. Transduction efficiency increases with greater proportion of 
WT capsid subunits but is accompanied by increases in background. Error bars indicate SEM from two 
independent duplicate experiments; fold-increases in TI and corresponding p-values (unpaired, two-tailed 
Student’s t-test) are included above transduction data. 
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with the protease-activatable property of the PAV capsid. The observation that 

increasing WT:PAV subunit ratio increases activated transduction efficiency may 

be due to fewer numbers of residual amino acid “scars” (AG-PLG upstream and 

LAR-GA downstream of the cleavage site) remaining in the HSPG-binding 

domain of mosaic PAV capsids after MMP cleavage. These “scars” may be 

preventing fully activated PAV1 from reaching WT-like transduction levels by 

decreasing the PAV’s ability to overcome an intracellular barrier. Thus, 

decreasing the amount of PAV peptide locks per capsid should reduce the 

negative effect (i.e. decreased efficiency) imparted on the mosaic capsid. Further 

investigation is required to elucidate the precise mechanism behind the observed 

trends. Specifically, the ability of PAVs to overcome each intracellular barrier 

(e.g. endosomal escape, nuclear translocation, etc.) must be investigated and 

compared to that of the WT capsid. 

Both WT AAV2 and PAV1 have been shown to require heparan sulfate 

proteoglycans (HSPGs) for cell transduction.90,141 Thus, the mosaics should also 

display HSPG-dependent transduction behavior. We performed a heparin 

competition assay by incubating MMP-7-treated mosaic PAVs with increasing 

concentrations of soluble heparin. 48 h post-transduction, cells were harvested 
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Figure 4-4 WT/PAV1 mosaic capsid transduction is HSPG-dependent. WT/PAV1 mosaic capsids 
(along with WT and PAV1 controls) activated with log102.5 nM MMP-7 (4h at 37°C) were incubated with 
soluble heparin at increasing concentrations for 1 h. HEK293T cells were transduced (MOI = 500) with 
treated viruses and analyzed for gene expression via flow cytometry 48h post-transduction. Heparin 
competition assay indicates activated WT/PAV1 mosaic capsid transduction is HSPG-dependent. Y-axis 
is normalized transduction index (nTI). Error bars indicate SEM from two independent experiments 
performed in duplicate. 
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and gene expression analyzed by flow cytometry (Fig. 4-4). As expected, all 

three mosaics, along with WT and PAV1 controls, decrease in TI with increasing 

concentrations of heparin, reaching basal levels with 5 mg/mL. Therefore, results 

thus far demonstrate WT/PAV1 mosaic capsids are proteolyzed by MMP-7, 

display MMP-7 activated transduction capabilities, and use HSPGs for 

transduction once activated by MMP-7. 

Transduction Efficiency of WT/PAV1 Mosaic Viruses 
 PAVs have been shown to respond to MMP proteolysis in a dose-

dependent manner.141 To characterize the MMP-7 concentration dependency of 

the WT/PAV1 mosaic capsids, we treated mosaic viruses with sham buffer or 

increasing concentrations of MMP-7 for 4 h. Activated viruses were then added 

to HEK293T cells and gene expression was assayed 48 h post-transduction to 

obtain input-output curves (i.e. dose-response curves, Fig. 4-5). Overall, each 

mosaic capsid shows increased TI as MMP-7 concentration increases. 

Additionally, gene delivery by activated mosaics increases as the proportion of 

WT subunits increases for each concentration tested. The 3:1 mosaic capsid 

reaches saturation of its TI value at a lower MMP-7 concentration compared to 

the other mosaics and PAV1 (Fig. 4-5c). 

 Activation of the WT/PAV1 mosaic viruses is dependent on protease 
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Figure 4-5 Dose-dependent response of WT/PAV1 mosaic capsids. Mosaic capsids were treated with 
sham or increasing concentrations of MMP-7 for 4h at 37°C. HEK293T cells were transduced (MOI = 500) 
with treated viruses and analyzed for gene expression via flow cytometry 48h post-transduction. For all 
mosaics, gene expression increases with increasing concentrations of MMP-7. (a) %GFP+ cells as a 
function of log10 nM concentration of MMP-7 (i.e., “2” corresponds to 102 = 100 nM). (b) Geometric mean 
florescence intensity (Geom. MFI) is plotted as a function of log10 nM concentration of MMP-7. (c) 
Transduction index (TI) is plotted as a function of log10 nM concentration of MMP-7. Error bars indicate SEM 
from two independent experiments performed in duplicate. 
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concentration but also on reaction time. Thus, we conducted a time course study 

by treating viruses with a single concentration of MMP-7 for increasing amounts 

of time before adding them to HEK293T cells. 48 h-post transduction, cells were 

harvested and analyzed for gene expression (Fig 4-6). The same trend of 

increased gene expression with increased proportions of WT subunits per capsid 

is evident. Remarkably, the maximum TI of protease-treated 3:1 mosaic capsid 

approaches WT TI levels (Fig. 4-6c).  

 Mosaic capsids with greater proportions of WT subunits display higher 

sham-treated TI levels, as observed most clearly in the %GFP+ data (Fig. 4-5a). 

The sham-treated 3:1 mosaic also exhibits higher geometric mean fluorescence 

intensity under these conditions (Figs. 4-5b, 4-6b). This relatively high level of 

non-specific transduction is undesirable for most in vivo and clinical applications, 

where specificity of gene delivery is key. Thus, further optimization is required to 

reduce levels of “locked”, or not yet activated, mosaic PAV transduction in the 

future. Reducing non-specific cell transduction may be conceivable by varying 

WT/PAV capsid subunit ratios even further to keep sham-treated TI values low, 

while still achieving adequate activated TI levels upon MMP digestion. 

Additionally, changing the protease-cleavable sequences flanking the D4 peptide 

lock (and perhaps the neighboring linker amino acid residues) that possibly 

participate in primary or co-receptor binding may help contribute to decreasing 
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Figure 4-6 Kinetics of WT/PAV1 mosaic capsid activation. Virus samples treated with 100 nM MMP-7 for 
varying amounts of time were used to transduce HEK293T cells (MOI = 500). (a) %GFP+, (b) geometric 
mean fluorescence intensity (Geom. MFI), and (c) TI plotted as a function of time of proteolysis.  Gene 
delivery efficiency increases with greater proportion of WT subunits per capsid. The 3:1 mosaic transduces 
~100% of cells without protease activation (t = 0). The maximum TI for the 3:1 mosaic approaches WT 
levels. Error bars indicate SEM from two independent experiments performed in duplicate. 
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non-specific transduction levels.  

We quantified the signal-to-noise ratio (S/N) of the various PAVs and 

found they display a variety of S/N ratios, ranging from 3 to 11 (Fig. 4-7). The 

high S/N ratio of the 1:3 and 1:1 mosaic capsids (11.3 ± 2.2 and 11.3 ± 0.5, 

respectively) is encouraging for enhancing cell targeting, but the absolute value 

of the ratio may depend on cell type. To address this issue, we tested the 

protease-activation of mosaic PAVs in another permissive cell line: HeLa cells 

(Fig. 4-8). PAV1, 1:3, and 1:1 viruses each display switchable transduction 

behavior upon MMP activation in HeLa cells. Unexpectedly, the 3:1 mosaic does 

not display activatable transduction; instead, sham- and MMP-7-treated viruses 

result in similar TI values. This surprising result may be explained by cell type-

dependent variability in distribution and abundance of HSPG on the cell surface, 

which has been shown to affect AAV2 transduction in vitro.142 In our previous 

work, we reported that 77% of the PAV1 capsid must be “unlocked” (which 

amounts to ~46 out of 60 inserted peptides must be cleaved off from the virus) to 

achieve 50% of its maximal transduction output in HEK293T cells.141 In other 
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Figure 4-8 Signal-to-Noise ratio for WT/PAV1 mosaic 
capsids. Signal-to-noise (S/N) ratios are calculated by taking 
the activated TI values at 4h (TION) and dividing by the sham TI 
(TIOFF). While most PAVs display promising signal-to-noise 
(S/N) ratios (PAV1 ~ 7; 1:1 and 1:3 ~ 11), 3:1 mosaics have a 
lower S/N ~ 3. Error bars indicate SEM of two independent 
experiments performed in duplicate (*, p<0.05, **, p<0.01). 
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Figure 4-8 Switchable transduction behavior of mosaic PAV capsids upon MMP activation in HeLa 
cells. Virus capsids treated with sham buffer or log102.5 nM MMP-7 (4h at 37°C) were used to transduce 
HeLa cells at a multiplicity of infection (MOI) of 500. Cells were harvested and analyzed via flow cytometry 
48h post-transduction. All PAVs, except 3:1 mosaics, display MMP-7-dependent activation. Error bars 
indicate SEM from two independent duplicate experiments (*, p<0.05, **, p<0.01). 
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words, approximately 14 locked peptides are sufficient to keep PAV1’s overall 

transduction output at 50% of its maximum in these cells. It is possible that 

different cell types (with distinct abundances and distributions of HSPG on their 

surfaces) may need different amounts of locked peptides to suppress the level of 

non-activated transduction. Thus, compared to HEK293T cells, HeLa cells may 

require a greater number of locked peptides to inhibit non-activated cellular 

uptake and transduction. Under the sham condition, the 3:1 mosaic may not 

display enough locked peptides to block the virus’ ability to bind and internalize 

into HeLa cells. More in-depth characterization of PAV performance in different 

cell lines is needed to further elucidate the mechanism behind the 3:1 mosaic 

transduction trends. 

Intriguingly, the 1:3 and 1:1 mosaic capsids display similar S/N ratios (11.5 

± 4.1 and 9.6 ± 0.6, respectively) in HeLa cells as compared to HEK293T cells, at 

a multiplicity of infection (MOI) of 500 (Fig. 4-9).  The 3:1 mosaic exhibits lower 

S/N values than those of other PAVs (3.4 ± 0.5 in HEK293T cells and 0.9 ± 0.1 in 

HeLa cells). However, this difference in 3:1 mosaic S/N is only statistically 

significant when compared to the 1:1 mosaic. The 3:1 mosaic yields ~100% 

GFP+ cells (MOI = 500 in HEK293T cells) at all MMP-7 concentrations and 

reaction times tested, saturating the output data on that axis. This high level of 

non-specific transduction reached by sham-treated viruses is not desirable for a 

protease-activatable device and could be due to using too high of an MOI in this 

experiment. Therefore, we performed the transduction assay using a lower range 

of MOIs (Fig. 4-10). Across the range of MOIs tested (10 to 500), lowering the 

MOI decreases the % GFP-positive cells and TI of sham-treated 3:1 mosaics. At 

each MOI, the 3:1 mosaic retains its protease-activatable transduction behavior, 

but overall levels of activated transduction efficiency also decrease. Thus, while 
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lowering the MOI effectively decreases non-specific transduction of locked 

mosaics, it also dampens the activated transduction output.  

