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Abstract 

Gene therapy is the next evolution in the treatment of diseases, allowing for the correction of 

genetic mutations, induction of growth to facilitate recovery at injury sites, or the delivery of 

suicide genes to tumor cells. However, the translation of more gene therapies to the clinic has 

been hindered by the lack of delivery specificity and efficiency. Many viral vectors have been 

engineered in an attempt to increase transduction efficiency and targeting capabilities. Adeno-

associated virus (AAV) has recently become popular as a gene delivery vector because it has 

the ability to transduce many cell types efficiently, it is non-pathogenic as well as replication 

deficient, and it is able to be genetically modified.  

AAV is a promising vector for gene therapy, but its broad tropism can be detrimental if the 

transgene being delivered is harmful when expressed in non-target tissues. Delivering the 

transgene of interest to target cells at levels high enough to be effective while maintaining safety 

by minimizing delivery to off target cells is a prevalent challenge in the field of gene therapy. To 

address this problem, our lab has developed a protease-activatable vector (provector) platform 

based on AAV9 that responds to extracellular proteases present at disease sites. This thesis 

details my work expanding the provector platform to target cysteine-aspartic proteases as well 

as matrix-metalloproteinases as stimuli for provector activation.  

These caspase-activatable provectors demonstrate up to 200-fold reduction in transduction 

ability in the OFF state compared to AAV9, reducing the virus’ ability to transduce healthy 

tissue. Following proteolysis by caspase-3, the provector shows a 90-fold increase in 

transduction compared to the OFF state. This provector has also been characterized in vivo, 

where compared to AAV9 the provector has significantly decreased delivery to off target organs 

with similar levels of delivery to the injured heart following a myocardial infarction. This work 

also details characterization of the of the MMP-activatable provector in disease models of acute 

heart failure, stroke, and chronic heart disease while also explores the therapeutic efficacy of 

delivering various therapeutic transgenes in murine MI models. To further increase the control of 

gene delivery with the provector platform, I also detail designs and in vitro testing of provectors 

requiring two inputs for activation. Preliminary results indicate the vectors perform as designed 

in vitro which could provide higher specificity of delivery in vivo. Overall, this thesis diversifies 

the provector platform to target new diseases and increases our understanding of the provector 

behavior in vitro and in vivo.  
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Chapter 1 

1 Introduction and Background 

1.1 Gene Therapy 

Gene therapy is the therapeutic technique which introduces genetic material in order to treat a 

variety of diseases such as cancer, inherited genetic disorders, and ischemic diseases. This can 

be accomplished through three different strategies: 1) replacing a mutated gene that is causing 

disease with the non-altered copy of the gene, 2) knocking out the mutated gene that is causing 

disease by inactivating it, and 3) delivering a new gene at the site of disease. This new gene 

can combat the effects of a mutated gene by neutralizing toxic byproducts generated by the 

mutation, kill the diseased cells as is done in cancer therapies,1 induce therapeutic immune 

responses,2 or facilitate the regeneration of dead or damaged cells,3 all of which depends on the 

gene chosen to be delivered.  

Treatments can be either ex vivo or in vivo. Ex vivo treatment consists of removing cells 

or tissues from the body, exposing them to the gene therapy, and then reintroducing the 

removed cells back into the patient. In vivo treatment exposes cells to the gene therapy within 

the body. For this treatment, different gene delivery vectors as well as routes of administration 

are used. While still a relatively new field when compared to drug therapy, the development of 

safe and effective gene therapies has been growing over the past three decades due to the 

growing knowledge of disease pathology as well as advancements in vector design.  

1.1.1 Past Work 

An initial investigation into the use of gene therapy was conducted in 1983, where a retrovirus 

was used in an attempt to cure a form of Lesch-Nyhan syndrome by delivering a corrected form 

of the gene for hypoxanthine phosphoribosyltransferase (HRPT).4 Since that time, gene therapy 

has been investigated as a clinical option. As of 2013, over 1800 gene therapy clinical trials 

have been completed, are ongoing, or have been approved worldwide.5 Figure 1 shows the 

increase in the number of clinical trials from 1989-2016.  
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Figure 1. Number of approved gene therapy clinical trials worldwide by year.6 

Year to year there has not always been an increase in the number of clinical trials, but 

over time a definite increase from decade to decade can be seen. While the number of clinical 

trials has increased, unfortunately only a select few have progressed very far, with less than 5% 

reaching Phase III (Figure 2).   
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Figure 2. Phases of clinical trials reached by gene therapy trials.7 

The increase in the number of gene therapy trials has not led to a significant increase in 

successful gene therapy products, highlighting a need for more effective gene therapy designs. 

To this date, only 12 gene therapy treatments have been approved in the world.8 China was the 

first country to approve a gene therapy treatment, approving Gendicine in 2003.9 Gendicine is 

an adenovirus (Ad) vector used to treat cancers that are expressing a mutant tumor suppressor 

gene, p53. The second approved treatment was when China approved Onyx-15 in 2006.10 

Onyx-15 is an Ad vector used as an oncolytic viral therapy for head and neck cancer as well as 

lung cancer. The third approval was when Europe approved Glybera in 2012.11 Glybera is an 

adeno-associated virus (AAV) vector used to treat lipoprotein lipase deficiency (LPLD). The 

fourth approval came in the United States when the FDA approved Imlygic in 2015.12 Imlygic is 

a herpes simplex virus (HSV) based vector used to treat melanomas by infecting and killing the 

cancer cells. The fifth approval was when Europe approved Strimvelix in 2016.13 Strimvelix is a 

retrovirus used for the ex vivo treatment of severe combined immunodeficiency (SCID). These 

approvals were quickly followed by Spinraza, Kymriah, Yescarta, Luxturna, and Zalmoxis all of 

which were approved between 2016 and 2017.8 In 2019, Zolgensma was approved for 

treatment of spinal muscular atrophy.14 These examples highlight the most successful gene 

therapy vectors to date. Chapter 2 of this proposal details several different types of engineered 

viruses that are currently being investigated for gene therapy applications.  
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1.2 Adeno-Associated Virus  

Our lab focuses on the engineering of AAV as a gene delivery vector. AAV has emerged as a 

popular gene therapy vector due to robustness in transduction, comparatively few biosafety 

concerns, and ability to be engineered. Because of these advantages, it has become the fourth 

most used vector for gene therapy clinical trials, with over 170 clinical studies worldwide (Figure 

3). 

 

Figure 3. Vectors used in gene therapy clinical trials.15 

AAV was first investigated in the clinical setting for treatment of Hemophilia B, a disease 

that reduces the ability for blood to clot. It was initially tested 2000,16 and by 2003 a clinical trial 

were completed with positive reported results.17 

1.2.1 Use of AAV as a gene delivery vector for in vivo testing and 

clinical applications 

1.2.1.1 Utilization of AAV as a gene delivery vector in clinical trials 

AAV has become a promising platform for the delivery of therapeutic genes. In November of 

2012, AAV vectors were approved for a clinical application.18 There are a wide variety of genetic 

diseases that can be targeted by AAV. Currently, there are gene therapy clinical trials using 

AAV as a delivery vector to target familial lipoprotein lipase deficiency,18 cystic fibrosis,19 
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Canavan’s disease,20 Parkinson’s disease,21,22 Alzheimer’s disease,23 arthritis,24 Leber 

congenital amaurosis,25 hemophilia B,16,17 late infantile neuronal lipofuscinosis,26 muscular 

dystrophy,27 and heart failure.28 Each of these trials aim to deliver different transgenes tailored 

to the disease being treated. While not exhaustive, these trials showcase the versatility of using 

AAV as a gene therapy vector to treat a variety of diseases. A summary of these clinical trials 

can be seen in Table 1.  

Table 1. Summary of AAV clinical trials 

Disease Treatment 
Route of 

administration 
Phase Source 

Familial 
lipoprotein 

lipase 
deficiency 

Gene replacement of the gene 
responsible for the expression of 

lipoprotein lipase 

Intramuscular 
injection 

I 18 

Cystic fibrosis 
AAV vector encoding the human 

cystic fibrosis transmembrane 
conductance regulator protein cDNA 

Delivery by 
bronchoscope or 

by aerosol into the 
lung 

II 19 

Canavan’s 
disease 

delivery of the human aspartoacylase 
cDNA 

intraparenchymal 
delivery 

I 20 

Parkinson’s 
disease 

AAV vector carrying a transgene 
encoding glutamic acid 

decarboxylase 

injected into the 
subthalamic 

nucleus on one 
side 

I 21,22 

Alzheimer’s 
disease 

delivery of nerve growth factor 
(protein-like molecule) 

direct injection into 
brain 

I 23 

Rheumatoid 
arthritis 

AAV vector that expressed a tumor 
necrosis factor inhibitor for an 

extended period of time 

intra-articular 
injection 

I 24 

Leber 
congenital 
amaurosis 

AAV containing a gene encoding a 
protein needed for the 

isomerohydrolase activity of the 
retinal pigment epithelium 

subretinal injection II 25 

Hemophilia B 
AAV-2 vector containing the factor IX 

protein 
intramuscular 

injection 
I 16,17 

Late infantile 
neuronal 

lipofuscinosis 

an AAV vector expressing the human 
CLN2 cDNA 

intracranial 
delivery 

I 26 

Muscular 
dystrophy 

chimeric adeno-associated virus 
(AAV) capsid variant packaging a 
miniaturized functional dystrophin 

gene 

intramuscular 
injection 

I 27 

Heart failure 
AAV carrying sarcoplasmic reticulum 

Ca2+ -ATPase 
intracoronary 

infusion 
II b 28 
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These clinical trials operate under two different approaches. The first approach is to replace a 

defective gene, known as gene replacement therapy. This approach can be seen in the cystic 

fibrosis trial as well as others. The second approach can be classified as a secondary therapy. It 

does not target the primary cause of the disease, but instead blocks the consequences of the 

disease. This approach can be seen in the Parkinson’s disease trials as well as others. 

1.2.1.2 Routes of administration 

The targets for gene therapy through the use of AAV are diverse, leading to the use of many 

different delivery methods. These different delivery methods allow for different targets to be 

accessed most efficiently. Methods to deliver the AAV include intraperitoneally, intravenously, 

subcutaneously, intramuscularly, intracranially, pulmonary, subretinally, intracoronary, and 

through the hepatic artery.16–29   

1.2.2 AAV Biology 

AAV is a small virus, 25 nm in diameter, that packages a linear single-stranded DNA genome 

approximately 4.7 kb in length. This allows for a cargo capacity of 4.5 kb.30 AAV is classified as 

a Dependovirus, because in order for replication to occur the presence of a helper virus is 

required. Adenovirus or herpesvirus are helper viruses that allow for AAV to replicate. AAV has 

the ability to transduce dividing and non-dividing cells. This versatility allows for a greater range 

of diseases to be targeted, as the cells do not have to be actively proliferating in order for 

infection to occur. Many serotypes exist, 11 of which have been extensively studied.31  

AAV has two genes: Rep and Cap. Rep expresses four proteins: Rep78, Rep68, Rep52 

and Rep40, which are necessary for viral replication. Cap encodes for three viral proteins: VP1, 

VP2, and VP3, which can be seen below in Figure 4, that come together to form the viral 

capsid. These proteins are present in the capsid of AAV at a ratio of 1:1:10.  Cap also encodes 

for the assembly-activating protein (AAP), which is believed to be necessary for virus assembly 

of several different serotypes.32 AAV has no lipid envelope, only consisting of a protein capsid.  
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Figure 4. AAV genome and the three viral proteins that make up the capsid.  

AAV genome, inverted terminal repeats flank the two genes (Rep and Cap). Capsid gene encodes for 
three viral proteins (VP1, VP2, and VP3), each containing the full VP3 sequence, with VP1 also sharing 
the VP2 sequence as well as the assembly activating protein, AAP. Adapted from33 

The VP1 N-terminus contains a phospholipase A2 (PLA2) domain that is externalized in 

the late endosome, allowing for endosomal escape.34 The VP1 N-terminus also contains several 

basic regions (BRs) which act as nuclear localization signals necessary for the virus to traffic to 

the nucleus.35 These BRs are also present on the N-terminus of VP2. VP3 is the subunit that is 

most abundant in the capsid assembly; the highly conserved β-barrel motif along with the 

antiparallel β-sheets provide structural integrity.36 All VPs share the VP3 domain which makes 

up the exterior capsid structure, with VP1 also sharing the VP2 domain. The genome is flanked 

by inverted terminal repeats (ITRs) which signal for viral packaging during virus production. The 

ITRs are necessary for producing genome-containing capsids.37  

The capsid assembles into an icosahedral structure, with the assembly of AAV2 taking 

place in the nucleolus.38 The assembled structure has 5-fold, 3-fold and 2-fold axes of 

symmetry, with the 3-fold axis having been identified as the area most important for cell binding 

for the most characterized serotypes.39–42 The differences in binding ability between serotypes 

leads to the different tropisms observed (Figure 5).  
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Figure 5. Models of five-fold axes of symmetry and known preferential mouse tissue tropism for 

the different serotypes.43 

The receptors and co-receptors for serotypes 1 through 9 have been elucidated, with the 

exception of the less characterized AAV7 (Table 2). The recently discovered AAV receptor 

(AAVR) is a transmembrane protein that serves as a critical component of the endocytosis 

mechanism for all AAV serotypes.44 

Table 2. Identified Cell Receptors for AAV Serotypes. Adapted from37 

Serotype Receptors/co-receptors 

 AAV1 AAVR, α2−3/α2−6 N linked SA 

 AAV2 AAVR, HSPG, FGFR1, HGFR, integrins, 
37/67 kDa LamR 

 AAV3 AAVR, HSPG, 37/67 kDa LamR 

 AAV4 α2−3 O linked SA 

 AAV5 AAVR, α2−3 N linked SA, PDGFR 

 AAV6 AAVR, HSPG, α2−3/α2−6 N linked SA 

 AAV7 Not determined 

 AAV8 AAVR, 37/67 kDa LamR 

 AAV9 AAVR, Galactose, 37/67 kDa LamR 

 

1.2.3 Barriers to Gene Delivery 

Gene delivery vectors, especially those delivered intravenously, face many barriers that must be 

overcome to deliver their genetic cargo. These include extracellular components such as 

immune response elements and nucleases as well as intracellular concerns such as lysosomal 

degradation and transport into the nucleus. 
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1.2.3.1 Immunogenicity concerns, humoral and cell-mediated immune responses 

When considering using a viral vector for gene therapy, safety concerns such as 

immunogenicity and potential oncogenicity must be considered.45 It is known that AAV is non-

pathogenic, in other words, it does not cause disease.46 Even though it is non-pathogenic, that 

does not mean that it is not immunogenic. AAV does not elicit a strong immune response when 

introduced into the body, but it has been seen that a mild immune response activates Toll-like-

receptor 9 (TLR9) when recombinant AAV infects antigen-presenting cells.47–49 Prior to injection 

with AAV, it is possible for the patient to already have pre-existing immune response against 

AAV, which would cause an immune response to the first dosage of treatment. The percentage 

of humans that have preexisting antibodies against AAV vary with the serotype.50 Administration 

of recombinant AAV will cause neutralizing antibodies to be produced, preventing repeat 

administration.51  

In order for gene therapy of transduced cells to take place, the virus first needs to arrive 

at the cell that requires the therapy. If injected systemically, the vector must be able to navigate 

the native transport mechanisms of the body in order to reach the target area. When a foreign 

object is injected into blood, if it is identified as foreign it will become opsonized. Opsonization is 

the binding of either complement proteins or antibodies that enhances phagocytosis. The 

complement system results in C3b proteins binding to the surface of the foreign object which will 

result in either the lysis of the vector, or phagocytosis. If there is an antibody response, the 

antibodies that are attached to the surface of the vector will result in either neutralization of the 

microbe or phagocytosis. Phagocytosis is the cellular internalization of large particles within a 

macrophage. If the viral vector is phagocytosed, it is degraded and therefore unable to reach 

the target cell.52 The reticuloendothelial system (RES) is responsible for phagocytosis of 

invaders. A possible solution to this problem is to mimic how red blood cells (RBCs) avoid 

phagocytosis. RBCs have CD47 on their surface, which give a signal to the immune system that 

the RBC is not a foreign entity and therefore should not be targeted for phagocytosis.53 By 

attaching CD47 to the surface of the viral vector, this biomimetic strategy should prevent the 

vector from being recognized as a foreign invader and thus allowing the vector to avoid the 

immune response. AAV has been shown to tolerate the incorporation of peptides into the 

capsids of the vector.54 Another strategy to prevent inactivation by human serum complement 

that has been applied to viruses is conjugating polyethylene glycol to the surface, which has 

been shown to increase serum stability and prevent inactivation.55 Shimpo et al. used a rat 

model to find that AAV was not as stable as adenoviral and retroviral vectors, but was sufficient 
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to deliver an appropriate dose of the therapeutic gene, vascular endothelial growth factor 

(VEGF).56  

Vectors that arrive at and enter target cells may result in a larger challenge to future 

therapy with the same vector because of the intracellular inflammatory response. Once within a 

cell, AAV has been observed to elicit a major histocompatibility complex (MHC) I pathway 

response. An inflammatory response was shown to be caused in the liver by the induction of a 

cytotoxic T lymphocyte response.51 This was observed when very high doses were delivered by 

intramuscular injection as well as via the hepatic artery. AAV-specific antibodies were found to 

be produced, which complexed with MHCs on their surfaces.57 T-cells recognize these 

complexes, and degrade them. It is the production of neutralizing antibodies to both the viral 

capsid and the transgene product that is problematic. These antibodies would prevent re-

administration of the AAV vector. If the humoral response can be negated, then AAV would be 

able to be used as a gene delivery vector multiple times, allowing for treatment that requires 

more than a single dose to be performed.  Little humoral response has been observed when the 

vector is delivered via the pulmonary route.58  

1.2.3.2 Extracellular space components as barriers to gene delivery with AAV 

Another barrier to gene delivery is the extracellular space components. Nucleases are enzymes 

that cleave the phosphodiester bonds between the nucleotide subunits of nucleic acids, 

effectively degrading DNA and RNA. Nucleases exist in the extracellular environment, and 

delivery both intramuscularly59 and intravenously60 requires the vector to protect the packaged 

nucleic acids from the degradation. The extracellular space is also composed of biological 

molecules such as collagen fibers, proteoglycans, and solutes. Transport is an issue because 

the size of viral vectors is comparable to the space between fibers in the extracellular matrix 

(ECM).61 The ECM is filled with steric and binding obstacles that physically prevent vectors from 

traveling through the extracellular space. If the vector is injected intravenously, interactions with 

blood vessels and diffusion across the microvessel wall is also of concern.62 Figure 6 shows the 

physical barriers that viral vectors face when targeting tumor cells.  
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Figure 6. Physiological extracellular barriers63 

Schematic of the different physiological barriers that AAV encounters when targeting a tumor cell after 
systemic administration. AAV must cross the microvessel wall, transport through the extracellular matrix, 
and cross the plasma membrane of cells. The type of transport being hindered is indicated by the 
numbers: 1 for transvascular transport, 2 for interstitial transport, and 3 for transmembrane transport. The 
arrows indicate the direction of transport. 

Tumor cells pose additional problems for vectors. Although vectors may benefit from the 

enhanced permeability and retention effect that occurs in tumor tissue, there are other factors 

that make consistent entry into a tumor difficult. Tumors are heterogeneous, meaning that their 

surfaces are not identical in all areas. Some areas are permeable, but there are regions in 

which the tumor microvessels are impermeable to viral vectors.64 Tumors also have a high 

interstitial pressure which drives flow away from the tumor. This outward flow is another 

obstacle that the gene delivery vector must bypass in order to arrive at the cell. In addition to the 

intratumoral heterogeneity problems, intertumoral heterogeneity must also be considered. The 

same disease that causes tumors does not create identical tumors between patients. Each 

patient’s tumor will be different in some way, which makes creating a therapy targeting the 

tumors difficult.65 
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Depending on the mode of delivery and the area being targeted, the mucus barrier to 

transport provides further difficulty for the vector to reach the target cell. The eye, nose, 

gastrointestinal tract, lung airways, and vagina are protected by mucus. Mucus is a viscoelastic 

and adhesive gel-like substance.66 The location of mucus in the body affects the thickness and 

renewal time, but all mucus is renewed. This renewal removes the mucus and anything that is 

currently within it, which would clear away any viral vector that is trapped within the mucus. 

AAV, specifically serotype 6, is suited to travel through mucus because the overall neutral 

surface creates a hydrophilic surface which allows for less hindered transport through mucus. 

