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ABSTRACT 

Encryption of Adeno-Associated Virus 

for Protease-Controlled Targeted Gene Therapy 

by 

Justin Judd 

Gene therapy holds the unprecedented potential to treat disease by manipulating 

the underlying genetic blueprints of phenotypic behavior.  Targeting of gene delivery is 

essential to achieve specificity for the intended tissue, which is especially critical in 

cancer gene therapy to avoid destruction of healthy tissue.  Adeno-associated virus 

(AAV) is considered the safest viral vector and, compared to non-viral vectors, offers 

several advantages: higher efficiency, genetic modification, combinatorial panning, and 

high monodispersity.  Classic viral targeting has focused on engineering ligand-receptor 

interactions, but many cell surface targets do not support post-binding transduction 

events.  Furthermore, many potential target tissues – such as triple negative breast 

cancer – may not display a single, unique identifying surface receptor, so new methods 

of targeting are needed.  Alternatively, many pathological states, including most 

cancers, exhibit upregulation of proteolytic enzymes in the extracellular milieu.   

The present work describes the development of an AAV platform that has been 

engineered to activate in response to disease-related proteases.  The specificity and 

sensitivity of these protease-activatable viruses (PAVs) can be tuned to meet the 
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demands of various clinical scenarios, giving the platform some therapeutic versatility.  

This work represents the first demonstration of a protease-controlled, non-enveloped 

virus for genetic therapy.  These results extend the therapeutic value of AAV, the safest 

gene vector currently being explored in 73 clinical trials worldwide. 
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Chapter 1 

Introduction 

1.1 Gene Therapy 

Gene therapy (reviewed1, 2) emerged from genetic engineering technology 

developed in the 1970s and 1980s.  The first attempt to transfer DNA was via calcium 

phosphate precipitation in 1980 to treat β-thalassemia.3  This was an early 

demonstration of the primary and persistent pitfall of synthetic DNA carriers: 

ineffective gene delivery.  Retroviruses, on the other hand, have evolved to transfer 

DNA amongst mammalian species, leading researchers to the idea that viruses could be 

used as vectors for genetic therapy in humans.  Virus-mediated gene therapy’s promise 

was demonstrated in numerous animal models in the 1980s, suggesting that human 

gene therapy is a realizable goal.3, 4  Human virus-mediated gene therapy was tested for 

the first time on September 14, 1990, on a 4-year old girl with severe combined 

immune deficiency (SCID) caused by adenosine deaminase (ADA) deficiency.5  Dr. 

French Anderson and colleagues infused a billion autologous T cells which had been 

treated with a retroviral vector carrying a normal copy of the ADA gene.  Although the 

causal relationship is inconclusive, prognosis of this patient has been positive and 

supports gene therapy as a valid therapeutic option.3, 6 

Since the original SCID treatment, there have been many more U.S. clinical trials 

using a number of viral vectors to treat a variety of genetic diseases.7, 8  Retroviruses 
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were originally chosen for their highly efficient transduction capacity and ability to 

integrate into the host chromosome for long term gene expression.1  Unfortunately, 

retroviruses integrate into the host chromosome randomly, conferring risk of insertion 

near onco- or tumor suppressor genes.  Additionally, retroviruses are only efficient at 

transducing dividing cells, limiting the breadth of therapeutic applications.  Other viral 

vectors have since been explored that transduce quiescent cells, including: lentivirus, 

adenovirus (Ad), and herpesvirus.1  Each of these viral vectors, however, pose 

significant risks in vivo.  Lentivirus is an HIV derived vector, carrying the risk of 

contaminating infectious HIV viral particles as well as insertional mutagenesis.1  Ad has 

been shown to stimulate substantial immune responses and is inefficient at stable gene 

transfer.1  Herpesvirus stimulates both innate and adaptive immune responses.1   

Adeno-associated virus (AAV) has garnered much attention recently due to its 

outstanding safety and efficacy profile (AAV gene therapy reviewed9, 10).  AAV has the 

ability to efficiently transduce both quiescent and actively dividing cells and is the only 

currently explored vector whose natural virus counterpart is replication defective.1  

The first clinical trial with AAV-mediated gene therapy commenced in 1996 to treat 

cystic fibrosis (CF) by pulmonary delivery of the cystic fibrosis transmembrane 

receptor (CFTR) gene.11, 12  The study’s follow-up report indicates a positive safety 

profile for the AAV vector, but a suboptimal efficacy, suggesting extracellular and 

intracellular barriers as targets for improvement.  Nearly 20 years later, one of the 

greatest triumphs in the entire field of gene therapy came when, in 2008, AAV was used 

to successfully treat a rare cause of genetic blindness.13, 14  As of 2013, there are 73 

open clinical trials using AAV as a gene vector,8 and Glybera has become the first 
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clinically approved AAV vector in Europe for the treatment of lipoprotein lipase 

deficiency.15 

Well understood, hereditary, single-gene defects have been prime candidates for 

gene therapy trials because of their simplicity, theoretically only requiring the delivery 

of a normal copy of the affected gene to target cells.  However over the last two decades, 

a number of applications for gene therapy have surfaced.  Ad and Herpesvirus, for 

example, have been clinically tested for treatment of cancer.1  Tissue engineering has 

seen the use of gene therapy as a method of delivering growth factors that guide 

regenerating tissue.16  Furthermore, gene delivery vehicles carrying siRNA are in 

clinical trials to induce gene knockdown via RNA silencing technology.17  Broadly 

speaking, it is apparent that gene therapy may find utility in any therapeutic modality 

requiring manipulation of genetic expression. 

1.1.1 Cancer Gene Therapy 

In response to the large number of clinical failures in cancer treatment, there has 

been considerable interest in leveraging genetic strategies in cancer gene therapy.  

Significant progress has been made in developing genetic treatments for various types 

of cancer, resulting in numerous patents (reviewed18).  At the time of writing, there are 

currently 829 open clinical trials worldwide investigating the feasibility of cancer gene 

therapy.8   

Therapeutic payloads delivered in cancer gene therapy include a variety of 

cytotoxic or regulatory proteins, as well as RNA.  For example, delivery of the wt p53 

tumor suppressor gene to tumors via Ad is being used in China to treat cancer.19  
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Activation of p53 by RNAi knockdown of its negative regulators has also been 

explored.19  Prodrug converting enzymes, such as cytosine deaminase or HSVtk can be 

used to activate otherwise harmless compounds like flucytosine and ganciclovir.20  

Fusogenic membrane glycoproteins (FMG) are viral envelope proteins that induce 

syncytia and subsequent cell death through non-apoptotic mechanisms.  FMGs, which 

are also immunostimulatory, are being evaluated as a more potent alternative to 

HSVtk/GCV or cytosine deaminase/flucytosine therapies.21 

Conditionally replicative Adenoviruses (CRAD) represent an entirely different 

strategy for tumor therapy.22  The virus is designed to selectively replicate only within 

tumors.  In effect, the therapeutic amplifies until there are no longer host tumor cells to 

kill.   

Regardless of the vector or genetic payload, specific tumor targeting is key to 

avoiding crippling side effects of cancer gene therapy.  Thus, there is a significant body 

of work devoted to targeting gene vectors, and is the focus of this thesis.  A review of 

targeting strategies is given in chapter section 1.3. 

1.2 Adeno-Associated Virus 

1.2.1 AAV Biology 

The AAV lifecycle consists of the lytic and lysogenic phases.23  In the absence of a 

helper virus, AAV enters the lysogenic state and integrates into the host chromosome.  

Wt AAV2 is known to integrate preferentially into a specific region (AAVS1) in human 

chromosome 19 (reviewed24), however it has been shown to integrate into other sites, 
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especially at pre-existing breaks in the chromosomal DNA.  Integration into the AAVS1 

locus is highly dependent on the presence of Rep 68/78 proteins.24   

In the presence of a helper virus, AAV enters the lytic phase of its life cycle.  During 

the lytic phase, helper virus proteins allow transcription of AAV rep, which rescues 

latent viral genomes (VGs) and coordinates replication via single-strand 

displacement.23  Capsid proteins are expressed in the cytoplasm and assemble in the 

nucleoli, forming 60-subunit capsids, which package either a minus or plus single-

stranded DNA (ssDNA) genome. 

Helper virus functions can be provided completely by Ad, herpes simplex virus 

types I and II, cytomegalovirus, or pseudorabies.23  Ad virus-associated (VA) RNAs and 

four Ad early proteins have been shown to be necessary for AAV replication: EIA, EIB, 

E2A, and E4.23  EIA activates transcription of AAV rep and cap, whereas E4 and EIB 

upregulate transport of AAV transcripts; although E4 is also thought to play a role in 

AAV genomic replication.25  E2A and VA RNA are thought to confer host cellular 

tolerance to viral mRNA.  During recombinant AAV production, helper functions are 

typically provided via an Ad-helper plasmid such as XX680, eliminating the risk of 

contaminating Ad particles.25   

1.2.2 Structure and Genome 

Adeno-associated virus (AAV) is a small (20-25 nm), non-enveloped, ssDNA virus 

with an icosahedral (T=1) 60-mer capsid formed from the assembly of three 

overlapping subunits VP1:VP2:VP3. Depending on the method of production, the 

stoichiometry of subunits has been reported to be from 1:1:20 to 1:1:5,26 but the most 
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commonly reported ratios are between 1:1:8 and 1:1:10.  Its 4.7 kb nucleotide genome 

efficiently covers 2 genes – rep and cap - with overlapping sequences (Fig. 1.1).  Rep 

encodes four proteins responsible for genome replication, packaging, and site-specific 

integration into the S1 locus of human chromosome 19.27, 28  Cap encodes the three 

structural proteins, VP1, VP2, and VP3.  Assembly activating protein (AAP), recently 

found in an alternate reading frame of the cap gene, mediates assembly of the VP 

proteins into the capsid before genome packaging occurs.29   

 

Figure 1.1  Structure and genome of AAV.  (a) Molecular model of the 60 

subunit capsid which encapsidates the ssDNA genome. (b) The AAV genome 

contains three known open reading frames, rep, cap, and aap, flanked by inverted 

terminal repeats (ITR) that act as packaging signals.  Rep encodes 4 replication 

proteins from two promoters and an alternative splicing site near the C-terminus.  

Cap encodes three capsid proteins translated from unique initiation sites from 

two alternatively spliced mRNA transcripts.  All mRNAs share the same poly A 

tail. 

The structure of AAV2 subunit VP3 was solved via X-ray crystallography in 2002 by 

Chapman and colleagues.30  The main structural motif was found to be a buried β-

barrel, common to other parvoviruses.  60% of VP3’s peptide sequence forms long non-

conserved loops (“variable loops”) between the β-barrel strands.  These loops 
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contribute most of the surface-exposed sequence and are responsible for interactions 

with cellular proteins during infection.  Additionally, these sequences are tolerant to 

substitution and insertional mutagenesis, a property that has been exploited for AAV 

targeting.31-33  A heparin binding domain (HBD) is formed from three clusters of 

positively charged residues (R475, R484, R487, K532, R585, R588) located at the three-

fold axis of the AAV2 capsid.34  12 pores are formed at five-fold axes of symmetry in the 

capsid, through which the catalytic N-termini of VP1 and VP2 may externalize to 

mediate endosomal escape.35  More recent evidence suggests that the two-fold axis of 

symmetry may be an active site of conformational rearrangement that may serve the 

purpose of N-terminal externalization.36 

McKenna and colleagues recently identified pH-dependent, autocatalytic protease 

activity on the surface of the capsid of multiple serotypes.37  It was suggested that low 

pH, like that seen in endosomes, may induce conformational rearrangements 

responsible for the creation of catalytic sites.  Although previous work has also 

suggested that proteolytic processing may occur in the endosomal compartment,38 

definitive evidence that it is involved in the infectious pathway has been elusive.   

The abundance of knowledge about the structure of AAV and its receptor binding 

domains has set the stage for rational re-engineering of capsid-host interactions.39  

However, due to the unpredictable nature of protein folding and the difficulty of 

predicting ideal host targets, directed evolution approaches (see section 1.3.2) will 

likely continue to complement  rational design. 



8 
 

1.2.3 AAV Gene Therapy 

AAV is growing in popularity as a gene vector due to its high safety profile and low 

immunogenicity.  There are 12 known natural AAV serotypes, each displaying distinct 

immunogenic profiles in humans.40  Additionally, each serotype displays variable tissue 

tropism, owing to differential cell surface attachment and variable intracellular 

processing.38, 40-46  Consequently, there are ongoing efforts to determine the utility of 

each serotype in various therapeutic scenarios.  For example, it has been found that 

AAV1 is 10- to 100-fold more effective than AAV2 at transducing muscle.47  On the 

other hand, AAV9 is particularly efficient in heart transduction.48  Still, AAV2 is the most 

widely studied and best characterized, leading to its dominant use in numerous clinical 

trials.8   

As AAV gene therapy gains momentum in preclinical research and clinical 

applications, there is an emerging need for standardization, allowing new recombinant 

vectors to be calibrated in terms of safety and efficacy.  National Gene Vector 

Biorepository (NGVB) was established at the Indiana University School of Medicine to 

support gene therapy investigations with services such as archiving and databases on 

pharmacological and toxicological testing.  Aucoin et al. have attempted to consolidate 

production and characterization methods for AAV to streamline standardization of 

vector preparations and quality control assessment.49  Additional guidance and 

standardization in production and characterization of AAV vectors was reported by 

Samulski and colleagues in Nature Protocols.50  In 2010, a reference standard for AAV2 

was generated, characterized, and deposited at the ATCC.51 
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The inherent drawbacks of AAV as a gene vector include a small packaging capacity 

and cell-mediated52 and humoral53 immune responses to its capsid proteins (VP1, VP2, 

VP3), though innate immune responses to AAV seem to be insignificant.54  The limited 

packaging capacity is not a problem for therapies requiring delivery of a single gene 

whose open reading frame (ORF) and promoter elements fit within the 4.7 kb 

packaging limit.  For larger genes, this problem may be circumvented through the use 

of trans-splicing vectors.55  The more difficult issue of immunogenicity is common to all 

viral gene vectors.  More than 80% of humans are seropositive for AAV2,23 precluding 

effective therapy in these patients and potentially risking cell-mediated immunogenic 

toxicity upon repeated administrations of the vector.52  To address these issues, 

Schaffer and colleagues have demonstrated the utility of directed evolution to evade 

humoral detection.56  Additionally, chemical conjugation of stealthing moieties, such as 

polyethylene glycol (PEG), has shown promise in protecting the virus from immune 

recognition.57  Pharmaceutical immunosuppression, however, remains the most 

effective approach to dealing with host immune rejection of viral vectors.58 

1.3 Targeting Strategies in Gene Therapy 

Tissue and cell targeting is a primary consideration of any gene therapy strategy, 

regardless of the application.  Targeting strategies can be grouped into two major 

approaches: vector targeting and transcriptional targeting.  Vector targeting 

(reviewed59) determines the overall biodistribution of the vector and can even 

determine the cell type to which therapeutic genes are delivered within each 

organ/tissue.  On the other hand, transcriptional targeting selects the types of cells that 
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actively express a therapeutic gene, which is controlled by the interaction of the 

promoter with molecular signals in the target cell.  For the purpose of this work, 

“targeting” will refer to vector targeting, whereas “transcriptional targeting” will be 

indicated specifically. 