 The high efficiency of the 3:1 mosaic is a desirable attribute; however, 

future studies will focus on ways to enhance its S/N in order to decrease non-

specific transduction levels.  The 1:1 mosaic, on the other hand, exhibits a 

marked increase in activated transduction level compared to PAV1 while 

maintaining lower levels of non-specific transduction, suggesting this PAV device 

may be a desirable choice when balancing efficiency with noise. The results thus 

far demonstrate the WT/PAV1 mosaic capsids display a range of MMP-7-

dependent gene delivery, where the mosaic with the greatest proportion of WT 

subunits (and hence lowest amount of protease-responsive subunits) yields gene 

delivery efficiency that is close to WT capsid but with a concomitant increase in 

non-specific transduction levels. 
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Figure 4-10 Effect of MOI on transduction output of 3:1 mosaic capsids. 3:1 mosaic capsids treated 
with sham buffer or log102.5 nM MMP-7 (4h at 37°C) were used to transduce 293T cells at varying MOIs. 
Cells were harvested and analyzed via flow cytometry 48h post-transduction. %GFP-positive cells are 
shown in the top panel and TI is shown in the bottom panel. For TI bar graphs, fold-increases in TI level (or 
S/N ratio) and corresponding p-values (unpaired, two-tailed Student’s t-test) are included above transduction 
data. Protease-activated transduction behavior is evidenced in each of the conditions. As MOI is lowered, 
sham-treated TI decreases, but activated TI levels drop also. Error bars indicate SEM from two independent 
duplicate experiments (*, p<0.05, **, p<0.01, n.s. = not significant). 
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Rate of Activation of WT/PAV1 Mosaic Viruses 
 We next analyzed the activation kinetics of the PAVs by fitting a Hill 

Equation with non-linear regression to the background-subtracted and 

normalized time-course data (Figs. 4-11 and 4-12). The 3:1 mosaic capsid 

appears to activate faster than the other PAVs, reaching 50% maximum 

activation almost one hour faster than the other PAVs (Table 4-1). However, due 

to the high error in the t1/2 measurement with the 3:1 mosaic, this result is 

inconclusive at this point. Future studies will investigate the activation kinetics of 

the PAVs with greater number of reaction time points.   
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Figure 4-12 Relative rates of activation for PAV1 and 
WT/PAV1 3:1 mosaic capsid. Normalized and background-
subtracted TI data were fit to the Hill equation [Equ. 1] with 
non-linear regression. The 3:1 mosaic achieves half-maximal 
transduction ~1 h earlier than PAV1 (2.7 h vs. 3.7 h), but the 
difference is not statistically significant (p<0.2). Error bars 
represent the SEM of two independent experiments 
performed in duplicate. 

Figure 4-12 Relative rates of activation 
for all WT/PAV1 mosaic capsids. 
Normalized and background-subtracted TI 
data from time-course protease activation 
experiment were fit to the Hill equation 
with non-linear regression. Error bars 
represent the SEM of two independent 
experiments performed in duplicate. 

Table 4-1 Global fit values to the Hill equation [Equ. 1] for time-course TI data. Normalized and 
background-subtracted TI data were fit to the Hill equation with non-linear regression. Global fit values: β 
(maximum TI), t1/2 (time to half-maximal TI output), n (Hill coefficient), and α (background TI) are reported 
with 95% confidence intervals, along with the mean-squared error (MSE). 
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CONCLUSIONS  
In summary, by controlling the ratio of WT to protease-activatable subunits 

in the assembled 60-mer virus capsid, the level of overall transduction achieved 

by the PAVs can be improved. Mosaic WT/PAV1 capsids may offer utility in 

future in vivo studies involving cancer and/or cardiovascular models, where 

targeted gene delivery to diseased tissue is required. Since metastasis is the 

major cause of cancer-related deaths,143 PAVs that can be administered via 

intravenous injection and can subsequently target metastatic sites by detecting 

elevated MMP levels would be of great clinical significance. The 1:1 mosaic 

capsids thus far show the greatest promise of in vivo efficacy since they display 

high S/N levels in two different cell lines and generally low levels of non-specific 

transduction. 

While findings from this study are encouraging, potential caveats include 

high levels of non-specific transduction upon increasing WT:PAV subunit ratios 

and adverse effects of PAV lock insertion on activated mosaic transduction 

efficiency. Additionally, the current method of mosaic virus production introduces 

inherent stochasticity in AAV mosaic capsid formation. Thus, there likely exists a 

distribution of mosaic capsid compositions in a population of viruses. To improve 

characterization of mosaic capsids and to create mosaic virus populations with 

tighter distributions, fast protein liquid chromatography could be used to separate 

mosaic capsids based on charge (higher numbers of PAV peptide locks 

incorporated per capsid would impart a greater negative charge). Additionally, 

his-tag insertion into either capsid subunit could facilitate purification. Future 

efforts will focus on identifying ways to increase efficiency while minimizing non-

specific transduction. More in-depth mechanistic studies are required to further 

elucidate the effects of PAV subunits on intracellular trafficking of viruses. 

Furthermore, the role of cell type-dependence on the transduction behavior of 

PAVs also needs to be examined in greater detail. 
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CHAPTER 5: DETERMINING IN VIVO THERAPEUTIC EFFICACY 

OF PAVS IN OVARIAN AND PANCREATIC CANCER MODELS 

INTRODUCTION 
 Over 70,000 people will be diagnosed with ovarian or pancreatic cancer 

this year in the US. While the 5-year survival rate for patients with ovarian cancer 

has increased incrementally over the past 30 years, it remains at 45%. 

Pancreatic cancer survivability rates are even more dismal at 7%. These two 

cancers are particularly difficult to treat because the majority of patients (75-80%) 

are diagnosed with advanced stage metastatic disease. Burgeoning biological 

treatments, such as therapeutic monoclonal antibodies,144 have demonstrated 

moderate success in recent clinical trials, but specificity of drug delivery remains 

a critical challenge for cancer therapy. 

Gene therapy is a promising therapeutic strategy currently being 

developed to correct genetic defects,145 kill tumor cells,146 induce therapeutic 

immune responses,147 and enable molecular imaging.148 Among all types of 

therapeutic nucleic acids that can be delivered, genes encoding enzymes that 

can convert inert prodrugs into toxic analogues are among the most promising. 

For one, toxicity is restricted to the site of gene delivery, leading to a stronger 

therapeutic effect. Secondly, diffusion of the toxic analogue can occur via the 

“bystander effect”, which circumvents the requirement that every individual 

cancer cell must uptake a gene vector. Although several genes have been 

identified as viable targets for therapeutic intervention, the lack of precision in 
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gene delivery to target cancer cells has severely impacted the successful 

translation of gene therapy-based treatments in the clinic. 

Generally, there is no unique cell surface receptor available that 

specifically identifies all tumor cells.149 Most targeting approaches to date have 

relied on cell surface receptors overexpressed in a subpopulation of target cells. 

However, high degree of heterogeneity in tumors exists both within a patient as 

well as between patients, and many studies have shown intrinsic genetic 

instability of cancer cells.105,150–152 An alternative approach is to create vectors 

that bind ubiquitously expressed cell surface receptors and to use a tumor 

microenvironment-specific feature as the target biomarker. By creating vectors 

that hone to the diseased site and deliver genes only to the local vicinity of the 

tumors, we hypothesize targeting a microenvironment biomarker may enable 

homogenous and effective gene delivery.149 

Several matrix metalloproteinases (MMPs), a class of proteases involved 

in extracellular matrix remodeling, are upregulated in cancer 

microenvironments.109 Specifically, numerous studies report overexpression of 

MMP-2 and MMP-9 is correlated with ovarian and pancreatic cancer progression 

and death.153–158 While many cancer cells produce MMPs, stromal cells and 

infiltrating immune cells account for the majority of secreted MMPs at the tumor 

site.109 Pharmaceutical MMP inhibitors have been developed to prevent late-

stage tumor progression.109 Unfortunately, these drugs were ineffective in clinical 

trials. Recent studies have implicated MMPs in early stages of cancer 

progression, such as angiogenesis, which may explain the failure of initial 

attempts to treat advanced-stage patients with MMP inhibitors.109,112,159  

To improve targeting to diseased sites, we aim to create stimulus-

responsive adeno-associated virus (AAV) vectors that can detect key proteolytic 

signatures correlated with ovarian and pancreatic cancer progression. We 

described in Chapter 3 how we reprogrammed AAVs to be activated by 

extracellular protease cleavage.141 These protease-activatable viruses (PAVs) 

are designed to be noninfectious in low MMP concentration environments, and 
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can be “switched on” to allow viral entry and subsequent gene expression in 

target cells upon MMP proteolysis.141 While our focus here is on ovarian and 

pancreatic cancer, our platform technology can be broadly translated to other 

cancers and diseases marked by high levels of extracellular proteases. 

RESULTS AND DISCUSSION 

In vivo Biodistribution of PAVs in Mice Bearing Ovarian Cancer Tumors 

To test whether PAV1 demonstrates similar switchable transduction in 

disease models, we applied sham or MMP-treated PAV1 to various human 

cancer cell lines in vitro. In all four cancer lines tested (ovarian, prostate, and 

triple-negative breast cancer), PAV1 exhibited low levels of transduction with 

sham treatment and was “switched on” to transduce cells upon MMP treatment 

(Fig. 5-1). This demonstrates PAV’s utility in delivering genes to diseased cells in 

a protease-dependent manner. 

To begin translating our technology for clinical applications, we performed 

a pilot in vivo study using a murine orthotopic ovarian cancer model to determine 

PAV biodistribution. PAVs or wt AAV2 (5 x 1010 vgs/mouse) encoding GFP were 

injected via retro-orbital intravenous (i.v.) route into mice bearing orthotopic 

ovarian cancer tumors. One week post-injection, mice were sacrificed and organs 

(liver, spleen, kidney, lungs, brain, muscle, heart, and tumor) were snap-frozen. 

Tissues were processed for mRNA and genomic DNA extraction using 

commercial kits and GFP expression was quantified via Q-PCR. Remarkably, 

Figure 5-1 Protease-activated 
transduction in multiple clinically 
relevant cancer cell lines. PAV1 
was treated with MMP-7 or sham 
buffer and then applied to model cell 
lines for ovarian (HeyA8), prostate 
(PC3), and triple negative breast 
cancer (MDA-MB-231 and BT549) 
cancer. MMP-7 treatment drastically 
increases transduction efficiency in 
each cell line.  
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PAVs targeted the tumor 13-fold greater than wt (Fig. 5-2a). Additionally, PAV1 

de-targeted the liver and spleen 5- and 3-fold, respectively (Fig. 5-2a). 

Unexpectedly, PAV1 displayed a 55-fold increase in heart expression compared 

to wt (Fig. 5-2b). While initial results demonstrating greater tumor targeting in 

vivo are promising, optimization is necessary to decrease off-target heart 

expression for future studies. 

PAV1 Heart Targeting Independent of Tumor 

Though unanticipated, it is possible the increased heart gene delivery by 

PAV1 compared to wt is due to protease activation by the tumor and subsequent 

transduction upon venous return to the heart. To determine whether the drastic 

increase in heart targeting was tumor-dependent, we injected tumor-free mice 

with PAV1 under the same conditions as the previous experiment (retro-orbital 

i.v. injection). Again, a majority of the eGFP expression was localized to the heart 

(Fig. 5-3a). We also performed a similar experiment using PAV1 packaging a 

different transgene (iRFP vs. eGFP) to rule out effects of transgene on heart 

targeting and administration route (tail-vein i.v.). Expectedly, PAV1 targeted the 

heart in the absence of tumors (Fig 5-3b). This data suggest tumor-induced 

protease activation does not play a crucial role in targeting PAV1 to the heart. 