Even with this natural propensity to travel through mucus, the transport was able to be 

improved.  Li et al. generated novel AAV variates through directed evolution that improved the 

transport of the vector across the airway epithelium.67 The directed evolution involved 

generating a chimeric AAV library and identifying variants that were able to transduce the 

human ciliated airway epithelium with an efficiency three times greater than AAV-6. The variant 

that performed the best contained capsid components from AAV-1, AAV-6, and AAV-9.  

1.2.4 Infection Cycle 

Once the virus reaches the cell, it needs to bind to the cell surface to begin the process of 

infection. As an example, the most commonly used serotype, AAV2, has been shown to bind to 

cell surfaces primarily through attachment to heparan sulfate proteoglycan (HSPG).68 A 

schematic of AAV entry and endocytic trafficking in HeLa cells can be seen in Figure 7. This 

was proven by attempting to transduce HeLa cells that were previously incubated with 

heparinase or heparitinase, which inhibit binding to HSPG and significantly reduced 

transduction efficiency. Another proof of AAV2 binding to HSPG for entry was accomplished by 

incubating the AAV2 with soluble heparin prior to transduction of HeLa cells. The soluble 

heparin bound to the surface of the virus, stopping the virus from being able to bind and 

transduce the cells. AAV2’s broad tropism is a result of HSPGs present on the cell membranes 

of many tissues as well as in the extracellular matrix.69   
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Figure 7. AAV entry and endocytic trafficking in HeLa cells70 

Depiction of AAV entering the cell, traveling in the endosome, escaping the endosome and entering the 
nucleus. Part A shows AAV binding to cell surface HSPG which leads it to being internalized. Part B 
shows the clathrin-mediated internalization which utilizes αvβ5 integrins. Part C shows AAV escaping the 
endosome, H+ ions represent the lowering of the pH within the endosome. Part D shows the AAV 
accumulating in the perinuclear region following the escape from the endosome. Part E shows AAV 
entering the nucleus. 

After binding to the surface, AAV needs to undergo cellular uptake and enter the target 

cell. There are different methods for cellular uptake. These include phagocytosis, clathrin-

mediated, caveolae-mediated, and macropinocytosis. For AAV, internalization is accomplished 

by clathrin-mediated uptake. This method is size specific; only vectors less than 0.2 microns in 

size are able to enter this way.71 Entry through this method results in the vector being 

internalized within a vesicle.  

The vector must escape from the vesicle in order to avoid degradation. The vesicle 

becomes an early endosome, then a late endosome, then a lysosome.  If the vector is within the 

late endosome when it becomes a lysosome, it will become degraded.72 The environment within 

early endosomes has a pH between 6.2 and 6.5. The environment within late endosomes has a 

pH near 5.5. If the vector is made to be pH sensitive and can escape the endosome based on 
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the pH change between the early endosome and the late endosome, then it will be able to 

successfully avoid being degraded. Late endosomes are sometimes perinuclear, so if the 

endosomal escape occurs when the vector is in the late endosome, then the amount of space it 

will need to transport in order to reach the nucleus will be lessened. Specifically, in regards to 

AAV, once the vector is in the endosome, Rab GTPases are associated with the movement of 

the endosome. Rab5, Rab7, Rab9, and Rab11 are responsible for the location of endosomal 

escape and either transport to the perinuclear region, the Golgi apparatus, or degradation from 

the late endosome becoming a lysosome.73 Syntaxin 5-mediated transport to the Golgi 

apparatus is a conserved feature of AAV trafficking, and transport to the Golgi apparatus has 

been correlated with transduction efficiency.74 These different potential intracellular pathways 

are shown in Figure 8.  

 

Figure 8. Potential intracellular pathways for AAV endosomal processing73 

Depiction of potential intracellular pathways that recombinant AAVs may utilize. There is potential to 
move to a lysosome, to the Golgi apparatus, or to the perinuclear region. Rab GTPases that are linked 
with trafficking to particular vesicular compartments are noted. Rab11 moves the viruses towards the 
perinuclear region or to the Golgi apparatus. Rab7 moves the early endosome to a late endosome and 
eventually to a lysosome. Rab9 moves the viruses from the late endosome towards the Golgi apparatus.  
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AAV is able to escape low pH environments because of the VP1 subunit in the capsid. 

VP1 has a phospholipase A2 (PLA2) domain which is able to catalyze the breakdown of 

phospholipids. When it is not exposed to low pH, the PLA2 domain is contained within the 

lumen of the capsid. A low pH environment causes PLA2 to get externalized, which catalyzes 

the breakdown of the endosome, allowing the vector to escape and avoid degradation.75,76  

The cytoplasm hinders the mobility of the vector because it is crowded by organelles and 

proteins. If, as previously mentioned, the vector stays in the endosome until it becomes 

perinuclear, then this problem will not arise. If the vector escapes the endosome too early and is 

not in the perinuclear region, then an active transport mechanism is needed. The microtubule 

network is an attractive target for active transport because the protein dynein is known to be a 

motor protein that can carry cargo along the microtubules to the perinuclear area. Sanlioglu et 

al. showed that microtubules and microfilaments were important for AAV2 to accumulate in the 

perinuclear region.77 Xiao et al. showed that virus perinuclear accumulation is a barrier limiting 

parameter for recombinant AAV transduction.78 Their data suggested that the trafficking to the 

nucleus occurs via the RhoA-ROCK-Actin pathway.  

For transport to the nucleus, AAV utilizes nuclear localization signals (NLS). 

Externalization of the N-termini exposes basic regions on the capsid of AAV that act as NLS.79 

The externalization of the N-termini requires other processing factors besides low pH, but these 

other factors are unknown. Sanlioglu et al. showed that for the virus to transport to the nucleus 

in HeLa cells, phosphatidylinositol-3 kinase (PI3K) signaling needs to be activated.77 They 

showed this by inhibiting PI3K in HeLa cells through treatment with Wortmannin, a nonspecific 

covalent inhibitor of PI3Ks. This treatment caused the AAV vectors to be trapped in endosomes 

near the plasma membrane, which was observed two hours after infection. Endocytosis of 

AAV2 was shown to activate PI3K through the use of thin layer chromatography.  

Once it has arrived at the nucleus, AAV needs to either unpackage the genes it is 

carrying, allowing those genes to undergo nuclear uptake, or the entire AAV vector needs to 

enter the nucleus and unpackage the genetic cargo. For a vector to enter the nucleus, it has to 

pass the nuclear envelope barrier. This barrier contains nuclear pore complexes (NPCs) 

embedded within it, which allow for transport between the cytoplasm and the nucleus. NPCs 

have a diffusional limit of about 9 nm. Because of its size, AAV would not be able to diffuse 

through NPCs. However, AAV has a nuclear localization signal, which allows for active transport 

into the nucleus. Partially disassembled capsids are very likely to enter the nucleus, and there 

has been evidence of intact capsids within the nucleus as well in the presence of adenovirus.80 
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The gene that will be delivered will depend on the desired application. The gene can be 

an addition or a replacement. A gene can be a gene knockout, placed strategically in order to 

introduce mutations in start codons that will prevent production of a protein that is being 

overproduced. More commonly, gene addition involves the insertion of an active copy of a 

defective innate gene.81 A gene that is a replacement can correct dominant negative genetic 

mutations. Gene replacement has a decreased danger of insertional mutagenesis because it is 

taking the place of a gene. Addition of a gene can lead to an insertion in front of an oncogene 

that turns on the oncogene, leading to the creation of tumor cells. Whichever the case, wildtype 

AAV is known to have its genome integrate site specifically at chromosome 19.82 Because the 

genome integrates into a chromosome, the corrective gene will not be lost through mitosis, 

which is a difficult problem for genes that are delivered but not integrated into a chromosome. 

The integration depends on the presence of Rep and ITRs; this is because the ITRs are 

homologous to a region on chromosome 19. This region is termed the AAVS1 site, and is 

located on the long arm of chromosome 19.83 While wildtype AAV is able to integrate, 

recombinant AAV has been reported to not integrate well.84 

1.2.5 Natural Tropism of AAV 

Once the viral vector reaches the target cell, it needs to bind to the surface of the cell. The 

target cell will have certain receptors on the surface. Depending on the serotype of AAV used, 

the preset tropism, or propensity to bind to certain tissues or targets, needs to be considered. 

The most likely scenario is that the AAV vector will have too broad of a tropism, resulting in the 

therapeutic gene being delivered to not only the target cell, but to other cells as well. AAV is 

known to have a natural tropism which targets skeletal muscle, neurons, liver, and hepatocytes, 

Figure 9.85,86  

 

Figure 9. Tropism of AAV serotypes, adapted from86 
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In order to avoid this non-targeted delivery, the natural tropism of the vector can be 

ablated through genetic engineering of the capsid. Many researchers have been able to ablate 

the natural tropism of AAV. As an example, Nicklin et al. genetically incorporated a peptide, 

SIGYPLP, which targets endothelial cells into the capsid. This incorporation of the peptide into 

the capsid allowed for enhanced transduction of human endothelial cells.85  

1.3 Cardiac disease and gene therapy approaches 

Cardiovascular disease (CVD) is a leading cause of death, per the American Heart Association 

(AHA), there were approximately 780,000 deaths in the United States with CVD listed as the 

underlying cause in 2016.87 This accounted for 32% of all deaths that year. β-blockers and 

angiotensin-converting enzyme inhibitors, the drugs currently used in treatments following heart 

failure (HF), attempt to prevent detrimental remodeling of cardiac tissue and scarring, but do not 

address the root cause of the HF nor do they allow for the patient to eventually become 

independent, they are reliant on the drug treatments for the rest of their lives.88 Due to these 

limitations with drug therapy, research has expanded into gene therapy as an avenue to 

potentially provide treatment for those suffering from cardiovascular disease.  

There can be many causes for heart failure; however, the issues encountered post-HF remain 

similar. Decreased myocardial function, ventricular remodeling, vascular and endothelial 

disfunction, as well as altered hemodynamics are all present following HF.89 In order to mimic 

these symptoms, researchers have developed many different animal models with which 

potential therapies can be tested.   

1.3.1 Heart failure pre-clinical disease models 

Gene therapy with applications to cardiac diseases has been pursued with great interest, but 

this has been tempered by a failed clinical trial and the identification of current limitations such 

as the need for control over the expression of a therapeutic gene due to negative side effects at 

non-disease sites and the need for high levels of gene expression for a therapeutic effect to 

take place.28,90 Many therapeutic genes have been identified, but in order to translate to the 

clinic they need to be delivered exclusively to the injured heart area with a high level of 

expression.91 There is a need for targeted delivery because full body exposure of a therapeutic 

gene can potentially be toxic due to undesirable side-effects in off target locations.92 The current 

methods used to achieve this are the highly invasive delivery methods of direct myocardial 

injection(s) or intracoronary perfusion.93,94 
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The most commonly used in vivo model of HF in literature is a murine coronary ligation 

model where a rodent, usually a mouse or a rat, has the left coronary artery occluded through a 

ligation. This results in a myocardial infarction of variable sizes, causing symptoms detailed 

above.95 The various steps in the injury are detailed below in Figure 10.96   

 

Figure 10. Chronological steps in MI surgery96  

(A-C) Chest is opened. (D) Chest muscles are retracted, exposing the intercostal space. (E) A clamp is 
used to open the pericardium. (F) The heart is exposed. (G) Arrow indicated the left coronary artery 
(LCA). (H,I) The LCA is sutured and ligated to induce injury. (J) Visualization of the pale, damaged left 
ventricle. (K,L) Heart is placed back into chest, muscle and skin are closed.  

Other models include hypertension, aortic banding, toxic cardiomyopathy, and genetic models.89 

These models span different species, including mice, rats, dogs, rabbits, guinea pigs, cats, pigs, 

and sheep.  

1.3.2 CUPID clinical trial 

The first clinical trial applying gene therapy to cardiac disease was the calcium upregulation by 

percutaneous administration of gene therapy in cardiac disease (CUPID trial).97–100 This trial 

sought to correct the sarcoplasmic/endoplasmic reticulum Ca²+-ATPase (SERCA2a) activity 

that is deficient in the failing heart by delivering the human SERCA2a gene to the injured heart 

by injected AAV1 packaging CMV-huSERCA2a. SERCA2a plays the dual role of lowering 

cytoplasmic Ca2+ to elicit relaxation and restoring Ca2+ sarcoplasmic reticulum storage, this is 

necessary for contraction of the heart. The method of delivery was percutaneous coronary 

intervention (PCI), which uses a catheter to deliver the AAV directly to the heart.  
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In the Phase 1 trial, groups of 3 patients were used to test dosage. 1.4E11, 6.0E11, and 3.0E12 

DNAse resistant particles (DNPs) were tested as potential doses. Many metrics were measured 

and analyzed, but one to highlight would be the ejection fraction which is the percentage of 

blood that the left ventricle pumped out after each contraction. This is severely reduced in the 

injured heart, dropping from the normal healthy level of around 65% to as low as 20% in the 

injured heart.101 The change in ejection fraction percentage was measured over 1 year, shown 

below in Figure 11.98   

 

Figure 11. Absolute change in ejection fraction over time98  

Only one patient (Cohort 1, 1.4E11 DNPs, patient #3) experienced a noticeable improvement in 

ejection fraction. However, these findings combined with others in the study supported the 

initiation of a Phase 2 double-blind, placebo-controlled study.  

The Phase 2 study took place at 67 clinical centers and hospitals in the USA, Europe, and 

Israel.99 The placebo group received no virus, and the testing group received a treatment of 

1E13 DNPs, a 71-fold increase in dose. Even with this increase in dose, no statistical 

significance was found between the groups.100 There are two prevalent theories to explain this 

failed clinical trial. One is that the small number of subjects in the Phase 1 trial led to an 

erroneous decision to proceed to the Phase 2 trial. The second theory is that there were 

differences in the production of vectors used in each trial. In the Phase 1 trial, there were empty 

capsids present in the administered doses which could have potentially attracted antibodies that 

would otherwise have neutralized the SERCA2 containing viruses. In the phase 2 trial, without 

the abundance of virus decoys, the antibodies may have neutralized too many of the vectors 

carrying the SERCA2 gene. This clinical trial highlights many issues with gene therapy through 

the use of viral vectors: the inconsistencies with production, neutralizing antibody generation, 

and unknown dosages for therapeutic effect.  
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1.4 Thesis Overview 

This thesis details the expansion of the protease-activatable virus (provector) platform 

previously developed by our lab which harnesses endogenous proteases upregulated at 

disease sites to activate the provector, allowing for systemic injection to result in targeted gene 

delivery. Chapter 1 describes gene therapy as a field, highlighting AAV and its use as a gene 

delivery vector for in vivo testing and clinical applications. The main focus of this thesis is 

delivering genes in a targeted manner to the injured heart. Because of this, I also discuss 

cardiac disease and the gene therapy approaches currently being investigated to treat CVD. 

The pre-clinical disease models used to simulate heart disease and failure as well as clinical 

trial failures are highlighted. Chapter 2 reviews the field of stimulus-responsive viral vectors for 

the controlled delivery of therapeutics.  It introduces what stimulus-responsive vectors are and 

details the work currently being investigated harnessing the endogenous stimuli of pH, redox 

environment, and proteases as well as the exogenous stimuli of temperature, magnetic field and 

light waves.  

 Chapter 3 describes the generation of a crucial control vector and the investigation of the 

performance of the MMP-activatable provector in healthy mice. The application of this provector 

to three different myocardial infarction disease models and a model of stroke is also 

investigated. In Chapter 4, I modify the AAV9-based MMP-activatable provector to recognize a 

different stimulus: caspase-3. The in vitro generation, testing, and optimization of the new 

provectors are detailed, and I also investigate how this provector design performs in a healthy 

animal model and in a model of myocardial infarction. Chapter 5 explores a new provector 

design requiring two inputs for activation in an attempt to increase specificity of gene delivery 

with the provector platform. Overall, this thesis expands on the disease applications and the 

stimuli targeted by the provector platform.  
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Chapter 2 

2 Stimulus-responsive viral vectors for 

controlled delivery of therapeutics*102 

Virus-based therapies have gained momentum as the next generation of treatments for a variety 

of serious diseases. In order to make these therapies more controllable, stimulus-responsive 

viral vectors capable of sensing and responding to specific environmental inputs are currently 

being developed. A number of viruses naturally respond to endogenous stimuli, such as pH, 

redox, and proteases, which are present at different concentrations in diseases and at different 

organ and organelle sites. Additionally, rather than relying on natural viral properties, efforts are 

underway to engineer viruses to respond to endogenous stimuli in new ways as well as to 

exogenous stimuli, such as temperature, magnetic field, and optical light. Viruses with stimulus-

responsive capabilities, either nature-evolved or human-engineered, will be reviewed to capture 

the current state of the field. Stimulus-responsive viral vector design considerations as well as 

gaps in current research efforts will be identified.  

2.1 Introduction 

Gene therapy is a promising therapeutic option with the potential to correct genetic 

defects at the source. The goal of gene therapy is to deliver genes that will ultimately translate 

into a therapeutic gain or loss of function, either by modifying protein expression, by replacing 

an entire gene or portion of the gene, or by eliciting a biological response. Despite great 

progress, it has proven challenging to create a delivery vector capable of navigating to desired 

tissue in vivo, efficiently entering cells, and delivering cargo to the nucleus all the while 

minimizing delivery to nontarget organs.  

There have been over 2,000 gene therapy clinical trials to date, but very few therapies 

have been approved for commercialization in the Western market. Glybera, an adeno-

associated virus (AAV) vector-based treatment for lipoprotein lipase deficiency, was approved in 

2012 for use in Europe.11 In 2016, Strimvelis, a retrovirus-based ex vivo treatment for severe 

combined immunodeficiency due to adenosine deaminase deficiency (ADA-SCID) was also 

approved for use in Europe.13,103 Both of these products do not require high specificity of 

 

* Chapter previously published 
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delivery. Glybera has minimal negative side effects if delivered to non-target areas while the ex 

vivo administration of Strimvelis prevents any non-targeted delivery. For other applications, 

however, it may be necessary to use a systemic in vivo treatment with a therapeutic transgene 

that is cytotoxic if expressed in non-target tissues, such as suicide gene therapy for the 

treatment of cancer.104 These applications will require vectors that are much more specific, 

resulting in targeted gene delivery. The FDA in the United States has only approved one viral 

vector so far for clinical use: Imlygic in 2015.105 Imlygic is a herpes simplex virus (HSV) based 

vector used to treat melanoma through oncolytic therapy. To translate more viral vectors into the 

clinic, continued improvements to vector properties are required so that desired clinical 

outcomes can be met. 

One approach to control vector delivery efficiency and specificity is to design them to be 

stimulus-responsive. The stimulus will induce a physicochemical change in the vector,106 

causing the vector to alter its delivery capability in some way. For example, one type of vector 

design inhibits cargo delivery until the vector senses a particular stimulus.107 This strategy 

allows targeted delivery to locations where the stimulus is present and lowers off-target delivery 

to areas where the stimulus is absent, potentially enabling the therapy to be safer as well as 

require lower administration dosages. A different design strategy can enhance delivery 

efficiency, rather than specificity, of the vector such that the stimulus increases the amount of 

therapeutic that is delivered.108 Additionally, some strategies use stimuli as ‘kill-switches’ where 

stimulus detection leads to a decrease in viral function.109 Thus, viral vectors can be designed in 

different ways to respond to stimuli in order to achieve controlled delivery. 

 The stimulus chosen to activate viral vectors can be either endogenous or exogenous to 

the human body 106. Some examples of endogenous stimuli used in stimulus-responsive 

strategies are pH,110–112 redox potential,113–115 and proteases.107,116,117 These stimuli have been 

found to be present at different levels depending on biological location and disease states. 

Alternatively, researchers have developed viral vectors that can be controlled by an exogenous, 

or remotely-applied, stimulus. Some examples of exogenous stimuli used in stimulus-responsive 

designs are temperature,118–122 magnetic field,123 and optical light.124–127 These forms of stimuli 

applied from outside of the physiological environment can directly connect delivery vector 

function to a real-time user-tunable stimulus.  

This review will cover a number of stimulus-responsive viral vector strategies (innate or 

engineered) reported in the literature, categorized by type of stimulus – endogenous or 

exogenous (Figure 12). Some viruses have not yet been used as therapies, whereas others 
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have been developed to deliver therapeutics, such as nucleic acids, drugs and other small 

molecules, as well as to act as an oncolytic agent. For this review, we have focused on design 

strategies that mainly use biological building blocks (e.g. peptides, proteins) or relatively small 

chemical modifications to the virus, with the exception of magnetic field-responsive viruses 

since we are not aware of currently available peptides/proteins that could allow viruses to sense 

magnetic fields. As a complement to our review that is limited in scope, we direct the reader to 

other reviews that discuss approaches using synthetic polymers and other synthetic 

nanomaterials to achieve stimulus-responsive therapeutics delivery.128–130 For example, 

development of hybrid systems composed of viruses and stimulus-responsive polymers131 is 

another promising strategy to achieve desired delivery profiles. Continued development of 

stimulus-responsive viral vectors should lead to the creation of safer and more effective 

treatments for a variety of human diseases. 