1.3.1 Rational Design Strategies Leveraging Receptor-Ligand Interactions 

Targeting is most often achieved by controlling how the vector interacts with the 

surface of host cells.  The natural host range of viruses is limited at this first step, where 

the virus “docks” to an externally displayed cellular receptor.  This interaction is 

mediated by the cell receptor binding domains found on the external surface of the 

virus.  In enveloped viruses, this interaction is often determined by glycoproteins 

displayed on the outer surface of the lipid coat (envelope).  For example, HIV and 

influenza virus bind to CD4 and sialic acid receptors via the gp120 and hemagluttinin 

glycoproteins, respectively.60, 61  For non-enveloped viruses, such as Ad and AAV, the 

proteinaceous capsid determines its interaction with host cells.  In the case of AAV, the 

receptor binding domain is a quaternary structure, comprising peptide loops from 

multiple regions of different capsid subunits.34, 62  These variable loops are typically 

unimportant to the core structure of the capsid, and thus are free to mutate, allowing 

the virus to adapt its host range.  This plastic property is exploited in efforts to retarget 

gene vectors to tissues of interest for applications in gene therapy.  In order to 

successfully achieve specificity through receptor-ligand interactions, the natural 

tropism must be ablated while conferring new receptor binding capabilities. 
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Fusion of high affinity ligands, such as antibodies, to virus proteins was one of the 

first strategies used to confer novel vector binding capabilities.  This proof-of-concept 

was demonstrated by Roux et al. in 1989 by adapting monoclonal antibodies against a 

murine retrovirus and major histocompatibility complex (MHC) via a streptavidin 

bridge, allowing targeting to cells expressing the MHC.63  Although in concept this 

would be a versatile strategy to target gene vectors, the transducing titers were very 

low.  Improvements were reported with a single-chain variable fragment (scFv) against 

low density lipoprotein receptor (LDLR) used to target Moloney murine leukemia virus 

to cells expressing recombinant LDLR.64  Although the authors reported high 

transducing titers on HeLa cells, the LDLR-mediated transduction mechanism was not 

proven on this cell line, for example via competition assay.  When LDLR-mediated 

infection was demonstrated by transient expression of LDLR, the resulting titers were 

reportedly very low.  Adenovirus has recently been adapted with an scFv via a 

heterodimer leucine zipper pair with a Kd = 1.3×10−11 M.65 

Other early targeting strategies for retroviruses involved the fusion of viral 

glycoproteins with ligands towards the erythropoietin receptor66 and integrins.67  In 

1996, Curiel and colleagues used a neutralizing antibody against the Adenovirus fiber 

knob, conjugated to folate68.  This simultaneously knocked down native tropism via the 

fiber knob and conferred folate receptor-mediated cell transduction.  Targeting of an 

Ad vector to the transferrin receptor has been used to achieve trancytosis across a cell 

monolayer,69 a feat that has been naturally observed for enveloped viruses.70 
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Pseudotyped vectors (reviewed71) involves the incorporation of viral targeting 

proteins from different viruses, thus transferring the tropism of the donor virus to the 

pseudotyped virus.  This can include mixing viral components from serotypes within 

the same species, or across different virus families.  This phenomenon has been 

observed to occur naturally between distantly related enveloped viruses that co-infect 

the same cell.  The compatibility of pseudotyping is apparently ubiquitous amongst 

enveloped viruses, accompanied by an unwavering exclusion of host membrane 

proteins from budding viruses.  Interestingly, this has even been suggested to indicate a 

common ancestor of enveloped viruses in contrast to convergent evolution of these 

common mechanisms.72  Medina et al. efficiently transduced airway epithelia in vivo 

using lentiviral vectors pseudotyped with EboZ glycoproteins that were modified by 

deleting mucin-rich domains.73   

Receptor-Targeted AAV Vectors 

The primary cell surface receptors for AAV2 are heparan sulfate proteoglycans 

(HSPG),74 while fibroblast growth factor receptor-1 (FGFR1),75 hepatocyte growth 

factor receptor,76 the 37/67 kD laminin receptor,46 and α5β1
77 and αvβ5

78 integrins act 

as co-receptors, although the latter has been disputed.79  The heparin binding domain 

(HBD, discussed in section 1.2.2) of AAV2 has been extensively characterized, including 

a cryo-EM reconstruction of the AAV2-heparin complex.62  Although cell attachment is 

not the only determinant of cell transduction, AAV2 has a relatively broad tropism due 

to the ubiquitous expression of HSPGs.  Transduction of the liver, due to the high 

incidence of HSPGs, is particularly problematic for AAV2 vectors in applications that 

require specific targeting to other organs.   
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Detargeting from the liver and other HSPG-expressing organs can be achieved by 

mutating residues in the HBD, thus ablating interactions with HSPGs.34  Two 

independent mutational studies identified R585 and R588 as critical heparin binding 

residues.34, 80  Kern et al. reported that the double arginine mutant R484E/R585E 

showed a reduction in liver targeting, but found a concomitant 10- to 15-fold increase 

in heart gene expression.34   

Alternatively, targeting ligands can be inserted into the HBD, thus simultaneously 

ablating heparin affinity and conferring novel tropism.81  Perabo et al. studied the effect 

of peptide insertions in the HBD on HSPG binding and its effect on vector tropism in 

vivo.82  They found that many insertions at position 587, in particular insertions that 

are negatively charged, ablated heparin binding and retargeted the vector from the 

liver and other organs.  On the other hand, insertions with a net positive charge were 

often found to preserve heparin binding, which follows from the capsid’s electrostatic 

interaction with the negatively charged HSPG.34     

Antibody-directed receptor-targeting strategies used in retroviruses63, 64 and 

adenovirus65 have been adapted to AAV.  The first report used an scFv against CD34 

(fused to the N-terminus of VP2), which conferred specific binding to the hematopoietic 

stem stem/progenitor cell marker.83  Although binding to CD34 was demonstrated, the 

efficiency and specificity gained by the chimeric AAV was marginal.  Additionally, as 

discussed in section 1.3.1, incorporation of VP2-scFv fusion was very inefficient.  Soon 

thereafter, Samulski and colleagues reported the use of a bispecific antibody against the 

intact AAV2 capsid epitope (A20) and an endocytic αIIbβ3 integrin to target 
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megakaryocytes.84  A 10-fold and 70-fold increase in cell transduction was observed in 

cell lines DAMI and MO7e, respectively, which express the αIIbβ3 integrin, compared to 

AAV2 without the bispecific antibody.  However, gene expression was still 100-fold 

lower than that of wt AAV2 in HeLa cells, suggesting room for improvement.  

Furthermore, there are concerns about the use of non-covalent AAV conjugates for in 

vivo targeting, as lower concentrations, circulation shear forces, and host protein 

interactions may dislodge the targeting ligands.  Buchholz and colleagues fused 

DARPins – smaller high-affinity ligands composed of ankyrin repeats – to the VP2 N-

terminus of an AAV2 double mutant (R585A, R588A) that lacks the ability to bind 

heparin.85  Similar to antibody-conjugated vectors, the AAV-DARPin achieved specific 

cell attachment to its target, HER2, but suffers from low efficiency.   

Numerous studies have reported the insertion of small ligands into the AAV capsid 

for retargeting.  A serpin peptide was substituted for amino acids after aa 34 of VP1 in 

AAV2.32  This increased transduction of a lung epithelial cell line (IB3), believed to 

express the serpin receptor, 60-fold.  Interestingly, transduction was eliminated via 

soluble heparin competition, suggesting the primary receptor was still HSPG and that 

the increase in transduction was via a co-receptor, presumably the serpin receptor.  

Bartlett and colleagues achieved significantly elevated and heparin-independent 

transduction in integrin-expressing ovarian cancer cells using a disulfide-circularized 

RGD peptide at position 588.81, 86  Although the gain-of-function is useful in vitro, 

integrins are expressed on many cell types, precluding specific targeting via RGD 

peptides.  The endothelial cell homing peptide SIGYPLP was inserted after 587 in AAV2 

to confer efficient transduction in HUVEC and HSVEC cell lines, while reducing 



15 
 

transduction in HepG2 and human primary vascular smooth muscle cells.87  

Interestingly, altered intracellular trafficking was observed, as bafilomycin, an inhibitor 

of endosomal acidification, increased transduction, whereas the wt is inhibited by 

bafilomycin treatment.  

Re-engineering of the “receptor footprint” was described by Asokan et al., using the 

structural insight provided by Agbandje-McKenna and others.39  Replacement of the 

heparin binding loop in AAV2 with that of AAV8 (“pseudotyping”), resulted in a mutant 

(AAV2i8) that targets muscle, like AAV8.39  Interestingly, vector accumulation of 

AAV2i8 was 5-fold higher in heart than AAV2, but liver accumulation was 20-30 fold 

lower.  It is interesting to note that overall, the AAV2i8 vector takes on properties that 

are distinct from its parents AAV2 and AAV8, which is most evident in lower liver 

transduction than either vector.  This phenomenon is seen frequently in DNA shuffling 

studies, discussed in the next section. 

1.3.2 Combinatorial Design Strategies Using Directed Evolution 

Directed evolution approaches to vector engineering (reviewed88) offer several 

advantages over strictly rational designs.  For example, it is often difficult to identify 

unique receptors on target cells/tissues.  It is even more difficult to require that a 

unique receptor support post-binding events in virus transduction.  Further, 

intracellular trafficking can vary depending on the cell type and some steps may be 

independent of the receptor used.  Combinatorial approaches sort through large 

libraries of random, or semi-random, mutants to find variants that conform to all of the 

demands of selection.   
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The number of variants, or sequence space, that can be explored is limited.  For 

example, the total sequence space of VP3 is 20533, which represents all the 

combinations of 20 possible amino acids at 533 different positions.  This is an 

intractable number.  However, the majority of this sequence space would not even 

produce the core structures required to form intact virions.  Thus, focused exploration 

of the sequence space is a more efficient approach.  This typically involves making 

incremental variations on existing sequences through random or semi-random 

mutagenesis, or through recombination of related sequences. 

The first two reports of AAV directed evolution used peptide display to generate 

AAV libraries with randomized peptides inserted at the three-fold axis of symmetry.89, 

90  Muller et al. found a variant displaying GNSSRDLGAQ after R588, which increased 

heart transduction while reducing liver transduction.  Surprisingly, they show that wt 

AAV2 transduces heart as well or better than liver, which contrasts with other reports, 

including work in chapter 3 of this thesis.  Michelfelder et al. performed in vivo 

biopanning of AAV display libraries for vectors that exhibit increased tumor and lung 

transduction.  However, they found that vectors displaying peptides in the HBD – and 

thus exhibiting decreased HSPG affinity – consistently targeted the heart in vivo, even 

though the in vitro performance was promising.91  

Error-prone PCR is a classic approach to generating diversity that produces 

random point mutations in the DNA sequence, which is amplified under suboptimal 

conditions.  It has been used to generate AAV vectors that show reduced heparin 

binding and can evade immune detection.56, 92   
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DNA shuffling is an alternative approach to diversification that recombines 

sequences from related serotypes or other variants.  This can generate mutants 

(chimeras) that inherit various combinations of parent phenotypes and often novel 

phenotypes not found in its predecessors.  Samulski and colleagues were the first to 

report the use of DNA shuffling in AAV, in which they found a chimera of serotypes 1, 2, 

8, and 9 that transduces a hamster melanoma cell line better than any parent serotype.  

Surface loops at the three-fold axis of symmetry were likely contributed by AAV2, 

whereas the two- and five-fold axes of symmetry were determined by AAV1 and AAV9.  

Interestingly, they found that the AAV9 C-terminus, predicted by X-ray crystallography 

to be buried in AAV2,30 was an important determinant of the novel tropism.  DNA 

shuffling and in vivo selection was also used to generate a myocardium directed AAV 

vector.93 

Random insertion is a combinatorial approach that seeks to identify locations in 

the capsid protein that tolerate the insertion of peptides or proteins.  Transposon-

based random insertion has been used to insert small hexahistidine motifs throughout 

the capsid sequence, however applications using this method have not been 

demonstrated.94  A varation of this method identified sites in the AAV5 capsid that are 

tolerant to deletions and tandem duplication, including a deletion mutant that exhibited 

altered tropism.95  We have identified sites within the VP3-common domain of VP1 that 

tolerate insertion of fluorescent mCherry while maintaining native infectivity (see 

Chapter 2).96 
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1.3.3 Limitations 

Receptor-targeting is a fundamental and useful method of achieving vector 

specificity; however, it is not a universal solution.  Although docking of vectors to target 

cells can be mediated by chimeric ligands displayed on the virus, which can limit the 

range of affected tissues, it is not the only determinant of viral gene delivery.  Post-

binding events such as endocytosis, intracellular trafficking, endosomal processing, and 

nuclear localization are important to the fate of viral vectors.44, 97-99  Thus, receptors 

that do not support these post-binding events may not be useful targets for gene 

delivery and may be part to blame for the limited success in receptor-targeting 

strategies.  This complicates the rational design of targeted vectors and leaves room for 

alternative strategies, such as directed evolution or protease-targeting. 

Directed evolution is a powerful method to isolate useful vectors for gene delivery 

both in vitro and in vivo.  Unfortunately, it is not without limitations.  As discussed in the 

previous section, the sequence space that can be realistically explored is limited.  

Assuming that a genetic solution to the application exists, it may be difficult to isolate.  

Even considering relatively focused searches, the amount of variants that can feasibly 

be constructed using current recombinant DNA technology is very limited.  Tractable 

sequence space is further limited by the number of producer cells that can reasonably 

be used to make each virus variant (discussed in more detail in Chapter 2).  

Furthermore, some selection conditions can be difficult to achieve in practice, 

particularly those requiring negative selection. 
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Taken together, the vector targeting strategies discussed above, although useful, 

may be insufficient to solve all vector targeting challenges.  Therefore, it is the focus of 

this thesis to explore a complementary approach to vector targeting. 

1.4 Proteases at Target Biomarkers 

Pioneering advancements in receptor targeting and directed evolution have paved 

the way to the discovery of vectors exhibiting novel tropism with many useful 

applications.  However, the limitations of these approaches have been exposed, leading 

to the necessity of alternative targeting strategies.  One such strategy leverages the 

tissue and disease specific expression of proteolytic enzymes in the extracellular space.  

There is a modest body of work devoted to the design and implementation of molecular 

devices that can be activated by proteases.  The focus of this thesis is the adaptation of 

this strategy to targeting AAV vectors.  

1.4.1 Physiological Role of Proteases 

Numerous proteases are known to regulate a plethora of physiological processes, 

including matrix turnover and remodeling, 100 blood clotting,101 extra- and intracellular 

signaling,102 immune cell extravasation and migration,103, 104 as well as endosomal 

protein degradation involved in phagocytosis and antigen display.105 

1.4.2 Significance in Cancer 

Although proteases play critical roles in normal physiology, abberant proteolytic 

activity is thought to contribute to tumor formation, angiogenesis, and metastases.106  

This can result from misregulation of protease expression or through their aberrant 
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localization and/or activity.  Altered expression of proteases from cancer cells may 

result from their altered metabolic state, often due to widespread and evolving genomic 

mutation and rearrangement.  On the other hand, modified localization and/or activity 

can result from mutations that result in truncation of regulatory domains or point 

mutations affecting their catalytic efficiency. 