Rather, PAV1 targets the heart via a tumor-independent mechanism. 

Figure 5-2 In vivo tumor targeting by PAV1. PAV1 or wt capsids carrying a sc-CMV-GFP transgene 
were administered to HeyA8 tumor bearing mice via retro-orbital injection (6 x 1010 vgs/mouse; n = 3 
animals per group). eGFP expression (normalized to 18s RNA) was quantified by qPCR from harvested 
tissues at one week post-injection. (a) PAV1 increased gene expression in the tumor 13-fold and 
decreased 5- and 3-fold in liver and spleen, respectively. (b) Quantification of gene expression in other 
tissues revealed high off-target heart expression. 
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Heparin-binding deficient AAV2 mutants, such as R585E, have targeted 

the heart in previous reports. Though the exact mechanism has yet to be 

elucidated, R585E has been shown to have an increased blood circulation time 

upon systemic injection in mice.160 This may account for increased heart 

targeting since other heart-targeting viruses, like AAV9, have also demonstrated 

prolonged blood clearance times in vivo, partly accounting for efficient heart 

transduction.160 Since peptide locks were inserted into PAV1 in the heparin-

binding domain to prevent ionic interactions with heparin, PAV1 (while locked) is 

heparin-binding deficient. Future blood clearance experiments will reveal if PAV1 

experiences longer blood circulation time, like R585E, which may explain the 

observed increase in heart expression. 

Incorporation of MicroRNA Binding Sites in AAV Genome 

To de-target PAV1 from the heart, we explored the use of a microRNA 

(miRNA) “kill switch”, which is specific degradation of messenger RNA (mRNA) 

transcripts to decrease gene expression. Different miRNAs are uniquely 

expressed in different tissues, such as miR-1 in the heart and miR-122 in the 

liver.161,162 These miRNAs bind to short, specific 21-26 bp stretches of RNA to 

Figure 5-3 In vivo heart targeting by PAV1 is tumor-independent. (a) PAV1 was administered to non-
tumor-bearing mice via retro-orbital injection (6 x 1010 vgs/mouse; n = 2 mice). eGFP expression was 
quantified one week post-injection. (b) PAV1 was administered to non-tumor-bearing mice via tail-vein 
injection (5 x 1010 vgs/mouse; n = 2 mice). iRFP expression was quantified one week post-injection. In both 
cases, PAV1 exhibits strong heart targeting compared to other tissues in the absence of tumor. 
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regulate protein translation. Once miRNAs recognize their complementary 

sequence, endonucleases are recruited to degrade the mRNA transcript or alter 

its structure to prevent mRNA translation. Xie et al. previously incorporated miR-1 

and miR-122 binding sites into AAV9’s genome to reduce heart and liver 

targeting.62  

We inserted three miR-1 binding sites near the 3’ end of the genome, 

upstream of the polyadenylation site, so any PAV-derived mRNA transcripts in 

the heart would be degraded. To determine in vivo biodistribution of PAVs 

incorporating miR-1 binding sites, we injected PAV1 with and without miR-1 

binding sites into mice via tail-vein i.v. injection. One week post-injection, mice 

were sacrificed and tissues were prepared, as described previously. Remarkably, 

PAV1 encoding GFP with miR-1 binding sites demonstrated dramatic heart de-

targeting, resulting in wt-like heart expression (Fig 5-4a). Viral genomes were 

quantified to determine if biodistribution was significantly altered. Expectedly, 

PAV1 viral genomes were detected at similar levels with or without miR-1 binding 

sites (Fig. 5-4b). This suggests the mechanism of heart gene expression 

knockdown is downstream of cellular entry. Interestingly, the number of wt viral 

genomes decreased upon inclusion of miR-1 binding sites, but this remains to be 

Figure 5-4 Knock-down of PAV1 heart expression by incorporating miR-1 binding sites. PAV1 or 
wt virus packaging sc-CMV-GFP ±miR-1 binding sites were injected systemically via tail-vein i.v. (5 x 
1010 vgs/mouse; n = 4). One week post-injection, mice were sacrificed and organs were harvested. (a) 
RNA was extracted and RT-PCR was performed to determine relative eGFP/18s expression. 
Remarkably, inclusion of miR-1 bs in PAV1 decreased heart targeting substantially, bringing it back down 
to wt-levels. (b) Genomic DNA was extracted and used to quantify viral genomes in the heart. PAV1 viral 
genomes were detected at similar amounts regardless of incorporation of miR-1 binding sites (n = 2). 
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confirmed by repeated studies. To ensure gene expression profiles were not 

significantly altered by the inclusion of miR-1 binding sites, gene expression in all 

other organs was measured. eGFP/18s expression levels of PAV1 + miR-1 

binding sites remained similar to wt + miR-1 binding sites (Fig. 5-5). Overall, no 

abnormalities in gene expression were detected upon incorporation of miR-1 

binding sites. By encoding miRNA “kill switches”, off-target tissue expression can 

be prevented. Due to their small size, multiple different tissue-specific miRNA 

binding sites can be incorporated in the future to decrease further off-target 

expression. 

In vivo Biodistribution of PAVs in Mice Bearing Pancreatic Cancer Tumors 

To test whether PAVs could be applied to target a different form of cancer, 

we performed an in vivo biodistribution study using mice bearing pancreatic 

cancer tumors. Similar to the ovarian cancer biodistribution study, PAV1 targeted 

the tumor significantly greater than wt (Fig 5-6). Strikingly, PAV1 also targeted 

metastatic tumors better than wt, exhibiting 3.5-fold increased gene expression in 

Figure 5-5 Inclusion of miR-1 binding sites does not significantly alter gene expression levels in 
organs other than heart. PAV1 or wt encoding sc-CMV-GFP ± miR-1 binding sites was injected into 
mice via tail-vein i.v. injection (5 x 1010 vgs/mouse). 1 week post-injection, mice were sacrificed and 
organs were harvested. RNA was extracted and RT-PCR was performed to quantify eGFP/18s gene 
expression levels in all organs. Notably, gene expression profile of PAV1 with miR-1 binding sites is 
similar to wt. (n = 1, except heart and liver n = 3) 
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metastatic tumor nodules compared to wt. As metastatic tumor sites have proven 

to be the most challenging to locate and treat in patients, our demonstration of 

PAV’s superior targeting of metastatic sites is extremely encouraging. 

Additionally, these results demonstrate the utility of PAVs for delivering genes to 

tumors in two different in vivo murine cancer models. 

Therapeutic Efficacy of PAV1 in Metastatic Ovarian Cancer Model 

As a proof-of-concept, we tested PAV therapeutic efficacy of HSV-

tk/ganciclovir gene therapy for ovarian carcinoma. 20  HSV-tk is a gene encoding 

the HSV-tk enzyme that is not endogenously expressed in mammalian cells, 

which phosphorylates prodrug ganciclovir (GCV) if administered to the cell. Once 

phosphorylated, GCV induces the apoptosis pathway and the cell eventually 

dies. This enzyme-prodrug combo has been used in many clinical trials. Mice 

bearing ovarian tumors were injected once via tail-vein i.v.  with PAV1, wt, or 

bolus PBS, followed by daily GCV administration (n=7-9 mice per group). 

Remarkably, treatment with PAV1 + GCV resulted in a 3.6-fold decrease in 

number of tumor nodules (p=0.012) and 6.3-fold reduced tumor weight (p=0.003) 

compared to untreated mice (Fig. 5-7). Additionally, PAV1 + GCV reduced 

number of tumor nodules and tumor weight significantly compared to all other 

control groups, including wt + GCV. Overall, these promising results demonstrate 

therapeutic efficacy of PAVs to treat metastatic ovarian cancer in vivo. 

Figure 5-6 PAV1 targets primary and metastatic pancreatic cancer 
tumors better than wt. PAV packaging sc-CMV-GFP was administered 
via tail-vein i.v. injection to mice bearing PC allograft pancreatic tumors. 
One week post-injection, tumors were harvested and eGFP/18s gene 
expression was measured via Q-PCR. PAV1 localized to pancreatic 
tumors (primary and metastatic sites) more efficiently that wt. 
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CONCLUSIONS 
 In this chapter we demonstrate promising in vivo tumor targeting of PAVs 

using ovarian and pancreatic cancer models. While initial heart off-targeting was 

encountered using PAV1, incorporation of miRNA binding sites led to wt-levels in 

vivo. As a proof-of-concept, we tested PAV1’s ability to deliver a therapeutic 

transgene and showed PAV1, administered with GCV prodrug, decreases 

ovarian cancer tumor nodule formation and tumor size after a single i.v.  injection. 

Future studies will be performed to determine PAV half-life in blood and different 

cancer models will be tested for reproducibility. Additional studies testing the 

safety of PAVs will also be performed. More potent enzyme-prodrug 

combinations can be tested as well, such as carboxylesterase 2 that converts 

inert irinotecan into toxic SN-38,21 and cytosine deaminase that similarly 

metabolizes prodrug 5-fluorocytosine into 5-fluorouracil.22 Both of these enzyme-

prodrug combinations are currently being evaluated in clinical trials for pancreatic 

cancer. 

  

Figure 5-7 Therapeutic efficacy of PAV in orthotopic ovarian cancer murine model. PAV packaging 
HSV-tk was administered via tail-vein i.v. injection to mice bearing ovarian cancer tumors. A) Tumor 
weights were recorded 2.5 weeks post vector injection. Notably, PAV + GCV resulted in >6X tumor size 
reduction compared to all control groups. B) Number of tumor nodules (metastatic sites) was recorded. 
Remarkably, >3.5X fewer metastatic sites were detected in mice treated with PAV + GCV compared to all 
control groups. (n=7-9 per group, *p<0.05, **p<0.01). 
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CHAPTER 6: EXPANDING PAV PLATFORM TO AAV9 

INTRODUCTION 
 MMPs play a major role in extracellular matrix and tissue remodeling, 

including in the myocardium and cardiovascular system. Increased MMP 

expression has been linked to several pathological conditions involving 

atherosclerosis, restenosis, dilated cardiomyopathy, myocardial infarction, and 

subsequent cardiac failure.163 In particular, increased MMP-9 activity has been 

implicated in myocardial infarction progression, as MMP-9 knockdown studies in 

mice completely protected against infarct rupture.164 Initial in vivo studies have 

demonstrated attenuation of heart failure via MMP inhibitor administration and 

MMP gene silencing. However, these therapeutics could not be delivered 

specifically to the myocardium: MMPs were inhibited globally, resulting in 

substantial negative side-effects. Increased specificity for targeting affected sites 

is as important in cardiovascular disease as it is in cancer. For this reason, PAVs 

targeting a diseased heart would be a significant advance in cardiovascular 

disease therapy. 