 

 

Figure 12. Stimulus-responsive viruses can respond to endogenous (pH, redox, and proteases) 

and exogenous (temperature, magnetic field, and optical light) stimuli.  

These stimuli induce physiochemical changes in the viruses, generating responses such as increased 
delivery efficiency and specificity, as well as safety measures such as the halting of viral replication.   

2.2 Endogenous stimuli 

Viruses are naturally responsive to a number of biological stimuli, including pH, redox, and 

proteases. The viruses undergo physiochemical changes when exposed to these endogenous 

stimuli that allow behavior such as more efficient cargo delivery, increased stability, or modified 
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intracellular trafficking. This natural behavior can be re-imagined to generate viral vectors that 

respond in unnatural ways to the stimuli. For example, viruses can be programmed to react to 

different concentrations of stimuli (e.g. pathologic levels) in new biological environments (e.g. 

extracellular detection and activation rather than intracellular).  

2.2.1 pH as input 

2.2.1.1 pH changes in physiology and disease 

In the body, pH levels change among different organs and organelles or between 

healthy and disease states. For example, tumor microenvironments exhibit a pH decrease from 

healthy levels (∼ 7.4) to around 6.5.132 This reduction in pH is due to uncontrolled tumor cell 

proliferation and angiogenesis, which depletes nutrients too quickly and causes cells to produce 

more acidic metabolites.133 Intracellularly, the endocytic pathway is characterized by 

increasingly lower pH values as vesicles mature from early (pH ∼ 6) to late (pH ∼ 5.5) 

endosomes and to lysosomes (pH ∼ 4.5).134 Tumor tissue targeting and endosomal escape are 

the most common motivations for generating pH-responsive vectors. Other applications where a 

pH-responsive vector may be useful include gastrointestinal (GI) tract diseases and bacterial 

infections. The GI tract exhibits a range of pH levels through its segments. The stomach has a 

pH of ~1.5, the proximal small intestine has a mean pH of ~6.6, and the colon is ~7.0. The 

duodenum and ileum are the only basic regions of the GI tract, with pH ranging from 7.2-

7.5.135,136 Bacterial infections can lead to decreased pH in the GI tract of infected patients.137 

These various changes in pH could allow for a pH-sensitive vector to accurately target tissues.   

2.2.1.2 Naturally encoded pH-responsiveness 

Viruses have naturally evolved pH-responsive behaviors to overcome cellular barriers to 

infection. Specifically, many viruses enter cells via the endosomal pathway and, thus, need to 

escape from endosomes in order to avoid lysosomal degradation and to traffic to the nucleus. 

These viruses are often activated by low pH in the endosome, and subsequently escape via 

various mechanisms, including formation of pores as well as lysing the membrane (Figure 13). 

Reoviruses, as an example, undergo a pH-responsive conformational change resulting in 

exposure of the protein μ1, which is hypothesized to undergo auto-cleavage to generate μ1N – 

the peptide motif that creates pores within endosomal membranes allowing for endosomal 

escape.110,111,138 In a similar strategy, flock house virus externalizes part of its gamma protein, 

which is initially located on the interior of the capsid, via an irreversible pH-responsive structural 

change in order to penetrate and destabilize acidic vesicles.139 A small (4.4 kDa) fragment of the 

gamma protein is auto-cleaved from the capsid for vesicular release of the virion and 
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subsequent cytoplasmic release of viral RNA. Parvoviruses, such as minute virus, AAV, and 

canine parvovirus, expose a functional phospholipase A2 (PLA2) domain on the outside of their 

capsid in response to endosomal pH (potentially in combination with other endosomal 

factors).112,140,141 The PLA2 domain acts to hydrolyze phospholipids and create pores in 

endosomes.138  Adenovirus (Ad) escapes endosomes with a pH-responsive conformational 

change that releases protein VI from the capsid, which disrupts the endosome but leaves most 

of the virus particle intact.142,143 Of these viruses, AAV and Ad have been investigated heavily for 

gene delivery. Overall, a number of viruses utilize pH-responsive mechanisms to escape 

endosomes. 

 

Figure 13. Proposed innate mechanisms of pH-dependent endosome membrane disruption by 

three different types of viruses.  

Some viruses are thought to hydrolyze pores in the membrane and slip through without rupturing the 
entire vesicle, while other viruses induce a physical disturbance in membrane shape to completely lyse 
the endosome. Adapted with permission from.138 

In a unique strategy, murine polyomavirus uses a pH-responsive mechanism to traffic to 

desired vesicular compartments. Specifically, the virus undergoes a pH-induced conformational 

change that causes the capsid to become more susceptible to cleavage by intracellular 

proteases.144 The conformational change facilitates exposure of the previously hidden N-

terminus of the VP1 capsid subunit, resulting in subsequent cleavage of the N-terminus by 

endolysosomal proteases. The shortened VP1 then binds to the lipid receptor ganglioside 

GD1a, which has been suggested to be responsible for ER targeting of the virus. After reaching 

the ER, polyomavirus enters the cytosol and then translocates into the nucleus.144 Thus, low pH 

can be used as the stimulus to redirect the vesicular trafficking of viral particles. 
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Viruses that infect the GI tract are faced with a range of pH changes and may need to 

use pH-responsive mechanisms to infect the desired host cells in the gut. For example, the 

capsid of norovirus appears to display pH-responsiveness.145 At low and neutral pH, the virus 

capsid remains stable. As the pH becomes more basic the capsid stability gradually decreases 

leading to a complete and irreversible loss of stability at a pH of 10. The ability to retain capsid 

stability at low pH allows norovirus to survive within the acidic environment of the stomach. The 

decrease in stability at elevated pH may help with virus cell entry and RNA release processes, 

but more studies are required to further support this claim. 

In summary, pH differences in organelles and tissues allow for pH-responsive viruses to 

carry out effective infections. Viruses use pH-responsive conformational changes of viral 

components to escape endosomal membranes, and to redirect intracellular trafficking. GI tract 

viruses may use pH-responsive mechanisms to infect target cell types in the intestine. To our 

knowledge, the natural pH-responsive properties of viruses are currently used as-is and have 

yet to be engineered with the goal of altering gene delivery performance. Future endeavors 

could investigate the ability to modify tropism or gene delivery efficiency by modulating pH-

responsiveness of viruses, either via incorporation of pH sensitive motifs or by mutating viral 

components.  

2.2.2 Redox as input 

2.3.2.1 Redox changes in physiology and disease 

A reduction-oxidation (redox) reaction involves the transfer of electrons from one 

molecule (the reducing agent) to another molecule (the oxidizing agent). Different cellular 

compartments have differing redox potentials. For example, the nucleus exhibits minimal redox 

potential and is resistant to oxidation. Mitochondria are the most reducing cellular 

compartments, having high rates of electron transfer, high sensitivity to oxidation, and producing 

the largest amount of reactive oxygen species. The cytoplasm is another compartment with a 

strong reducing environment, which is dependent on nicotinamide adenine dinucleotide 

phosphate (NADP) oxidases and nitric oxide synthases among other enzymes that catalyze 

electron transfer.146 Redox potential also differs between healthy and diseased tissues. 

Oxidative stress, which is caused by an imbalance between the production of free radicals and 

the ability of the body to neutralize the radicals with antioxidants, has been associated with 

diseases such as Parkinson’s disease,147 cardiovascular disease,148 Alzheimer’s disease,149 as 

well as cancer.150 Thus, redox-responsiveness may enable vectors to target specific pathologies 

and/or particular intracellular compartments. 
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2.2.2.2 Naturally encoded redox-responsiveness 

A virus that has evolved redox-responsiveness is the Epstein-Barr virus (EBV) which 

uses redox-sensitive mechanisms during host cell infection to facilitate viral replication (Figure 

14).151 In particular, EBV’s DNA replication during its lytic phase is mediated by the protein Zta 

which stimulates viral and cellular transcription. Zta contains a conserved cysteine residue, 

C189, that is sensitive to redox conditions and has been identified as a regulator of DNA 

binding.151 Under oxidation conditions, the cysteine is oxidized, creating a disulfide bond 

between Zta proteins, which prevents Zta from binding DNA. In the presence of reducing 

agents, Zta is able to bind DNA, activating transcription. Therefore, high oxidation conditions 

allow the virus to become latent, while low oxidation environments reactivate EBV from latency 

resulting in viral replication. The viral replication has been observed to cause fragmentation of 

chromosomal DNA, leading to host cell lysis.152,153  

 

Figure 14. Examples of redox-responsive virus designs.  

(Left) Viruses have been engineered to internalize into cells only upon sensing reducing agents in the 
extracellular space. (Right) Some viruses have the natural ability to enter latency under oxidative 
conditions. Reducing agents can reactivate viruses from latency, resulting in viral replication. 

2.2.2.3 Engineered redox-responsiveness 

Some viruses have been engineered to be responsive to redox conditions (Figure 14). In 

one example, human immunodeficiency virus (HIV) has been engineered to respond to redox 

conditions.114,115 Normally, HIV uses its gp120 viral protein to bind to the CD4 cell surface 

receptor. This leads to gp120 binding to a coreceptor on the cell surface, which then allows for 

the viral gp41 protein to bind to the cell membrane, resulting in fusion of the HIV envelope and 
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cell membrane and infection of the host cell.154 The engineered virus mutant, however, has a 

disulfide bridge between the viral gp120 and gp41 proteins. The modified virus is able to attach 

to cells regardless of conditions; however, internalization and infection only occurs when a high 

level of a reducing agent is present in the extracellular environment, which cleaves the disulfide 

bridge between gp120 and gp41. Thus, this redox responsive property allows viral infection to 

occur only under particular reducing conditions. As is, it is unclear how this engineered HIV 

vector could be used therapeutically, but the mutant could be used to investigate basic biology 

questions regarding HIV-host interactions.    

In a second example, the plant virus cowpea mosaic virus (CPMV) was functionalized 

with ferrocene carboxylate redox-responsive moieties via chemical conjugation to the capsid 

exterior.113 Electrochemical studies confirmed redox-sensitivity, and it was found that 240±10 

redox-active groups decorated a single virion. The ferrocenyl moieties on the surface of the 

virus have the ability to act as multi-electron reservoirs. Since CPMV is a plant virus, it is unable 

to transduce mammalian cells effectively; however, it is currently being investigated as a drug 

delivery vector.155  It remains to be seen if this interesting redox-responsive CPMV can be used 

in a biomedical context. 

In summary, redox control of viral vectors is one potential way to increase the specificity 

of gene delivery as many diseases are characterized by a rise in oxidative stress. EBV is one 

example of a virus naturally responsive to redox conditions in host cells. In general, little work 

has been published describing the generation of redox-responsive viral vectors for applications 

in gene delivery. In the one rare example discussed above, HIV was engineered to be activated 

by a highly reducing environment, which could be used to study virus-host biology. More effort is 

required to fully realize the potential of viral vectors engineered to sense and react to redox 

changes for improved gene delivery. 

2.2.3 Proteases as input 

2.2.3.1 Protease level changes in physiology and disease 

Protease activity is upregulated in certain disease states and can serve as an input for stimulus-

responsive gene delivery. Certain proteolytic enzymes, such as matrix metalloproteinases 

(MMPs), are known to accumulate in disease sites at concentrations significantly higher than in 

healthy tissue.156,157 In some instances, this increase in proteases is coupled with a decrease in 

tissue inhibitors of metalloproteinases (TIMPs), resulting in significantly greater protease activity 

overall.158 MMPs normally regulate extracellular matrix turnover; however, they can take on 
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aberrant roles by excavating invasive pathways into healthy tissue in metastatic cancer 

processes159 as well as participate in neurodegenerative and neuroinflammatory 

processes.156,157 For example, MMP-2, MMP-7, and MMP-9, among others, are expressed at 

significantly higher levels in diseases such as pancreatic cancer,160 Alzheimer’s disease,157 

Parkinson’s disease,161 and neuroblastoma.162 As such, viral vectors can be designed with 

protease-sensitive domains to help target cargo delivery to diseased tissues characterized by 

elevated protease levels.    

2.2.3.2 Naturally encoded protease-responsiveness 

A number of viruses naturally require proteolytic processing in order to achieve 

successful host cell infection and viral replication. The proteases can be viral or cellular in 

nature. For example, HIV requires interaction with its own HIV-1 protease to replicate. The 

protease cleaves the Gag and GagPol precursor proteins with precision, separating the 

structural proteins and the three viral enzymes necessary for replication.163 Because of this 

dependence on the protease for replication, some therapeutic efforts to combat HIV have 

focused on protease inhibition.164,165 Hepatitis C virus (HCV) is another virus that has its own 

protease. HCV requires the serine protease activity located within the HCV NS3 protein for 

successful viral replication. The protease cleaves the viral polyprotein at four specific sites 

which allows replication to take place.166 While the exact mechanism remains to be elucidated, 

inhibition of the protease halts HCV replication, highlighting the importance of this viral protease.  

Other viruses rely on processing by host cell proteases in order to carry out infection. 

For example, as mentioned above, murine polyomavirus escapes the endosome through the 

exposure and subsequent cleavage of the VP1 N-terminus by endolysosomal proteases. 

Without this proteolytic processing, the virus would be unable to escape vesicles and will be 

ultimately degraded in lysosomes.144 In another example, endosomal cathepsins B and L have 

been identified as being necessary for successful infection by some AAV serotypes.167 So far, 

AAV2 and AAV8 are known to be acted on by the cathepsins, while AAV5 is unaffected by their 

presence. The cathepsins modify the viral capsids by partial proteolysis, although it has yet to 

be ascertained whether this proteolysis promotes endosomal escape or is necessary for a later 

step in the infection process.167,168 

One host cell protease that mediates the activity of several different viruses is the 

membrane-bound furin protease. Tick-borne encephalitis (TBE) virus has been shown to be 

activated by furin to acquire membrane fusion activity through cleavage of the viral prM 

protein.169 Intact prM inhibits the activity of the viral fusion peptide via steric hindrance. 

Proteolytic cleavage of prM by furin allows the fusion peptide to interact with the membrane and 
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begin the cellular infection process. Furin has also been shown to activate hemagglutinin (HA) 

of influenza viruses.170 By cleaving HA site-specifically, furin creates a truncated HA revealing a 

sequence of hydrophobic amino acids that acts as a fusion peptide. This fusion peptide is 

required for the virus to be infectious; it fuses to the endosomal membrane and causes fusion of 

the viral and cell membranes, allowing for the viral RNAs to enter the cytoplasm. Newcastle 

disease virus (NDV) has also been identified as requiring furin for activation. A furin-defective 

cell line was unable to cleave the NDV fusion glycoprotein, resulting in an inability to expose the 

viral fusion protein, effectively stopping membrane fusion and hence infection of cells.171,172 A 

similar mechanism has been observed in respiratory syncytial virus (RSV) as well, where the 

fusion protein is cleaved by furin, allowing for competent fusion of virus to plasma 

membranes.173 Collectively, it is notable that several different viruses requiring a membrane-

fusion step during host cell infection all use the furin protease as the biomolecular stimulus. 

2.2.3.3 Engineered protease-responsiveness 

A handful of viruses have been engineered to respond to proteases that are not naturally 

part of their infectious processes. In one of the earliest examples, retrovirus was fitted with 

epidermal growth factor (EGF) as an N-terminal extension of a surface-exposed viral protein.116 

Interestingly, this protein insertion inhibited infection of cells with high expression of EGF 

receptor (EGFR) because EGFR binds the virus on the cell surface but does not mediate cell 

entry. Based on these findings, the same retroviruses were generated with an MMP2-cleavable 

sequence included in the inserted EGF domain.117 It was shown that the viruses bind EGFR on 

the cell surface and remain extracellular until the MMP2 concentration rises to roughly 10μg/ml, 

at which point the EGF motifs are cut off the virus, allowing the virus to enter and infect cells. 

The main drawback to this method is that the retrovirus is still capable of infecting non-EGFR-

expressing cells because the inserted EGF domain does not obstruct cellular binding via the 

primary receptor. As another example, directed evolution was used to select for mutant 

retroviruses displaying desired protease substrates on the virus surface.174 After two cycles of 

selection, viruses with MMP-dependent tropisms were isolated that displayed the cleavable 

sequence PQGLYQ and showed significantly higher transduction of tumor cell lines 

overexpressing MMP2 compared to non-MMP-responsive vectors.  

In another rendition of the protease-activatable virus concept, the naturally found furin-

mediated activation of viral fusion peptides was taken as inspiration and re-engineered such 

that MMP2, rather than furin, is the proteolytic input. Specifically, retroviruses were made to 

express glycoproteins<sup>175</sup><sup>174</sup><sup>173</sup><sup>173</sup><sup>172</sup><sup>172</sup> 
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engineered to harbor MMP2-cleavable peptide sequences that, when in place, inhibit cell entry 

by the virus.175 Upon cleavage by MMP2, the viral fusion peptide is liberated which allows for 

cell entry to proceed through viral fusion with the cellular membrane. This strategy resulted in 

negligible infectivity in the absence of MMP2 and wild-type levels of infectivity in the presence of 

MMP2 in vitro. Importantly, these viruses preferentially infected MMP2-expressing diseased cell 

lines compared to healthy cells. Collectively, a substantial amount of work has been carried out 

in engineering protease-activatable retroviral vectors. 

As a second viral vector example, AAV has also been engineered to be protease-

activatable.107 ‘Peptide locks’, composed of MMP-cleavable peptides flanking a tetra-amino acid 

motif, were inserted into the receptor binding domains present on the AAV2 capsid such that 

when the locks are in place the virus is unable to engage with its cellular receptor, resulting in 

low transduction efficiency. Upon removal of the peptide locks from the capsid via MMP 

digestion, the AAV vector can bind and internalize into cells, leading to gene delivery. The 

engineered AAV vectors can be designed to be activated by different MMPs by changing the 

sequence of the MMP-cleavable motifs in the peptide locks. Moreover, different tetra-amino acid 

sequences, regardless of chemical properties, can be used in the construction of the peptide 

lock suggesting the lock likely works via a steric obstruction mechanism.176 However, some 

amino acid sequences negatively impact capsid production and stability, indicating that not all 

tetra-amino acid sequences would be tolerated by the capsid. Although protease cleavage did 

not fully restore gene delivery efficiency of the protease-activatable AAV vector to wild-type 

capsid levels, it did result in a 100-fold increase in transduction over the uncleaved vector. The 

low overall gene delivery efficiency can be overcome by creating mosaic viruses containing both 

wild-type and protease-cleavable capsid subunits.177 Overall, the recently developed protease-

activatable AAV vectors offer an alternative to the protease-activatable retroviral vectors, and it 

remains to be seen how these engineered AAV vectors perform in vivo. 

In summary, these viral designs illustrate the potential of using extracellular or 

intracellular proteases to control viral infection or replication (Figure 15). Viruses naturally 

respond to proteases, which can control cell binding, intracellular trafficking, or replication. 

There have been efforts to engineer protease sensitivity into viruses through the addition of 

protease cleavable peptides onto the virus surface, effectively altering the tropism of the 

vectors. One important barrier to the clinical translation of these strategies is the incomplete 

understanding of the in vivo expression profiles, concentrations, and activities of different MMPs 

at disease sites. Furthermore, due to potential proteolytic activity at non-target tissue sites 
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(possibly due to unrelated tissue processes), protease-activated delivery approaches may need 

to be coupled with other methods to minimize off-target gene delivery.   

 

 

Figure 15. Viral infection can be responsive to extracellular or intracellular proteases.  

The viral infection steps demonstrated thus far as being controllable with proteases include receptor 
binding, cell entry, membrane fusion, endosomal escape, and viral replication. 

2.3 Exogenous stimuli  

A number of stimuli normally exogenous to biological systems, such as temperature, 

magnetic field, and light, can also be used to control viral transduction. The biological 

components of a virus (such as proteins, lipids, and nucleic acids) all naturally respond to 

changes in temperature, for example by undergoing defined conformational changes or 

denaturing. Thus, it is possible to generate viral mutants with abilities to respond to different 

temperatures by making ‘tweaks’ to pre-existing viral components. On the other hand, 

responding to magnetic fields and optical wavelengths of light are behaviors not yet observed in 

any natural viral component. Therefore, these properties need to be newly programmed into the 

vectors by incorporating non-viral parts that can sense these exogenous stimuli. 