MMPs are a large class of metal-dependent proteases that are found in several 

physiological processes and are almost invariably associated with cancer.  In the words 

of Egeblad and Werb106 in their essential review in Nature Reviews Cancer: 

“MMPs are upregulated in almost every type of human cancer, and their 

expression is often associated with poor survival.” 

This powerful statement summarizes the major motivations for protease targeting 

in cancer research and has led to the development of several therapeutics based on 

protease inhibitors as well as diagnostic tests using proteases as prognostic indicators.  

MMPs 2, 7, and 9 are the most frequently studied and targeted proteases, and will be 

used in this thesis to show proof-of-principle.  MMP-7 is often expressed by tumor cells, 

whereas MMPs 2 and 9 are frequently expressed by stromal cells, including 

inflammatory cells. 

1.5 Protease-Activatable Nanodevices 

1.5.1 Imaging 

Several synthetic devices have been engineered to image proteolytic activity.  Early 

substrates were designed with FRET pair quenched coumarin fluorophores that could 
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be liberated upon cleavage of a susceptible peptide sequence.107  These are still used for 

in vitro assays, but are impractical for in vivo imaging due to the high tissue absorbance 

in the blue spectrum.  Newer red- and far red-shifted imaging agents have been 

developed that are activatable upon digestion by MMPs and have been used to image 

proteolytic activity in vivo.108, 109 

1.5.2 Non-Viral Gene Delivery 

Research into developing protease-activatable non-viral vectors for gene delivery 

has been limited.  Recently, Ge et al. demonstrated non-viral MMP-activatable gene 

delivery in vitro.110  The device was based on a DNA-polyethylenimine(PEI)-gelatin B 

complex.  When the negatively charged gelatin is cleaved by gelatinase A (MMP-2), the 

complex becomes positively charged and can interact with the negatively charged cell 

membrane.   

1.5.3 Viral Gene Delivery 

Several enveloped viruses have been designed to be protease-activatable.  

Specifically, retrovirus,111-115 measles virus,116 and sindai virus,117 have been 

engineered to become infectious in the presence of extracellular proteases.  Early work 

by Russell and colleagues displayed a 53 aa receptor binding domain of epidermal 

growth factor (EGF) on the 4070A soluble unit (SU) glycoprotein of Murine Leukemia 

Retrovirus, which facilitated vector binding to EGFR expressing cells.112  The EGF 

domain was fused to the N-terminus via proteolytic linkers IGER↓ or PLG↓LWA, which 

are susceptible to cleavage by Factor Xa or MMP-2 and MT1-MMP, respectively.  
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Sequestration of vectors to EGFR prevents transduction pathway through membranous 

RAM-1 binding.  Hypothetically, during EGFR cleavage on the membrane, the virus 

transitions to becoming bound by RAM-1, after which it can proceed through the 

engineered ecotropic pathway.  Cells infected after in vitro treatment by MMP-2 or by 

addition of pro-MMP-2 into culture or by MMP-expressing HT1080 cells exhibited 

enhanced transduction.  Inhibitor studies indicated that MT1-MMP (as opposed to 

MMP-2) was mostly responsible for activation of the virus in HT1080 cell culture.  

Targeting of HT1080 cells in a co-culture with A431 cells confirmed that vector 

activation was not due to a soluble factor.  However, levels of soluble MMP-2 in vivo are 

likely much different than in cell culture, where media is replaced after 6 hours post-

infection, prohibiting accumulation of secreted molecules. 

To improve upon the protease-activatable retrovirus system, Russell and 

colleagues performed directed evolution on a library of their MLV-EGF virus, which was 

linked via 7 randomized amino acids.114  12 days of continuous selection in a co-culture 

of producer cells and HT1080-Rec-1 cells yielded arginine rich linkers.  Interestingly, 

this repeatable evolutionary outcome was purportedly a result of intracellular furin 

cleavage in the cellular export pathway. 

Several other reports demonstrated variations on protease-targeted 

retroviruses.111, 113, 115, 118, 119  However, successful tumor targeting of gene delivery 

using a protease-activatable virus has not been demonstrated in vivo via systemic 

administration.  Instead, in vivo delivery of protease-activatable viruses has been 

limited to intratumoral injection.116, 117, 120, 121  In addition, there is great concern over 
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the use retroviruses as gene delivery vectors due to infectious contaminants and 

oncogenic integration.   

At the time of writing, the only report of a non-enveloped virus imparted with 

protease-sensitivity describes an Adenovirus whose fiber knobs can be removed via 

proteolytic cleavage.122  This proteolytic cleavage was used to detarget Adenovirus 

from its natural host range – tropism which is normally conferred by fiber knob-

receptor interactions – while maintaining the fiber knob-dependent packaging 

efficiency.  To date, however there have been no reports leveraging target-associated 

proteolytic activity to engineer specificity in non-enveloped viruses. 

1.6 Conclusions 

Despite several promising vector technologies and a few clinical successes, the field 

of gene therapy will benefit from advances in vector targeting approaches. 

Directed evolution approaches sometimes yield useful vectors via random 

mutagenesis, but the search space is vast and selection pressures are difficult to 

control.  However, judiciously designed evolutionary schemes can economically and 

exhaustively search focused sequence diversity.  Accordingly, rational design can be 

honed by directed evolution, while directed evolution can help inform rational design.  

Thus, future vector design can be optimized by leveraging the advantages of both 

strategies. 

Engineering receptor-ligand interactions shows promise, but downfalls include a 

frequent lack of support for post-binding events in vector transduction and the rarity of 
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unique receptors in the intended tissue.  Protease-targeting, although in its infancy, 

offers additional layers of specificity that can be used to narrow the scope of receptor-

targeted vectors.  Additionally, the complex protease profiles of various disease states 

define rich molecular signatures that may be used to encode high orders of specificity, 

especially when used in conjunction with receptor targeting.  Furthermore, the use of 

ubiquitous receptors like HSPGs – with well supported post-binding events – in 

conjuction with in situ activation by disease-associated proteases may facilitate 

targeting of heterogeneous tumor populations with a single vector. 

The absence of any reports describing a non-enveloped protease-activatable virus 

leaves a major gap in the available vector design strategies for gene delivery.  

1.7 Thesis Overview 

This thesis describes two parallel efforts in the development of novel AAV vectors 

with a focus on encoding protease-activation.  The first, described in Chapter 2, applies 

directed evolution to explore novel structural space in the AAV capsid using random 

domain insertion.  As a proof of concept, the method is used to identify a fluorescent 

AAV-mcherry hybrid, r1c3, which may be useful in virus tracking studies.  Since 

previous genetic fusions of fluorescent proteins to AAV have resulted in 1-3 log-fold 

decreases in infectivity, r1c3 – with wt-like infectivity – is a significant advancement in 

AAV vector design.  This novel structural space may be used to guide future design of 

AAV vectors requiring large protein fusions.  Furthermore, the random insertion 

technique may find utility in future construction of protease-activatable viruses (PAVs).  
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This may be achieved through efficient searching of insertional sequence space for 

successful fusions between AAV and receptor modulating domains. 

Chapter 3 describes the development of a prototype protease-activatable AAV 

vector using rational design, a complementary approach to generating novel AAV 

vectors.  In Chapter 4, the rules of design are outlined for the construction of novel PAV 

variants, using the prototype as a reference point.  In doing so, a toolkit of vectors is 

engineered with altered specificity and sensitivity to cancer associated MMPs 2, 7, 9 

and Cathepsin K.  Collectively, this work provides a useful set of therapeutics with 

potential value in various clinical scenarios demanding genetic therapy and offering 

proteases as target biomarkers. 



Chapter 2 

Discovering New AAV Structural Space through Random Insertion 

2.1 Introduction 

Alterations to the virus capsid have been made to retarget native tropism,83, 90, 123 

map the infection pathway,124 or evade host antibody detection.56, 57, 125  Capsid 

modifications can be achieved via genetic mutation,83 chemical conjugation,124, 126 or 

non-covalent attachment.84  Of these approaches, genetic alterations have the 

advantages of relatively uniform end products, ease of production, reduced cost, and 

avoidance of potentially toxic synthetic chemicals. 

Genetic modification of AAV has been attempted, including insertion of cell-

targeting peptides 83 and fluorescent proteins.127, 128  However, these rationally 

designed vectors have seen mixed success.  For example, insertion of relatively large 

fluorescent proteins into the AAV2 capsid has been limited to the N-terminus of VP2, 

resulting in viruses that are fluorescent but display decreased infectivity.83, 127, 128  

Labor intensive and costly mutagenesis studies have been employed to create maps of 

insertion tolerant regions of the AAV capsid,31, 32, 123 but success often varies even for 

similarly sized small insertions of different primary sequence at the same capsid 

location.32  Difficulties in genetic insertion of peptides/proteins into the AAV capsid 

likely arise from the unpredictable, context-dependent nature of protein subunit 

folding. Furthermore, in contrast to monomeric protein design, genetic insertion into 
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AAV capsids must maintain efficient supramolecular assembly of the capsid, genome 

packaging, and dynamic conformational changes.35  Therefore, instead of purely 

rational design strategies, a high-throughput combinatorial method may be valuable to 

identify optimal insertion sites for the incorporation of desired peptides and proteins.  

In particular, a useful approach would be to create large diverse libraries of capsid 

genes with randomly inserted peptides followed by selection/screening to identify 

virus variants with desired phenotypic properties. 

A number of directed evolution approaches have been utilized to generate 

improved AAV vectors.56, 89-92, 129-134  For the random insertion of peptides/proteins, 

transposon-based mutagenesis has been used to build an AAV2 gene library with a 

hexa-histidine motif inserted randomly throughout the cap ORF.94  Alternatively, 

DNase-based random domain insertion is a useful complement to transposon-based 

methods as it introduces additional sequence diversity through a range of deletions and 

tandem duplications at each site of insertion.135  The DNase-based method was 

previously used to discover sites in the AAV5 capsid permissive to deletions and 

duplications.95  To date, however, there have been no reports using random insertion of 

large functional proteins into the AAV capsid. 

In this study, we used DNase-based random domain insertion to build a modular, 

functionally enriched, and easy-to-use AAV2 capsid gene library named pAAV2-RaPID 

(Random Peptide Insertion by DNase).  The platform library allows the insertion of a 

desired peptide/protein randomly throughout the VP3 region of AAV2.  We 

demonstrate the utility and power of pAAV2-RaPID by isolating a virus variant with the 
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mCherry gene genetically inserted into a capsid location never before tested for the 

insertion of relatively large protein domains.  The mCherry-AAV2 hybrid vector 

maintains high genome packaging titer, wild type-like binding to heparin, displays 

robust fluorescence, and in contrast to previous attempts of inserting fluorescent 

proteins into AAV2, exhibits no loss in infectivity.  The pAAV2_RaPID library may be a 

useful tool not only to generate enhanced AAV vectors with modified functionalities but 

to also uncover basic structure-function relationships of the virus capsid. 

2.2 Results 

2.2.1 Construction of a Random Insertion cap Library 

A library of AAV2 cap genes was constructed containing a modular DNA sequence 

randomly inserted into the VP3 structural domain (Fig. 2.1a, b).  The mCherry ORF136 - 

which was used for selection and further study in this work - was chosen as a modular 

placeholder, since its length was large enough to permit size selection during library 

cloning.  The mCherry placeholder was flanked by directional RE sites (NgoM IV and 

Kas I) to allow efficient construction of other random insertion libraries by simple 

subcloning procedures.  The resulting DNA library was transformed into E. coli and 

plated on selective media, yielding ~5 x 106 individual colonies.  After purification from 

E. coli, the plasmid library was resolved by agarose gel electrophoresis to isolate 

plasmid-mCherry hybrids containing a single insert (~30% of total band intensity) and 

to remove self-religated and non-cut plasmids.  DNA sequencing analysis of individual 

clones from the size-selected gene library reveals insertions are dispersed throughout 

VP3, with deletions and duplications occurring at sites of mCherry insertion (Fig. 2.1c).  
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Additionally, sequences were inserted in-frame at both cap-mCherry junctions 

(upstream and downstream) in 12% of the sampled variants, similar to previous 

reports 135.  Thus, a large parental library of cap genes was created with a modular DNA 

sequence randomly inserted throughout the VP3 domain, which can be easily replaced 

with sequences encoding other peptides of interest. 

Since a limited number of AAV2 mutants can be selected for traits such as 

packaging and infectivity, we investigated whether the variants having mCherry out of 

frame from VP3 could be removed from the parental gene library before performing 

selection.  To accomplish this, the ensemble of VP3-mCherry gene fusions were 

subcloned into a derivative of pInSALect plasmid to create vectors that express our 

VP3-mCherry hybrids as N-terminal fusions to β-lactamase.137  Selection in E. Coli was 

then performed to isolate in-frame VP3-mCherry variants.  DNA sequencing analysis of 

clones from the “frame-selected” library revealed 100% in-frame VP3-mCherry gene 

fusions (n = 34) (Fig. 2.1c).  Furthermore, insertion sites within VP3 were dispersed 

throughout the VP3 ORF and did not correlate with secondary structural elements, 

suggesting frame enrichment was unbiased.  The frame-selected pool of VP3-mCherry 

gene fusions was subcloned into an AAV2 expression vector, yielding the final enriched, 

modular library pAAV2_RaPID (Random Peptide Insertion by DNase) (Fig. 2.1b). 



30 
 

 

Figure 2.1  Construction of pAAV2_RaPID, a modular, enriched random 

domain insertion library.  (a) The random insertion library was constructed by 

brief DNase I treatment of a plasmid containing the cap gene, resulting in a library 

of randomly linearized vectors. After blunting by T4 DNA polymerase, a modular 

linker (mCherry ORF) flanked by unique RE sites, NgoM IV and Kas I, encoding 

small amino acids alanine-glycine and glycine-alanine respectively, was ligated 

blunt-wise into the library. The resulting cap-insert hybrids were size selected by 

excision and purification using agarose gel electrophoresis, resulting in a library 

of capsid genes with a randomly inserted linker.  These genes were then enriched 

for in-frame variants using a pInSALect derivative.137  The enriched gene pool was 

cloned into the VP3 portion (between Nco I and BfuA I sites) of an AAV2 

expression vector, yielding the pAAV2_RaPID library. (b) A scaled diagram of the 

pAAV2_RaPID library illustrates an array of random deletions/duplications at 

insertion sites of mCherry - shown below with flanking RE sites NgoM IV and Kas 
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I - throughout the VP3 ORF. The hairpin loops represent the ITRs (not drawn to 

scale) and ∆Cap indicates the region of cap deleted from the vector into which the 

library genes were cloned.  Start codons of capsid proteins VP1, VP2, and VP3 are 

indicated by bent arrows.  Nt numbering used in this study is shown, starting 

with 1 at the adenosine of the VP1 start codon, continuing with 607 at the 

adenosine of the VP3 start codon (at a Nco I site), and ending with 2205 at the 

final nt of the TAA stop codon (next to a BfuA I cut site). (c) Scaled representation 

of insertions found in sequenced clones from the pAAV2_RaPID library, aligned 

with the VP3 ORF (black arrow, nt positions in VP1 numbering). Arrows indicate 

both the direction of insert and size of deletion for each clone in the library before 

(upper, pink arrows) and after (lower, blue arrows) frame selection. *Indicates a 

duplication. The 1-dimensional scatterplot shows the distribution of all crossover 

sites (upstream and downstream, naïve and enriched). Below, structural features 

of VP3 are illustrated with arrows (sheets) and cylinders (coils). 