The first PAV prototype was built using AAV serotype 2 (AAV2) as the 

parental capsid because it is the most extensively characterized AAV variant and 

its cell binding interactions are well understood.120,121 While the PAVs described 

in Chapter 3 may be useful for protease-activated gene delivery to the heart, 

serotypes other than AAV2 exhibit greater native heart delivery. Most notably, 

AAV9 delivers transgenes to the heart after systemic injection with the highest 

efficiency compared to several other isolated and characterized serotypes.165 
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Although AAV9’s native tropism is very broad, engineering protease-activatable 

locks may help confine viral transduction to pathological regions that overexpress 

MMPs. We aim to create a PAV targeted to diseased cardiac cells by locking the 

glycan-binding pocket of AAV9 with a protease-cleavable peptide lock. A second 

aim is to further elucidate the mechanism of PAV activation. While there is much 

to be learned from the dozens of AAV2-based PAV variants created and tested 

already, testing several of the same lock sequences in the context of a different 

capsid will provide more insight into design requirements of future PAVs. 

RESULTS AND DISCUSSION 

Rational Design of AAV9-Based PAV 

To expand our PAV platform to target different cells that express receptors 

other than HSPG, we created PAVs using AAV9 as the base serotype capsid 

because it has the broadest tropism and highest in vivo expression levels 

compared to other serotypes.165 We inserted similar peptide locks as the AAV2 

PAVs into several sites of the AAV9 putative primary cell receptor binding 

domain, as previously described.141 AAV9’s primary receptor is terminal β-

galactose—a simple sugar expressed on the surface of many cells.166 Five key 

residues comprise the galactose binding pocket on AAV9: N470, D271, N272, 

Y446, and W503.167 Nonpolar residues A472 and V473 are also essential for 

galactose binding.167 The polar residues in the binding pocket contribute to 

hydrogen bonding with galactose. Aromatic groups (i.e., Y446 and W503) have 

been implicated in several galactose-binding proteins, such as lectins, and 

participate in C—H���π interactions.168,169 Similar to AAV2’s heparin-binding 

domain, the galactose-binding pocket is located at the 3-fold axis of symmetry. 

However, AAV9’s glycan binding region is at the base of the 3-fold protrusion on 

the outer surface, pointing away from, rather than toward, the 3-fold axis of 

symmetry (Fig. 6-1). Unlike AAV2, AAV9’s key residues involved in binding its 

primary cell receptor are located in highly conserved regions, except for residues 



 

 

66 

N470, A472 and V473 (Fig. 6-2). Making insertions in highly conserved regions 

is generally risky, especially with oligomers, since intra- and intermolecular 

interactions may be disrupted. Regardless, we attempted to insert peptide locks 

after each important galactose-binding residue since no group has yet 

investigated insertional tolerance in the galactose-binding sites. 

Assessing PAV Lock Insertion Tolerance in Galactose-Binding Sites 

As a proof-of-concept, the peptide lock from PAV18 (AG-VMPSMRGG-G-

D4-G-VPMSMRGG-GA, henceforth referred to as L001) was used since it was 

activatable by MMP-2, -7, and -9 when inserted into AAV2 at position G586. We 

genetically inserted peptide lock L001 at positions N470, A472, V473, D271, 

N272, and W503 in the AAV9 cap gene. We encountered difficulties cloning the 

peptide lock into position Y446, so we continued characterization of the 

remaining PAV mutants. Viruses were prepared as previously described and 

titered via Q-PCR.141 Insertions after residues N470, A472, and V473 all resulted 

in greater than 2-log-fold decrease in titers (Table 6-1). Insertion intolerance at 

Figure 6-1 Structure and location of AAV9 galactose binding pocket. (a) AAV9 trimer surface model 
showing galactose binding site (orange) at base of 3-fold axis of symmetry. (b) Zoomed-in view of AAV9 
trimer. Galactose binds to exterior of the 3-fold protrusions near the base. Images were created using crystal 
structure of AAV9 (PDBID: 3UX1) and rendered with Pymol. Triangle denotes 3-fold axis of symmetry. 



 

 

67 

these sites suggests the residues are too far buried at the base of the 3-fold 

protrusion. Insertions after residues D271, N272, and W503 were more 

successful, resulting in titers within 2-log-fold of wt. Even though several of the 

sites tested were highly conserved, half of the insertions were tolerated and the 

PAV mutants produced could be used for further characterization. 

Figure 6-2 Clustal Omega sequence alignment of AAV serotypes 1-12. Residues important for AAV9 
galactose binding are red with boxes highlighting their positions. * means complete sequence identity and : 
means highly conserved but not 100% sequence identity at that residue location. 
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Characterizing Protease Susceptibility of AAV9 PAVs 

To determine whether the inserted peptide locks were cleavable by 

proteases, we treated PAVs AAV9_271_L001, AAV9_272_L001, and 

AAV9_503_L001 with 300 nM MMP-2, -7, and -9 or sham buffer for 24 h. Silver 

staining was performed to stain all VP proteins and cleavage fragments (Fig. 6-

3). PAVs treated with sham buffer display characteristic VP1, VP2, and VP3 with 

no proteolysis detected. AAV9_503_L001 is at least partially cleavable by MMP-7 

and MMP-9, and cleaved to a lesser extent by MMP-2 (faint intact VP1, VP2, and 

VP3 still detected). Additionally, the disappearance of the higher molecular 

weight C-terminal fragment of AAV9_503_L001 upon treatment with MMP-7 and 

MMP-9 suggests that cleavage went to completion, as both peptide locks were 

Figure 6-3 AAV9 PAV mutants are 
susceptible to some degree of protease 
cleavage by MMP-2, MMP-7, and MMP-9. 
Silver stain analysis was performed on 
PAVs AAV_503_L001 and AAV9_271_L001 
incubated with 300 nM MMP-2, MMP-7, 
MMP-9, or sham buffer (no enzyme) for 24 
hours at 37°C. Sham-treated PAVs show no 
proteolysis and have the distinct VP1, VP2, 
and VP3 bands. Treatment of PAVs with 
MMPs demonstrates at least partial 
cleavage of AAV9_503_L001 and 
AAV9_271_L001. C-terminal fragments are 
detected at their expected molecular 
weights. Other proteins detected include N-
terminal fragments of the VP proteins and 
MMPs from the reaction. 

Table 6-1 Titers of AAV9 PAV mutants. Titers  
(vgs/mL) of each mutant (lock insertion sites used 
as virus name) were quantified via Q-PCR. Log-
difference denotes log-fold difference in titers. 
Three stars indicates wt-like titers; each loss of a 
star represents a log-fold loss in titer. 
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cleaved in order to produce the smaller fragment. An alternate interpretation is 

MMP-7 and MMP-9 cleave only the downstream cleavage site. Kinetic studies 

and further analysis are required to gain a better understanding of these initial 

results. AAV9_271_L001 is also cleaved by all three MMPs, but appears most 

susceptible to MMP-7 digestion (disappearance of heavier C-terminal fragment). 

AAV9_272_L001 was at least partially cleaved by MMP-9 (Fig. 6-4). 

To determine whether the PAV variants could regain transduction abilities 

upon proteolytic digestion, we applied AAV9 PAVs to HEK293T cells after 

treatment with MMP or sham. Transduction efficiency was measured 48 h post-

transduction via flow cytometry (Fig. 6-5). None of the mutants displayed strong 

activatable transduction, though AAV9_272_L001 does achieve nearly 10-fold 

increased GFP-positive cells. While the absolute percentage of GFP-positive 

cells seems low (~10%) for activated AAV9_272_L001, wtAAV9 also transduces 

HEK293T cells at similar levels (~4%) at a similar multiplicity of infection (MOI) of 

1000 (Fig. 6-6). Future protease-activatable transduction studies in a cell line that 

is more easily transduced by AAV9 (i.e. CHO-Lec2 cells) may corroborate our 

initial findings that AAV9_272_L001 achieves wt-like levels after MMP treatment. 

Figure 6-4 AAV9_272_L001 is susceptible to 
some degree of protease cleavage by MMP-9. 
Silver stain analysis was performed on 
AAV9_272_L001 incubated with MMP-9 or sham 
buffer (no enzyme) for 24 hours at 37°C. Sham-
treated PAVs show no proteolysis and have the 
distinct VP1, VP2, and VP3 bands. Treatment of 
PAVs with MMPs demonstrates at least partial 
cleavage. C-terminal fragments are detected at 
their expected molecular weights. Other proteins 
detected include N-terminal fragments of the VP 
proteins and MMPs from the reaction. 
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Exploring Distal Sites for Lock Insertion 

While the protease-activatable transduction behavior AAV9_272_L001 

displays is promising, there is still room for significant improvement. Protease-

activation of the first round of AAV9 PAV mutants may have been difficult for 

several reasons: 1) the galactose binding site is very small and recapitulating the 

binding site after peptide lock removal is imperfect; 2) conformation of the peptide 

lock displayed on AAV9 varies from the conformation adopted when inserted in 

AAV2 at G586; and 3) insertions are too close to the base of the capsid, making 

the peptides less accessible to MMPs and more likely to disrupt capsid assembly 

and/or stability. The first hypothesis can be tested by incorporating different 

Figure 6-6 AAV9 PAV mutants display some protease-activatable transduction. PAVs 
AAV9_271_L001, AAV9_503_L001, and AAV9_272_L001 were treated with 300nM MMP-9 for 4 hours at 
37°C. Protease-treated PAVs were then added to 293T cells at a multiplicity of infection (MOI) of 500. Flow 
cytometry was used to quantify the percentage of GFP+ cells 48 hours after transduction. Whereas 
AAV9_271_L001 and AAV9_503_L001 does not appear to significantly regain transduction efficiency, 
AAV9_272_L001 demonstrates nearly 10X increased transduction efficiency upon treatment with MMP-9. 

Figure 6-5 AAV9 transduction efficiency in 
HEK293T cells at varying MOI. wtAAV9 was 
added to HEK293T cells to determine transduction 
efficiency. After 48 h post-transduction, cells were 
harvested and gene expression was quantified via 
flow cytometry. At 1000 MOI, AAV9 exhibits low 
transduction levels ~4%. At MOI of 10000, AAV9 
demonstrates greater transduction efficiency.  
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peptide locks that leave different “scar” residues—the regions of the peptide lock 

that remain after proteolysis. The second potential issue is difficult to address as 

it is difficult to predict the exact conformation of the peptides in the context of 

different capsids. Proteins will tend to adopt structures that are most 

thermodynamically favorable. By adding in more G/S linkers to make the peptide 

lock more flexible, the less constrained structure of the lock may encourage 

greater MMP recognition and proteolysis. 

To address the issue of insertions being too close to the base of the 

capsid, we identified several residues that were close to the galactose-binding 

site based on crystal structure, but far enough away for scar residues (left over 

from successful proteolysis) not to interfere. We chose to insert L001 in position 

G267 and S268 because they were within reasonable proximity to the galactose-

binding site to prevent binding while locked and, upon peptide release, should be 

far enough to keep the galactose-binding site available (Fig 6-7). Additionally, 

these residues are not highly conserved and would likely tolerate insertion. 