2.3.1 Temperature as input 

2.3.1.1 Application of hyperthermia   

Researchers have developed approaches to exogenously control local temperatures, 

such as laser- or radio-frequency- induced hyperthermia.178,179 Laser-induced hyperthermia uses 

either visible or infrared electromagnetic irradiation178 to locally increase temperature, while 
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radio frequency-induced hyperthermia uses a frequency around 14 megahertz180 to induce a 

temperature increase.  

Using temperature as input may be useful for ex vivo gene transfer approaches, where 

cells are taken out of a patient for genetic manipulation and later reinfused back into the patient. 

For example, viral vectors can still trigger immunogenicity in cells treated ex vivo, and these 

effects can be amplified when the transduced cells are introduced back in the body. As a 

solution to this problem, viruses can be engineered to be heat-sensitive such that the 

intracellular viral components can be degraded under hyperthermic conditions before returning 

transduced cells to patients. Importantly, delicate progenitor cells often used for ex vivo 

approaches, such as mesenchymal stem cells, are minimally affected by small temperature 

variations.181 

2.3.1.2 Engineered temperature-responsiveness 

A number of viruses have been engineered to either decrease expression of the 

delivered transgene or shut-off viral replication upon sensing hyperthermia as the input stimulus. 

This feature can act as a safety measure: 1) the ability to decrease transgene expression is 

important when the therapeutic transgene needs to be expressed only transiently, and 2) the 

prevention of viral replication mitigates the risk of uncontrolled production of more viruses. In 

one example of viral gene expression reduction, sendai virus (SV) was subjected to a series of 

point mutations to alter the functional properties of proteins critical to viral genome RNA 

synthesis, resulting in the generation of mutant viruses highly-sensitive to changes in 

temperature.182 At 37°C, SV mutants delivered genes that were expressed at efficiencies similar 

to wild-type virus. However, increasing the temperature by only one degree Celsius resulted in 

complete knock-down of transgene expression due to the hyperthermia-induced decrease in 

viral transcription. Ad has also been rendered temperature-sensitive via mutagenesis. Ad 

vectors commonly face inflammatory host responses against the Ad E2A viral protein in vivo, 

but the E2A protein is necessary for expression of the transgene. Making the E2A protein 

temperature-sensitive can effectively decrease the overall immune responses by degrading the 

protein after sufficient transgene expression is observed.183 By treating transduced cells to 

hyperthermic conditions (39°C), the temperature-sensitive E2A protein allows for control of 

when transgene expression is turned off as well as decreased immune responses.184 Thus, both 

SV and Ad have been engineered to reduce or shut-off transgene expression under 

hyperthermic conditions.  
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In addition to decreasing transgene expression, other viruses have been mutated to 

decrease viral replication under high temperature conditions. For example, vaccinia virus has 

been engineered to be temperature-sensitive120 such that at 40°C, the viral mutants have a 

complete defect or a slower rate of DNA and protein synthesis.109 Influenza A virus has also 

been engineered to exhibit temperature-responsive viral replication.121,122 By mutating specific 

amino acids within the influenza polymerase basic protein 2 (PB2) sequence, PB2 can no 

longer bind to cap structures at temperatures above 38°C, thus halting viral replication. In 

another example, a mutant of herpes simplex virus-1 (HSV-1) was generated such that viral 

replication is unable to proceed at higher temperatures.118,119 This property provides a safety 

feature: HSV can cause encephalitis which leads to fever, and if this occurs, the fever can act 

as a negative feedback loop to stop the virus from replicating. An approximately one degree 

Celsius increase in temperature was observed to be sufficient to stop viral replication.119 At the 

higher temperature, synthesis of viral DNA is delayed for up to 8 hours, and once synthesized 

and assembled, the viral capsids are not released from host cell nuclear pores for viral egress 

until the temperature goes back down to 37°C.185 Therefore, variants of vaccinia virus, influenza 

A virus, and HSV-1 have been engineered to display hyperthermia-responsive decreases in 

viral replication. 

In summary, temperature-sensitive viruses designed so far decrease expression of 

virally delivered genes or are replication incompetent upon sensing hyperthermia (Figure 16). In 

general, the approaches covered here used mutagenesis of key amino acids to generate the 

mutant viruses. One potential drawback to using an exogenous temperature stimulus is that 

there is a chance for tissue damage if the hyperthermia is not well-controlled. For heat 

application in in vivo contexts, penetration depth into tissue needs to be considered, with laser-

induced hyperthermia being able to control temperatures 2 cm below the skin surface178 and 

radio frequency-induced hyperthermia penetrating between 5 and 12 cm.186 Future work in this 

area may include efforts to create viruses that are more infectious, not less, at increased 

temperatures. Such viruses could be useful delivery vectors for targeting tissues with elevated 

temperatures due to disease processes or exogenously applied hyperthermia. 
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Figure 16. Hyperthermia can serve as the stimulus to decrease viral replication or transgene 

expression.  

This strategy has been mainly used as a safety measure when using viruses in biomedical applications. 
An increase of 1-2 degrees Celsius can substantially decrease viral function.  

2.3.2 Magnetic field as input 

2.3.2.1 Application of magnetic field   

The use of magnetic fields can improve viral transduction efficiency as well as increase 

targeting specificity (Figure 17).187 The approach, called magnetofection, can speed up delivery 

kinetics to target cells and help accumulate a greater local vector dosage at the desired 

location. In in vitro contexts, magnets can be used to apply a constant magnetic field in order to 

attract magnetized viral vectors to a desired location, often to the bottom of the tissue culture 

plate where the cells are adhered. This approach generally improves gene delivery efficiency by 

enhancing the contact between vectors and cells.108 In in vivo scenarios, magnetic resonance 

(MR) can be used to attract magnetized vectors to target organs and tissues in order to improve 

delivery specificity.188 Alternatively, a more invasive procedure involving implantation of a sterile 

magnet block for a short period of time can be used.189 
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Figure 17. Viruses can be engineered to be responsive to magnetic fields.  

(Left) Magnetic viruses can yield increased gene delivery efficiency and/or spatial patterning of gene 
delivery in vitro. (Right) Magnetic viruses can enable greater targeted delivery in vivo to desired tissues. 

2.3.2.2 Engineered magnetic field-responsiveness 

One of the first successful in vitro viral magnetofections was accomplished with AAV. 

Mah et al. bound  AAV serotype 2 (AAV2) to magnetic microspheres coated with heparan 

sulfate, AAV2’s primary cellular receptor.190 The large microspheres transported AAV in bulk, 

and were hypothesized to deliver greater payloads to cells faster in vitro, and slow the 

circulation speed of the AAV in vivo to increase exposure to tissues. Transduction efficiencies of 

AAV delivered via magnetic microspheres proved 100-fold better than standard AAV 

transduction in vitro when combined with the application of the magnetic field. Using a magnet 

underneath the tissue culture plate, AAV transduction was confined to areas exposed to the 

magnet only. In vivo magnetofection with AAV has also been tested with another design.188 By 

conjugating iron oxide nanoparticles to the surface of AAV2, the virus was able to be guided 

under a magnetic field to deliver genes to orthotopic xenograft tumors in the mouse abdomen.  

In addition to AAV, other viral vectors have also been manipulated with magnetic fields. 

For example, the strong attraction between retrovirus and fibronectin was leveraged to attach 

magnetic particles to retroviruses. Conjugation of anti-fibronectin antibodies to the surface of 

magnetic particles allowed them to bind fibronectin-bound retroviruses.191 In other words, 

fibronectin was used as the molecular adaptor between retroviruses and magnetic particles. 

With this approach, retroviruses can be quickly concentrated into several log-fold higher titers, 
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and in vitro spatial patterning of retroviral gene delivery can be accomplished using a focused 

magnetic field. In another example, hemagglutinating virus of Japan (HVJ) was bound to 

heparan sulfate- or protamine sulfate- coated maghemite particles.108 Application of the 

appropriate magnetic field led to a significant improvement in gene delivery at target sites in 

vitro and in vivo. Lastly, Ad vectors were associated with superparamagnetic iron oxide 

nanoparticles via electrostatic interactions.189 By placing magnetic devices underneath culture 

dishes, this approach led to significantly higher gene expression, considerably reduced 

incubation time, and enhanced gene delivery to normally non-permissive cell types. In vivo, 

gene delivery to surgically accessible sites such as epidermal vasculature, muscles, and 

stomach was significantly increased under the influence of the magnetic field generated by a 

surgically inserted magnet block. Thus, a number of viruses have been manipulated both in vitro 

and in vivo using the application of a magnetic field. 

In summary, viral vectors can be designed to respond to magnetic fields by associating 

the vectors with magnetic nano- or micro-particles via covalent or non-covalent interactions. 

Magnetofection can improve the efficiency and specificity of viral transduction, and this stimulus-

responsive approach is likely most useful when the target cell/tissue location is known. In terms 

of challenges, magnetic strength decreases non-linearly with distance, which limits the accuracy 

and uniformity of the magnetic field.192 There are also toxicity concerns dependent on the 

physicochemical properties of the magnetic particles used; the long term effects of their use in 

vivo are unknown at this time.193 Future work involving magnetic viral vectors would require 

better understanding of how the attachment of magnetic particles to viruses impacts their 

biodistribution, biocompatibility, and clearance over time.  

2.3.3 Light as input 

2.3.3.1 Application of light 

Light is a particularly interesting exogenous stimulus because its properties can be 

modulated in a number of ways, including intensity, duration, spatial pattern, and wavelength. In 

in vitro tissue models, light has been used in three dimensions with resolution on the scale of 

microns to pattern proteins that direct cell processes like migration and differentiation 194. 

Placing gene delivery under the control of light could enable similar spatial patterning with the 

added benefits of tunable gene product levels and controllable onset of gene expression (Figure 

18). For in vitro scenarios, the properties of the input light stimulus (e.g. wavelength, duration, 

intensity) can be controlled easily using the recently developed Light Plate Apparatus (LPA).195 
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The 24-well format of the LPA allows for testing of multiple light conditions simultaneously in 

order to more quickly identify optimal parameters leading to desired gene expression profiles. 

 

Figure 18. Light as a stimulus provides several potential benefits to gene delivery, including 

tunable intensity, temporal control, and spatial patterning.  

(Top) Gene expression levels can be tuned by modulating light intensity or using different wavelengths of 
light (e.g. far-red (FR) versus red (R) light depending on light-responsive system used). (Middle) Timing of 
gene expression may be controlled by adjusting when to switch on the stimulus and for how long. 
(Bottom) Spatial patterning of gene expression can be obtained by controlling what areas are exposed to 
light, potentially by using a photomask. Adapted with permission from Gomez et al.125 

For in vivo applications, the low tissue penetration depth of light may be a challenge, 

especially when using visible light such as blue and green light.196 Use of longer wavelengths, 

such as infrared, is one potential solution since its tissue penetration depth is between 1 and 2 

cm.197 Two-photon laser excitation, where increased tissue penetration depth is achieved 

through the use of two exciting photons of longer wavelengths (e.g. infrared light), can be used 

to excite a fluorophore with a peak excitation wavelength that is much shorter (e.g. blue 

wavelength).198 Another promising strategy is to use catheter-based fiber optics capable of 

delivering light to many hard-to-reach places in the body.199  

2.3.3.2 Engineered light-responsiveness 

Light-responsive viral gene delivery has been explored by several groups by conjugating 

photo-cleavable moieties to viral components. For example, murine leukemia viruses were 

made photo-activatable by conjugating biotin moieties onto the viral envelope via 
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photocleavable linkers.124 The biotin moieties sterically inhibit the viral envelope glycoproteins 

from binding to cellular receptors. This design resulted in an almost complete loss of infectivity 

in the absence of light activation. As little as 4 minutes of illumination with UV light released the 

biotin moieties from the viral surface and restored infectivity to levels higher than wild-type. In 

later work, the same authors demonstrated an analogous concept with Ad vectors, this time 

demonstrating spatially resolved, 365 nm light-activated gene expression in vivo in a 

subcutaneous tumor model.200 Although these results are encouraging, UV light poses health 

risks (by damaging chromosomal DNA) and cannot penetrate tissues effectively for many in vivo 

applications.201 

Light has also been used to control the release of cargo from virus capsids in target 

cells. For example, bacteriophages, viruses that infect bacteria, have been modified to deliver 

therapeutic molecules upon activation with light. In one example, bacteriophage Qβ was used 

as a drug carrier by conjugating doxorubicin to the capsid surface via photo-cleavable bonds 

(Figure 19).127 The engineered virus-like particle was able to release doxorubicin when exposed 

to 490 nm light. In another example, the interior surface of bacteriophage MS2 was modified 

with porphyrins which generate cytotoxic singlet oxygen upon illumination.202 After 

internalization of the modified viruses into cells, application of 415 nm light resulted in the 

creation of the cytotoxic product, leading to death of cancer cells. The plant virus, cowpea 

chlorotic mottle virus (CCMV), has also been engineered to release cargo upon light-activation 

by encapsulating a light-responsive self-immolative polymer within the capsid lumen.126 Upon 

irradiation with 350 nm wavelength light, the encapsulated polymer undergoes a head-to-tail 

depolymerization which breaks the polymer into its monomeric building blocks, resulting in their 

release through the natural pores in the CCMV capsid. The basic proof-of-concept 

demonstrations suggest that various types of cargo can be released from virus capsids in a 

light-responsive manner. 
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Figure 19. Light-activatable drug delivery from virus capsids.  

The virus-like particle (VLP, blue icosahedral moiety) utilized two orthogonally performed bioconjugation 
reactions to improve solubility and to attach the photoactive payload. The first was a dibromomaleimide 
coupling (red moiety) to install a PEG chain and the second was a copper catalyzed alkyne-azide 
cycloaddition to install the payload. The payload contained a nitroveratryl alcohol (green moiety), which 
forms a radical at the carbamide under UVA irradiation. This results in heterolytic bond cleavage (squiggly 
line) releasing the doxorubicin (orange) cleanly from the VLP. (Figure and caption from J. Gassensmith.) 

Instead of using light-responsive chemicals or chemical linkages, an alternative method 

to make viral infection responsive to light is to utilize genetically encoded light-sensitive proteins. 

For example, Gomez et al. rendered the AAV transduction process responsive to an externally 

applied light stimulus by using the light-activatable protein Phytochrome B (PhyB) and its 

binding partner phytochrome interacting factor (PIF).125,203  PIF was genetically inserted into the 

AAV capsid and target cells were made to express the PhyB protein tagged with a nuclear 

localization signal (NLS). Upon application of 650 nm light, the PhyB-NLS protein changes 

conformation, binds to the PIF moieties on the AAV capsid, and mediates nuclear translocation 

of the viruses. This design allowed for tunable gene delivery (by modulating the intensity of 

activating red light), spatially-defined gene expression profile in a population of cells (by using a 

simple laser-etched photomask), and ability to achieve gene delivery efficiencies greater than 

the unmodified AAV vector (by helping the virus traffic to the nucleus, overcoming a major rate-

limiting barrier to transduction). 

In summary, light-responsive viruses can be controlled precisely in vitro through the 

application of light at different wavelengths, intensities, and durations. Various light-responsive 

viruses have been designed through the use of different photo-activatable chemicals, chemical 

linkages, and optogenetic proteins. Gene delivery control using a light stimulus is useful in vivo 

when the disease location is known and close to the skin surface. The low penetration depth of 

light through skin can be a challenge when used in a clinical setting, although strategies such as 

the use of catheter-based fiber optics may be able to circumvent this barrier. 
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2.4 Conclusions 

Viruses are being investigated for therapeutic applications, including those requiring the 

delivery of nucleic acids, small molecules, or oncolysis. One approach to control viral vector 

delivery efficiency and specificity is to design them to be stimulus responsive. The choice of 

stimulus is likely target tissue- or disease-dependent, with each stimulus having advantages and 

disadvantages with regards to safety, penetration depth and/or location accessibility, and type of 

response that can be elicited. Endogenous stimuli, such as pH, redox, and proteases, are 

known to be present at different concentrations among different organs and organelles or 

between healthy and disease states. Exogenous stimuli, such as temperature, magnetic field, 

and optical light, can be controlled from outside of the body, allowing for user-defined activation 

of viral vectors. There are viruses that naturally respond to each of the endogenous stimuli 

listed, with the output being more efficient transduction of cells or increased viral replication. 

Additionally, many advances have been made to engineer viruses with the ability to respond to 

the exogenous stimuli as well as newly re-imagined ways to respond to endogenous stimuli, 

specifically redox and proteases. In each of these strategies, either natural or engineered, a 

particular step of the viral infection process is being controlled by the specific stimulus. 

An effective stimulus-responsive viral vector design must meet several key criteria. The 

vector must be able to respond to a stimulus, changing its gene delivery ability in some manner. 

Ideally, this transition occurs at an appropriate stimulus concentration (i.e. sufficiently high or 

low to be different from off-target sites). The stimulus-responsive design cannot negatively 

impact other vector properties, such as the ability to assemble capsids and package genetic 

cargo, remain stable in biological environments, and carry out the steps to viral infection not 

being controlled by the stimulus. For example, engineering new stimulus detection 

functionalities into viruses may adversely alter their transgene packaging efficiency or 

replication ability. Viruses are primarily modified via genetic and protein engineering 

techniques,204 although chemical strategies are also possible.205 These engineering strategies 

can be based on rational design or directed evolution approaches.206,207 Importantly, since 

viruses display innate tropisms to particular tissues in vivo, this property may need to be 

overwritten if targeted delivery to a different tissue is desired. Additionally, combining multiple 

stimulus-responsive design strategies into one vector may enable desired delivery profiles to be 

achieved. Continued basic research of sequence-structure-function relationships of viral 

components and other stimulus-sensing moieties will be highly useful in future endeavors to 

create more controllable viral vectors for therapeutic use. 
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Chapter 3 

3 Characterization of MMP-activatable provector  

3.1 Matrix Metalloproteinases in Diseases 

Protease activity is upregulated in certain disease states and can serve as inputs for stimulus-

responsive gene delivery. Certain proteolytic enzymes, such as matrix metalloproteinases 

(MMPs), are known to accumulate in disease sites at concentrations significantly higher than in 

healthy tissue.156,157 In some instances, this increase in proteases is coupled with a decrease in 

tissue inhibitors of metalloproteinases (TIMPs), resulting in significantly greater protease activity 

overall.158 MMPs normally regulate extracellular matrix turnover; however, they can take on 

aberrant roles by excavating invasive pathways into healthy tissue in metastatic cancer 

processes159 as well as participate in neurodegenerative and neuroinflammatory 

processes.156,157 For example, MMP-2, MMP-7, and MMP-9, among others, are expressed at 

significantly higher levels in diseases such as pancreatic cancer,160 Alzheimer’s disease,157 

Parkinson’s disease,161 and neuroblastoma.162 As such, viral gene delivery vectors have been 

designed with protease-sensitive domains to help target cargo delivery to diseased tissues 

characterized by elevated protease levels. MMPs have also been used and engineered as 

therapeutics.208–211 

In one example of a virus engineered to respond to proteases, retrovirus was fitted with 

epidermal growth factor (EGF) as an N-terminal extension of a surface exposed capsid 

protein.116 This protein insertion inhibited infection of cells with high expression of EGF receptor 

(EGFR) because EGFR binds the virus on the cell surface but does not mediate cell entry. 

Based on these findings, the same retroviruses were generated with an MMP2-cleavable 

sequence included in the inserted EGF domain.117 It was shown that the viruses bind EGFR on 

the cell surface and remain extracellular until the MMP2 concentration raises to roughly 

10μg/ml, at which point the EGF motifs are cut off the virus, allowing the virus to enter and infect 

cells. The main drawback to this method is that the retrovirus is still capable of infecting non-

EGFR-expressing cells because the inserted EGF domain does not obstruct binding via the 

primary cellular receptor. As another example, directed evolution was used to select for mutant 

retroviruses displaying desired protease substrates on the virus surface.174 After two cycles of 

selection, viruses with MMP-dependent tropisms were isolated that displayed the cleavable 
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sequence PQGLYQ and showed significantly higher transduction of tumor cell lines 

overexpressing MMP2 compared to non-MMP-responsive vectors.  

In another rendition of the protease-activatable virus concept, the naturally found furin-

mediated activation of the viral fusion peptide was taken as inspiration and re-engineered such 

that MMP2, rather than furin, is the proteolytic input. Specifically, retroviruses were made to 

express modified glycoproteins found on murine leukemia virus, Ebola virus, and influenza 

virus.175 The engineered glycoproteins harbored MMP2-cleavable peptide sequences that, when 

in place, inhibited cell entry by the virus. Upon cleavage by MMP2, the viral fusion peptide is 

liberated which allows for cell entry to proceed through viral fusion with the cellular membrane. 