Collectively, our results show that we have generated a highly diverse 

combinatorial library with a modular linker sequence randomly inserted throughout 

the VP3 region of the cap gene.  Simple and efficient subcloning of alternate inserts can 

be achieved through the use of the directional NgoM IV and Kas I sites.  Furthermore, 

the frame-enriched pAAV_RaPID library increases the number of in-frame variants that 

can be included in phenotypic selection schemes that are limited in population size.  

Ultimately, this may lead to more effective directed evolution experiments when using 

random domain insertion in AAV. 

2.2.2 Selection for a Fluorescent AAV2-mCherry Hybrid 

As a demonstration of the utility of the pAAV2_RaPID library, we sought to identify 

sites in the VP3 domain of the AAV2 capsid protein that would tolerate insertion of a 

large protein domain but retain the ability to form infectious capsids.  mCherry was 

chosen as a model insertion because of its comparatively large size (26.7 kDa, ~45% 
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the size of VP3), proximity of its N- and C-termini,138 potential utility in viral trafficking 

studies,127, 128, 139 and it can be selected via fluorescence activated cell sorting (FACS). 

We reasoned that the probability of finding successfully assembled, infectious 

virions carrying the mCherry protein would be inversely proportional to the copy 

number of mCherry per capsid.  Therefore, we used a capsid mosaic approach140 in 

which the pAAV2_RaPID gene library was used to produce a pool of AAV2 hybrids with 

mCherry randomly inserted in the VP3 region of VP1 only.  To achieve this, VP2/VP3 

expression was ablated from the pAAV2_RaPID library by knocking out the major splice 

acceptor site of the cap gene.141  Thus, during virus production, only VP1-mCherry 

hybrids are expressed from the pAAV2_RaPID library.  Wild type VP2 and VP3 proteins 

were expressed in trans to allow complete assembly of the mosaic virions with all three 

VP proteins (VP1-mCherry, VP2, VP3).  To facilitate Darwinian evolution during 

selection, the AAV2 ITR sequences were placed in cis with RaPID genomes containing 

the VP1-mCherry gene library (Fig. 2.2), but left absent from the wt VP2/VP3 genes.  

Therefore, VP1-mCherry containing capsids will be packaged with their respective 

genomes, resulting in a phenotype (infectivity and fluorescence) and genotype 

(mCherry insertion site within VP1) link.   

A selection scheme was devised to isolate fluorescent AAV2-mCherry hybrids that 

retain infectivity in HEK-293T cells (referred to hereinafter as 293T cells) (Fig. 2.2, see 

Methods).  293T cells were infected with the mosaic AAV2-mCherry virus library and 

co-infected with Adenovirus to amplify successfully infectious AAV2-mCherry hybrids.  



33 
 

Cells positive for mCherry fluorescence were then isolated via fluorescence activated 

cell sorting (FACS). 

 

Figure 2.2  Selection for fluorescent VP1-mCherry hybrids.  The 

pAAV2_RaPID library was used to produce a pool of AAV2 hybrids (i) with 

mCherry inserted in the VP3 region of VP1 only, which contains the PLA2 domain 

required for infectivity; wt VP2/3 genes were supplemented in trans. (ii) A 

monolayer of HEK-293T cells were infected with the virus pool. Successfully 

infectious variants were then rescued (iii) by superinfection with Ad5. Cells were 

harvested and sorted by FACS (iv) to isolate those expressing fluorescent VP1-

mCherry proteins. DNA was extracted from the sorted cells, amplified by PCR, and 

subcloned (v) back into the VP1 expression vector, generating an enriched library 

gene pool. The selection procedure was iterated twice more using the enriched 

gene pools for a total of 3 rounds of selection. 

Infection by the naïve virus pool yielded a low percentage of mCherry positive cells 

(< 0.005%) as determined by FACS and epifluorescence microscopy (Fig. 2.3a).  

Overall, 1,460 mCherry-positive cells were sorted in the first round.  Interestingly, 

sampling of 10 clones after selection revealed a dominant wt population (data not 
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shown).  The minority mutant fraction, containing the randomly inserted mCherry ORF, 

was recovered by cloning an ampicillin resistance cassette into the upstream NgoM IV 

linker site, an RE site not present in wt genes followed by selection in E. coli.  After 

enrichment, sampling of the gene pool returned 100% mutant sequences.  Sequencing 

of 10 variants from the selected gene pool after round 1 identified two clones (r1c3, 

r1c10) with mCherry inserted into hypervariable region 5 (HVR5) of VP1.142  R1c3 

contains mCherry in place of the deleted amino acid sequence 453-GTTTQSR (VP1 

numbering), and r1c10 contains a similar deletion: 452-SGTTTQSR.   

 

Figure 2.3  Screening of fluorescent VP1-mCherry hybrids isolated after 1 
round of selection.  (a) FACS data from round 1 selection. Y-axis indicates the 

mCherry signal in relative fluorescence units (RFU). X-axis represents cell 

autofluorescence in the green spectrum. Gate in upper left quadrant defines the 

region where cells were collected during selection. (b) Clones recovered after the 

first round of selection are illustrated as in Figure 2.2. Each clone is represented 

by a pink arrow that indicates the region of VP3 deleted at the site of mCherry 

insertion.  Clone r1c3 is marked with an asterisk. A similarity plot is shown 

below, indicating the regions of VP3 that are conserved across AAV serotypes 1-

12, generated from an alignment in VectorNTI. Scale bar at left indicates percent 

similarity.  Note r1c3 lies in a wide valley of the similarity plot located at the 

GH2/3 loop. 
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Subsequent rounds of selection resulted in an increased mCherry-positive 

frequency in FACS measurements (~0.04%).  However, sequencing of selected RaPID 

variants indicated convergence on large deletions at sites of insertion in VP1, averaging 

488 amino acids by the third round (data not shown).  Thus, under the given selection 

pressures, the virus gene pool appears to have reached its optimum after the first 

round of selection. 

2.2.3 Detection of mCherry in the Capsid of r1c3 

The two selected clones harboring mCherry within HVR5 of VP1 differ by only one 

deleted residue, so we focused on characterizing the properties of only one of these 

mutant clones, r1c3.  Western blot analysis of the purified mutant indicates wt-like 

stoichiometric incorporation of the VP1-mCherry protein into the virus capsid (Fig. 

2.4a).  Several additional protein bands are observed that stain positive for mCherry 

and VP-specific antibodies, suggesting either mild proteolysis or alternate translation, 

but the full-length VP1-mCherry protein appears to be the dominant VP1 species.  To 

detect the presence of mCherry directly on assembled virus capsids, we used 

immunoelectron microscopy to obtain high resolution images of the AAV2-mCherry 

virions (Fig. 2.4b).  Immunostaining of r1c3 with a polyclonal mCherry antibody 

resulted in successful labeling of the capsid.  Wt AAV2 capsid control samples were not 

labeled under identical conditions.  These results provide two lines of direct evidence 

that mCherry is incorporated into the VP1 subunit and is displayed on the capsid 

surface of the r1c3 clone. 
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Figure 2.4  Characterization of r1c3.  (a) Western blot analysis of clone r1c3. 

Staining with B1 (left panel), which binds the C-terminus of VP1/VP2/VP3, shows 

a typical pattern for wt AAV2.  In comparison, B1 staining shows normal VP2/VP3 

expression for r1c3 with a higher molecular weight VP1-mCherry hybrid protein 

(●), confirmed by mCherry (mCh) and A1 staining (middle and right panels, 

respectively). A fragment sized similarly to wt VP1 was also seen in r1c3 by B1 

staining (○; left panel), but appears positive for mCherry staining (middle panel).  

Additionally, r1c3 showed a lower molecular weight band (▲) with B1 and 

mCherry staining that was negative for A1, likely a C-terminal proteolytic 

fragment. These and additional bands in the blots may indicate mild proteolysis 

of r1c3, but the full-length VP1-mCherry chimera appears to be the dominant VP1 

species. (b) Immunoelectron microscopy of r1c3 demonstrates incorporation of 

the VP1-mCherry protein into the capsid. Transmission electron micrographs 

were taken after staining with a polyclonal mCherry antibody followed by a 

secondary antibody conjugated to gold nanoparticles (12 nm, black dots). Wt 

AAV2 is shown at right under identical staining conditions.  Mutant r1c3 is shown 

as an empty (left panel) and full (middle panel) capsid, both containing VP1-

mCherry chimeric proteins. Scale bar = 20 nm. (c) Affinity chromatography shows 

r1c3 retains affinity for heparin, the primary cell surface receptor for AAV2. qPCR 

analysis (top panel) of eluates with increasing NaCl show wt AAV2 (black bars) 

and r1c3 (grey bars) both elute in peak fractions near 500 mM NaCl. Error bars 

indicate standard deviation from three (wt) or two (r1c3) independent 

experiments. Western blot analysis (bottom panel) of samples run under non-

reducing conditions, stained with B1, verifies presence of capsid subunits in 

elutions. 
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Figure 2.5  Mosaic AAV2-mCherry mutant r1c3 is fluorescent and 
internalizes into HeLa cells.  HeLa cells were infected at an MOI of 7 x 105 

VG/cell for 6 hours at 37 °C, fixed and stained with DAPI. The negative control 

(left column) is cells only. Confocal imaging reveals a punctate signal in the 

mCherry emission spectra (red) throughout the cytoplasm.  DAPI (blue) marks 

cell nuclei. Scalebar = 10 μM. 

2.2.4 R1c3 Displays Native Infectivity and Robust Fluorescence 

To establish how mCherry insertion influences the functional properties of AAV2, 

we characterized the binding and infectivity of the mosaic capsids built using the 

mCherry-VP1 hybrid r1c3.  First, we evaluated the binding affinity of r1c3 for its 

primary cell surface receptor, HSPG, using heparin-sepharose column chromatography 

(Fig. 2.4c).  Affinity of AAV for heparin is correlated with the salt concentration 

required to disrupt ionic interactions, thus eluting virions from the heparin column.  
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Our results indicate the mutant retains wt-like affinity for heparin, since both samples 

display similar elution profiles with peak fractions near 500 mM NaCl. 

To determine if mutant r1c3 particles are able to bind cells and become 

internalized, the mosaic virus was added to a monolayer of HeLa cells (Fig. 2.5).  

Confocal microscopic examination reveals a punctate mCherry signal throughout the 

cytoplasm, indicating successful internalization and fluorescent properties of the VP1-

mCherry hybrid capsid. 

To compare the infectivity of mosaic capsids containing the AAV2-mCherry hybrid 

with native AAV2 capsids, the r1c3 capsid was packaged with a CMV-GFP transgene 

reporter and applied to HeLa cells, followed by flow cytometric analysis.  As a control, 

virions assembled from VP2 and VP3 only were packaged with the identical GFP 

reporter (VP2/3-GFP) and applied at the same MOI.  As expected, negligible 

fluorescence was detected by flow cytometry for the VP2/3-GFP virions (Fig. 2.6).  

Remarkably, the r1c3 VP1-mCherry hybrid fully restored infectivity of the VP2/3 

particles to levels comparable to wt.  Collectively, our results indicate the r1c3 mutant 

maintains wt-like affinity for heparin, is internalized into cells in vitro and displays 

robust mCherry fluorescence with no loss of infectivity. 
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Figure 2.6  The r1c3 mutant transduces HeLa cells with wt efficiency.  (a) 

Western blot analysis shows the expression of VPs in mosaic r1c3 produced with 

a 1:1 molar ratio of VP1-mCherry:VP2/VP3 helper plasmids. VP2/3 capsids 

packaged with a GFP transgene show no expression of VP1. (b,c) HeLa cells were 

transduced at MOI = 2000 and analyzed by flow cytometry after 36 hours. 

Transduction is visualized by epifluorescence microscopy (c) and quantified by 

flow cytometry (b). The incorporation of VP1-mCherry in r1c3-GFP completely 

recovers infectivity compared to wt, while VP2/3 only virions display negligible 

transduction. Each transduction was performed in triplicate (n=3), with error 

bars indicating standard deviation. *p-value < 0.001. Scalebar = 10 μM. 
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2.2.6 Structural Modeling of r1c3 

To visualize the mCherry-capsid hybrids, molecular modeling was performed by 

our collaborators Mavis McKenna-Agbandje and colleagues at the University of Florida 

(Fig. 2.7).  Based on modeling analysis and prior studies of the GH2/3 loop,32, 123, 143 the 

structural effects of insertion into HVR5 (surface loop IV) on the capsid should be 

tolerated.144  This loop is on the surface of the capsid at the tips of the three-fold 

protrusions that extend from the surface of the AAV capsid.  Interestingly, the 

positioning of mCherry on the AAV2 capsid in the r1c3 model containing randomly 

placed mCherry-cap hybrid subunits (Fig. 2.7c) bears a remarkable resemblance to the 

immunoelection micrographs of this mutant (Fig. 2.4b). 

 

Figure 2.7  Molecular modeling of AAV2-mCherry hybrid r1c3.  (a) VP3 

(green) with inserted mCherry (red) as a monomer; symmetry axes are labeled as 

triangle (3-fold), pentagon (5-fold), and oval (2-fold). (b) A special pentamer in 

the context of the capsid (blue) showing the VP3-mCherry subunit in green-red. 

(c) A ribbon diagram showing 5 VP1-mCherry monomers randomly placed in the 

context of the capsid (blue). 
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2.2   Discussion 

We have built a modular, diverse, and easy-to-use AAV2 capsid gene platform 

library, named pAAV2-RaPID (Random Peptide Insertion by DNase).  Using this library, 

a DNA sequence encoding a desired peptide can be quickly and efficiently inserted 

randomly throughout the AAV2 cap gene.  Selection can then be performed to identify 

insertion location and deletion/duplication combinations that are ideal for the desired 

peptide. 

We demonstrated the utility and power of our library system by inserting mCherry 

into the AAV2 capsid.  Previous work by others have successfully generated fluorescent 

AAV capsids but at the expense of curbed infectivity. Warrington et al. inserted the 30 

kD green fluorescent protein (GFP) into the N-terminus of VP2 after residue T138.127  

Incorporation of the VP2-GFP fusion protein into capsids with wt VP1 and VP3 was 

achieved, but at the cost of a greater than 3 log decrease in infectivity.  Lux et al. also 

fused GFP to the VP2 N-terminus, but AAV variants still experienced infectivities that 

were 1 to 2 lower than wt.128  Supplementation with wt VP2 improved transduction, but 

particle-to-infectivity ratios were on average still 2-fold worse than wt AAV2 and 

presumably with a reduced fluorophore:capsid labeling ratio.  Hence until now, N-

terminal fusions to VP2 with reduced infectivity have been the only option for the 

genetic incorporation of fluorogenic or other large proteins into the AAV capsid.  