PAV variants AAV9_267_L001 and AAV9_268_L001 were made and 

characterized as described above. Upon treatment with MMP-9 for 4 h at 37°C, 

both PAV variants show protease susceptibility, as determined by silver staining 

(Fig. 6-8a). While a majority of VPs were cleaved, a faint intact VP3 band is still 

visible for AAV9_267_L001. To test whether the variants could transduce cells 

Figure 6-7 Model of residues G267 and S268 in 
AAV9 trimer. Sites for L001 peptide lock insertion are 
highlighted in green and were chosen since they are 
farther away from the galactose binding site, but still 
within close proximity to block virus-cell interactions. 
Image rendered with Pymol. 
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after successful proteolysis, viruses ± MMP-9 were added to HEK293T cells. 48 

h post-transduction, gene expression was quantified via flow cytometry. 

Disappointingly, neither mutant display increased transduction efficiency after 

MMP-9 digestion (Fig. 6-8b). Future galactose-binding assays and cellular 

internalization studies may elucidate why many of the AAV9 PAV variants were 

cleaved, yet could not regain efficient transduction capabilities. 

Figure 6-8 AAV9 PAV mutants with distal lock insertions are susceptible to MMP-9 digestion but 
do not transduce well once cleaved. (a) Silver stain analysis was performed on PAVs AAV_267_L001 
and AAV9_268_L001 incubated with 300 nM MMP-9, or sham buffer (no enzyme) for 4 hours at 37°C. 
Sham-treated PAVs show no proteolysis and have the distinct VP1, VP2, and VP3 bands. Treatment of 
PAVs with MMPs demonstrates at least partial cleavage of AAV9_267_L001 and AAV9_268_L001. C-
terminal fragments are detected at their expected molecular weights. Other proteins detected include N-
terminal fragments of the VP proteins and MMPs from the reaction. (b) Viruses were added to HEK293T 
cells at MOI = 500. 48 hours post-transduction, cells were harvested and GFP-expression was quantified 
via flow cytometry. Regardless of MMP-9 concentration, there was no significant increase in transduction 
achieved by either mutant. 
 

a b 
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CONCLUSIONS 
We demonstrated the PAV platform technology could be applied to different AAV 

variants, diversifying the cell types that can be targeted for gene therapy. 

However, further optimization is needed to improve the activated transduction 

activity of the AAV9 PAVs. Here, we explored the possibility of changing insertion 

locations, but those currently tested did not seem to improve activation. Several 

other sites that are surface-exposed, easily accessible, in close proximity to the 

galactose-binding site, and are located in variable regions could be potential 

candidates for new peptide lock insertions. Table 6-2 summarizes the mutants 

characterized in this chapter. In sum, we aim to create PAVs using different 

serotypes, including AAV9, to expand the tropism of our PAVs. By being able to 

infect different types of tissues, we can more specifically tailor PAVs to treat a 

panel of distinct diseases characterized by inflammation.  

Table 6-2 Summary of AAV9 PAV mutants. PAV peptide lock (L001) was inserted at positions 
indicated under Virus column. Log-difference is representation of genomic titers, as quantified via Q-
PCR. Three stars represents wt-like titers; each loss in a star represents a log-fold decrease in titer. 
Mutants with only one star were too low in titer to continue with further characterization. Protease 
susceptibility of PAVs was determined by silver stain analysis of MMP- vs. sham-treated mutants. – 
means no detectable proteolysis; +/- means some detectable proteolysis;  + means no remaining intact 
capsid subunits were detected. Activatable transduction was determined via a transduction assay. 
Sham- or MMP-treated viruses were applied to cells and gene expression was quantified via flow 
cytometry 48-hours later. Only AAV9_272_L001 displayed switchable transduction behavior. 
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CHAPTER 7: INVESTIGATING ROLE OF SERINE MOTIF IN AAV 

VP1/VP2 N-TERMINI 

INTRODUCTION 
 Many researchers have altered virus-receptor interactions to improve cell 

targeting and/or transduction efficiency. However, cell binding is only the first 

step in the virus infectivity pathway. Upon entering the cell, AAV must escape the 

endosome, traffic to the nucleus, enter the nucleus, and release its genome for 

transgene expression to occur. Several regions in the capsid have been identified 

that contain highly conserved functional domains necessary for AAV’s 

endosomal escape (PLA2 domain) and intracellular trafficking (i.e., nuclear 

localization signals).33,34,170,171 Additionally, several key surface-exposed Ser, 

Thr, Tyr, and Lys residues in the AAV capsid determine the virus’ intracellular 

fate.172–174 Gabriel et al. identified Ser and Lys residues (particularly K532) as 

phosphodegrons—phosphorylation sites recognized by ubiquitin ligases that 

signal for degradation.174 When those residues were removed, AAV2 infectivity 

increased significantly. Similarly, Zhong et al. identified surface-exposed Tyr 

residues that play key roles in phosphorylation-based signaling events that lead 

to increased capsid degradation via ubiquitination in the cell.173 Still, several gaps 

persist in our understanding of AAV’s intracellular infectious pathway, such as the 

exact mechanisms governing nuclear accumulation, nuclear uptake, and capsid 

uncoating. 
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Basic research is crucial to our understanding of AAV biology. However, 

the role of post-translational protein modification in AAV infectivity is 

understudied. Furthermore, most studies, like the examples listed above, have 

been restricted to the VP3 region of the cap gene. Investigation of the VP1/2 N-

termini has largely been avoided because its crystal structure is not solved. To 

date, merely a handful of important motifs have been identified and characterized 

in the N-terminus.33,34,171 Much remains to be discovered in the ~200 amino acid 

residue-long VP1/2 N-termini. 

We sought to explore the role of Ser and Thr residues in the N-terminus of 

AAV capsid subunits, since these residues are most commonly phosphorylated 

in other proteins (Ser at 86.4%, Thr at 11.8%, Tyr at 1.8%).175 By investigating 

the roles of these potentially critical residues, we may be able to modulate viral 

properties, including, but not limited to, virus capsid assembly, viral genome 

packaging, capsid stability, intracellular processing in host cells, and transduction 

efficiency. New discoveries in this domain could enhance AAV-based gene 

delivery vectors for clinical applications. 

RESULTS AND DISCUSSION 

PEST motifs in AAV 

 Several endogenous protein modification pathways exist in a cell, such as 

ubiquitination, sumoylation, neddylation, and phosphorylation. Several viruses, 

including AAV, use the host cell’s protein modification machinery to alter the 

virus’ structure, activity, and localization.47,174,176 However, many pathways are 

unexplored. One example is the PEST motif, which is a strong signal for 

degradation via the ubiquitin/26S proteasome pathway. PEST motifs are defined 

as protein sequences that are: 1) at least 12 amino acid residues in length; 2) 

enriched in proline (P), glutamic acid (E), serine (S), or threonine (T); 3) 

uninterrupted by positively charged amino acid residues; and 4) flanked by 

positively charged amino acids on either end of the motif.177 To date, PEST 
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motifs have yet to be investigated in the AAV cap gene. An online PEST-FIND 

algorithm scans through protein sequences and highlights putative PEST motifs, 

assigning scores of -50 to +50 based on how likely the sequence is a PEST 

motif. Scores greater than +5 are considered “interesting”, and indicate the 

particular sequence is very likely to be a PEST motif.177 

We used the PEST-FIND algorithm to identify putative PEST motifs within 

the AAV2 cap gene sequence. Surprisingly, one putative PEST motif was found 

between residues 148-161 with a score of +10.85, located in the VP1 N-terminus 

of AAV2 cap. A search through the cap sequences of other serotypes reveals 

Table 7-1 List of PEST motifs in different AAV serotypes. AAV cap sequences were input into the 
PEST-FIND algorithm to search for potential PEST motifs. Putative PEST motifs were identified and PEST 
scores were reported. Scores greater than 5 are considered “interesting”, and more likely are PEST motifs. 

Figure 7-1 Sequence alignment and conservation of residues of several AAV serotypes. AAV 
serotypes with high sequence homology in regions 134-174 (AAV2 VP1 numbering) were aligned using 
Clustal. PEST region and two previously identified basic regions (BR2, BR3) are denoted below the 
alignment. Below the alignment is a plot of residue conservation at each location to identify spots of high and 
low conservation. Residues are colored based on their physiochemical properties: red = negatively charged; 
purple = positively charged; blue = hydrophobic; green = polar, uncharged; yellow = special cases. 
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many other serotypes contain putative PEST motifs in a similar region (Table 7-
1). Interestingly, AAV1, 3, 4, 6, 9, and 11 all contain a putative PEST motif in the 

same region as AAV2, although with varying PEST-FIND scores (0.54-10.85). 

AAV7, 8, and 10 have non-existent PEST scores due to a positively charged 

arginine residue in the middle of this region (Fig. 7-1). Additional putative PEST 

motifs with high PEST scores were found in a downstream location (still in VP1 

N-terminus) in AAV4, 11, and 12. All other serotypes contain low PEST scores (< 

5) in the same location.  

To determine whether residues 148-161 in AAV2 was a PEST motif that 

could signal for degradation, we created several mutants with altered PEST 

motifs via site-directed mutagenesis. Mutants del149-160 and 154R were 

designed to disrupt the PEST score by removing the entire PEST motif and by 

inserting a positive charge in the middle of the motif, respectively. Viruses were 

produced and purified as described in previous chapters. AAV2 PEST motif 

mutants packaging sc-CMV-GFP were added to HEK293T cells to determine 

transduction efficiency. Forty-eight hours post-transduction, cells were harvested 

and flow cytometry was used to quantify gene expression. Interestingly, del149-

160 and 154R demonstrated significant reduction in transduction efficiency 

compared to wt (3-4% of wt, Fig. 7-2). Coincidentally, both mutations led to 

similar transduction levels overall, which suggests similar mechanisms may be 

responsible for impacting transduction. We hypothesized that if the region of 

interest truly were a PEST motif, similar insertion mutations that do not 

Figure 7-2 Transduction efficiency of 
AAV2 PEST-ablated mutants in 
HEK293T cells. Viruses packaging sc-
CMV-GFP were added to HEK293T cells 
(MOI = 1000 vgs/cell). After 48 h, cells 
were harvested and gene expression was 
quantified via flow cytometry. Remarkably, 
deletion of the entire putative PEST motif, 
or insertion of arginine (R), alanine (A), or 
aspartic acid (D) resulted in dramatically 
reduced transduction efficiency compared 
to wt. Transduction index (TI) = % GFP-
positive cells X geometric mean 
fluorescence intensity. Error bars are 
S.E.M., N = 3-9. 
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significantly disrupt the PEST score should not alter transduction efficiency like 

the 154R mutant. Thus, we created 154A and 154D mutants to insert amino acid 

residues with different physiochemical properties at the same D154 insertion site. 

Unexpectedly, 154A and 154D both demonstrated similar transduction efficiency 

decreases as del149-160 and 154R (Fig. 7-2). This suggests an alternative 

mechanism to the hypothesis that the PEST motif is responsible for the observed 

decrease in transduction efficiency. 

While transduction data from AAV2 mutants suggest residues 149-160 

may not be a PEST motif, the region’s significance in other serotypes was not yet 

investigated. We chose to mutate the arginine at position 152 in AAV8 as a 

starting point. By removing R152, the PEST score increased from n/a to 9.16. 