This strategy resulted in negligible infectivity in the absence of MMP2 and wild-type levels of 

infectivity in the presence of MMP2 in vitro. Importantly, these viruses preferentially infected 

MMP2-expressing diseased cell lines compared to healthy cells. Collectively, the most amount 

of work has been carried out thus far in engineering protease-activatable retroviral vectors. 

Retroviruses are not an ideal virus to use as a basis for an engineered gene delivery vector 

because of their pathogenicity and high rates of genome integration, which could lead to 

insertional mutagenesis. Because of this, their translation into the clinic has been difficult.  

3.2 Introduction to PAV Platform and Design 

Our lab has developed protease-activatable viruses (PAVs) based on AAV serotypes 2 and 9. 

Short peptide sequences, termed “peptide locks”, were genetically cloned into the capsid of the 

virus, near the primary cell surface receptor binding domains. These locks consist of a tetra-

aspartic acid motif flanked by two identical MMP-cleavage sequences. When intact, this motif 

sterically blocks the ability of the virus to bind to cell surfaces due to its location proximal to the 

binding domain on the capsid. In the presence of the correct MMP(s), the cleavable sequences 

will be cut, releasing the tetra-aspartic acid motif and removing the steric hindrance to cell 

binding, allowing the virus to bind and enter the cell. This harnesses the elevated MMPs present 

at the disease site. A schematic of this design can be seen in Figure 20. The cleavable 

sequence is chosen from literature based on well-characterized linear peptide substrates that 

have been identified to be cleaved by certain MMPs; after identifying which MMPs are 

upregulated in the area of the target disease cells, the optimal cleavage sequence can be 

chosen.212–214 In the design of the PAVs, 3 major design requirements are considered: 1) lock 

insertion must block binding of virus to cell surface receptors; 2) cleavage motifs must be 

surface-exposed and accessible to proteases and exhibit desired cleavage kinetics; and 3) after 

exposure to enzymes which cleave the motifs, the virus must regain the ability to bind to and 
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transduce cells. As a negative control, scrambled cleavage sequences were cloned into the 

PAV design, which would theoretically be unable to be cut by MMPs, permanently ablating the 

ability of the virus to bind and transduce cells. This serves as a control to prove that inserting a 

peptide of the same amino acids in a different order does not give the virus targeting ability and 

is not recognized and cleaved by MMPs. 

 

Figure 20. Design of PAV. Adapted from J. Judd’s thesis.  

PLGLAR is cleaved by MMP-2, -7, and -9. Yellow triangles indicate cleavage sites.  

3.3 In Vitro Work  

The initial PAV design, PAV1, utilizes the most characterized serotype, AAV2. AAV2 binds to 

heparin sulfate proteoglycan (HSPG).37 In order to ablate binding to HSPG, the peptide lock 

containing the cleavage sequence PLGLAR was inserted after amino acid residue G586, which 

is surface accessible and between two important HSPG binding residues: R585 and R588.37 In 

an effort to expand the PAV platform into a second disease model, AAV9 was used to target 

heart cells after a myocardial infarction (MI).  

3.3.1 AAV9-based PAV in vitro characterization 

Heart disease is the leading cause of death in the U.S, affecting approximately 5 million 

Americans in the form of heart failure (HF).215 Current treatment options include angiotensin-

converting enzyme (ACE) inhibitors and β-adrenergic receptor (βAR) blockers, among others. 

ACE inhibitors work by slowing the activity of ACE which results in a decrease in the production 
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of angiotensin II. This decrease results in dilation of blood vessels and reducing blood pressure, 

thus allowing for the heart to pump blood with less resistance. This reduction in resistance 

improves the function of a failing heart. βAR blockers also work to reduce blood pressure, albeit 

by a different mechanism. The blockers act on the sympathetic nervous system, blocking β-

adrenergic substances such as epinephrine and slowing the rate at which the heart beats. 

Despite these treatment options, the 5-year survival rate for HF is 50%.215  

Gene therapy has been identified as a potential avenue to treat a number of cardiac 

diseases, and genes have been identified that have the potential to treat HF post myocardial 

infarction (MI).216–219 While these genes have shown promise, serious negative side effects 

would result from off-target delivery. This danger can be mitigated with the PAV platform, where 

the therapeutic gene will be delivered efficiently and with specificity to the damaged heart cells. 

A major hurdle for clinical translation is transducing enough cardiomyocytes to generate 

therapeutic efficacy. The increased specificity of the PAVs allows for more transduction at a 

lower dose which would theoretically allow for easier translation to the clinic. The regulatory 

hurdles for moving a PAV vector into clinical trials may be lessened due to the fact that AAV-

based gene deliver vectors have recently been tested for cardiac applications in both preclinical 

and clinical studies.220  

3.3.1.1 Design and in vitro testing of PAV variants 

As a basis for the design of a PAV with ability to target the heart, AAV9 was used, which has 

been identified as having better in vivo behavior when compared to the more characterized 

AAV2.86 AAV9 binds to galactose on the surface of cells, dependent on the galactose binding 

region near the 3-fold axis protrusion (Figure 21).40 The residues forming the binding pocket, 

D271, N272, Y446, N470 and W503 were investigated as possible insertion sites for the peptide 

lock. Residues proximal to the galactose binding domain were also investigated, including 

N262, S265, G266, G267, S268, G453, S454, A472, and V473.  
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Figure 21. Galactose Binding Domain in AAV9. 

(A) AAV9 trimer surface showing the location of the galactose binding pockets. (B) Galactose binding 
pocket structure with distances (in Angstroms) between amino acids comprising binding pocket to a 
galactose molecule (light green). Figure adapted from40. 

 

The first test of these PAVs was to determine if they formed at an acceptable titer when 

compared to wt AAV9 (Figure 22). I transfected and harvested each virus three separate times 

to confirm if the virus formed at a high enough titer to proceed with further testing.  

 

Figure 22. AAV9 PAV titers in viral genomes per mL in 3 mLs of solution.  
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L001 contains the VPMSMRGG lock and L005 contains the PLGLAR lock. Error bars are SEM. Data from 
M. Ho, C. Guenther and M. Brun. 

The PAV designs that formed at acceptable titers were tested for transduction ability 

(Figure 22). Not shown are the designs that showed no activation, where the transduction ability 

was not able to be recovered after exposure to MMPs. The successful designs were the L001 

and L005 that were inserted after amino acid G453 in the capsid (Figure 23). It was expected 

that in the “locked” state, prior to exposure to MMPs, the viruses would be unable to transduce 

cells. After exposure to MMPs, the ideal PAV would regain transduction ability. 

 

Figure 23. Transduction results for wt AAV9, A9-453-L001 and A9-453-L005. 

CHO Lec2 cells were incubated for 20h at an MOI of 5000. Transduction index: (TI) = (%GFP+cells) x 
(geometric mean fluorescence intensity). Data from C. Guenther. 
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Table 3. AAV9 PAVs library. Titers are from 10 plate preps. Data from M. Ho, C. Guenther, and M. Brun. 

 

It was apparent, and can be seen in Table 3, that most of the designs fully ablated cell 

transduction, however, after exposure by MMPs, the failure to rescue transduction ability 

removed this virus design from consideration. Both the 453_L001 and 453_L005 designs 

showed sufficient switchable behavior and were moved forward into in vivo testing. L001 

contained the cleavage sequence VPMSMRGG and L005 contained the sequence PLGLAR.  

The preliminary structure of AAV9_453_L001 has been reconstructed at a 9.5 Angstrom 

resolution by our collaborator Mavis Agbandje-McKenna (U Florida) through the use of cryo-EM, 

and it appears that the peptide lock likely blocks galactose from accessing the N470 receptor 

binding site residue (Figure 24).   

Insert Location Lock 10 plate Titer Titer Accepted? Switchable?

262 1 1.43E+11 Y N

265 1 1.59E+11 Y N

265 5 1.19E+12 Y N

266 1 2.36E+11 Y N

266 5 9.52E+10 N

267 1 1.52E+11 Y N

268 1 1.18E+11 Y N

271 1 2.58E+11 Y N

272 1 8.54E+10 N

272 5 3.90E+11 Y N

453 1 1.49E+12 Y Y

453 5 1.41E+12 Y Y

454 1 1.88E+08 N

454 5 8.09E+07 N

470 1 4.87E+09 N

472 1 2.83E+09 N

473 1 7.22E+10 N

503 1 7.23E+11 Y N

WT AAV9 2.34E+12
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Figure 24. Reconstruction of AAV9_453_L001.221  

(A) Cryo-EM reconstruction of wt AAV9 capsid (left) and a close-up of the 3-fold protrusion (right). Black 
circle indicates a galactose binding site (GAL site). (B) Reconstruction of AAV9_453_L001(left) and a 
close-up of the 3-fold protrusion (right). 

 

3.3.1.2 Creation of a scrambled control 

As a control for further testing, I was tasked with the creation of scrambled sequence viruses for 

L001 and L005. This scrambled sequence acts as a negative control to validate the PAV design, 

as a peptide insertion with a peptide lock that was not cleavable by MMPs should not lead to 

cell transduction. This will confirm that the correct cleavage sequence is needed for the correct 

function of the PAV, not just having the same amino acids in the insert.  

The sequence for L005 had previously been successfully scrambled for the PAV1 design 

(AAV2-based vector, completed by A. Evans), and I was able to successful clone the sequence 

to replace L005 in AAV9. There were no reports in literature indicating a scrambled version of 

the L001 motif that was confirmed to be uncleavable by MMPs, leading me to use the rand 

function in Matlab to scramble the sequence. The amino acids remained the same, but their 

order was randomized, theoretically ablating the ability of MMPs to recognize and cleave the 

sequence. In the scrambled design, the tetra-aspartic acid motif remained unchanged. The 

sequences as well as the concentrated titer can be seen below in Table 4. 

 

 



60 

Table 4. Lock sequences and titers 

Lock 
Number 

Amino Acid 
Sequence 

Virus Concentrated Titer 
(10 plate prep) [VG/mL] 

L001 VPMSMRGG 1.06 E+13 

L001-S1 SMVGMRPG 3.67 E+12 

L002-S2 MGGVRPMS 3.75 E+12 

L003-S3 GVPMGRMS 3.12 E+12 

L005 PLGLAR 3.99 E+12 

L005-S2 ARGLLP 1.33 E+12 

 

In order to test that the sequences were not cleavable by MMPs, I made virus with each 

sequence and ran proteolysis with the help of C. Guenther to attempt to cleave the sequences 

with MMP-2, -7, and -9. The results of this test were visualized with a silver stain (Figure 25).  

 

Figure 25. Silver stain of scrambled sequences ± MMP (-2/-7/-9).  

Demonstrates A9-453-L001-S1 is unaffected by the MMPs, L001 subunits are cleaved by MMPs as a 
control. 

 

The L001-S2 appeared to be cleaved by MMP9, while the L001-S3 was susceptible to cleavage 

by MMP7. L001-S1 appeared to be cleaved very little by any of the three tested MMPs. This led 

to the use of A9-453-L001-S1 as the scrambled control in future testing.  

WT AAV9, A9-453-L001 and A9-453-L001-S1 were compared on a silver stain after 

proteolysis treatment (Figure 26). The viruses also were analyzed for their transduction 

capability. 
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Figure 26. In vitro testing of AAV9 based viruses. 

(A) Silver stain of viruses ± MMP (-2/-7/-9) demonstrate wt is unaffected by MMPs, L001 subunits are 
cleaved by MMPs as desired, and scrambled L001 vector (motif: SMVGMRPG) is uncleaved. S:sham. (B) 
CHO Lec2 cells transduced (multiplicity of infection, MOI = 5000) by PAVs encoding GFP show increased 
transduction after treatment by MMPs. Wt capsids are unaffected. Scrambled L001 (453_L001-S1) 
cannot be unlocked by MMPs. Data from C. Guenther. 

The silver stain shows the differences in the viruses. The wt AAV9 has three bands 

showing VP1, VP2, and VP3, all of which are unaffected by exposure to MMPs. A9-453-L001 

when treated without MMPs (sham treated) has bands for VP1, VP2, and VP3, however, the 

insertion of the lock has increased their size enough to see a shift up in the gel. Once exposed 

to MMPs, all VPs are cleaved, resulting in the much smaller fragments seen at the bottom of the 

gel. A9-453-L001-S1 shows the slightly larger VP bands (compared to wt), with no cleavage by 

MMP-2 and -7, and very minimal cleavage by MMP-9. The observed differences in the silver 

stain was confirmed by the transduction tests, the sham treated A9-453-L001 was unable to 

transduce effectively, while the A9-453-L001-S1 was unable to transduce effectively regardless 

of what it was treated with.  

3.4 In vivo characterization in healthy mice 

Following the characterization of these vectors in vitro, their performance in vivo was tested in 

healthy mice. The hypothesis was that in healthy mice, with no upregulation of MMPs, the 

provector (L001) and its scrambled variant would be unable to transduce any tissues. AAV9 was 

included as a positive control. The outcome of this in vivo testing in healthy mice was the 

concentration of virus in the blood stream over the course of 3 days following administration.  

3.4.1 Blood circulation profile 

I injected 5 mice per condition systemically via the tail vein. AAV9, L001, and the scrambled 

provector were tested. Blood was drawn from each mouse at particular time points following 
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injection, mixed with equal volumes of an anticoagulant, and then DNA was extracted. This 

extracted DNA was used to quantify the viral genomes (VG) present in the circulatory system at 

each time point via qPCR against the CMV promoter of the transgene that each virus was 

packaging, and then a normalization from the 10 uL of blood drawn to the total volume of blood 

in the mouse (calculated with the weight of the mouse). The number of VG present in each 

mouse over time is shown in Figure 27. 

 

Figure 27. The blood circulation profiles of AAV9, L001, and scrambled vectors 

AAV9 was observed to clear quickly from the blood stream over the first hour following injection, 

with a longer persistence after 24 hours. The provector and the scrambled provector persisted 

in the blood at a statistically higher amount for the first 40 minutes, and for the first 24 hours the 

scrambled persisted at a statistically higher amount than AAV9, while the provector exhibited 

the same trend. After 24 hours, both vectors were cleared from the blood at a much faster rate 

than AAV9, albeit without statistically significance. 

3.5 In vivo characterization in disease models 

The versatility of the provector platform targeting MMPs as a local stimulus allowed for it to be 

applied to many different disease models. As mentioned in section 3.1, MMPs are upregulated 

at many disease sites. By working with collaborators that were experts in different disease 
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models, we were able to characterize the gene delivery ability of L001 in two different mouse MI 

models, a mouse model of stroke, and a rat MI model.  

3.5.1 iRFP investigation in MI model  

The two vectors (A9-453-L001, A9-453-L005) that passed through the in vitro selection 

process were moved into in vivo studies in collaboration with the Sevick lab at the University of 

Texas Health Science Center. This investigation involved determining how the vectors would 

perform in a mouse model of myocardial infarction to assess the PAV’s ability to target sites of 

MMP upregulation. Each virus was tested in the permanently ligated left anterior descending 

(LAD) coronary artery murine model of MI. This allowed for assessment of early (<4 weeks) 

responses to MI. The LAD model was chosen because active MMP-9 is present within minutes 

of MI,222,223 and both MMP-2 and -9 activities increase in the first week following coronary 

occlusion, and their levels are still upregulated at 7 days post-MI.224,225 A schematic of the 

timeline of the studies can be seen in Figure 28.  

 

Figure 28. MI iRFP investigation experimental timeline.  

Viruses were injected via i.v. administration at a dosage of 5x1010 genomic particles per mouse.  

Vectors packaging the infrared fluorescence protein (iRFP) transgene were injected 2 

days following the induction of MI. 8 days later, the mice were sacrificed, and key organs were 

harvested for imaging and RNA and DNA quantification. Our collaborators have developed an 

imaging agent which allows for active MMP-2/-9 to be visualized. Through the use of this 

imaging agent and viruses packaging the iRFP transgene, the cells transduced by the viruses 

as well as the active MMPs were able to be identified. To assess co-localization of transgene 

expression and active MMPs, the hearts were sliced cross-sectionally and imaged using filters 

for iRFP and the MMP imaging agent. Our collaborators then quantified the co-localization using 

image analysis. Representative images and quantification of sensitivity, specificity and accuracy 

can be seen in Figure 29.  
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Figure 29. Targeted gene delivery by AAV9-453-L001 in LAD mouse. 

Wt AAV9 delivers iRFP throughout heart regardless of active MMP locations. AAV9-453-L001 delivers 
with high specificity. AAV9-453-L001-S1 delivers with less specificity. Sensitivity: true positive rate, how 
much of the MMP positive area is also iRFP positive. Specificity: true negative rate, how much of the 
MMP negative area is also iRFP negative. Accuracy: how accurately the iRFP positive area co-localizes 
with the MMP positive area. 

To further characterize the viruses’ tropism, several organs were collected and analyzed 

for mRNA expression of the iRFP transgene. RNA was extracted from each organ, which then 

underwent cDNA synthesis. This cDNA was quantified via qPCR against the iRFP sequence 

and was normalized against the expression of a housekeeping gene, 18s. The results can be 

seen in Figure 30.  
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Figure 30. Quantification of transgene expression of in off-target organs.221  
Data from C. Guenther and M. Brun. 

Along with its ability to target the injury area in the heart, the PAV also has decreased 

transduction of other organs, most notably in the liver. The viral genomes (VG) were also 

tracked through a similar quantification. DNA was extracted from the off-target organs, then 200 

ng of total extracted DNA was loaded into each qPCR well which then quantified VG per μg of 

DNA present in each organ (Figure 31).  

 

Figure 31. Quantification of viral genomes present in each tissue.  
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The data collected in this MI model showed targeted gene delivery to the injured area of the 

heart with de-targeting of off-target organs. The discrepancies seen in certain organs such as 

the increased spleen transgene expression and VG presence with the scrambled vector were 

then investigated by processing organs from mice injected with buffer only. I injected 3 mice 

with the GB+PF68 buffer that our viruses are injected in, waited 8 days and then euthanized the 

mice. I then processed four organs of interest through RNA and DNA extraction and compared 

the results to the amounts found in the previous study (Figures 32 and 33). 

 

Figure 32.  iRFP detection limits found after cDNA synthesis of extracted RNA 

 

Figure 33. VG detection limits found after DNA extraction from homogenized tissues.  
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It was seen that for some organs, the assays used to quantify RNA and DNA levels in tissues 

were not able to capture tangible amounts. The discrepancies in the data initially collected were 

explained by the fact that the differences seen could be attributed to detection noise, where the 

non-injected mice exhibited similar levels of iRFP expression or viral genomes. This 

quantification of detection limits combined with a literature search revealing that the typical time 

allowed for expression for AAV9 was 4 to 12 weeks led me to utilize longer timelines for future 

in vivo studies as well as to always include a non-injected control for any quantification.  

3.5.1.1 AAV9 gene expression over time 

This issue of detection level was solved through a literature search of AAV9 gene expression 

over time. It was found that maximal gene expression is typically detected between 4 and 12 

weeks following injection with fairly stable levels of expression during that time frame.86 In order 

to confirm these findings, I injected AAV9 packaging a CMV-scGFP transgene to compare the 

gene expression detected in non-injected mice, mice given 8 days prior to euthanasia, and mice 

given 28 days prior to euthanasia. The results from this investigation can be seen below in 

Figures 34, 35.  
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Figure 34. Gene expression comparison found after cDNA synthesis of extracted RNA 
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Figure 35. VG comparison found after DNA extraction from homogenized tissues.  

It was seen that higher levels of gene expression were detected if 28 days was allowed for viral 

gene delivery to take place when compared to 8 days, with statistical significance in the liver 

and brain. There was also a significant difference between the detectable limit as measured by 

the non-injected mice. For viral genome detection, the detectable limit was still high, but a 

statistically significant amount of viral genomes were detected in the livers of the 28 day mice.  

3.5.2 eGFP investigation in MI model 

In an effort to align the targeted delivery with the majority of the field of cardiac gene therapy, 

the next investigation with the provector was delivering GFP to the injured heart. Histology 

investigating GFP expression in the injured heart would provide even more confidence that the 

provector was functioning as designed. As an additional measure of transcription control, the 

cardiac troponin T (cTnT) promoter was used to drive eGFP expression. With the desire to 

deliver a therapeutic gene capable of stimulating increased growth rate of cells to increase heart 

function, having a secondary level of expression control was desired to further protect off-target 

organs from receiving the gene and potentially creating cancerous growths. Examples of 

therapeutic genes to be delivered for heart therapy can be found in section 3.6.  