Remarkably, through the use of our pAAV2-RaPID library, we were able to generate an 

AAV2 mutant with mCherry inserted into the VP2/3 common portion of VP1, which 
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assembles the T=1 capsid, characterized by robust fluorescent properties and no loss of 

infectivity. 

mCherry was selected for random insertion into the AAV2 capsid for several 

reasons.  First, the mCherry protein is relatively large (~27 kDa) compared to a VP 

subunit (~62 kDa for VP3), thus we hypothesized that successful insertion into the VP3 

domain would be a difficult design challenge.  Practically, the fluorescent properties of 

mCherry provide a simple and high-throughput means of screening clones via FACS.  As 

a fluorophore, mCherry offers several advantages over other genetically encoded 

options.  It has long excitation and emission wavelengths (587 and 610 nm, 

respectively) which may be useful in deep tissue imaging.139, 145  Genetic fusion of 

mCherry to Adenovirus has recently been used to monitor in vivo viral replication 

during conditionally replicative adenovirus CRAD therapy.139  In contrast to synthetic 

dyes, directed evolution techniques can be used to fine tune the properties of 

fluorescent proteins.145, 146  Therefore, continuous improvements in protein 

fluorophores are being made and their utility for in vivo applications appears 

promising.139, 146-149 

Although other approaches to generate labeled AAV capsids have been 

demonstrated, genetic incorporation offers several advantages, such as ease of 

production, reduced cost and simpler purification.  As pointed out by Buning and 

colleagues,128 synthetic dye labeling is labor-intensive, inefficient, and vector impurities 

can be problematic if they are fluorescently labeled.  Radiolabeled capsids have been 

used for in vivo imaging,150 but obvious drawbacks include potential healthrisks.  
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Biotinylated AAV vectors151 can be conjugated to other molecules via high affinity (Kd 

~ 10-15M) biotin-avidin interactions, but tetrameric avidin is itself a very large protein 

(63 kDa).  Monomeric avidin is smaller (~16 kDa), but the affinity is several orders of 

magnitude lower (Kd ~ 10-7 M)152 and, thus, may not be suitable for conjugation.  

Stachler et al. demonstrated an alternative to avidin-mediated attachment by in vitro 

conjugation of a keto-biotin analog to a genetically inserted biotin acceptor peptide 

(BAP) using recombinant biotin ligase.153  The ketone group acts as a site-specific 

reactive group for chemical modification.  However, genetic insertion of BAP onto the 

surface of the AAV2 capsid with the maintenance of native infectivity has yet to be 

demonstrated.151  The random insertion library presented here may in the future be 

useful to identify novel sites for biotinylation while preserving desired functional 

features, such as infectivity, of the virus capsid.  

The library selection scheme used in this work takes advantage of a mosaic capsid 

approach in order to accommodate the large mCherry protein on the capsid while 

maintaining genome packaging and infectivity.  VP1 was selected to harbor the 

randomly inserted mCherry throughout the VP3 shared region, since it is required for 

infectivity (Fig. 2.6b).154  Wt VP2 and VP3 were supplied in trans, such that resulting 

library virions would only be infectious if they successfully incorporated the VP1-

mCherry hybrid into the capsid. This was a critical step to ensure that selective 

pressure was placed on the requirement to assemble infectious virions with the VP1-

mCherry hybrid.  With the emergence of large deletions in the first round of selection 

(Fig. 2.3b) and convergence in later rounds, the pressure to assemble genome-

containing VP1-mCherry hybrids may have been counteracted by the requirement to 
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maintain the genome packaging limit of AAV2 (~5.2 kb).155  Since addition of the 

mCherry ORF (~0.7 kb) to the full-length AAV2 genome (~4.7 kb) puts the chimera just 

over the packaging limit, this selection pressure may have been difficult to satisfy.  

Recovery of oversized clones such as r1c3 was likely due the packaging of partial 

genomes containing the full-length cap gene.155  Isolation of viral clones with large 

genome deletions suggests the inclusion of wt VP2/VP3 in trans may have rescued 

defunct library genes during production, as VP2/VP3 alone are capable of assembly and 

packaging (Fig. 2.6a).154  The infectivity of VP2/VP3 capsids, in the absence of the VP1-

unique PLA2 domain, is several orders of magnitude lower than VP1-containing virions.  

However, isolation of defunct virus capsid genes with massive deletions even in the 

first round of selection suggests the nominal infectivity of VP2/VP3 capsids was 

sufficient to deliver the defunct VP1-mCherry genes into 293T cells.  Presumably, many 

of the genome variants containing large deletions, though not competent to assemble 

capsids, were able to express mCherry and, thus, sorted via FACS.  Although this 

directed evolution study was successful at identifying a functional mutant, the selection 

scheme used here may be improved in future studies by reducing total genome size.  

For example, this may be achieved by deleting portions of rep in library genomes and 

delivering full length rep copies in trans during replication.  This may help balance the 

selective pressures in favor of functional VP1 hybrids. 

Despite the occurrence of off-target selective pressures, two successful clones, r1c3 

and r1c10, were isolated after just 1 round of selection.  Mutant r1c3 was chosen for 

further analysis because the insertion was located in a region of low sequence 

homology with serotypes 1-12 (Fig. 2.3b).  This site was identified from sequence 
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alignments as hypervariable region 5 (HVR5),142 located in the GH2/3 loop,30 and is 

known to tolerate mutation.32  However, the tolerance of this site to insertion of a large 

protein domain has not been demonstrated previously.  To our knowledge, the largest 

protein successfully inserted into any crystallized region of the AAV2 capsid protein 

has been limited to the 34 amino acid Z34C immunoglobulin binding domain, which 

was placed after residue N587 in the GH12/13 loop.156  Interestingly, the packaging 

efficiency of this mutant was affected by more than an order of magnitude, but this was 

recovered by deleting 9 amino acids (581-589) at the site of insertion.  This previous 

result supports the use of DNase-based random insertion libraries as demonstrated 

here, where deletions normally accompany insertion locations.  Later work from Gigout 

et al.157 demonstrated a mosaic approach to incorporate the Z34C peptide with 

improved packaging efficiency.  In our work, we confirm the utility of mosaic capsid 

approaches in combination with random insertion by inserting a significantly larger 

protein by almost an order of magnitude: mCherry (240 aa) versus Z34C (34 aa).  

Taken together, our pAAV2_RaPID library approach identified the GH2/3 loop of the 

AAV2 capsid as a region tolerant to large protein insertion. 

Binding of heparan sulfate (HS) proteoglycans is an important event in the life cycle 

of AAV2, as it has been shown to induce conformational changes in the capsid 

structure158 and is the primary cell binding step during infection.74  Although the main 

HS binding region on the capsid sits in the valley between the 3-fold spikes,62 directly 

below the inserted mCherry protein, r1c3 retains high affinity for heparin (Fig. 2.4c).  

This result is consistent with HS chains being long and flexible enough to find their way 

around a potentially sterically impeding mCherry appendage. Alternatively, HS 
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interactions with HS binding domains free of mCherry may be sufficient to achieve wt 

affinity, in agreement with the reported non-linearity of HS binding by mosaic capsids 

composed of varying ratios of capsid subunits from HS-positive and HS-negative 

serotypes.159  Furthermore, the folding of mCherry and its linking sequences may 

provide enough flexibility or steric access to allow unimpeded interactions with HS 

binding sites, as supported by the model (Fig. 2.7).  Remarkably, r1c3 maintains full 

infectivity similar to wt AAV2 capsids.  This result suggests that the AAV2-mCherry 

hybrid may also maintain wt interactions with its co-receptors and follow a similar 

intracellular pathway, although we cannot rule out at this time that r1c3 may follow an 

alternative intracellular pathway with similar efficiency.  Overall, the retention of wt-

like heparin binding and infectivity by the VP1-mCherry hybrid virus is a clear 

demonstration of the potential utility of the pAAV2-RaPID library for constructing virus 

nanoparticles with large protein-VP hybrids.   

2.2.7 Enriching Evolution through Frame Selection 

Nuclease-based methods of non-homologous recombination can be useful for the 

identification of novel protein functions from two heterologous domains,135, 160 but 

construction of highly diverse libraries with these techniques may be difficult to 

achieve due to low ligation efficiencies.94  Transposon-based random insertion libraries 

may be simpler to construct using commercially available kits,94 but they are absent of 

deletion/duplication diversity that may be useful for insertional mutagenesis.  For 

example, it has been shown that partial deletions of the AAV capsid sequence may allow 

for better tolerance of some insertions.156, 161  Despite reported low efficiencies, we 
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have achieved a highly diverse DNase-based random insertion library (2 x 106 

individual colony forming units, CFU) in the AAV cap gene.  To achieve modularity, 

directional restriction enzyme (RE) site linkers (NgoM IV and Kas I) were chosen that 

encode small amino acids (alanine-glycine and glycine-alanine) whose side chains are 

less likely to influence the structure of cap-insert hybrids. Thus, future peptide inserts 

only need to be flanked by these two RE sites, and can be directionally cloned with high 

efficiency.  Importantly, frame-enrichment was performed using the unbiased 

pInSALect system, ensuring the maintenance of full in-frame diversity after 

enrichment.137  Taken together, we have created a diverse random insertion plasmid 

library that has already been selected for proper VP expression and can be used to 

insert desired peptides throughout the AAV2 capsid. 

The concentration of in-frame diversity by removing the high percentage (~94%) 

of frame-shifted variants may help avoid disturbing effects of random drift in directed 

evolution experiments using pAAV2_RaPID.    This may be especially important during 

early rounds of selection where the population size is small (~1 x 107 transfected cells) 

compared to the genetic diversity (~3.5 x 105 for the naïve library) and may help avoid 

the stochastic extinction of library members that contain desirable phenotypic traits.  

For example, consider a non-enriched VP3 random domain insertion library of ~3.5 x 

105 possible variants (1600 nt insert positions x 110 deletion/duplication sizes x 2 

insert orientations).  If one gene variant of the 3.5 x 105 possibilities encodes a capsid 

protein with the desired properties, but is under-represented 10-fold by chance, then 

the desired mutant will be found in 1 out of every 3.5 x 106 individuals.  During virus 

production, if ~1 x 107 cells are transfected, each with a single library gene (an 
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individual), then under binomial sampling without replacement the probability of 

generating the desired mutant in one or more producer cells is 0.813 where the 

probability that the mutant will be lost (extinct) is ~20%.  If only 1 x 106 cells are 

transfected, the desired mutant will be lost at a rate of 98%.  However, for the frame-

enriched pAAV2_RaPID library, the number of possible variants is reduced to 2 x 104 

(533 amino acid positions x 37 amino acid deletion/duplication sizes x 1 insert 

orientation) individuals after removing frame-shifted variants.  In this case, for a single 

variant out of 2 x 104 possible mutants, underrepresented 10-fold as in the non-

enriched example, the probability of extinction during library production is only 5% for 

1 x 106 transfected cells and essentially 0% for 1 x 107 transfected cells.  The same 

principle can be applied to downstream cloning processes where alternate peptide 

encoding sequences are inserted into the pAAV2_RaPID library. In this case, using the 

frame-enriched pAAV2_RaPID library reduces the number of colony-forming units (by 

18-fold)135 that must be obtained to minimize the probability of losing desired variants 

to sampling effects (or 'random drift’).  Thus, the enriched pAAV2_RaPID library may 

increase the chance of successful directed evolution experiments with random domain 

insertion into AAV VPs. 

2.3 Conclusions 

In summary, we have constructed a modular, diverse and enriched random 

insertion library, pAAV2_RaPID.  The library can be used for the facile insertion of 

desired peptide domains randomly throughout the AAV2 capsid gene, followed by 

selection for optimal sites within and near known HVRs.  We demonstrated the utility 
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of the pAAV2_RaPID library by identifying a novel mCherry-AAV2 hybrid containing the 

largest reported protein insertion in the VP3 domain.  Strikingly, in addition to 

producing high titers, the hybrid virus vector retains full infectivity and displays robust 

fluorescent properties.  This fluorescently labeled AAV2 variant may prove useful in 

further elucidating mechanisms of viral infection and pave the way for the combination 

of imaging and therapy in AAV-mediated gene delivery.   

Beyond virus tracking studies, the successful insertion of mCherry into the surface 

of the AAV2 capsid without affecting virus infectivity has important implications for 

future vector design with other protein domains once thought too large to incorporate 

into AAV.  For example, AAV-antibody fusions – which offer modular specificity in 

receptor targeting – using the VP3 domain fusion site identified here may improve 

capsid packaging and/or infectivity compared to N-terminal fusions previously 

reported.  Furthermore, the random insertion method may be useful in the isolation of 

novel protease-activatable AAV vectors by identifying optimal sites for insertion of 

receptor modulating domains. 



Chapter 3 

Rational Design of a Protease-Activatable Virus (PAV) 

3.1 Introduction 

Despite several published works describing protease-activatable retroviruses (see 

section 1.5.3), there has been no report of a protease-activatable gene vector based on a 

non-enveloped virus.  This may be due in part to the conformational limitations 

imposed by the rigid structure of protein capsids, in contrast to lipid envelope proteins, 

which are known to be more tolerant to large structural alterations.  The following 

body of work is devoted to the design of protease-activatable viruses (PAVs) based on 

AAV. 

The strategies used in previous studies of retroviruses, where large steric blocking 

domains were fused to envelope glycoproteins, are unlikely to be translatable to the 

tightly packed icosahedral AAV capsid.  In Chapter 2, we demonstrated the ability to 

assemble AAV capsids displaying large functional domains near the heparin binding 

domain (HBD).  However, we found that wt-like receptor interactions and infectivity 

were preserved, presumably due to the compensatory activity of the free HBDs.  

Efficient modulation of AAV-receptor interactions will require the attachment of 

protease-cleavable domains that interfere with heparin binding at all 20 HBDs across 

the capsid.  This is unlikely to be achieved via genetic fusion of large protein domains 

due to steric hindrance. 
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Alternatively, we have developed a platform technology based on the use of a small, 

modular peptide device – a PAV lock – which can modulate transduction of AAV by 

proteolytic processing. 

 

 

Figure 3.1  Design of a protease-activatable AAV vector.  A small peptide lock 

is inserted into the capsid proteins with the intention of blocking cell receptor 

binding. The peptide can be cleaved by cancer-related MMPs (at the underlined 

recognition sequence, where the arrow indicates the scissile bond), releasing the 

locks and allowing the unlocked vector to bind and transduce target cells in the 

tumor microenvironment. 
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3.2 Design Considerations 

To achieve an operational peptide lock, we consider three major design 

requirements.  First, insertion of peptide locks must ablate interaction of the virus 

capsid with cell surface receptors.  Second, cleavage motifs must be surface exposed 

and accessible to target proteases, as well as exhibit optimal cleavage kinetics.  Third, 

after proteolysis of the cleavage motifs by the target enzyme, the virus capsid must 

regain the ability to bind cell surface receptors.  Ideally, the peptide lock platform 

would be extensible to other serotypes or mutants with altered base tropisms, such 

that protease targeting can be used for cancers expressing different cell surface 

markers. 

3.2.1 The PAV Lock 

The PAV lock platform we developed utilizes a tetra-aspartic acid motif (D4), which 

interferes with electrostatic interactions of negatively charged cell surface 

glycoproteins, such as HSPGs (Fig. 3.1).  The D4 motif is flanked by proteolytic cleavage 

motifs, connected by a flexible glycine on each side.  The lock contains NgoM IV and Kas 

I restriction endonuclease sites, which encode small amino acids - glycine and alanine - 

and make it compatible with the RaPID platform (see section 2.2.1).  The lock is 

designed to be activated by proteases that cleave the susceptible motifs, thus releasing 

the electrostatic receptor blocking motif, D4. 