Interestingly, AAV8 del152R displayed 2.6-fold increased transduction efficiency 

compared to wt in HEK293T cells (Fig. 7-3). Further studies are required to 

elucidate the mechanism of increased transduction. Additional studies involving 

several mutants in other serotypes will reveal whether differences in the PEST-

like motif can account for differences in intracellular trafficking and transduction 

efficiency.  

Uncovering Role of Triple Serine Motif in VP1/2 N-termini 

Next, we shifted our focus onto serine and threonine residues within the 

PEST-like motif of AAV2 (residues 149-160), since these residues are often 

phosphorylated in cells. We posited a triple-serine motif at position 155 could be 

critical for transduction since all three insertions after residue D154 were 

Figure 7-3 Transduction efficiency of AAV8 
del152R mutant in HEK293T cells. Viruses 
packaging sc-CMV-GFP were added to HEK293T 
cells (MOI = 1000 vgs/cell). After 48 h, cells were 
harvested and gene expression was quantified 
via flow cytometry. Interestingly, deletion of R152 
(increases PEST score from n/a to 9.16) results 
in 2.6-fold increased gene expression compared 
to wt. Transduction index (TI) = % GFP-positive 
cells X geometric mean fluorescence intensity. 
Error bars are S.E.M., N = 2. 
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disruptive to transduction efficiency and S155 is highly conserved amongst other 

AAV serotypes. To test our hypothesis, we created several alanine substitution 

mutants to scan for important residues within the PEST-like motif. Interestingly, 

swapping all three Ser for Ala residues (S155-7A) resulted in decreased 

transduction efficiency, similar to del149-160 and 154 insertion mutants (Fig. 7-

4). To narrow down exactly which specific Ser residue was necessary for 

transduction, we created single alanine substitution mutants and combinations 

thereof to create double alanine substitution mutants (i.e., S156-7A). S155A 

demonstrated the lowest transduction level compared to all other serine mutants, 

except S155-7A (Fig. 7-5a). Oddly, S156-7A also demonstrated a similar 

decrease in transduction efficiency, while S156A and S157A (single mutations) 

resulted in slightly greater than wt-like transduction efficiency (Fig. 7-5a). Our 

preliminary findings suggest S155 is necessary along with either S156 or S157 to 

allow wt-like transduction behavior. We can also describe this behavior as an 

OR-AND gate (Fig. 7-5b). 

To assess whether other PEST residues within the PEST-like motif 

contributed to transduction like the triple serine motif, we created several alanine 

substitution mutants for PEST residues between 148-161. Notably, all 

substitution mutants behaved like wt, indicating these residues are not essential 

for transduction (Fig. 7-6). While the mechanism has not yet been elucidated, we 

hypothesize the triple serine motif may serve as a phosphorylation site, which 

Figure 7-4 Transduction efficiency of S155-
7A mutant in HEK293T cells. Viruses 
packaging sc-CMV-GFP were added to 
HEK293T cells (MOI = 1000 vgs/cell). After 48 
h, cells were harvested and gene expression 
was quantified via flow cytometry. Remarkably, 
substituting alanine residues for serines 155-
157 increased gene expression compared to 
wt. Transduction index (TI) = % GFP-positive 
cells X geometric mean fluorescence intensity. 
Error bars are S.E.M., N = 3-9. 
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could lead to nuclear trafficking, capsid destabilization, or other downstream 

intracellular processes in the virus infectious pathway. Future studies  

investigating various kinases will be performed to identify potential AAV N-

Figure 7-6 Transduction efficiency of PEST residue mutants in HEK293T cells. Viruses packaging 
sc-CMV-GFP were added to HEK293T cells (MOI = 1000 vgs/cell). After 48 h, cells were harvested and 
gene expression was quantified via flow cytometry. All mutants displayed wt-like transduction efficiency. 
Transduction index (TI) = % GFP-positive cells X geometric mean fluorescence intensity. Error bars are 
S.E.M., N = 3-9. 

Figure 7-6 Transduction efficiency of serine 
mutants in HEK293T cells. Viruses packaging 
sc-CMV-GFP were added to HEK293T cells 
(MOI = 1000 vgs/cell). After 48 h, cells were 
harvested and gene expression was quantified 
via flow cytometry. Interestingly, S155A and 
S156-7A resulted in decreased transduction 
efficiency, similar to S155-7A (although not 
quite as low). S156A and S157A displayed 
slightly greater than wt transduction efficiency. 
(a) Quantitative gene expression measured via 
flow cytometry. Transduction index (TI) = % 
GFP-positive cells X geometric mean 
fluorescence intensity. Error bars are S.E.M., N 
= 3-9. (b) Boolean operator schematic that 
describes S155 is necessary along with S156 
or S157 to exhibit wt-like transduction 
efficiency. 
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terminus modifiers. Additionally, alanine scanning in regions immediately 

adjacent to the triple serine motif will provide further insight into which residues 

are required for transduction and may be serving as a footprint for the 

unidentified kinase to bind to. 

S/T Motif in AAV9 VP1 N-terminus 

Among serotypes with highly homologous PEST-like regions around 

residues 145-160 (AAV2 VP1 numbering), many contain the same triple serine 

motif as AAV2 at position 155-157, though some have a threonine at the last 

position. AAV9 is the only serotype that contains an alanine residue at position 

156 (AAV9 VP1 numbering), which cannot be phosphorylated like Ser or Thr. To 

investigate the significance of this Ala residue, we created a substitution mutant 

AAV9 A156S. By swapping in the Ser residue, we mimicked the conserved S-S-

S/T motif, effectively increasing the PEST score from 4.35 to 7.72. Remarkably, 

A156S, or “SSS”, transduced cells 5-fold greater than wt in HEK293T cells (Fig. 
7-7a). Since S155 was so important for AAV2’s transduction, we created an 

“ASA” and “ASS” mutant to determine whether AAV9 S154 was necessary for 

Figure 7-7 Transduction efficiency of AAV9 serine motif mutants in HEK293T and CHO-Lec2 cells. 
Viruses packaging sc-CMV-GFP were added to (a) HEK293T cells (MOI = 10000 vgs/cell) or (b) CHO-Lec 2 
cells (MOI = 1000 vgs/cell). After 48 h, cells were harvested and gene expression was quantified via flow 
cytometry. All mutants displayed wt-like transduction efficiency except “SSS” or A156S mutant, which 
demonstrated over 5-fold and 30-fold increased transduction efficiency in HEK293T and CHO-Lec2 cells, 
respectively. Transduction index (TI) = % GFP-positive cells X geometric mean fluorescence intensity. Error 
bars are S.E.M. 
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transduction. Both mutants behaved like wt, suggesting S154 is non-essential for 

successful gene delivery. We also created an “SST” mutant to test whether a Thr 

residue could replace the Ser residue we swapped into position 156. 

Interestingly, the “SST” mutant behaved similar to wt and did not increase 

transduction like the “SSS” mutant. We tested A156S in a different cell line, CHO-

Lec2 cells, which contain more galactose (AAV9’s primary receptor) on the cell 

surface for increased wt binding and subsequent gene delivery. Again, 

transduction efficiency drastically increased over 30-fold for A156S compared to 

wt (Fig. 7-7b). While the mechanism is still unknown, swapping a Ser for the Ala 

at position 156 in AAV9—to resemble most other AAV serotypes with a Ser or 

Thr in the same position—results in increased transduction efficiency in multiple 

cell lines. 

AAV9 is commonly used in pre-clinical and clinical studies due to its broad 

tropism and superior transduction levels over other serotypes in vivo. To 

determine whether increased in vitro transduction correlated with in vivo 

transduction behavior, we injected wt AAV9 or A156S virus (5 x 1010 vgs/mouse; 

n = 2 mice/group) systemically in mice via tail-vein i.v. injection and measured 

gene expression eight days later. Remarkably, A156S resulted in increased 

eGFP/18s expression levels in almost every organ harvested, most significantly 

in the heart (Fig. 7-8). Further in vivo efficacy and safety studies are necessary to 

fully characterize the A156S behavior in vivo. However, our preliminary data 

suggest the A156S mutant may be a useful vector for in vivo gene delivery since 

overall transduction efficiency exceeds wt. 

CONCLUSIONS 
 In this chapter, we have highlighted a significant, previously 

uncharacterized region of AAV VP1/2 N-termini. The PEST-like domain contains 

several key Ser residues (S155-7, AAV2 VP1 numbering) that are critical for 

transduction. Mechanistic studies are needed to identify the enzyme binding to 

and modifying these residues. While our data suggest the PEST-like motif does 
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not behave like a PEST motif, our preliminary data in serotypes AAV8 and AAV9 

suggest increasing the PEST score also produces a concomitant increase in 

transduction efficiency. AAV9 A156S demonstrates increased transduction 

efficiency both in vitro and in vivo, which could be useful for various clinical 

applications. All in all, our preliminary investigation into highly conserved S/T 

motifs within the VP1/2 N-terminus has already resulted in intriguing discoveries. 

Further studies investigating these motifs and other S/T motifs throughout the 

cap gene will increase our understanding and ability to modulate AAV infectivity 

for gene therapy applications.  

Figure 7-8 AAV9 A156S mutant demonstrates increased transgene expression in almost all 
organs compared to wt. AAV9 or A156S was injected into mice via tail-vein i.v. (n = 2 mice/group). 1 
week post-injection, mice were sacrificed and organs were harvested. mRNA was extracted and RT-
PCR was performed to quantify eGFP/18s expression. Remarkably, A156S demonstrates greater 
transgene expression in almost all organs compared to wtAAV9, except in the spleen where it 
demonstrates wt-like levels. *, p < 0.05. 
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 

In summary, the work in this thesis highlights our increased understanding 

of AAV capsid biology and its ability to be re-programmed. We discovered AAV 

capsids are structurally tolerant of recombination. Additionally, functional 

characteristics, such as cellular transduction, are inversely correlated with 

structural perturbations, as predicted by the SCHEMA algorithm. This represents 

the first step toward greater understanding of structure-function relationships of 

the AAV capsid. By examining trends with structural and functional conservation 

in larger chimeric libraries, a structure-based metric can be calibrated and 

optimized to serve as a novel predictive indicator of viable capsid formation. 

We developed a protease-responsive virus nanoparticle for targeted gene 

delivery for cancer and cardiovascular disease applications. We enhanced the 

platform technology by increasing overall transduction efficiency, improving 

specificity to recognize different MMPs, and exploring new serotypes as parental 

capsids for altered tropism. We demonstrated simple biocomputation capabilities 

with the PAVs and reported promising in vivo therapeutic efficacy data in a 

murine metastatic ovarian cancer model. Though further in vivo safety and 

efficacy testing is required, PAVs demonstrate great clinical potential for treating 

metastatic cancer. 