We injected mice two days following a MI injury with provector packaging cTnT-eGFP or cTnT-

Yap5SA (detailed in section 3.6.2), waited 12 weeks and then euthanized the mice, harvested 

the hearts and off-target organs, then fixed, sliced, and stained the hearts and imaged for GFP 

expression (Figure 36). 



69 

 

Figure 36. Example heart sections at 10x and 40x magnification.  

No discernable GFP expression was detected, and more histology was performed on a negative 

control (Yap5SA heart) and a positive control (transgenic GFP+ heart), where GFP expression 

was detected in the transgenic heart (Figure 37).  

 

Figure 37. GFP imaging troubleshooting with negative and positive control heart slices  

The concern that the cTnT was too weak of a promoter to induce expression with delivery from 

the provector we also processed the livers collected from the same mice where no GFP was 

detected in the injured hearts. As a method of troubleshooting these expression detection 

issues, we reverted to using CMV-scGFP instead of the cTnT-GFP as we have previously 

detected iRFP expression in hearts powered by the CMV promoter. We also recruited the help 

of Dr. Joy Lincoln’s lab for the processing of the hearts, as they are experts in histological 

processing of hearts. Before injecting MI mice with AAV9 and provector packaging CMV-GFP, 
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the GFP being packaged was confirmed via a transduction assay and flow cytometry (Figure 

38).  

   

 

Figure 38. Flow cytometry readings and transduction index quantification of CMV-GFP vectors 

The flow cytometry results confirmed that the vectors were indeed packaging CMV-GFP and 

these vectors were moved in vivo. The in vivo testing proceeded as follows: the mice underwent 

MI surgery, two days following the injury the vectors were injected systemically with either AAV9 

or provector packaging CMV-GFP, 8 days following injection, the mice were euthanized, all 

organs harvested, the hearts washed in PBS and imaged under a flourenscent microscope 

(Figure 39) then fixed in 4% PFA.  
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Figure 39. Heart imaging, brightfield and GFP were imaged immediately following heart 

excision.  

This imaging provided an initial confirmation that there was GFP expression in hearts from both 

groups. After fixation, three hearts from each group were processed by the Martin lab while two 

hearts and their corresponding livers were processed by the Lincoln lab in an effort to determine 

where the issue with detecting GFP expression was occuring. Figures 40 and 41 are 

representative hearts stained for GFP and DAPI whose sister slices were trichrome stained to 

detect damaged tissue.  
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Figure 40. AAV9 injured heart images 

 

Figure 41. Provector injured heart images 

The provector and AAV9 appear to have GFP expression in the injured hearts, and the livers 

were also processed in the same manner staining for GFP and DAPI (Figure 42).  



73 

 

Figure 42. Liver images of GFP and DAPI for (top) AAV9 and (bottom) provector 

These liver images confirm the previous study’s conclusion that there is gene delivery to the 

injured heart with decreased delivery to the liver with the provector, while AAV9 delivers to both 

the heart and the liver without a targeted mechanism.  

3.5.3 iRFP investigation in stroke model 

Cerebrovascular diseases are conditions caused by reduction of blood supply to the brain. They 

are among the most common neurological disorders and can cause disability and death. One of 

the most common cerebrovascular diseases is stroke, which presents in two major acute forms, 

chronic vascular disease and ischemic disease.226 Chronic vascular disease can cause a 

diseased blood vessel to bleed into the brain, causing a Hemorrhagic stroke. This bleed is most 

commonly caused by high blood pressure. The more common cause of stroke, called ischemic 

stroke, is restriction of blood flow to the brain, usually in the form of a blood clot. This restriction 

of flow reduces the amount of oxygen and nutrients that reach the brain, leading to cell death. 

Currently, there is only one form of FDA approved treatment for ischemic stroke: administering 

tissue plasminogen activator (tPA) 4.5 hours after onset, which works by breaking up the blood 

clot that caused the stroke.227 By removing the cause of the stroke, tPA halts the damage 

progression, however it does nothing to treat the damaged brain tissue. This reveals a need for 

a more immediate and efficient therapy that can treat damaged tissue, allowing for faster and 

more efficient recovery of brain function.  
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 Matrix metalloproteinases (MMPs) have been identified as major factors in the 

pathophysiology of both acute and chronic cerebrovascular diseases.228,229 Specifically, MMP-2, 

-3, and -9 have been discovered to be upregulated in stroke-associated tissue damage.230,231 

Additionally, endothelial cell (EC) dysfunction has been found to play a role in stroke.232 The 

dysfunction leads to reduced nitric oxide (NO) release, which leads to aggregation of platelets 

and leukocytes, causing clots that result in stroke. ECs are attractive target cells for gene 

therapy because EC dysfunction associated with stroke could potentially be corrected through 

genetic modulation. By using the MMP-activatable provector, it was hypothesized that stroke-

associated ECs could be targeted and transduced, delivering a therapeutic gene and restoring 

normal brain physiology.  

3.5.3.1 Background and Significance  

Stroke is the fifth leading cause of death in the United States.87 While tPA has had some 

success in treating ischemic stroke, it fails as an effective long term treatment. Because of this, 

research has turned to gene therapy as an alternative, with a focus on viral gene delivery 

because of the higher delivery efficiencies compared to non-viral gene therapy vectors. As of 

May 2016, 36 viral gene delivery methods have been tested in animal models of stroke.233 

Inefficient or non-specific delivery to the target site, leading to suboptimal expression of the 

therapeutic transgene, underscores the need for more targeted and efficient gene delivery 

vectors.  

Matrix metalloproteinases (MMPs) are a class of proteases normally involved in the 

remodeling of extracellular matrix, but they have been found to be upregulated in sites of 

disease, including myocardial infarction, congestive heart failure, and stroke.230,234,235 Previous 

studies have investigated the roles of elevated MMP-2, -3 and -9 in ECs and astrocytes in 

disruption of tight junction proteins in brains following middle cerebral artery occlusion (MCAO), 

a model of stroke.230,231 Because of the upregulation of proteases at sites of disease, protease 

activity may be a useful biomarker to target for achieving specific delivery of therapeutics to 

diseased cells.236 Harnessing protease activity to target gene delivery can increase therapeutic 

efficacy by improving the delivery to the disease site and decreasing potential negative side 

effects by reducing delivery to non-target cells.116,117  

After a stoke event occurs, the damaged ECs in the brain need to be repaired in order to 

restore brain function. This repair process can be mediated by a transgene such as vascular 

endothelial growth factor (VEGF). Drug therapy using Atorvastatin to increase levels of VEGF in 

murine stroke models yielded significant improvement in functional recovery compared with 
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control animals.3 Gene therapy using VEGF has resulted in improved structural and functional 

outcome from cerebral ischemia.237 While promising, current efforts have required daily 

injections directly into the brain in order to demonstrate therapeutic efficacy, which is not ideal. 

By combining this promising transgene with my proposed targeted gene delivery vector, a more 

effective therapy may be achieved. Using VEGF as a transgene requires tight control of the 

gene delivery, as delivery to off-target sites can have disastrous consequences. VEGF has 

been identified as contributing to the spread of cancer238, causing kidney damage239, and 

worsening autoimmune diseases such as rheumatoid arthritis, multiple sclerosis, and lupus 

erythematosus240,241. 

3.5.3.2 Preliminary Studies  

The standard brain injury murine model is the middle cerebral artery occlusion (MCAO) model. 

With this knowledge, we sought out the McCullough lab at UTH to work with us on validating the 

use of the MMP-activatable provector in their MCAO model (Figure 43).  

 

 

Figure 43. MCAO injury schematic and progression.242  

Their expertise in this model was a huge incentive to collaborate with them because the 

surgery to induce the injury requires a high proficiency in order to ensure maximum survivability, 

but the interest in collaborating with them also stemmed from their work in a gene therapy to 

treat brain injuries. They had previously delivered brain derived neurotrophic factor (BDNF) with 

a nanoparticle delivery system and were able to achieve statistically significant therapeutic 

efficacy results (Figure 44).243 
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Figure 44. BDNF therapeutic efficacy measurements243 

The outcomes of percentage of tissue loss and the neurological deficit score are reproducible 

and they confirmed that they would be able to measure these outcomes following AAV 

treatment of injured mice. With that knowledge, we first needed to confirm that the provector 

would be able to be activated by the injury and can transduce brain cells in the injured area.  

3.5.3.3 Study Design and Results 

Before moving into a therapeutic study, both AAV9 and the provector packaging CMV-sciRFP 

were testing in the MCAO model. To align with the MI study previously done with this vector, we 

designed the testing timeline seen in Figure 45. Four groups of mice were tested: mice that 

underwent a sham surgery and then were injected with AAV9 or provector, and mice that 

underwent a MCAO injury and were injected with AAV9 or provector.  

 

Figure 45. MCAO study timeline 
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Eight days following the injection of viruses the organs were harvested and imaged (Figure 46) 

as previously described in the MI model section of this thesis.  

 

Figure 46. iRFP images of mice organs. (Left) MCAO mice, (Right) Sham mice 

Qualitatively, it was observed that in mice that underwent the sham surgery yielded little brain 

expression with either vector, possibly due to the difficulty in which AAV9 can cross the blood-

brain barrier (BBB). But it was seen that the amount of liver expression was greatly reduced in 

the mice treated with the provector. The MCAO mice had expression localized to the injury side 

of the brain for both treatments, while the livers showed the same trend as in the sham surgery 

mice. This localized brain expression was hypothesized to be because of BBB disruption 

caused by the MCAO injury. The expression levels in both hemispheres of the brains were 

analyzed as previously described and quantified below in Figure 47.  

 

Figure 47. Quantification of gene delivery to brain, measured as flourescence intensity 

The left, healthy hemisphere of the brain showed similar levels of expression to the sham 

surgery. The provector platform is designed to only deliver its transgene to the injury site, and 
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this result conflicted with the design, leading to the analysis of organs from mice injected with a 

buffer as a control. The quantified results from that study can be seen in Figure 48.  

 

Figure 48. Normalized quantification of gene delivery to brain, measured as flourescence 

intensity 

The buffer injected mice had similar levels of detected expression to the sham surgery mice and 

the healthy hemisphere of the brain of MCAO mice. This allowed a threshold to be set for 

expression, which corrected the intensity measurements showing expression only in the 

damaged hemisphere of the brains of MCAO mice. With the decreased liver expression and 

similar expression in the damaged part of the brain, this confirmed our hypothesis that the 

provector could be activated by the microenvironment following the MCAO injury, but would not 

transduce other off-target tissues such as the liver.  

Following this study there were extraneous complications which arose and prevented the 

continuation of the work which would have included a therapeutic efficacy study of delivering 

BDNF with systemic injection of the provector.  

3.5.4 Reporter gene expression in rat MI model 

Another application of this MMP-activatable provector is chronic heart failure. MMPs have been 

observed to continue to be upregulated for as long as 8 weeks post-MI. This led to the belief 

that our provector platform could be used to treat chronic heart failure. Our collaborators in Dr. 

Todd Rosengart’s group at BCM have a well-established chronic heart failure rat MI model that 

we used to assess the validity of using the provector in this disease model. Before any 

therapeutic studies could be undertaken, we first tested the provector using reporter transgenes 

to ensure that the results seen in the mouse model carried over to this rat MI model. 
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3.5.4.1 Rat iRFP viral dose investigation 

The first reporter tested in the rat MI model was CMV-sciRFP. This was chosen to align with the 

mice data previously obtained as well as to utilize the same reporter that was simultaneously 

being used in the development of a therapeutic transgene (detailed in section 3.5.1). As this 

was our first venture into working with rats, the first variable to investigate was dosage. Healthy 

rats and rats in a chronic HF model were used, with HF rats injected 3 weeks following MI and 

healthy rats injected on the same day as the HF rats. A dose of 1E12 VG/rat was injected 

systemically via the tail vein of AAV9 packaging CMV-sciRFP. The hearts and livers were 

collected for analysis. The hearts were fixed and sliced for imaging, but complications arose and 

a microscope with the ability to image in the correct spectrum for iRFP was unable to be used 

and thus analysis of the livers was the only outcome of this dosage test.  

 

 

Figure 49. Gene expression and VG tracking in rats.  

The dose of 1E12 VG per rat was seen to be sufficient for both transgene expression and viral 

genome persistence in the liver (Figure 49). This allowed us to move forward with this dosage, 

as liver expression is a hallmark of AAV9 mediated gene delivery. Before moving to a 
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therapeutic study, we next attempted to confirm the activation of the provector through the 

administration of AAV9 or provector packaging CMV-scGFP following the heart injury. 

3.5.4.2 Rat GFP investigation 

Using the identified 1E12 VG dosage, we then changed the reporter gene to CMV-scGFP in an 

attempt to confirm targeted gene delivery to the injured heart through imaging cross sections of 

the heart (Figure 50), and analyzing off-target organs as detailed in section 3.5.1. Rats 

underwent an MI injury surgery, then 3 days following injury were injected with 1E12 VG of 

AAV9 or A9-453-L001 provector.  

 

Figure 50. Diagram of heart processing and representative GFP images optained from imaging.  

The imaging of the heart slices was inconclusive, and thus the processing of the off-target 

organs was halted and no further data was collected for this investigation.  

3.6 Therapeutic efficacy investigations 

The MMP-activatable provector has been shown to be able to target the heart in the MI murine 

model. The next step in characterizing this delivery vector is to attempt to improve recovery from 

the infarction through the delivery of a therapeutic gene. The desired therapy will ideally improve 

cardiomyocyte survival and proliferation and return cardiac function to normal levels while 

preventing the onset of heart failure. 
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3.6.1 Wnt11 

The first transgene used in a therapeutic study was CMV-Wnt11. Wnt11 has been observed to 

improve recovery post-MI by suppressing inflammation that is typically triggered from a 

myocardial infarction event.219 While this is promising, Wnt11 overexpression has been 

associated with cancer onset and metastasis, as well as a number of other diseases, indicating 

a need for highly-targeted gene delivery to prevent potentially negative side effects.244,245 

3.6.1.1 Experimental design 

Viruses were produced as previously described.107 The in vivo therapeutic efficacy of the 

provector were be tested in female balc/c mice that have undergone LAD ligation through tail 

vein injection 2 days post-MI in order to mimic the conditions used where targeted delivery of 

the iRFP reporter gene was observed. Two different conditions were tested: mice injected with 

provector packaging CMV-Wnt11 and mice injected with a buffer only control. All mice 

underwent baseline echocardiography to assess cardiac function and dimensions before the 

infarct, and then every 2 weeks post-MI echocardiography was completed. Our collaborators at 

UT Health tracked the survival numbers of each group over the course of the 180 day trial.246  

3.6.1.2 Experimental results 

The treated group (provector packaging CMV-Wnt11), was observed to have an extended 

survival trend when compared to the buffer injected group (Figure 51).  

 

Figure 51. Survivability of two MI groups over time (days).  

The small group sizes and the lack of ejection fraction measurements did not allow for any 

conclusions to be drawn from this study. It was not possible to confirm the severity of each 

mouse’s infarct or their recovery from the injury, nor was it possible to achieve statistical 

significance for the survivability data. Unfortunately, this was the end of the collaboration with 

UT Health. Future experiments were planned but were unable to be completed. Future tests 
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would have increased group numbers as well as included an AAV9-Wnt11 treatment group. We 

would have analyzed heart rate, left ventricular (LV) systolic pressure, LV end-diastolic 

pressure, ejection fraction, LV dP/dtmax and LV dP/dtmin, as measures of cardiac contractility 

and relaxation.246 Further analysis of the efficacy would have included freezing the hearts of the 

mice and sectioning them for IHC to determine myocyte size and fibrosis as have been done 

previously.247 Non-target organs such as the liver, spleen and skeletal muscle would also have 

been prepared for IHC and analyzed for signs of toxicity.  

3.6.2 cTnT driven Yap5SA  

The study detailed in section 3.5.2 was conducted simultaneously with a therapeutic efficacy 

study delivering the therapeutic transgene cTnT-Yap5SA with the MMP-activatable provector. 

Yap5SA was chosen as the transgene because of the Martin lab’s previous success with 

manipulating the Hippo pathway, which is a proliferation regulator (Figure 52).  

 

Figure 52. Hippo pathway schematic248 

Among other functions, this pathway stops cardiomyocytes from proliferating which is why the 

turnover rate is so low. They previously identified the efficacy of removing Salv expression 

through the use of SalvCKO mice and then through shRNA delivered with AAV9.249 Activation of 

the Hippo pathway causes a cascade of phosphorylation, culminating in the phosphorylation 
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and inactivation of the transcriptional co-activator Yap. The effect of increased Yap expression 

has been reported to increase cardiomyocyte proliferation and causes increased heart recovery 

following an MI injury (Figure 53). 

 

Figure 53. Yap improves cardiac function250 

With this function delivering Yap with AAV9 as they previously did with the shRNA against Salv 

would be the next logical step, except for the negative side effects of increased Yap expression. 

If Yap is expressed in healthy tissues, cancer has been seen to form (Figure 54).  

 

Figure 54. Yap causes cancer251 

This undesired phenotype occurring when Yap is expressed in off-target organs led to our 

collaboration where we will use out MMP-activatable provector to deliver Yap5SA. The five 

serine to alanine mutations allow for Yap to be constitutively active. We used the LAD ligation 

technique previously described to induce a MI, and 2 days later injected the provector 

packaging either cTnT-eGFP or cTnT-Yap5SA. Every two weeks an echocardiography was 

performed on the mice to measure their ejection fraction, a common measurement of cardiac 

function, to determine the effect that Yap5SA had on the injured hearts compared to the GFP 

treatment (Figure 55).  
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Figure 55. Yap5SA delivery yields no change in ejection fraction 

Unfortunately, both groups of mice exhibited the same level of reduced cardiac function, and the 

Yap5SA delivery does not appear to be efficacious. This was hypothesized to be because of the 

expression issues detailed in section 3.5.2, however due to personnel turnover and funding 

concerns, no further testing was conducted in efforts to achieve higher levels of expression. If 

possible, AAV9 would have been used to deliver the cTnT-Yap5SA transgene with both 

systemic and direct myocardial injection to determine in the transgene was capable of achieving 

a therapeutic effect. If efficacy was achieved, then a higher dosage of provector would have 

been tested. If no efficacy was achieved, then CMV-Yap5SA would have been tested to 

determine if a different promoter would yield enough expression for heart function to improve.   

3.6.3 shRNA against p63 

Our collaborators at BCM in Dr. Todd Rosengart’s lab approach cardiac therapy with a different 

strategy: reprogramming cardiac fibroblasts into cardiomyocyte-like cells. Their initial 

reprogramming strategy utilized delivery of VEGF in combination with the reprogramming 

factors Gata4, Met2C, and Tbx5 with lentivirus.252–254 This yielded promising results in a murine 

model of heart failure, however attempts to reprogram human cardiac fibroblasts with the same 

method yielded no transdifferentiation. This led to an investigation into the reprogramming ability 

of silencing certain growth suppressor genes such as p53 and p63 in an attempt to retain the 

effect of the treatment when translating from murine to human cells (Figure 56).255  
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Figure 56. Summary of p63 silencing outcomes in rodent and human cardiofibroblasts.255   

While they continue to pursue the use of lentivirus, utilizing our murine validated provector 

activated by MMPs is of great interest due to its ability to deliver site-specifically to the damaged 

heart following systemic administration. Because of this, we were brought onto the project to 

help with the in vitro testing and to potentially move this therapeutic strategy in vivo with their rat 

model of heart failure. The initial testing of this new therapeutic approach was conducted in 

vitro, where p53 and p63 were knocked down in MEF colonies in soft agar cultures to determine 

if either knockdown yielded a cancerous amount of proliferation (Figure 57).255 
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Figure 57. Neoplastic transformation assessment assay results.255   

It was observed that p53 yielded too much uncontrolled growth which could potentially lead to 

complications in vivo. Moving forward, p63 was chosen as a target for silencing and Origene 

generated four different shRNAs packaged in lentivirus which were tested to observe which was 

the most efficient shRNA at silencing p63 in rat cardiac fibroblasts (Figure 58). 

 

 

Figure 58. Rat cardiac fibroblasts lentiviral shRNA experimental design and results   
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The shRNA TL710237B (herein referred to as p63 shRNA) was able to knock down mRNA 

expression of p63 and upregulate the mRNA expression of cardiac troponin t, a cardiomyocyte 

proliferation marker, and was thus chosen as the lead shRNA for future testing.  

The effect of p63 knockdown was further validated in vitro through the analysis of p63 knockout 

murine embryonic fibroblast cells where expression levels of cTnT as well as the 

reprogramming factors previously studied were quantified (Figure 59). 