The lock leaves several residues behind on the capsid after cleavage.  This may 

affect receptor binding, depending on their identity, the scissile bond, and the capsid 

location where the lock is inserted.  Thus, careful selection of protease cleavage motifs, 
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linking sequences and other parameters may be used to tune the properties of the PAV 

lock. 

3.2.2 Capsid Site Selection 

In order to fulfill the first design criterion, disruption of virus-receptor interactions, 

the lock must be inserted near the receptor binding domain.  In the case of AAV2, the 

HBD has been mapped to the inter-spike depression at the three-fold axis of 

symmetry.62  This domain is a quaternary structure comprised of three sets of 

intercalating loops from different subunits.  Each loop, GH2/3 and GH12/13, are 

hypervariable regions142 and are tolerant to mutation (see section 1.2.2).  A sequence 

alignment of the capsid sequences of homologous serotypes 1-12 illustrates the 

variability that is tolerated in these loops (Fig. 3.2).  Thus, due to their proximity to the 

HBD and their tolerance to insertional mutagenesis, these loops were chosen as 

candidate sites for insertion of the PAV lock. 
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Figure 3.2  Site selection for prototype PAVs.  (a) Sequence alignment (Vector 

NTI) of serotypes 1-12 illustrate the sequence variability, and thus tolerance to 

mutation of sites 453 and 586. (b) Molecular model of the HBD at the 3-fold axis 

of symmetry.  Arrows indicate the approximate location of insertion sites after 

residues 453 (indicated by gold residue) and 586. Note 586 insertions lie inside 

3-fold depression where heparin binds,62 whereas 453 lies just outside. (c) 

Molecular model of the predicted capsid trimer with PAV locks (red) inserted into 

the 586 position (obtained from Mavis McKenna-Agbandje and colleagues at 

University of Florida). 

453-PAV: Failure to Block Heparin Binding 

The first site we chose to insert the PAV lock was after amino acid residue G453 

(mutant named 453-PAV), at the tip of the outermost spike on the GH2/3 loop in 

hyervariable region 5 (HRV5).  This site was selected because of its potential to meet 

the first design requirement and the likelihood it would fulfill design requirements 2 
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and 3.  Since G453 lies at the outermost radius of the capsid surface, it is least likely to 

cause steric hindrance to targeted proteases. 

In the initial design process, there was concern that the PAV lock residues left 

behind after cleavage would interfere with the return of heparin binding capabilities 

after proteolytic activation.  Since G453 hovers just above the heparin binding density 

identified by Chapman and colleagues, the PAV lock residues that remain after 

proteolytic cleavage are unlikely to affect receptor binding in the activated PAV (Fig. 

3.2).62  However, it was hoped that the proximity of the lock to the HBD would be 

sufficient to interfere with AAV-receptor interactions before proteolytic activation. 

As expected, effective assembly and packaging of the 453-PAV was achieved and 

the PAV lock was susceptible to cleavage by MMP-7 (Fig. 3.3).  However, design 

requirement 1 was not fulfilled, as heparin binding was not effectively blocked in the 

uncleaved state (Fig. 3.4); thus, the vector was not “locked” via insertion of the PAV 

lock domain.  Consequently, it appears that the 453 site is too distal from the receptor 

binding pocket in order to modulate receptor binding and the generation of a successful 

PAV will need a more aggressive insertion deeper into the heparin binding pocket. 
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Figure 3.3  Prototype PAVs assemble capsids and are susceptible to 
proteolytic cleavage.  Western blot of iodixanol-purified PAVs indicates 

successful assembly and packaging of capsids.  Staining with B1 (c-terminal 

epitope) shows the c-terminal fragment of VPs after treatment with MMP-7 or a 

sham buffer.  The truncated VPs migrate according to the expected molecular 

weights after cleavage of the PAV lock at the each position, 453 and 586, but the 

wt is unaffected. 

586-PAV: A Working Prototype 

In our second attempt to create a working PAV, we inserted the same PAV lock 

sequence (Fig. 3.1) after amino acid residue G586 (mutant named 586-PAV; Fig. 3.2).  

Insertion after G586 places the PAV lock into the 3-fold depression between critical 

heparin binding residues R585 and R588, increasing the likelihood it will disrupt AAV-

heparin interactions.  Despite the lower elevation of position 586 with respect to the 

center of the capsid, it remained accessible to cleavage by MMP-7 (Fig. 3.3).   



57 
 

 

Figure 3.4  Protease-activatable receptor binding by PAV prototypes.  (a) wt 

elutes from heparin affinity column in high salt after treatment by MMP-7 (red 

bars) or a sham buffer (grey bars), indicating it retains high affinity for its 

primary receptor independent of treatment condition. (b) 453-PAV behaves 

similarly to wt, with elution peaks at high salt under either condition. (c) 586-PAV 

displays protease-activatable receptor binding, as it has low affinity until it is 

treated with MMP-7. 
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Figure 3.5  Protease-activatable cell transduction by 586-PAV is heparin 
dependent.  PAVs were treated with recombinant MMP-7 (100 nM) or a sham 

buffer at 37 degrees for 12 hours.  (a) 293T cells (carrying CMV-GFP) were 

transduced at an MOI of 10,000 VG/cell and images taken after 48 hours.   (b) 

Heparin competition assay. Treated 586-PAV (carrying a scCMV-GFP) samples 

were incubated with indicated concentration of soluble heparin prior to 

transduction of 293T cells (MOI = 1,000 VG/cell).  Flow cytometry was used to 

quantify the percentage of GFP-positive cells after 60 hours. The reduction of 

gene expression from the activated PAV indicates the mechanism of PAV cell 

entry is mediated by AAV-heparin interactions (n=2, error bars do not extend 

beyond data markers).  

Insertion of the PAV lock after G586 resulted in successful ablation of heparin 

binding, thus creating the first locked PAV prototype.  Remarkably, heparin affinity was 

restored after cleavage by MMP-7 (Fig. 3.4).  In contrast, the wt virus retained high 

affinity for heparin, regardless of treatment condition.  In order to determine whether 

the modulation of heparin interactions translates to protease-activatable cell 

transduction, the protease-treated 586-PAV, carrying a CMV-GFP transgene, was added 

to a monolayer of HEK293T cells (Fig. 3.5a).  Fluorescence micrographs indicate a 
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striking increase in gene delivery after treatment by MMP-7 compared to a sham 

control.  A heparin competition assay confirmed that the PAVs are infecting cells via 

HSPG receptor binding (Fig. 3.5b). 

At the time of writing, this is the first successful engineering of proteolytic 

activation in a non-enveloped virus.  Here, we have demonstrated that protease-

activation can be achieved using small peptides inserted into the tightly packed AAV 

capsid.  Additionally, we have shown that the insertion site is critical to proper 

operation of the PAV lock.  Specifically, we have found that insertion close to critical 

receptor binding residues is necessary to ablate virus-receptor interactions.  The effect 

of other parameters can now be explored using this working prototype as a reference 

point. 

3.3 Clinical Value of PAVs 

Thus far, we have shown that our prototype 586-PAV exhibits protease-modulated 

gene delivery in HEK293T cells.   Despite this notable advancement, HEK293T cells are 

a poor model for clinical disease.  Therefore, in order to demonstrate the utility of PAVs 

in gene therapy, we tested the PAV in several cancer cell lines.  In all cell lines tested, 

we observed a substantial increase in cell transduction upon protease activation (Fig. 

3.6).  Notably, two triple negative breast cancer (TNBC) cell lines – BT549 and MDA-

MB-231 – were also susceptible to protease-triggered transduction by 586-PAV.  This is 

a significant finding, since TNBCs are notoriously difficult to target due to the lack of 

specifically upregulated targets – Her2, estrogen receptor, and progesterone receptor – 

found on many other subtypes of breast cancer.  Additionally, these cell lines have been 
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used to model invasive breast cancer and are thought to express proteases in vivo162-164  

Specifically, it is believed that the upregulation of MT1-MMP is used to activate latent 

MMP-2 – which may be secreted by tumor stromal cells.  Taken together, these results 

suggest that the 586-PAV may have viable therapeutic value in protease-expressing 

tumors in vivo. 

 

Figure 3.6  Protease-controlled transduction in multiple clinically relevant 
cancer cell lines.  586-PAV was treated with MMP-7 or a sham condition and 

then applied to cell lines modeling ovarian (HeyA8), prostate (PC3), and triple-

negative breast (MDA-MB-231 and BT549) cancer. MOIs are indicated. MMP-7 

treatment drastically increases the transduction efficiency in each cell line. 

3.3.1 Targeting Ovarian Cancer In Vivo 

Thus far, we have shown that protease-activatable transduction can be engineered 

in AAV vectors in vitro.  In order to determine their utility in vivo, we chose an 

orthotopic murine ovarian cancer model based on the human HeyA8 ovarian cancer 
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cell line.  This model was selected based on the promising in vitro transduction results 

(Fig. 3.6).   

 

Figure 3.7  Promising in vivo tumor targeting by 586-PAV.  586-PAV or wt 

capsids carrying a scCMV-GFP transgene were administered to HeyA8 tumor 

bearing mice via retro-orbital injection (6x1010 VG/mouse; n = 3 animals per 

treatment). eGFP expression (normalized to 18s rRNA) was quantified by qPCR 

from harvested tissues at one week post-injection. (a) 586-PAV increased gene 

expression in the tumor 13-fold, whereas gene expression decreased by 5-fold in 

the liver and by 3-fold in spleen (p-values for a one-tailed t-test are indicated 

below each tissue). (b) Quantification of gene expression in other tissues revealed 

high off target heart expression. 

HeyA8 cells were administered via IP injection and wt or PAV-586 vectors (6x1010 

viral genomes (VG)/mouse, carrying a scCMV-GFP transgene) were injected retro-

orbitally after 2.5 weeks.  After 1 week, gene expression was analyzed from harvested 

tissue via qPCR (Fig. 3.7a).  The initial results were promising, as we observed that 

586-PAV reduced gene expression in the liver by 5-fold (p = 0.013) and in the spleen by 

3-fold (p = 0.086), while increasing tumor expression 13-fold (p = 0.072) compared to 

the wt.  However, there was an unexpected 55-fold increase in heart expression (Fig. 

3.7b).  It is possible that the heart transduction by 586-PAV was a result of protease 
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activation in the tumor and subsequent transduction during venous return to the heart.  

However, when tumor-free mice were injected with the 586-PAV vector, we saw a 

dominant heart signal consistent with the tumor-bearing mice (Fig. 3.8).  Thus, it is 

unlikely that tumor-based protease activation played a significant role in the heart 

targeting of 586-PAV. 

 

Figure 3.8  In vivo heart targeting by 586-PAV is tumor-independent.  586-

PAV was injected retro-orbitally into 2 tumor-free mice (6x1010 VG/mice) and 

gene expression was quantified at 1 week post-injection. Consistent with the 

results seen in tumor-bearing mice, 586-PAV exhibited strong heart expression 

compared to all other tissues examined. 

At this point, the mechanism behind the newfound heart targeting by 586-PAV is 

unclear.  A previous report by Kern et al. found that the AAV2 double arginine mutant 

R484E/R585E, defective in heparin binding, showed a reduction in liver targeting with 

a concomitant 10- to 15-fold increase in heart gene expression.34  Therefore, it is 

possible that the reduction in heparin binding by the locked 586-PAV resulted in heart 

targeting through an alternative receptor. 
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3.4 Conclusions 

We have engineered an AAV vector whose cell surface receptor binding and 

transduction ability is activated by a cancer-associated extracellular protease.  

Protease-activatable transduction was demonstrated in vitro in several cell lines, 

including triple negative breast cancer cells.  Although the off-target heart gene 

expression in our preliminary in vivo studies was unexpected, the 13-fold increase in 

tumor expression is encouraging.  It may be possible in future work to regulate the off-

target gene expression transcriptionally through the use of tissue-specific promoters, 

while leveraging the increase in tumor expression demonstrated by the 586-PAV.  

 



Chapter 4 

Uncovering the Design Rules for Generating AAV-Based PAVs 

In this chapter, various parameters of the prototype PAV are tweaked in order to 

understand the design rules for generating PAV variants with altered sensitivity and 

specificity.  In doing so, we have created a toolkit of PAVs whose functional properties 

may be useful in various clinical scenarios.  Ultimately, we seek to understand how to 

fine tune PAV properties in order to meet specific therapeutic demands in the context 

of personalized medicine. 

4.1 Role of Electrostatics in the Inactivating Motif 

The prototype PAV lock was designed with a D4 motif to block AAV-receptor 

interactions.  Since heparan sulfate exhibits the densest negative charge of any known 

biomolecule, it is reasonable that disruption of AAV-heparan interactions is influenced 

by the negative charge of the acidic side chains of the D4 motif.  Thus, to test the 

influence of charge on the operation of the lock, we substituted the D4 motif for 

uncharged SG2S (586-PAV-SG2S) and A4 motifs (586-PAV-A4) and positively charged 

tetra-lysine (586-PAV-K4).   

Since only 4 residues were mutated in the PAV lock, it was surprising to find that 

586-PAV-K4 was defective in virion assembly and/or packaging.  Although 586-PAV-

SG2S and 586-PAV-A4 did assemble and package, genomic titers were still more than 
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10-fold lower than wt.  These results suggest that the negative charge of the D4 motif 

plays an important role in assembly and/or packaging of PAV virions. 

 

Figure 4.1  Role of electrostatics in virus-receptor interference.  The D4 motif 

in the 586-PAV lock (shown below graph) was mutated to alanines (A4) or SGGS 

(SG2S) to determine the role of the negatively charged D4 motif in blocking AAV-

receptor interactions. The 586-PAV containing the D4 motif shows low affinity for 

heparin, with peak elution in the bind and wash fractions. The neutral charged A4 

and SG2S mutations partially recover heparin affinity, evidenced by peak fractions 

at higher salt, closer to wt. 

Heparin chromatography indicates 586-PAV-A4 and 586-PAV-SG2S have increased 

heparin binding compared to 586-PAV containing the D4 motif prior to protease 

activation (Fig. 4.1).  Thus, it appears that the D4 motif works by electrostatically 

interfering with AAV-heparin interactions.   
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These results suggest an important role for the negatively charged aspartic acid 

residues in the D4 motif to effectively ablate heparin binding before proteolytic 

activation of the PAV lock.  Consequently, this may suggest electrostatic charge is a 

tunable parameter in PAV design.  More specifically, it may be possible to design PAVs 

with altered baseline (in the locked state) transduction activity by mutating the D4 

inactivating motif to increase or decrease its charge.  

4.2 Tuning the Sensitivity and Specificity of PAVs 

Inherently, sensitivity and specificity are linked attributes in a PAV device, since it 

is the pattern of sensitivity to different proteolytic enzymes that defines its specificity.  