In the last chapter, we explored previously uncharacterized regions of the 

AAV VP1/2 N-terminus. Critical functional motifs were identified, which may serve 

as useful handles to modulate AAV infectivity in the future. Mechanistic studies 

may lead to identification of new AAV interacting partners in the intracellular 
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infectivity pathway. While these studies are important for increasing our 

understanding of AAV’s fundamental biology and infectivity, discoveries in this 

area may also serve as the foundation for intracellular biomolecule-sensing 

AAVs. Hundreds of post-translational protein modifiers exist in cells, many of 

which are misregulated in various diseases. Leveraging these regulators to 

enhance specificity of AAV gene delivery will be an exciting new avenue in AAV-

based technologies. Further, AAV-based devices re-programmed to respond to 

both extracellular and intracellular cues represent the future for targeted gene 

delivery and virus-based biocomputation.  
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MATERIALS AND METHODS 

CHAPTER 2 METHODS 

SCHEMA Calculations 
The crystallographic coordinates for the AAV4 capsid (PDB ID: 2G8G)82 

and an AAV4 and AAV2 alignment of VP1 residues 211 to 734 were used with 

Equation 1 to calculate the number of residue-residue contacts (E) broken by 

recombination. 

  (Equation 1) 

For these calculations, residues i and j were defined as contacting (cij = 1) if any 

atoms, excluding hydrogen and backbone carbon and nitrogen, were within 4.5 Å 

of one other within the capsid, otherwise cij = 0. If residues i or j formed an 

interacting residue-residue pair observed in either parent, Pij = 0, otherwise Pij = 

1. Contacts broken per subunit (Esubunit) were calculated as the sum of the 

number of contacts broken within one individual subunit (Eintra) and 1/2·(the 

number of contacts broken between that subunit and adjacent contacting 

subunits (Einter)). Capsid chimera disruption (Ecapsid) was calculated as (subunits 

in a capsid)·Eintra + 1/2·(subunits in a capsid)·Einter. Intermolecular subunits are 

scaled differently because each residue-residue pair involves two subunits. 

Cells 

Escherichia coli XL1-Blue from Stratagene was used to amplify the 

plasmids built for this study, HEK293T cells were used to produce AAV capsids, 
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and Cos-7 cells were used to analyze chimeric capsid transduction. HEK293T 

cells were maintained in Dulbecco’s modified Eagle Medium (DMEM, Life 

Technologies) supplemented with 10% fetal bovine serum (FBS, Atlanta-

Biologicals) and 1% penicillin and streptomycin (Life Technologies). Cos-7 cells 

were maintained in DMEM supplemented with 10% FBS and 1% penicillin and 

streptomycin. Cells were grown as adherent cultures in 5% CO2 at 37°C and 

were sub-cultured after treatment with 0.25% trypsin-EDTA (Life Technologies) 

for 2-5min at 37°C and resuspended in complete medium. 

Capsid Gene Chimera Construction 

To build single-crossover cap genes, Vent DNA polymerase was used to 

amplify AAV4 cap gene fragments using primers that amended 20 to 30 base 

pairs of the AAV2 cap gene to the 3’ end of the AAV4 amplicon, and AAV2 cap 

gene fragments were PCR amplified using primers that amended 20 to 30 base 

pairs of the AAV4 cap gene to the 5’ end of the AAV2 amplicon. Gibson 

assembly178 was used to splice each pair of fragments together to create an 

AAV4/AAV2 cap gene chimera, and these genes were cloned into pXR4-nocap 

(Fig. S8) using either Gibson assembly or standard cloning using the SpeI and 

BmtI restriction sites. A similar protocol was used to build and clone double-

crossover cap genes. All plasmids were sequence verified. Chimera names 

indicate the first and last residue of a contiguous AAV2 fragment that was 

inserted into AAV4 according to the numbering of AAV4 (Fig. S7).  

AAV cap Gene Vectors 

The vectors pXX2179 and pXR4180 were used to produce AAV2 and AAV4 

viruses in HEK293T cells. To create a vector for expressing chimeric VP, pXR4 

was PCR amplified to create pXR4-nocap, a vector that contains a unique SpeI 

restriction site at the codons encoding AAV4 VP1 residues 107 and 108 followed 

by unique NsiI and BmtI sites (Fig. S8). Each cap gene chimera was cloned into 

these unique restriction sites to create plasmids for expressing chimeric capsid 

subunits in HEK293T cells.  
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Virus Production  
AAV4, AAV2, and chimeric virus capsids containing the green fluorescent 

protein (GFP) gene driven by cytomegalovirus (CMV) promoter were prepared by 

triple plasmid cotransfection of pITR-GFP (a plasmid containing AAV inverted 

terminal repeats and GFP transgene), pXX6 (encodes adenoviral genes that aid 

in capsid assembly), and AAV4/AAV2 chimeric cap gene plasmid or wild type 

AAV2 (pXR2) or AAV4 (pXR4) cap gene plasmid into HEK293T cells using linear 

polyethylenimine with nitrogen:phosphate ratio of 20:1. Cells from a single 15-cm 

dish (BD Falcon) pre-coated with 0.001% poly-L-lysine (Sigma) were harvested 

and pelleted 48 h post-transfection, resuspended in 2 mL of gradient buffer (GB: 

10 mM MgCl2, 150 mM NaCl, 10 mM Tris, pH 7.6), and lysed by three freeze-

thaw cycles. Samples were treated with benzonase (Sigma) at 50 units/mL for 40 

min at 37°C to remove nucleic acids. For TEM studies, 10 x 15-cm dishes were 

transfected. The rest of the protocol was the same as the single-dish preps, 

except cells were resuspended in 13 mL of GB prior to the freeze-thaw cycles. 

Cell lysate was collected after spinning at 3000 x g for 20 min at 4°C and purified 

by a 15-54% iodixanol step gradient in a Beckman quick-seal centrifuge tube. 

Sealed tubes were centrifuged at 48,000 rpm in a Beckman Type 70Ti rotor for 1 

h 45 min at 18°C. Viruses were extracted from the 40% iodixanol layer using an 

18-gauge needle and 3 mL syringe. 25-40% interface layers (containing empty 

capsids or virus-like particles) were also collected for further analysis. Viruses 

were stored in 3 mL cryovials (Biotix) at 4°C. 

Quantifying Genomic Titers  
Viruses were denatured by incubating them in 2 N NaOH at 75°C for 30 

min. An equal volume of 2 N HCl was added prior to diluting samples using ultra-

pure water containing sheared salmon sperm DNA (10 µg/mL, Life Technologies) 

as a carrier. Samples were titered by Q-PCR using SYBR green master mix 

(Applied Biosystems) and a C1000 thermal cycler (Bio-Rad) with primers against 

the CMV promoter (TACCGGGGATTTCCAAGTCTC and 

AATGGGGCGGAGTTGTTACGA). A virus prep using pBlueScript II plasmid (no 
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AAV cap gene) was used as a negative control to determine the background 

signal. 

Western Blotting 
Virus samples were denatured by incubating at 75°C for 15 min after 

mixing with NuPAGE LDS Sample Buffer and NuPAGE Sample Reducing Agent 

(Life Technologies). Denatured samples were then loaded into the wells of 

NuPAGE Novex 7% Tris-Acetate gels. NuPAGE antioxidant was added to the 

running buffer used for gel electrophoresis. Gels were run at 10V for 10 min, 

100V for 100 min, and transferred to nitrocellulose membranes at 30V for 90 min 

at 4°C. After a phosphate buffered saline with 0.1% Tween-20 (PBS-T) wash, 

nitrocellulose membranes were blocked using 5% milk in PBS-T for 1 h at room 

temperature. After three quick PBS-T washes, membranes were incubated with 

the B1 monoclonal primary antibody (1:50, American Research Products) or A1 

monoclonal primary antibody (1:100, American Research Products) in 3% BSA 

overnight at 4°C. Blots were washed using PBS-T (3x for 10 min each). Blots 

were then incubated with goat-anti-mouse HRP-conjugated secondary antibody 

(1:2000) in PBS-T containing 5% milk at room temperature for 90 min. After three 

sequential 10 min washes in PBS-T, blots were treated with Lumi-Light Western 

Blotting Substrate (Roche Applied Science) and imaged using a Fuji LAS-4000 

imager. 

Transmission Electron Microscopy 
We generated 10-plate virus preparations of AAV2, AAV4, and 438-633 to 

obtain sufficient capsids for imaging. After iodixanol gradient separation, the virus 

extracted from the 40% layer was concentrated using an Amicon Ultra-4 

centrifugal unit to increase the virus concentration and exchange the viruses into 

GB containing 0.001% Pluronic F-68 (Sigma). Continuous carbon sample grids 

(300 mesh; Ted Pella) were glow discharged, and each virus sample was applied 

to the grid and incubated for 5 min. Grids were wicked dry with filter paper and 

washed twice by immersion in separate drops of 50 µl of ultrapure water, wicking 
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dry in between each wash. Each sample was negatively stained by immersion in 

7.5 mg/mL uranyl formate (Ted Pella) that had passed through a 0.2 µm filter. 

The sample was wicked dry and left to air dry for 15 min. TEM images were 

taken using a JEM FasTEM 2010 transmission electron microscope at 40,000x 

and 150,000x magnifications. 

Nuclease Protection Assay 
Viruses collected from the 40% iodixanol fraction (5 μL) were added to 45 

μL of 1x Endo buffer (1.5 mM MgCl2, 0.5 mg/mL BSA, 50 mM Tris, pH 8.0). After 

mixing, samples were split into two PCR tubes (20 μL each) and incubated with 

0.5 μL of benzonase nuclease (250 units/uL; Sigma) or 0.5 μL sham buffer (50% 

glycerol, 50 mM Tris-HCl, pH 8.0, 20 mM NaCl, 2 mM MgCl2) for 30 min at 37°C. 

Reactions were terminated by adding 0.5 M EDTA (0.5 μL). Samples (10 μL) 

were subsequently denatured by adding 2 N NaOH (10 μL), incubating the 

mixture at 75°C for 30 min, and adding 2 N HCl (10 μL) to neutralize the reaction. 

Titers were measured using Q-PCR. The percentage of protected genomes was 

calculated as 100x the titers of (benzonase treated) / (sham treated) samples. 

Heparin Binding Assay 
Only those viruses that could be purified with titers above 5x108 

genomes/mL were tested for heparin binding. Heparin-agarose beads (100 μL, 

Sigma H-6508) were loaded into a low-retention 1.5 mL tube (Phenix Research 

Products) and washed twice with 200 μL of TD buffer (137 mM NaCl, 15 mM KCl, 

10 mM Na2PO4, 5 mM MgCl2, 2 mM KH2PO4 pH 7.4). Approximately 5x108 to 

1x109 viral genome-containing particles were added to TD to a final volume of 

100 μL and were incubated with washed heparin-agarose beads for 15 min at 

room temperature with constant rotation. Samples were centrifuged for 5 min at 

6,000 x g in an Eppendorf microcentrifuge, and the unbound supernatants were 

collected. The heparin-agarose beads were washed with 300 μL of TD. Bead-

bound viruses were eluted using three buffers (200 μL each) containing 

increasing concentrations of NaCl (250 mM, 650 mM, and 5 M). Unbound, wash, 
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and the three eluate fractions were collected separately, denatured by adding 2 N 

NaOH and incubating at 75°C for 30 min, neutralized by adding 2 N HCl, and 

titered with Q-PCR. 