 

Figure 59. Cardiomyocyte marker expression induced by shRNA knockout.255   

In order to validate that this effect would be consistent in human cells, primary human cardiac 

fibroblasts were transduced with lentivirus packaging the p63 shRNA and the levels of p63 and 

cTnT expression were analyzed (Figure 60). 

 

Figure 60. Analysis of adult human cell cardiomyocyte marker expression.255   



88 

After the p63 shRNA had been validated in vitro with the lentivirus, I cloned the shRNA between 

ITRs for packaging within AAV. A U6 promoter was used to drive the shRNA expression, with a 

CMV-iRFP reporter also included in the transgene (Figure 61). 

 

Figure 61. Plasmid map of cloned ITR-shRNA transgene  

To ensure that the shRNA was functional within the ITR cassette, we tested the plasmid in vitro 

against the base plasmid used for cloning via a lipofectamine transfection assay (Figure 62). 

 

Figure 62. TP63 and cTnT mRNA level fold changes following treatment with sham or shRNA  

Knockdown of p63 and upregulation of cTnT were observed, confirming that the shRNA was 

cloned correctly and functional when between ITRs.  
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3.7 Future work 

The work detailed above was extensive but not exhaustive. In order to fully determine the use of 

this MMP-activatable provector there are many future studies that can be conducted.  

3.7.1 mNIS for imaging in situ 

Aside from the various therapeutic studies that this vector could be applied to, there is a 

different reporter system that allows for imaging the gene expression in situ over a period of 

time. This system is the sodium iodide symporter (NIS). NIS in its natural function is a 

glycoprotein which mediates uptake of iodine into the thyroid gland for synthesis of different 

hormones.256 NIS has a secondary function, where it can be used as a reporter gene capable of 

tracking gene expression profiles in situ. NIS is delivered with the platform of interest, then an 

iodine radiotracer is introduced. Cells expressing NIS take up the radiotracer, which can then be 

imaged to reveal the cells or tissues where gene delivery of the NIS was successful. This 

reporter system has been used in various animal models, including mice257 and canines258 as 

well as in vitro work with cancer cell lines259.   

For application to our provector system, the transgene would need to be created through 

molecular cloning. Preliminary steps were taken to ensure that the cloning strategy generated 

would be sufficient in creating the desired mNIS transgene. First, the CMV promoter was 

chosen as we have previously seen robust gene expression in mice and rats when using it, and 

this is also supported by the literature, where NIS has been powered by the CMV promoter in an 

adenovirus system257 and in an AAV system258. The CMV-scGFP construct that I have 

previously used has two single cut restriction enzyme sites, PpuMI and XhoI, flanking the 

scGFP sequence which can be used to cut out the scGFP sequence, then a gBlock gene 

fragment containing the mNIS sequence can be ligated into the resulting circular plasmid break. 

This enzyme digestion was confirmed with a test reaction and an ethidium bromide gel, Figure 

63.  
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Figure 63. DNA gel of digestion test for mNIS cloning  

This restriction enzyme digestion shows that PpuMI and XhoI when added alone only cut the 

plasmid a single time, linearizing it, but when added together, two bands confirm that the 

plasmid is cut in two locations, with large and small linearized fragments observed. This would 

have been followed up by ordering a gBlock, ligating it into the CMV backbone following double 

digestion, then sequencing the new plasmid construct to confirm the successful insertion of the 

mNIS sequence. Unfortunately, due to personnel turnover, no further investigations into the use 

of NIS as a reporter system were completed.  

3.7.2 p63 shRNA in vivo therapeutic efficacy investigation 

Another potential application of the MMP-activatable provector is chronic heart failure, as 

detailed in sections 3.5.4 and 3.6.3. Following the inconclusive targeted delivery investigation, 

the planned therapeutic study was not pursued. This study would have involved the use of the 

p63 shRNA transgene developed in section 3.6.3 to rescue heart function in rats that have 

undergone an MI injury. Rats would have been split into three groups, with one group being 

injected with a buffer-only negative control, one injected with AAV9-TL710237B and one 

injected with provector-TL710237B. All injections would have been completed through the use 

of a catheter inserted into the tail vein of rats three days following the MI injury. 

Echocardiography would have been used to track heart function over time. Following a sufficient 

timeline to assess therapeutic effect, hearts would be analyzed for tissue size and atrophy while 

livers would have been analyzed for any toxicity effects from the therapeutic delivery.  
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Chapter 4  

4 Caspase-activatable provectors 

The overall goal of this work was to develop protease-activatable gene delivery vectors 

for the targeted treatment of diseases with concomitant inflammation and apoptosis, such as 

myocardial infarction, ischemic stroke and pancreatic cancer. There is a need for targeted 

delivery because full body exposure of a therapeutic gene can potentially be toxic due to 

undesirable side-effects in off target locations.92 As described in Chapter 3, we have developed 

a protease-activatable platform based on AAV serotype 9. To expand this platform to the 

previously mentioned diseases, I engineered caspase-activatable provectors based on AAV9 to 

target the damaged heart following a myocardial infarction as a proof of concept. These 

caspase-activatable provectors can theoretically be applied towards other diseases with similar 

microenvironments.   

Adeno-associated virus (AAV) is a promising vector for gene therapy, but its broad 

tropism can detrimental if the transgene being delivered is harmful when expressed ubiquitously 

in the body, i.e. in non-target tissues. Delivering the transgene of interest to target cells at levels 

high enough to be effective while maintaining safety by minimizing delivery to off target cells is a 

prevalent challenge in the field of gene therapy. One method to combat this problem is to inject 

directly at the disease site, which can be invasive and impracticable in cases where there are 

multiple sites, or the site is not known or is difficult to access. I have developed a protease 

activatable vector (provector) platform based on AAV9 that can be injected systemically and 

deliver genes site-specifically to diseased cells by responding to extracellular proteases present 

at the disease site. The provector platform consists of a peptide insertion into the virus capsid 

which disrupts the virus’ ability to bind to cell surface receptors. This peptide contains a blocking 

motif (aspartic acid residues) flanked on either side by cleavage sequences that are recognized 

by certain proteases. Exposure to proteases cleaves the peptides off the capsid, activating or 

“switching ON” the provector. In response to the activation, the provectors regain their ability to 

bind and transduce cells. Here, I  have designed a provector that is activated by cysteine 

aspartic proteases (caspases), which have roles in inflammation and apoptosis and thus are 

elevated at sites of diseases such as heart failure (HF), neurodegenerative diseases, and 

ischemic stroke. This provector demonstrates a 200-fold reduction in transduction ability in the 

OFF state compared to AAV9, reducing the virus’ ability to transduce health tissue. Following 
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exposure to and proteolysis by caspase-3, the provector shows a 95-fold increase in 

transduction compared to the OFF state. The switchable transduction behavior was found to be 

a direct result of the peptide insertion ablating the ability of the virus to bind to cells. In vivo 

studies were conducted characterizing the biodistribution, blood circulation time, neutralizing 

antibody (nAB) formation, and targeted delivery ability of the caspase-activatable provector in 

healthy and heart failure mice. 

4.1 Initial Caspase Activatable Virus Designs 

Work with viruses that have been made activatable by the presence of MMPs has 

produced promising results. To further diversify this AAV9-based activatable AAV platform, I 

created viruses that are activated by a different type of protease, caspase-3. The initial design 

replaced the VPMS/MRGG MMP cleavage sequence with a sequence documented to be 

cleaved by caspase-3 with high efficiency: DEVD/G. 

4.1.1 Background and Significance  

Cardiovascular disease (CVD) is a leading cause of death, per the American Heart Association 

(AHA), there were approximately 780,000 deaths in the United States with CVD listed as the 

underlying cause in 2016.87 This accounted for 32% of all deaths that year. β-blockers and 

angiotensin-converting enzyme inhibitors, the drugs currently used in treatments following heart 

failure (HF), attempt to prevent detrimental remodeling of cardiac tissue and scarring, but do not 

address the root cause of the HF nor do they allow for the patient to eventually become 

independent, they are reliant on the drug treatments for the rest of their lives.88 Due to these 

limitations with drug therapy, research has expanded into gene therapy as an avenue to 

potentially provide treatment for those suffering from cardiovascular disease.  

Gene therapy with applications to cardiac diseases has been pursued with great interest, 

but this has been tempered by a failed clinical trial and the identification of current limitations 

such as the need for control over the expression of a therapeutic gene due to negative side 

effects at non-disease sites and the need for high levels of gene expression for a therapeutic 

effect to take place.28,90 Many therapeutic genes have been identified, but in order to translate to 

the clinic they need to be delivered exclusively to the injured heart area with a high level of 

expression.91 There is a need for targeted delivery because full body exposure of a therapeutic 

gene can potentially be toxic due to undesirable side-effects if expressed in off target 

locations.92 The current methods used to achieve this are the highly invasive delivery methods 

of direct myocardial injection(s) or intracoronary perfusion.93,94 
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As an alternative method to achieve targeted gene delivery, we have developed the 

protease-activatable gene delivery vector (provector) platform.107,221,260 This platform uses 

adeno-associated virus (AAV) as a base vector, genetically inserts peptide locks proximal to the 

primary binding pocket of the serotype used to disrupt the vector’s ability to bind to cell surface 

receptors. This peptide lock consists of a central blocking motif containing negatively charged 

aspartic acid residues which is flanked by two protease cleavage sequences. Upon exposure to 

a specific protease the sequences are cleaved, releasing the blocking motif from the capsid with 

a peptide ‘scar’ remaining attached (Table 6). This proteolysis restores the ability of the vector 

to bind and transduce cells. This platform has been successfully incorporated into AAV2 and 

AAV9 targeting matrix metalloproteases (MMPs) as stimuli for provector activation as they are 

upregulated at a variety of disease sites and have the ability to cleave specific amino acid 

sequences, two required characteristics of stimuli to target with the provector technology. While 

this was a rigorous characterization of the provector platform, the use of these otherwise healthy 

mice did not allow for a true prediction of how the provectors would perform in the clinic. Most 

patients with cardiovascular disease could have inflammation present at sites other than their 

injured hearts due to their age and the potential for concurrent diseases such as arthritis. With 

this in mind, a different family of proteases was investigated as potential single inputs for the 

provector platform.  

Cysteine-aspartic proteases, or caspases, are a family of 14 protease enzymes that play 

essential roles in inflammation and apoptosis.261–264 Caspases 1, 4, 5, 11, 12, 13, and 14 are 

involved with inflammation, functioning as cytokine activators, activating cytokines such as pro-

IL1β. Caspases 2, 8, 9, and 10 are involved in the initiation of apoptosis while caspases 3, 6, 

and 7 are known as the executioner caspases, directly leading to substrate cleavage and 

apoptosis. Because of their terminal roles in apoptosis, caspases 3, 6, and 7 have been 

identified as being upregulated in cell death and disease.264 These diseases include 

Huntington’s disease,265 Alzheimer’s disease,266,267 intracranial aneurysms,268 Parkinson’s 

disease,269 diabetic renal disease,270 and heart failure271. In particular, caspase-3 has been 

identified as being overexpressed following a heart failure event in the injured tissue.271 

The specificity of caspase-3 to cleave different peptide substrates has been previously 

investigated, making it an ideal candidate for incorporation into the provector platform.272 

Caspase-3 has the ability to cleave many substrates, but has the highest specificity for the 

amino acid sequence Glycine-Aspartic acid-Glutamic acid-Valine-Aspartic acid-X (GDEVD-X) 

with X being one of several different amino acids.  
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Table 5. Specificity of Caspase-3 against GDEVD-X substrate (kcat/KM in [1/(mol/L)*s]). Table 

adapted from.272 

Amino Acid, X kcat/KM 

Serine (S) 200,000 

Glycine (G) 193,000 

Alanine (A) 157,000 

Tyrosine (Y) 63,500 

Phenylalanine (F) 63,000 

 

The specificity of caspase-3 for all five of these substrates is higher than the specificity of MMP9 

for the VPMSMRGG substrate used in the A9-453-L001 PAV design, which has a kcat/KM of 

50,000.214 This increase in specificity will theoretically allow for caspase-activatable viruses to 

be more sensitive to the presence of caspase-3.  

Because of the terminal role in apoptosis, caspase-3 is released into the extracellular 

environment upon the disruption of the dead cell’s membrane, making it an ideal stimulus to be 

harnessed by the provector platform. Previous work to utilize the expression of caspase-3 for a 

therapeutic effect has been conducted. A caspase-3 specific activatable toxic prodrug, DEVD-S-

DOX, has been developed and characterized in vivo.273,274 In the presence of caspase-3, the 

DEVD motif becomes cleaved and the drug Doxorubicin (DOX) is able to stop cell replication 

and induce cell death, which releases more caspase-3, inducing a cascade effect of cell death. 

The results from this study confirm that caspase-3 is an appropriate stimulus to target with our 

provector platform. 

Here I detail the development and optimization of an AAV9 based provector that targets 

caspase-3 as a local stimulus present at the site of HF. AAV9 was chosen because of its broad 

tropism and high efficiency of delivery, making this provector versatile enough to potentially be 

used to treat a variant of diseases in different organ types.86 HF was chosen as the proof of 

concept disease model because of its upregulation of caspase-3 and AAV9’s ability to 

transduce cardiac tissue efficiently. The provectors generated demonstrate various levels of the 

desired switchable transduction in vitro, and the highest performing provector was further 

characterized in vivo in both healthy and HF mice. After systemic injection, the provector 
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significantly reduces delivery to off-target organs and delivers site-specifically to the injured 

heart. 

The specificity of caspase-3 to cleave different peptide substrates has been previously 

investigated, making it an ideal candidate for incorporation into the PAV platform.272 Capase-3 

has the ability to cleave many substrates, but has the highest specificity for Glycine-Aspartic 

acid-Glutamic acid-Valine-Aspartic acid-X (GDEVD-X) with X being one of several different 

amino acids. Because of the terminal role in apoptosis, caspase-3 is released into the 

extracellular environment upon the disruption of the dead cell’s membrane.  

4.1.2 Previous work using caspase-3 as a stimulus 

Previous work to harness caspase-3 for a therapeutic effect has been conducted. HIV 

infected cells were killed through induced apoptosis with a modified caspase-3 protein, TAT-

Casp3.275 The protein was able to transduce all cells, but remained in an inactive form unless 

exposed to HIV protease. This protease cleaved off a TAT residue, inducing the activation of the 

caspase-3 protein. Once caspase-3 was activated, apoptosis was induced, killing the cell. 

Because the activation only occurred in HIV infected cells, targeted cell death was achieved in 

vitro.  

A caspase-3 specific activatable toxic prodrug, DEVD-S-DOX, has also been developed 

and characterized in vivo.273,274 In the presence of caspase-3, the DEVD motif becomes cleaved 

off and the drug Doxorubicin (DOX) is able to stop cell replication and induce cell death, which 

releases more caspase-3, inducing a cascade effect of cell death. The in vivo model was a 

mouse model of skin cancer, where the DEVD-S-DOX was administered intravenously, and the 

initial caspase-3 expression was stimulated through the use of gamma radiation to induce 

localized cell death.  

4.1.3 Vector Design  

4.1.3.1 Overview 

Caspase-3 cleavable substrates were incorporated into the provector peptide lock design. Three 

major design requirements are necessary for the construction of an activatable virus: 1) the 

peptide lock must be inserted into a position that ablates cell binding and transduction; 2) the 

peptide lock must be surface exposed and cleavable by caspase-3; and 3) the virus must regain 

its ability to bind and transduce cells after treatment with caspase-3. As mentioned, the initial 

design (L006), changed the VPMS/MRGG MMP cleavage sequences in L001 to DEVD/G, a 

caspase-3 cleavage sequence.  
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4.1.3.2 Initial designs 

AAV serotype 9 (AAV9) was chosen as the base vector for the caspase-activatable virus (CAV) 

design because it is known to be one of the most efficient AAV serotypes for cardiac cell gene 

delivery in vivo, and its ability to transduce cardiac tissue as the proof of concept model was 

chosen to be myocardial infarction.13 AAV9 binds to galactose, which initiates its cellular entry 

via clathrin-mediated endocytosis for transduction.14 As we have previously shown that insertion 

of a peptide lock proximal to the galactose binding domain of AAV9 after amino acid G453 leads 

to successful blockage of cell entry, all lock designs were inserted at this position (Figure 64).  

 

Figure 64. Peptide insertion schematic.  

The location of the peptide insertion within the cap gene is illustrated, as well as the fragments 

remaining following proteolysis with caspase-3. 
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 As summarized in Table 6, I created a panel of CAV locks in attempts to obtain the 

desired switchable transduction behavior with the rationale behind each design choice listed in 

the table. All CAV locks are flanked by the DEVDG cleavage sequence, previously identified as 

the most efficient caspase-3 substrate for cleavage.15 Each lock also contains at least 4 aspartic 

acid motifs, as previously identified to provide enough electrostatic repulsion and steric 

hindrance.7  

Table 6. Summary of various CAV lock designs.  

Lock ID Lock Sequence Rationale 

L006 AG-DEVD/G-GDDDDG-DEVD/G-GA Initial Design 

L007 AG-DEVD/G-GDDDDDDG-DEVD/G-GA 

Hexa-D : 

More electrostatic 

repulsion 

L008 
AG-GGGDEVD/G-GDDDDG-DEVD/GGGG-

GA 

Extra linker (GGG) : 

Larger steric hindrance 

L006-S1 AG-VDDGE-GDDDDG-VDDGE-GA 

WT : Lock = 1:3 

Uncleavable Scrambled 

Lock control L006-S1-M1 

L006-M1 
AG-DEVD/G-GDDDDG-DEVD/G-GA 

WT : Lock = 1:3 

Incorporating wild-type 

capsid to increase 

transduction recovery 

post-cleavage 
L006-M2 

AG-DEVD/G-GDDDDG-DEVD/G-GA 

WT : Lock = 3:1 

Slash (/) was used to show caspase-3 cleavage site and dash (-) was used to show different regions of 
the lock. 

L006 was generated as the base CAV vector, only changing the MMP-cleavage 

sequences from L001 with the caspase-cleavage sequence. At this time, L005 showed less 

transduction blockage than L001, and it was not known if it was insertion size or charge that 

yielded this observation so L007 and L008 were generated in an effort to discern if additional 

negative charge or total size of the peptide insertion blocked transduction. L008 served the dual 

purpose of also pushing the cleavage sites further away from the capsid of the virus that could 

help in the event that caspase-3 was unable to dock and cleave L006 due to the cleavage sites 

not being surface exposed enough. As was done with the L001 sequence, the DEVDG 

substrate was randomly scrambled to ablate cleavage activity by caspases to prove that CAV 

vectors are indeed activated by caspases (L006-S1 and L006-S1-M1). Finally, in an attempt to 

regain higher levels of transduction following lock cleavage, mosaic capsids were generated 
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with two different ratios of CAV VPs and AAV9 VPs (L006-M1 and L006-M2). The method for 

generating mosaic capsids can be seen in Figure 65.  

 

Figure 65. Mosaic capsid generation schematic. 

4.1.3.3 CAVs are not defective in capsid formation 

 Through titering viruses that I created with qPCR, it was confirmed that all CAV devices 

achieved acceptable viral genome titers. In addition, I investigated whether CAVs have intact 

VPs formed and the peptide locks are inserted. As seen in Figure 66, it was confirmed that all 

viruses had intact VP1-3. I also confirmed the insertion of peptide locks as slight upward shifts 

compared to wild type AAV9 VPs were detected. Furthermore, both wild-type VPs and CAV VPs 

were detected in L006-M1 and M2 as expected, since these designs contain both wild capsids 

and peptide-inserted capsids (double bands in L006-M1 and M2 lanes, Figure 66B).  
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Figure 66. Verification of intact VPs and peptide insertion.  

(A) Silver stain image of wild type AAV9 (WT A9), L006 to L008. “C” denotes concentrated virus with 
buffer exchanged to 1X GB-0.001% PF-68 and “I” denotes viruses contained in Iodixanol solution. (B) 
Silver stain image of WT A9, L006-M1, M2,. All viruses are buffer exchanged to 1X GB-0.001% PF-68. 

 To investigate the capsid stability of CAVs, I performed a benzonase DNA protection 

assay. I quantified the fraction of viral genome protected after treating the CAVs with 

benzonase, which digests nucleic acids, relative to the untreated (sham-treated). All CAVs 

tested (L006-8, L006-M1 and M2) showed no significant loss in viral genome after benzonase 

treatment (Figure 67). The results, therefore, demonstrate that the CAVs are not defective in 

capsid formation and have intact, stable VPs.  

 

Figure 67. Benzonase DNA Protection Assay.  