To determine if we could use well-characterized substrates from the literature to 

predictably tune PAV sensitivity and specificity, we constructed a panel of variants with 

pre-defined substrates (Table 4.1).    
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Site Lock Peptide Sequence Name 
Titer

* 

Specificity Constant 
(kcat/Km)** 

MMP-2 MMP-7 MMP-9 

586 AG-PLGLAR-G-DDDD-G-PLGLAR-GA 586-PAV ◊◊◊ NA NA NA 

586 AG-GPQGIAGQ-G-DDDD-G-GPQGIAGQ-GA 586-PAV-v1 ◊◊◊ 1.0E+04 1.8E+02 8.4E+03 

586 AG-IPESLRAG-G-DDDD-G-IPESLRAG-GA 586-PAV-v2 ◊◊◊ 2.4E+04 1.2E+04 1.3E+04 

586 AG-IPVSLRSG-G-DDDD-G-IPVSLRSG-GA 586-PAV-v3 ◊◊◊ 8.2E+04 9.7E+03 1.2E+04 

586 AG-RPFSMIMG-G-DDDD-G-RPFSMIMG-GA 586-PAV-v4 ◊ 8.2E+04 9.7E+03 1.2E+04 

586 AG-VPLSLTMG-G-DDDD-G-VPLSLTMG-GA 586-PAV-v5 ◊◊◊ 1.3E+04 1.2E+05 2.0E+04 

586 AG-VPLSLYSG-G-DDDD-G-VPLSLYSG-GA 586-PAV-v6 ◊◊◊ 6.1E+04 2.2E+04 4.9E+04 

586 AG-VPMSMRGG-G-DDDD-G-VPMSMRGG-GA 586-PAV-v7 ◊◊◊ 2.4E+04 7.9E+03 5.1E+04 

586 AG-HPGGPQ-G-DDDD-G-HPGGPQ-GA 586-PAV-CTSK ◊◊◊ NA NA NA 

*Titer Key:    ◊◊◊: +/- 1 log10 of wt     ◊◊: >1, <2 log10 lower,      ◊: >2 log10 lower    **M-1s-1 

 
Table  4.1  PAV lock sequences with alternate cleavage motifs.  The prototype 

PAV (586-PAV) sequence is shown at top for reference.  The cleavage sequence 

was replaced with published motifs (bold red) known to be sensitive to MMPs 2, 

7, and 9 with variable specificity constants (kcat/Km).165 Titers are indicated 

relative to the wt capsid (key below), and indicate the efficiency of assembly and 

packaging. 

All variants except 586-PAV-v4 assembled and packaged with high efficiency.  In 

order to determine if the sensitivity of the PAV variants correlated with the reported 

specificity constants of their cleavage motifs, they were treated with 100 nM of MMPs 2, 

7, and 9 or a sham for 4 hours at 37 °C before applying to HEK293T cells.    
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Figure 4.2  Tuning the specificity of PAV variants with alternate cleavage 
motifs.  PAV variants were designed by replacing the cleavage domains in the 

prototype PAV lock at position 586.  Variants were found that exhibit altered 

specificity with respect to MMPs 2, 7 and 9 (S: sham buffer). v2 was specific only 

for MMP-7 and exhibited the highest efficiency of any PAV tested after activation.  

The lock design is shown at bottom, where the cleavage domain is represented by 

XXXX↓XXXX (red lettering, arrow indicates scissile bond), and the capsid residues 

indicated by grey letters.  The criticial heparin binding residues R585 and 588 are 

labeled.  Arginine (R) residues, potentially involved in restoring heparin binding 

after cleavage are underlined in the cleavage motifs.  Western blots in the middle 

show the cleavage patterns of the PAV locks by each enzyme.  Note there is a 

negative correlation between incomplete digestion (indicated by double bands 

and full length VPs) and PAV activation.  Specificity constants (kcat/Km) were 

obtained from Turk et al.165 
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Surprisingly, cleavage efficiency was uncorrelated with the reported specificity 

constants.  In particular, MMP-2 was inefficient at cleaving most substrates, even when 

the specificity constant was reportedly high (compare v2 to v7 in Fig. 4.2).  On the 

other hand, MMP-7 was generally more efficient at cleavage; though not necessarily at 

activating transduction.  This difference in cleavage efficiency is likely due to steric 

hindrance, as will be discussed in the next section.   
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Figure 4.3  Enhanced efficiency of variant 586-PAV-v2.  PAVs were treated in 

vitro with 100 nM MMP-7 for 4 hours at 37 degC, applied to 293T cells for 18 

hours, followed by flow cytometric analysis. After cleavage by MMP-7, the 

transduction capacity of 586-PAV is activated (middle panel), but is lower in 

efficiency compared to the wt, which does not exhibit switching behavior.  Note 

the geometric mean fluorescence intensity (MFI) of the GFP signal obtained from 

the scatter plots at bottom (RFU: relative fluorescence units).  In contrast, 586-

PAV-v2 (containing an alternate cleavage motif; red letters, below) regains full 

transduction capacity. 

586-PAV-v7 exhibited broad specificity, evidenced by high transduction efficiency 

after activation by any MMP tested.  586-PAV-v3 displayed a more narrow specificity 

with activation by MMPs 7 and 9, but not 2.  Strikingly, 586-PAV-v2 exhibited specific 

and saturated transduction upon activation by MMP-7, even though it was not 

predicted to be specific based on the cleavage sequence used.  Evaluation of the 
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geometric mean fluorescence intensity shows 586-PAV-v2 transduces as efficiently as 

the wt after activation by MMP-7 (Fig. 4.3). 

586-PAV-CTSK: A CTSK-specific PAV 

Thus far, all PAV variants that exhibit proteolytic activation appear to be sensitive 

to MMP-7.  To demonstrate that specific PAV variants can be designed to be insensitive 

to MMP-7, a Cathepsin K (CTSK) specific substrate166 was used in place of the prototype 

586-PAV cleavage motif (Table 4.1; mutant named 586-PAV-CTSK).  To characterize 

the sensitivity and specificity of 586-PAV-CTSK, it was treated with a range of MMP-7 

and CTSK concentrations between 0.01 and 1 μM (Fig. 4.4).  Although the 586-PAV-

CTSK had low sensitivity under the conditions tested, it was highly specific for CTSK.   

586-PAV: A CTSK Bandpass 

To characterize the sensitivity of the prototype 586-PAV in more detail, it was 

treated with a range of MMP-7 concentrations before measuring gene expression in 

HEK293T cells.  Under these conditions, 586-PAV appears to respond to MMP-7 

concentrations between 0.01 and 0.1 μM (Fig. 4.4). 
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Figure 4.4  Sensitivity and specificity of 586-PAV and a specific variant, 586-
PAV-CTSK.  Transfer functions were generated by treating the viruses with 

increasing concentrations of MMP-7 (left column) or CTSK (right column) for 4 

hours at 37 °C before applying to monolayer of 293T cells. Western blots are 

shown at the right of each graph, indicating the degree of cleavage at each 

treatment level.  As expected, the wt capsid is not affected by any treatment level, 

whereas the 586-PAV mutant (cleavage domain shown at bottom of figure) 

increases gene expression dose-dependently in response to MMP-7 treatment, 

plateauing around 100 nM MMP-7.  Interestingly, the 586-PAV mutant also 

responds to CTSK, but appears to behave in a bandpass fashion, where 

transduction is knocked down at higher concentrations. Replacement of the 

proteolytic linkers yields an AAV vector (586-PAV-CTSK) with altered specificity 

that does not respond to MMP-7, but does respond to CTSK.  However, the 

efficiency is lower than that of the 586-PAV variant. 
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PAVs were designed to react to proteases by activation of cell binding in response 

to lock cleavage.  Serendipitously, we discovered an interesting property of prototype 

586-PAV when evaluating its transfer function in response to Cathepsin K (CTSK).  As 

expected, at low concentrations of CTSK, it remains locked (Fig. 4.4).  However, at 

moderate levels of CTSK, its transduction capability is activated.  Strikingly, at higher 

concentrations of CTSK, the lock becomes de-activated, potentially by exopeptidolytic 

removal of residues critical to the HBD.  This behavior is reminiscent of bandpass 

filters,167 which have been designed using genetic circuits in E. coli.  However, to our 

knowledge, a bandpass response mediated entirely by a single protein-protein 

interaction has not been engineered.  This kind of device may have utility in therapeutic 

scenarios where it is necessary to activate the vector only in tissue environments 

containing moderate levels of proteases, while avoiding off-target tissues with either 

low or high levels of the protease. 

4.3 Role of Arginine in PAV Operation 

During the screening of variants PAV-586-[v1-7], it was observed that efficient 

cleavage of PAVs did not always confer transduction efficiency.  However, the PAVs that 

did exhibit significant transduction capacity in the unlocked state consistently 

contained an arginine at position 6 (Fig. 4.5).  Considering the critical role of arginine 

residues in the affinity of AAV2 for heparin,62 it seems feasible that this arginine may be 

important in recreating the HBD after cleavage of the PAV lock. 
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Figure 4.5  Role of arginine in PAV operation.  PAV variants (see Table 4.1) 

were treated with 100 nM MMP 2, 7, or 9 or a sham buffers for 4 hours at 37 °C 

before application to HEK293T cells at MOI = 1000 VG/cell. Variants containing 

an arginine in position 6 (right side of figure) of the cleavage motif recovered cell 

transduction capacity after proteolysis.  However, variants lacking an arginine (at 

left) were unable to recover cell transduction. kcat/Km from Turk et al.165 

4.4 Effect of Linker Length on Steric Access 

Linking sequences are known to play a critical role in how protein domains 

function together.  The importance of linking sequences in PAV design is no exception.  

Specifically, it was observed that MMP-2, an enzyme predicted to have high activity on a 

peptide (PLGL-Dpa-AR)107 related to the 586-PAV prototype cleavage sequence 

(PLGLAR), did not effectively activate 586-PAV.  Although the difference in sensitivity 

between the two substrates may be attributed to the absence of the aromatic Dpa [N-3-

(2,4-dinitrophenyl)-L-2,3-diaminopropionyl] group, other explanations may be 
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possible.  For example, MMP-2 (40kD) is a larger enzyme, compared to effective 

activators of 586-PAV, such as MMP-7 (20 kD) and CTSK (19kD).  Thus, we 

hypothesized that steric hindrance could be responsible for the exclusion of larger 

enzymes such as MMP-2 from interactions with the PAV lock, which is located in the 3-

fold depression in the prototype 586-PAV. 

To test this hypothesis, we constructed a panel of PAVs containing extra glycines in 

the linkers connecting the PAV lock with the native capsid sequence for insertions at 

both 586 and 587 (Table 4.2).   

 

Site Lock Peptide Sequence Name Titer* 

586 AG-PLGLAR-G-DDDD-G-PLGLAR-GA 586-PAV ◊◊◊ 

586 AGG-PLGLAR-G-DDDD-G-PLGLAR-GGA 586-PAV-G2 ◊◊◊ 

586 AGGG-PLGLAR-G-DDDD-G-PLGLAR-GGGA 586-PAV-G3 ◊◊◊ 

587 AG-PLGLAR-G-DDDD-G-PLGLAR-GA 587-PAV ◊◊◊ 

587 AGG-PLGLAR-G-DDDD-G-PLGLAR-GGA 587-PAV-G2 ◊◊◊ 

587 AGGG-PLGLAR-G-DDDD-G-PLGLAR-GGGA 587-PAV-G3 ◊◊◊ 

*Titer Key:     ◊◊◊: +/- 1 log10 of wt       ◊◊: >1, <2 log10 lower,       ◊: > 2 log10 lower 

 
Table 4.2  PAV lock sequences with variable glycine linker lengths.  The 

prototype PAV (586-PAV) sequence is shown at top.  Mutations (or positional 

changes) to this sequence are indicated in bold red.  Titers are indicated relative 

to the wt capsid, and indicate the efficiency of assembly and packaging. 

As expected, we found that extending the glycine linker length increased the 

cleavage efficiency and transduction ability of both 586- and 587-PAVs by MMP-2 (Fig. 

4.6).  On one hand, these findings may facilitate more predictable engineering of PAVs 

by increasing the linker lengths.  On the other hand, it reveals a potentially useful 
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method to narrow the specificity of a PAV beyond that of the cleavage motif used by 

shortening the linker length to exclude larger proteolytic enzymes. 

 

Figure 4.6  The effect of glycine linker length in PAV lock susceptibility to 
MMP-2.  The prototypic PAV lock (PAV-586) contains one glycine linker at the 

indicated position (red text in sequence at bottom).  Variants were created 

containing 2 or 3 glycines at this position with the PAV lock inserted at either 

position 586 or 587 as indicated at bottom.  Viruses were treated with 100 nM 

MMP-2 or a sham for 4 hours at 37 °C and then applied to 293T cells at MOI = 

1000 VG/cell.  Flow cytometry was used to quantify the number of transduced 

cells at 60 hours post-transduction.  As seen in the graphs above, MMP-2 

activation is improved by increasing glycine linker length, suggesting an 

important role for steric access in determining the sensitivity to large proteases.  
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4.5 Conclusions 

Collectively, the results presented in this chapter outline crucial design rules for 

developing and tuning PAVs.  Additionally, a panel of mutants has been created with a 

variety of selectivities and sensitivities towards MMPs 2, 7, 9 and CTSK.  Variants were 

created that have broad specificity, such as 586-PAV-v7, as well as a specific and highly 

efficient PAV, 586-PAV-v2.  Strikingly, the prototype 586-PAV, was identified to behave 

as a bandpass PAV in response to CTSK. 
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Chapter 5 

Detailed Experimental Methods 

Western Blot 

Virus samples were resolved in 4-12% or 12% Bis-Tris NuPAGE gels (Life 

Technologies) and transferred to nitrocellulose (GE Healthcare, Pittsburgh, PA) at 40V 

for 90 minutes, otherwise following manufacturer guidelines.  Gels were run under 

reducing conditions, except for the heparin fractions (Fig. 2.4).  Blocking was 

performed in 5% skim milk in PBS with 0.1 % Tween-20 (PBS-T) for 1 hour while 

rocking.  To wash, blots were rinsed 3 times and rocked for 20 minutes in PBS-T.  

Primary antibodies were applied to blots overnight at 4 °C in PBS with 3% BSA (3% 

BSA-PBS) at the following dilutions.  A1 (monoclonal mouse anti-VP1 from American 

Research Products, Belmont, MA) was diluted 1:200; B1 (monoclonal mouse anti-

VP1,2,3 from ARP) diluted 1:50; and mCherry (polyclonal rabbit from BioVision, 

Milpitas, CA) diluted 1:100.  After washing, goat anti-mouse (Jackson ImmunoResearch, 

West Grove, PA) or rat anti-rabbit (ARP) peroxidase-conjugated secondary antibodies 

were applied at a 1:2000 dilution in 5% skim milk in PBS-T for 1 hour.  Blots were then 

washed 4 times for 15 minutes with PBS-T while rocking.  Imaging was performed on a 

Fujifilm LAS 4000 after applying Lumi-Light western blotting substrate (Roche). 
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Heparin Chromatography 

Virus samples were applied to a HiTrap heparin-sepharose column (GE Healthcare) 

equilibrated with 50 mM Tris-Cl, pH 7.6, 10 mM MgCl2, and 150 mM NaCl.  

Fractionation was performed by passing increasing concentrations of NaCl in 1 ml 

increments and collecting the flow-through.  Fractions were quantified by qPCR or 

analyzed by western blot as above. 