Transduction Assay 
Cos-7 cells were seeded on 48-well plates at a density of 20,000 cells/well. 

After 20 h, cells were transduced with AAV2, AAV4, or chimeric viruses encoding 

GFP using an MOI of 5,000. Cells were incubated in the virus-containing, serum-

free medium for 4 h at 37°C. Media was replaced with complete serum-

containing medium and incubated for 48 h. Cells were washed with PBS, 

detached from the plates by adding 0.25% trypsin-EDTA and incubating for 5 min 

at 37°C, and collected by spinning at 700 x g for 5 min at 4°C. Supernatant was 

discarded and cells were resuspended in 500 μL of 4°C PBS containing EDTA (5 

mM). Transduction efficiency was quantified by analyzing the fraction of GFP-

positive cells using a FACSCanto II flow cytometer (BD Biosciences) (10,000 

total events collected). 

CHAPTER 4 METHODS 
Virus Production and Purification  

The PAV1 plasmid was generated using pRC_RR42 as described 

elsewhere.141 Mosaic capsids comprising wild type (wt) and stimulus-responsive 

subunits were generated by varying the mass ratios of the wt plasmid (pXX2) and 

the PAV1 plasmid at transfection. This mixture was used as the packaging 

plasmid (10 mg/plate total), and was part of a quadruple transfection with a GFP 

transgene (double-stranded, scAAV2-CMV-GFP, 10 mg/plate) and helper 

plasmid (XX6, 20 mg/plate) in 10 x 15 cm poly-L-lysine-coated plates of 90-100% 

confluent HEK293T cells. The cells were harvested 44-48h after transfection, and 

freeze-thawed three times in 1% protease inhibitor cocktail and gradient buffer 

before being treated with benzonase (Sigma) for 40 min at 37oC. The lysate was 

clarified via centrifugation and loaded onto an iodixanol step gradient (15%, 25%, 

40%, 54%) in Beckman Ultra-Clear QuickSeal Tubes. The lysate was centrifuged 
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in a Beckman Type 70Ti rotor for 1 h and 45 min at 48,000 rpm and 18oC. 

Approximately 3 mL of the virus was extracted from the 40% layer, and stored at 

4oC.   

The extracted virus was purified with anion exchange chromatography 

(Pall Corporation) and the flow through collected for concentration and buffer 

exchange. The flow through was concentrated and the buffer was exchanged 

from 40% iodixanol to GB-PF68 (50 mM Tris, pH 7.6, 150 mM NaCl, 10 mM 

MgCl2, 0.001 % Pluronic F68) using an Amicon Ultra-4 centrifugal unit (Millipore) 

and stored at 4°C in low-retention eppendorf tubes. 

Quantifying Virus Titers 

The genomic titers of the viruses were determined by quantitative 

polymerase chain reaction (qPCR) using SYBR green and primers against the 

CMV promoter, as previously described.181 Viral titers are given as viral genomes 

(vg) per mL. 

Proteolysis of Protease-Activatable Viruses 

Protease activity was calibrated at the beginning of each experiment to 

reduce variation due to storage. The activity of 5 nM MMP-7 enzyme (Enzo Life 

Sciences) on 5 mM of the MMP-2/MMP-7 fluorogenic substrate (Calbiochem) 

was measured using a Tecan M1000 plate reader in a buffer containing 50mM 

TrisCl, pH 7.4, 150 mM NaCl, 5mM CaCl2 and 0.005% Brij-35. The amount of 

enzyme added to each proteolysis was standardized to the initial reaction velocity 

as reported elsewhere.141  

MMP-7 (Enzo Life Sciences) was diluted to 9X in its storage buffer (50mM 

Tris, pH 7.5, 300 mM NaCl, 5 mM CaCl2, 10 mM ZnCl2, 0.5% Brij-35, and 30% 

glycerol). MMP-7 was added (final concentration of 10-316 nM) to purified virus 

samples (3 x 1011 - 1 x 1012 vg/mL) diluted in buffer containing 1.5M NaCl, 

100mM Tris-Cl (pH 7.6), 100mM MgCl2 and 0.001% PF68, and incubated at 37oC 

for various times. Proteolysis reactions were stopped with EDTA (25 mM final 

concentration).  
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Silver Staining 
Virus samples (1.5 x 109 vg) were reduced and denatured in NuPAGE 

LDS Sample Buffer, run on a 12% Bis-Tris NuPAGE gel for 2h at 100V, and 

stained using the Silverquest staining kit (Life Technologies) according to the 

manufacturer’s instructions. Stained gels were imaged with an Epson scanner. 

Image Studio Lite LICOR software was used to quantify relative protein 

expression by densitometry. 

Transduction Assay 
1.1 x 105 HEK293T cells/well were seeded in 48-well plates coated with 

0.001% poly-L-lysine 40 h prior to transduction. For transduction assay in HeLa 

cells, 3.9 x 104 HeLa cells/well were seeded in 48-well plates 16 h prior to 

transduction. Cells were transduced (MOI = 500) with sham or protease-treated 

viruses in serum-free media. For decreasing MOI study, lower MOIs were used 

upon addition of virus to cells. Media was changed to complete media (DMEM + 

10% fetal bovine serum + 1% penicillin/streptomycin) 12 h post-transduction. 

Cells were harvested and analyzed on a BD FACSCanto II flow cytometer 48h 

post-transduction. Heparin competition assay was carried out by pre-incubating 

virus samples with various concentrations of soluble heparin (Sigma) in serum-

free media for 1 h prior to transduction. Media was changed 12 h post-

transduction and cells were harvested and analyzed as described above. 

Data was plotted and analyzed using MATLAB and GraphPad Prism 

Software. For normalized time-course plots, average TI data from two 

independent experiments performed in duplicate was fit to the Hill equation (Equ. 
1) using non-linear regression. In the equation, α is the background TI, β scales 

for the maximum TI , t1/2 is the time to half-maximal TI, and n is the hill coefficient. 

For easier visualization, average TI values were normalized by the mean of 

values in the plateau region of the curve, t ≥ 12 h, and fit by the same method.  

Virus Production and Purification  
The PAV1 plasmid was generated using pRC_RR42 as described 
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elsewhere.141 Mosaic capsids comprising wild type (wt) and stimulus-responsive 

subunits were generated by varying the mass ratios of the wt plasmid (pXX2) and 

the PAV1 plasmid at transfection. This mixture was used as the packaging 

plasmid (10 µg/plate total), and was part of a quadruple transfection with a GFP 

transgene (double-stranded, scAAV2-CMV-GFP, 10 µg/plate) and helper plasmid 

(XX6, 20 µg/plate) in 10 x 15 cm poly-L-lysine-coated plates of 90-100% 

confluent HEK293T cells. The cells were harvested 44-48h after transfection, and 

freeze-thawed three times in 1% protease inhibitor cocktail and gradient buffer 

before being treated with benzonase (Sigma) for 40 min at 37oC. The lysate was 

clarified via centrifugation and loaded onto an iodixanol step gradient (15%, 25%, 

40%, 54%) in Beckman Ultra-Clear QuickSeal Tubes. The lysate was centrifuged 

in a Beckman Type 70Ti rotor for 1 h and 45 min at 48,000 rpm and 18oC. 

Approximately 3 mL of the virus was extracted from the 40% layer, and stored at 

4oC.   

The extracted virus was purified with anion exchange chromatography 

(Pall Corporation) and the flow through collected for concentration and buffer 

exchange. The flow through was concentrated and the buffer was exchanged 

from 40% iodixanol to GB-PF68 (50 mM Tris, pH 7.6, 150 mM NaCl, 10 mM 

MgCl2, 0.001 % Pluronic F68) using an Amicon Ultra-4 centrifugal unit (Millipore) 

and stored at 4°C in low-retention eppendorf tubes. 

Quantifying Virus Titers 
The genomic titers of the viruses were determined by quantitative 

polymerase chain reaction (qPCR) using SYBR green and primers against the 

CMV promoter, as previously described.181 Viral titers are given as viral genomes 

(vg) per mL. 

Proteolysis of Protease-Activatable Viruses 
Protease activity was calibrated at the beginning of each experiment to 

reduce variation due to storage. The activity of 5 nM MMP-7 enzyme (Enzo Life 

Sciences) on 5 µM of the MMP-2/MMP-7 fluorogenic substrate (Calbiochem) was 

measured using a Tecan M1000 plate reader in a buffer containing 50mM TrisCl, 
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pH 7.4, 150 mM NaCl, 5mM CaCl2 and 0.005% Brij-35. The amount of enzyme 

added to each proteolysis was standardized to the initial reaction velocity as 

reported elsewhere.141  

MMP-7 (Enzo Life Sciences) was diluted to 9X in its storage buffer (50mM 

Tris, pH 7.5, 300 mM NaCl, 5 mM CaCl2, 10 µM ZnCl2, 0.5% Brij-35, and 30% 

glycerol). MMP-7 was added (final concentration of 10-316 nM) to purified virus 

samples (3 x 1011 - 1 x 1012 vg/mL) diluted in buffer containing 1.5M NaCl, 

100mM Tris-Cl (pH 7.6), 100mM MgCl2 and 0.001% PF68, and incubated at 

37oC for various times. Proteolysis reactions were stopped with EDTA (25 mM 

final concentration).  

Silver Staining 
Virus samples (1.5 x 109 vg) were reduced and denatured in NuPAGE 

LDS Sample Buffer, run on a 12% Bis-Tris NuPAGE gel for 2h at 100V, and 

stained using the Silverquest staining kit (Life Technologies) according to the 

manufacturer’s instructions. Stained gels were imaged with an Epson scanner. 

Image Studio Lite LICOR software was used to quantify relative protein 

expression by densitometry. 

Transduction Assay 
1.1 x 105 HEK293T cells/well were seeded in 48-well plates coated with 

0.001% poly-L-lysine 40 h prior to transduction. For transduction assay in HeLa 

cells, 3.9 x 104 HeLa cells/well were seeded in 48-well plates 16 h prior to 

transduction. Cells were transduced (MOI = 500) with sham or protease-treated 

viruses in serum-free media. For decreasing MOI study, lower MOIs were used 

upon addition of virus to cells. Media was changed to complete media (DMEM + 

10% fetal bovine serum + 1% penicillin/streptomycin) 12 h post-transduction. 

Cells were harvested and analyzed on a BD FACSCanto II flow cytometer 48h 

post-transduction. Heparin competition assay was carried out by pre-incubating 

virus samples with various concentrations of soluble heparin (Sigma) in serum-

free media for 1 h prior to transduction. Media was changed 12 h post-

transduction and cells were harvested and analyzed as described above. 
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Data was plotted and analyzed using MATLAB and GraphPad Prism 

Software. For normalized time-course plots, average TI data from two 

independent experiments performed in duplicate was fit to the Hill equation (Equ. 
1) using non-linear regression. In the equation, α is the background TI, β scales 

for the maximum TI , t1/2 is the time to half-maximal TI, and n is the hill coefficient. 

For easier visualization, average TI values were normalized by the mean of 

values in the plateau region of the curve, t ≥ 12 h, and fit by the same method.  

TI = β
!

!!/!

!

!! !
!!/!

! + α  (Equation 1) 
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