Transduction Assay 

HeLa cells were seeded at 1 x 105 cells per well in a PLL-coated 24-well tissue 

culture plate.  293T (1 x 105 cells/well), HeyA8 (3 x 104 cells/well), PC3 (2 x 104 

cells/well), MDA-MB-231 (2.5 x 104 cells/well), and BT549 (2.5 x 104 cells/well) were 

seeded in PLL-coated 48-well tissue culture plates.  Cells were incubated for 18-24 

hours at 37 degrees, 5% CO2 before application of viruses.  Virus samples were diluted 

in serum-free DMEM and added to cells after removing serum-containing media or 

added directly to serum-free DMEM in culture.  Cells were incubated with virus for 4 

hours at 37 °C, followed by replacement of media to serum-containing DMEM.  Cells 

were incubated for another 36 hours and harvested by trypsin digestion, followed by 

neutralization with serum-containing DMEM.  Cells were washed once with PBS (5mM 

EDTA), passed through a 40 μM cell strainer and analyzed on a FACSCanto II flow 

cytometer.  Data was processed using FlowJo software.  Epifluorescent images were 

taken using a Canon EOS Rebel XS camera adapted to a Zeiss Axiovert 40 CFL. 
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5.2 Chapter 2 Methods 

Plasmids 

pRepCap was created by subcloning the AAV genome (without ITRs) from pSub201 

into a pBlueScript SK II (+) backbone using Xba I.  The plasmid vector was then 

subjected to site-directed mutagenesis to remove existing Kas I, NgoM IV, Nco I and 

BfuA I (RaPID restriction sites) restriction sites with silent mutations.  The VP3 start 

codon was mutagenized to produce a Nco I site and a BfuA I site was inserted just 

downstream of the stop codon, yielding pRepCap_RR (RR: RaPID ready).  The modified 

genome was then subcloned into pSub201ΔNgoMIV (pSub201 with the NgoM IV site 

removed from the vector backbone) using Xba I sites to regain the ITRs, yielding 

pSub201_RR.  To create the pAAV2_RR  expression vector, the entire modified genome 

(with ITRs) was then cut from pSub201_RR using Pvu II, and ligated to the pET28a(+) 

backbone between the Pvu II and Xmn I sites.  To generate pAAV2_RRΔcap, pSub201_RR 

was digested with BsiW I and Xcm I, blunted with T4 DNA polymerase and religated.  

The partially deleted cap gene was then subcloned into pAAV2_RR using Nco I and BfuA 

I sites.  pMIN_VP3 was created by excising VP3 from pRepCap_RR using Nco I and BfuA I 

sites, and ligating to a minimized plasmid backbone generated by sequence overlap 

extension168 using pBAD24 as a template.  pInSALect_RR was created by removal of 

RaPID restriction sites from pInSALect, followed by insertion of Nco I and BfuA I sites 

between the intein sequences.  Mosaic expression vectors were constructed as 

previously described.141  Briefly, pAAV2_RR was mutagenized to knock out the major 

splice acceptor site downstream of the VP1 start codon, giving VP1-only expression 



81 
 

vector pAAV2_VP1_RR.  For wt VP2/VP3 expression, pRC_RR was mutagenized to knock 

out the VP1 start codon, yielding pRC_RR_VP2/3. 

RaPID Library Construction 

pMIN_VP3 was digested with dilute DNase I (New England Biolabs, Ipswich, MA) in 

1 mM MnCl2, resulting in a pool of randomly linearized plasmids.  This pool was 

resolved by agarose gel electrophoresis with a restriction endonuclease (RE) linearized 

control to identify the near-full length linearized fraction, which was excised and 

purified using a Zymoclean Gel DNA recovery kit (Zymo Research, Irvine, CA).  The 

randomly linearized pool was then blunted with T4 DNA polymerase and 

dephosphorylated with T4 Polynucleotide Kinase (NEB). The mCherry ORF was 

amplified by sequence overlap extension168 to remove Nco I and Kas I sites and to add 

an NgoM IV site upstream and a Kas I site downstream of the coding sequence.  Pfu DNA 

polymerase was used for mCherry amplification to generate blunt ends, allowing 

ligation to the linearized pool of cap genes.  Transformation into DH10β E. coli (Life 

Technologies, Grand island, NY) was followed by amplification on agar plates, and 

purification using a Zyppy Plasmid Miniprep Kit (Zymo Research).  The resulting 

plasmid library was then size-selected by agarose gel electrophoresis to enrich the 

single insert-containing fraction.  The size selected naïve pool was then subcloned into 

pInSALect_RR using Nco I and BfuA I restriction sites, followed by three rounds of 

selection on agar containing carbenicillin (100 μg/ml) and chloramphenicol (50 

μg/ml).  The frame-selected plasmid pool was purified and the mutant cap genes were 

subcloned into pAAV2_RRΔcap using Nco I and BfuA I sites to create pAAV2_RaPID.  The 

VP1 only library, pAAV2_VP1_RaPID was created by cloning the VP3 library from 
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pAAV2_RaPID into VP1-only expression vector pAAV2_VP1_RR∆cap using Nco I and 

BfuA I. 

Virus Production 

The AAV2_RaPID_mCherry virus libraries were generated by linear 

polyethyleneimine-mediated (MW 25kD) triple transfection of 

pAAV2_VP1_RaPID_mCherry (10 ng), pRC_RR_VP2/3 (5 μg), and pXX6 (25 μg) into each 

of 10 x 15 cm poly-L-lysine-coated plates of 70% confluent 293T.  The cells were 

harvested 46-48 hours post-transfection, lysed by 3 cycles of freeze/thaw in 1% 

protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and treated with 4 U/ml 

Benzonase (Sigma-Aldrich) for 30 min.  The lysate was then clarified by centrifugation 

and loaded onto an iodixanol step gradient (15/25/40/54%) in Beckman Ultra-Clear 

QuickSeal Tubes (Beckman Coulter, Brea, CA).  The lysate was resolved by 

centrifugation at 48,000 RPM for 1.75 hours in a 70Ti rotor, and the purified virus 

library extracted from the 40% layer.  The genomic titer was determined by 

quantitative PCR (qPCR) using SYBR green (Life Technologies) and primers against rep 

(FW: AGGACCAGGCCTCATACATCTC, RV: TGTCCAAGGCAGCCTTGATT) on a BIO-RAD 

CFX96.  Clonal production of r1c3 packaged with its genome for TEM studies was 

performed similarly using pAAV2_VP1_RaPID_r1c3 (2 pmol), pRC_RR_VP2/3 (2 pmol), 

and XX6 (2 pmol).  For confocal and transduction studies, r1c3 was packaged with a 

GFP transgene.  Its genome was cloned into pBlueScript SK II (+) using Xba I to remove 

ITRs, generating pRC_RR_VP1_r1c3.  293T cells were then transfected as above with 

pRC_RR_VP1_r1c3 (1 pmol), pRC_RR_VP2/3 (1 pmol), pAAV_GFP (containing a CMV-

GFP reporter flanked by AAV2 ITRs) (1 pmol), and XX6 (1.65 pmol) and purified as 
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above.  Virus titers were quantified via qPCR using primers against the CMV promoter 

in the GFP transgene cassette (FW: TCACGGGGATTTCCAAGTCTC, RV: 

AATGGGGCGGAGTTGTTACGAC).   

Virus Selection 

The virus library was applied to 70% confluent 293T cells at a multiplicity of 

infection (MOI) of approximately 10 viral genomes per cell.  4 hours after infection, the 

library was rescued with adenovirus serotype 5 at an MOI of approximately 10 IU/cell 

(IU: infectious units).  48 hours post-infection, the cells were harvested by 

trypsinization, pelleted and resuspended in PBS (5 mM EDTA).  The cells were then 

filtered through a 40 μM cell strainer (BD, Franklin Lakes, NJ) and sorted using a Dako 

MoFlo cell sorter.  mCherry positive cells were lysed by 3 cycles of freeze/thaw and 

purified using a Zyppy Plasmid Miniprep Kit after adding 1 μg of salmon sperm DNA as 

a carrier.  Cap genes were amplified by PCR using a Roche Expand Hi-Fidelity PCR kit 

(Roche, Indianapolis, IN) and subcloned into pAAV2_VP1_RRΔcap using Nco I and BfuA 

I.   

Immunoelectron Microscopy 

Purified virus samples were applied to charged carbon grids (Ted Pella, Redding, 

CA) for 5 min; wt was adsorbed to a 300 mesh grid with lacey carbon type-A (Product 

No. 01890-F), while r1c3 was applied to a 300 mesh grid with continuous carbon 

(Product No. 01753-F).  Grids were then blocked for 45 min with 3% BSA-PBS, washed 

in 3 drops of PBS and stained with the polyclonal anti-mCherry antibody (see above) 

for 1 hour.  After washing, gold nanoparticle (12nm) conjugated goat anti-rabbit 
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secondary antibodies (Jackson ImmunoResearch) were applied at a 1:30 dilution in 3% 

BSA-PBS for 1 hour to visualize mCherry proteins attached to the virions.  Samples 

were then washed and negative stained with 0.75% uranyl formate to highlight the 

viral capsids before imaging on a JEOL 2010 transmission electron microscope 

operating at 120 kV. 

Confocal Microscopy 

HeLa cells were seeded onto poly-L-lysine-coated glass coverslips in a 24-well 

tissue culture plate at a density of 6 x 104 cells per well in phenol-red free DMEM 

supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin.  The 

following day, r1c3-GFP was applied in serum-free media for 6 hours at 37 °C, 5% CO2.  

Cells were then washed twice with PBS, fixed in 4% paraformaldehyde for 15 minutes, 

washed twice and stained with DAPI (1 μg/ml) for 15 minutes.  After washing twice 

more in PBS, cells were mounted onto glass slides in 5 μl of Fluoromount-G 

(SouthernBiotech, Birmingham, AL).  Samples were allowed to dry at 4 °C overnight 

before examination on a Zeiss LSM 710.  Images were processed using Zen 2010 

software. 

Molecular Modeling 

The r1c3 capsid model was generated in SWISS MODEL using the crystal structure 

AAV2 (PDB# 1LP3) supplied as a template (Model I) and using the AAV1 (PDB# 3NG9), 

mCherry (PDB# 2H5Q), and Red Fluorescent Protein (RFP) (PDB# 3NEZ) when a 

template was not supplied (Model II).  Following evaluation of the models in COOT, 

Model II was selected for further analysis because the two components of the chimera - 
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the AAV2 VP3 and mCherry structures - were consistent with this model (Fig. 2.7a).  To 

depict the mCherry insertion, which is in VP1 only, in the context of the capsid, two 

options were used.  One capsid model was generated with a unique AAV2-mCherry 

pentamer (Fig. 2.7b), and the other had five AAV2-mCherry monomers randomly 

assembled on an AAV2 capsid (Fig. 2.7c). 

5.3 Chapters 3 and 4 Methods 

Plasmids 

Plasmids of PAV variants 586-PAV and 587-PAV were generated by inserting NgoM 

IV and Kas I RE sites (separated by a AAA spacer) into pRC-RR (see Chapter 2 methods) 

via site-directed mutagenesis, yielding pRC-RR-586-Ngo-Kas and pRC-RR-587-Ngo-Kas.  

Variants were then generated by ligation to inserts – constructed by phosphorylating 

and annealing oligonucleotides encoding the respective PAV lock – using NgoM IV and 

Kas I RE sites. 

Virus Purification 

Viruses were produced as described in Chapter 2 methods using XX6, pAAV-scGFP 

or pAAV-GFP, and the corresponding pRC-RR-based packaging plasmid.  Iodixanol 

purification was performed as above, followed by buffer exchange and concentration 

using an Amicon Ultra-4 (Millipore, Billerica, MA).  Briefly, viruses were diluted 1:10 in 

GB-PF68 (10 mM Tris-Cl, pH 7.6, 150 mM NaCl, 10 mM MgCl2, 0.001% Pluronic F68), 

added to an Amicon filtration device and centrifuged to reduce volume. Retentate was 

diluted 1:10 again in GB-PF68 and re-centrifuged.  This was repeated once more for a 
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total buffer dilution of 1:1000 in the GB-PF68 and virus concentration to approximately 

1/10th the starting volume. 

Proteolysis of PAVs 

Proteases were obtained from commercial suppliers.  MMP-2, MMP-7, and MMP-9 

were purchased from Enzo Life Sciences (Farmingdale, NY) and Cathepsin K from EMD 

Millipore (Billerica, MA).  Viruses were diluted to 6 x 1011 VG/ml in GB-PF68 and then 

1:3 in reaction buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 10 mM MgCl2, 10 mM 

CaCl2).  Proteases were diluted to 9X in their storage buffer, then added to diluted 

viruses as 1/9th of the final volume. 
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Chapter 6 

Summary and Future Directions 

The work presented in this thesis describes novel AAV vector designs with 

functionality not seen in the current literature.  We have constructed a modular, 

enriched random domain insertion library, pAAV_RaPID.  Using the library, we evolved 

a fluorescent and highly infectious AAV-mCherry vector, r1c3, which may enable vector 

tracking studies that were previously not possible.  Additionally, the newfound 

structural space identified in r1c3 may lead to future vector designs that are no longer 

limited to small peptide fusions in the VP3 region of the AAV capsid.  Furthermore, 

random domain insertion may find utility in the future construction of PAV variants by 

efficiently searching insertional sequence space for operational AAV-PAV lock fusions. 

We have described the first instance of a protease-activatable AAV vector with 

promising applications in cancer therapy both in vitro and in vivo.  The rules of PAV lock 

design have been outlined and should guide future variations, whether targeting new 

proteases or adapting alternate base AAVs.  In the process of defining PAV design 

requirements, we have created a toolkit of PAVs with variable specificity and 

sensitivity.  One variant in particular, 586-PAV-v2, displays striking efficiency and high 

specificity.  With further investigation, we hope to expand the available toolset of PAVs 

and develop the design rules to achieve predictable PAV design with the ultimate goal 

of personalized PAV gene therapy. 
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Pressing future applications of PAV technology include the use of transcriptional 

targeting to reduce gene expression in off-target tissues such as the heart, while 

leveraging the increased tumor delivery seen in 586-PAV.  Alternatively, other routes of 

PAV administration may prove useful in narrowing tissue distribution, such as 

intraperitoneal injection for the treatment of ovarian cancer.  On the other hand, 586-

PAV may have utility in heart-targeted gene delivery for the treatment of heart 

diseases.  Furthermore, PAV technology may be adapted to other serotypes and 

mutants with alternate base tropisms for various applications involving upregulation of 

MMPs. 

The ultimate vision for PAV technology involves the development of a viral 

biocomputation platform.  Specifically, the implementation of logic gates may allow the 

integration of more complex molecular signatures by PAVs.  For example, an AND gate 

may be constructed using a PAV lock containing two different substrates of distinct 

specificity; thus requiring the presence of two specific enzymes for PAV activation.  This 

may enable more specific targeting of tumors (or other tissues and disease states) 

whose protease profile is known.  Alternatively, judicious layering of less specific 

substrates may enable the narrowing of PAV specificity by targeting the intersection of 

enzyme sets to which substrates are susceptible.  The bandpass behavior of 586-PAV in 

response to CTSK activation is a demonstration of the complexity that can be 

incorporated into PAV design.  With further investigation into the mechanisms of PAV 

lock operation, we envision that higher order biocomputational feats can be achieved 

using the PAV platform.  Moreover, we envision that the computational properties of 
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advanced PAV nanoparticles may be leveraged in applications extending beyond gene 

therapy. 
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