Fraction of genome protected is the ratio of benzonase-treated and sham-treated viral genome. Error 
bars represent S.E.M. N=3. 
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4.1.3.4 CAVs are cleavable and show switchable behavior 

 I then investigated whether the initial CAV designs are cleavable by caspase-3. L006, 

L007 and L008 were cleaved by caspase-3, as shown by the presence of cleaved bands in 

caspase-3 treated samples (Figure 68, red arrows).  

 

Figure 68. Proteolysis of L006, 7 and 8.  

AAV9, L006, L007 and L008 samples were incubated with either sham buffer (S), 288 nM (3+) caspase-3 
for 48 hours or 28.8 nM (3) caspase-3 for 24 hours at 30 °C. Green arrows indicate uncleaved VPs and 
red arrows indicate cleaved VP1-3 and C-terminus fragment of each VP.  

I then tested their functional ability to transduce cells: the ability to block transduction 

when in the locked state and regain it when following lock cleavage. Interestingly, all sham-

treated (locked) CAVs showed a strong blockage in transduction of ChoLec-2 cells (Figure 69, 

gray bars). In addition, all CAVs regained some transduction ability once cleaved by caspase-3, 

leading to 2 to 3-fold increase in TI (Figure 69, green bars). However, the TI of unlocked CAVs 

was significantly lower than that of wild type AAV9 (~3 log differences), not achieving 

therapeutically acceptable transduction level. This highlighted the need for optimization of this 

CAV provector design.  
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Figure 69. Transduction assay results of wild type AAV9 (Wt), L006, L007 and L008.  

Each sample was either sham-treated (gray bars) or caspase-3 (green bars) treated prior to 

transduction (N=2).  

4.1.3.5 Mosaic CAVs show more efficient rescue of transduction 

The overall inefficient transduction in unlocked CAVs does not meet one of the design 

criteria for a successful provector design. Previous studies show that generating mosaic capsid 

with both provector and wild type capsid subunits led to an efficient, switchable behavior in 

transducing cells.16 Therefore, I generated L006 based mosaic capsids that contain both L006 

and wild type AAV9 VPs, at ratio of 3:1 and 1:3 (L006-M1 and M2, Table 6, Figure 70). As 

confirmed in Figure 70B, both mosaic CAVs were not defective in capsid formation and 

contained both wild type VP and L006 VPs as expected. Next, I investigated whether they are 

cleavable by caspase-3. Proteolysis of L006-M1 and M2 showed cleavage of L006 VPs but not 

wild type VPs (Figure 70B). 
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Figure 70. Mosaic capsid approach schematic and silver stain.  

(A) Schematic of mosaic capsid approach, adapted from M.L. Ho et al.16 (B) Proteolysis of L006, L006-M1 
and M2. Samples were treated with either sham (S) or caspase-3 (3). Green arrows indicate uncleaved 
VPs and red arrows indicate cleaved fragments. Cleavage of only provector VPs were achieved, as 
shown by uncleaved wild type VPs (blue arrow) and cleaved L006 VPs (yellow arrow).  

 As further characterization of these CAVs, I generated L006-S1 and L006-S1-M1 that 

are designed to be uncleavable by caspase-3 (Table 6) but still containing a peptide insertion of 

the same composition only with a different arrangement of the DEVDG cleavage sequence, to 

show transduction recovery of the CAVs was indeed due to cleavage of the locks by caspases 

and not solely from the insertion of the peptide. As shown in Figure 71B, L006-S1 and L006-S1-

M1 were not able to be cleaved by caspase-3 and thus could function as good controls for 

future provector characterization.   

 

Figure 71. Proteolysis of Lock-Optimized and Lock-Scrambled CAV variants.  

(A) Wild type, L006 (B) L006-S1, L006, L006-S1-M1 and L006-M1 samples were treated in either sham 
buffer (-) or caspase-3 (+). Green arrows indicate uncleaved VPs and red arrows indicate cleaved 
fragments. Cleavage of only provector VPs was achieved, as shown by uncleaved wild type VPs (blue 
arrow) and cleaved L006 VPs (yellow arrow). 
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 I then investigated whether the mosaic CAVs were able to block transduction in their 

locked state and recover once their locks are cleaved. Most sham treated samples showed 

strong blockage of transduction compared to wild type AAV9 (2 ~ 3 log differences). However, 

transduction of sham treated L006-M2 did not effectively block transduction (gray bars, Figure 

72).  

 

Figure 72. Transduction Assay of CAV Prototypes.  

Each sample was either sham-treated (gray bars) or caspase-3 (blue bars) treated (N=3). Error bars 
represent S.E.M. 

All unlocked CAVs tested here showed an increase in transduction (3~8 fold increase compared 

to locked state, blue bars). As expected from the proteolysis result in Figure 71, scrambled lock 

controls (L006-S1 and S1-M1) did not show a significant difference in transduction, suggesting 

that the CAVs require caspase-3 cleavage to be activated. L006-M1 showed efficient switchable 

behavior (8-fold increase in TI from locked state to unlocked state), validating the mosaic capsid 

approach for increased transduction. The L006-M1 variant exhibited similar transduction 

blockage and activation as the L001 variant (Figure 73) that has shown targeted delivery to an 

injured heart and reduced delivery to off-target organs. Because of this, I moved forward with 

this vector in vivo.  
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Figure 73. Comparison of L006 variants transduction ability with L001 

4.1.4 In Vivo Characterization and Testing of L006-M1 CAV 

In collaboration with Dr. James Martin’s lab at BCM, we again attempted to harness the 

therapeutic potential of the Yap5SA gene, this time targeting caspase-3 as the stimulus 

following a MI. With L006-M1 performing in vitro at a level extremely similar to L001, but with a 

higher signal-to-noise ratio, this virus was used to package cTnT-GFP or cTnT-Yap5SA. The 

hypothesis was that L006-M1 would be able to deliver to the injured hearts following systemic 

injection, delivering either GFP or Yap5SA with Yap5SA yielding a therapeutic effect (Figure 

74).  
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Figure 74. Schematic of potential Yap5SA therapy.  

With expression concerns from the L001 study, we injected L006-M1-GFP at 1E11 VG per 

mouse (N=10), and L006-M1-Yap5SA was injected at two different doses with each group 

having an N=5: 1E11 VG per mouse (low dose) and 1E12 VG per mouse (high dose). The mice 

were monitored for a minimum of 54 days via echocardiography, with ejection fraction being 

calculated. The results of this study can be seen in Figure 75.  

 

Figure 75. Ejection fraction calculations from L006-M1 study.  
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Even with the high 1E12 VG dosage, there was no observable increase in heart function. From 

the L001 troubleshooting that occurred after this study, it appeared that CMV was able to drive 

expression where cTnT did not. Because of this, plans to change the promoter from CMV to 

cTnT were put in place, as well as the use of AAV9 as a positive control but due to changes in 

personnel no future studies were able to be conducted.  

4.2 Optimized Caspase Activatable Virus Designs  

With the mosaic L006 designs not yielding desired results in vivo, more optimization was 

conducted on L006, herein referred to as PV-DEV-D4 (provector – DEVDG cleavage sequence 

– 4 aspartic acids in the blocking motif). Furthermore, I also hypothesized that amino acids that 

remain (scar) after cleavage (AG-DEVD…G-GA, L006) are also negatively charged and may 

interfere with CAV’s ability to regain transduction. Therefore, I incorporated positively charged 

arginine motifs (R) neutralizes negatively charged aspartic acids (D) and glutamic acids (E) that 

remain post-cleavage and may have interfered with virus to cell surface receptor interaction 

(Table 7, PV-DEV-D4-RRRR and PV-DEV-D4-RRRL) as an alternative approach to increase 

transduction efficiency. 

Table 7. Optimized provector designs.  

Virus Variant Peptide Insertion Provector ‘scar’ 
Titer 

(VG/mL) 

AAV9 -- -- 1.6x10
12

 

PV-DEV-D4 AG-DEVD/G-G-D
4
-G-DEVD/G-GA AG-DEVD/  /G-GA 8.9x10

11
 

PV-DEV-D4-RRR
R
 

        AG-DEVD/G-G-D
4
-G-

DEVD/GRRR-GA 

AG-DEVD/  /GRRR-

GA 
1.1x10

12
 

PV-DEV-D4-RRR
L
 

      AG-RRRDEVD/G-G-D
4
-G-

DEVD/G-GA 

AG-RRRDEVD/  /G-

GA 
9.4x10

11
 

PV-DEV-D10-RRR
R
 

         AG-DEVD/G-G-D
10

-G-

DEVD/GRRR-GA 

AG-DEVD/  /GRRR-

GA 
1.1x10

12
 

Scrambled   AG-VDDGE-G-D
10

-G-VDDGE-GA -- 9.1x10
11

 

 

Variant naming convention abbreviations: PV = provector, DEV = DEVDG caspase-3 cleavage sequence, 
D# = number of aspartic acids in blocking motif, RRRX = triple arginine motif, on right (x=R) or left (x=L) of 
peptide insertion. Titer is average titer from 10 plates of HEK 293T cells, iodixanol extracted in 3 total 
mLs. 
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4.2.1 In vitro characterization of caspase-activatable provectors 

The initial characterization tested the optimized provectors performance in vitro.  

4.2.1.1 Provectors demonstrate activation following exposure to caspase-3 

 The provector platform has many design criteria, the first of which is that in the locked 

state there is an ablation of transduction ability, and following exposure to the target protease 

the vector regains its ability to transduce cells. Transduction index [(%GFP+ cells)*(geometric 

mean fluorescence intensity)] was used to determine transduction ability, as it has been found 

to scale most accurately with differing multiplicities of infection (MOI) (Figure 76).  

 

Figure 76. Transduction index’s linear relationship with multiplicity of infection (MOI) data. 

The differences in linear trends of (A) Transduction index (TI), (B) percent of GFP+ cells, and (C) 
geometric mean fluorescence intensity (gMFI) with different MOIs were compared with linear regression. 
Cho-Lec2 cells were transduced with AAV9 at various MOIs and harvested for flow cytometry after 48 
hours. TI was found to have the best linear fit and was used for all calculations of transduction ability. 
Error bars are SEM; N=3. 

With in vivo applications in mind, fraction of AAV9 TI was reported, as AAV9 is the current AAV 

standard for cardiac gene therapy in murine models. The initial PV-DEV-D4 design (Table 7) 

exhibits a significant reduction in transduction ability (0.7% of AAV9) in Cho-Lec2 cells when 

treated with a sham buffer, and when proteolyzed with caspase-3 has a 1.6-fold increase in 

transduction (Figure 77). While this is an increase, the activated provector only transduces cells 

at 1.2% of AAV9 which was improved upon with the design of PV-DEV-D4-RRRR and PV-DEV-

D4-RRRL (Table 7).These designs incorporate three arginine residues into the provector scar, 

neutralizing the three negatively charges amino acids (two aspartic acids and one glutamic acid) 

present on the capsid following cleavage by proteases (Table 7). These optimized vectors retain 

the ablation of transduction ability when treated with a sham buffer but exhibit a much higher 

increase in transduction following proteolysis (Figure 77).  
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Figure 77. Transduction efficiencies of D4 provector variants  

Efficiencies were determined by adding vectors treated with either sham buffer or with caspase-3 to Cho-
Lec2 cells at a multiplicity of infection (MOI) of 5000. Flow cytometry was used to quantify GFP 
expression 48h post-transduction. Transduction index (TI) is the percent GFP positive cells multiplied by 
the geometric mean fluorescence intensity. TI of each vector and condition was normalized to that of 
AAV9 treated with sham buffer. PV-DEV-D4-RRRR and PV-DEV-D4-RRRL provectors show activation 
following proteolysis, while AAV9 shows no response to caspase-3 treatment. Error bars are SEM; N=6, 
6, 3, 3. Multiple t-tests with a Holm-Sidak correction method determined significance. * p<0.05, ** 
p<0.005, *** p<0.001, **** p<0.0001. 

 The PV-DEV-D4-RRRR variant exhibited the highest signal-to-noise ratio of the initial 

variants and thus was chosen to further optimize. This optimization resulted in the incorporation 

of more aspartic acid residues in the blocking motif. The original four, as well as six, eight, and 

ten aspartic acids were cloned into the blocking motif and their ability to ablate transduction of 

Cho-Lec2 cells was assessed through a transduction assay (Figure 78).  
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Figure 78. Aspartic acid motif expansion.  

The effect of increasing the amount of aspartic acids within the provector blocking motif of PV-DEV-RRRR 

was investigated. AAV9 was used as a positive control and provectors with 4, 6, 8, and 10 aspartic acids 
in the blocking motif were tested for their ability to block transduction with a transduction assay. Cho-Lec2 
cells were transduced with virus at a MOI of 5000 and harvested for flow cytometry after 48 hours. Error 
bars are SEM; N=3. 

The greatest reduction of transduction ability was seen in the PV-DEV-D10-RRRR variant and 

this optimized variant was used for all future testing. PV-DEV-D10-RRRR exhibits cleavage 

visualized by a silver stain following proteolysis with caspase-3, while AAV9 and the PV-DEV-

D4-RRRR-Scrambled vector (Table 7) have their viral proteins remain intact after proteolysis 

(Figure 79). The scrambled vector has the same peptide insertion as PV-DEV-D10-RRRR except 

the DEVDG cleavage sequence was scrambled to VDDGE which is not recognized by caspase-

3 for a cleavage event (Figure 79).  

 

Figure 79. Silver stain of PV-DEV-D10-RRRR provector and scrambled control.  

Treatment with sham buffer (S) yields intact viral proteins for all viruses. Caspase-3 cleaves PV-DEV-
D10-RRRR provector subunits but does not cleave the scrambled control vector. N-terminal fragments 
(VP1’, VP2’, and VP3’) and C-terminal fragment (C-term) are detected in the proteolyzed PV-DEV-D10-
RRRR lane. 
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The second design criteria for provectors is that they must retain capsid stability following 

cleavage of the inserted peptide. Following proteolysis with caspase-3, both AAV9 or PV-DEV-

D10-RRRR retain their ability to protect their genome (Figure 80), this was probed with a 

benzonase protection assay.  

 

Figure 80. Genome protection ability of vectors following proteolysis  

Protection was determined by treating them with either sham buffer or benzonase nuclease at 37°C for 1h 
and quantifying viral titers via qPCR. Benzonase-treated samples were normalized to the same vector 
treated with sham buffer. Caspase-3 treatment of PV-DEV-D10-RRRR provector does not impact its ability 
to protect its genome. Error bars are SEM; N=4. 

The optimized PV-DEV-D10-RRRR variant exhibits the highest signal-to-noise ratio (89.2-fold) of 

all provectors tested, while the scrambled variant does not have the ability to transduce cells 

when treated with a sham buffer or with caspase-3 (Figure 81), confirming that the peptide 

insertion does not add the protease-activation behavior to the virus, but the insertion needs to 

be cleaved by a protease in order to demonstrate the desired switchable behavior.  

AAV9 D 1 0 -R R R R

0

5 0

1 0 0

1 5 0
%

G
e

n
o

m
e

  
P

r
o

te
c

ti
o

n
S h am

C a s p a s e -3



111 

 

Figure 81. Transduction efficiency of PV-DEV-D10-RRRR variant  

Efficiency was determined by treating the vector with either sham buffer or with caspase-3, and then 
adding them to Cho-Lec2 cells at a MOI of 5000. GFP expression was quantified at 48h post-
transduction. TI of each virus and condition was normalized to that of AAV9 treated with sham buffer. 
Activation of PV-DEV-D10-RRRR provector is observed, while AAV9 and scrambled vectors show no 
response to caspase-3 proteolysis. Error bars are SEM; AAV9, D10-RRRR N=6, Scrambled N=3. Multiple 
t-tests with a Holm-Sidak correction method determined significance. * p<0.05, **** p<0.0001. 

 This switchable transduction exhibited by PV-DEV-D10-RRRR was hypothesized to be 

because of the ablation of cell binding with the peptide insertion. This hypothesis was tested via 

a binding assay (Figure 82) where AAV9, AAV2, PV-DEV-D10-RRRR, and the PV-DEV-D4-

RRRR-Scrambled vector were all treated with a sham buffer or proteolyzed with caspase-3, then 

given the opportunity to bind Cho-Lec2 cells as detailed in the methods section. An increasing 

amount of a competitive binding agent to AAV9’s primary cell receptor galactose, Biotinylated 

Erythrina Cristagalli Lectin (ECL) was added with the viruses to determine if results were 

dependent on binding to the galactose present on the surface of the cells.  
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Figure 82. Ability of vectors to bind to galactose on cells  

Binding ability was assessed using a lectin competition assay. Vectors were treated with either sham 
buffer or with caspase-3, mixed with increasing concentrations of Erythrina cristagalli lectin, and then 
incubated with Cho-Lec2 cells at 4°C for 1h. After washing, the number of viral genomes bound to cells 
were quantified via qPCR and normalized to total DNA. With increasing lectin concentration, the ability of 
AAV9 and the proteolyzed PV-DEV-D10-RRRR provector to bind to the ChoLec2 cells is reduced, while 
AAV2 retains the ability to bind. The sham treated PV-DEV-D10-RRRR provector and the scrambled 
provector exhibit an inability to effectively bind to the ChoLec2 cells. Error bars are SEM; AAV9 N=3, 
AAV2 N=3, D10-RRRR N=5, Scrambled N=3. Multiple t-tests with a Holm-Sidak correction method 
determined significance. ** p<0.005, *** p<0.001. 

PV-DEV-D10-RRRR treated with a sham buffer was not able to bind to Cho-Lec2 cells, but 

following proteolysis with caspase-3 was able to statistically significantly bind to Cho-Lec2 cells 

at 44% of AAV9, which accurately reflects the 42% of AAV9 transduction ability (Figure 81) 

observed via flow cytometry. A decreasing trend of binding ability for all AAV9 variants is 

displayed with increasing concentration of the ECL, while AAV2’s ability to bind is not changed.  

4.2.1.2 Incorporation of AAV9 subunits in provectors exhibits higher rescue of 

transduction ability 

The PV-DEV-D10-RRRR provector behaved as designed in vitro, but before testing in 

vivo, an attempt to rescue transduction ability to a level higher than 42% of AAV9 was executed 

by incorporating differing ratios of PV-DEV-D10-RRRR and AAV9 VP subunits into the capsid. 

The capsid plasmids were transfected at ratios listed in Table 8, the mosaic capsid proteins 

were visualized via silver stain (Figure 83) and quantified with densitometry performed with 

Image Studio LiteTM.  
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Figure 83.  Characterization of provector:AAV9 mosaic capsids in vitro.  

Differing ratios of PV-DEV-D10-RRRR and AAV9 plasmids (e.g., 3:1 is 3 parts provector plasmid and 1 
part AAV9 plasmid) were transfected to create mosaic capsids, and a silver stain of denatured vectors 
was done to visualize VP subunits. H is the homomeric capsid of PV-DEV-D10-RRRR. Provector VP 
bands have higher molecular weights than AAV9 VP bands due to peptide lock insertion in all three 
subunits. 

Table 8. Expected VP band intensity ratios (based on plasmid transfection ratios) and observed 

VP band intensity ratios (quantified via densitometry of gel image). 

Transfection 
Ratio 

(PV:AAV9) 
Subunit 

Observed 
Ratio 

Expected 
Ratio 

3:1 

VP1 1.9 

3.0 VP2 4.9 

VP3 2.2 

1:1 

VP1 0.9 

1.0 VP2 0.8 

VP3 0.7 

1:3 

VP1 0.5 

0.3 VP2 0.4 

VP3 0.4 

1:5 

VP1 0.3 

0.2 VP2 0.2 

VP3 0.3 

1:11 

VP1 0.1 

0.1 VP2 0.1 

VP3 0.2 

 

These mosaic capsids were then treated with a sham buffer or proteolyzed with caspase-3 and 

visualized on a silver stain (Figure 84). The provector viral proteins were observed to be cleaved 

by caspase-3, while the AAV9 viral proteins remained intact.  
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Figure 84. Silver stain of mosaic vectors following treatment with sham buffer or with caspase-3  

Silver stain demonstrates provector VPs are cleaved by caspase-3, while AAV9 VPs are unaffected. 
Treatment with sham buffer (S) yields intact VPs for all viruses. N-terminal fragments (VP1’, VP2’, and 
VP3’) and C-terminal fragment (C-term) are detected in the proteolyzed provector samples. 

The functional ability of these mosaic capsid viruses was then tested with a transduction assay 

in Cho-Lec2 cells (Figure 85).  

 

Figure 85. Transduction efficiencies of mosaic variants  

Efficiencies were determined by adding vectors to Cho-Lec2 cells at a MOI of 5000. GFP expression was 
quantified 48h post-transduction, and TI of each virus and condition was normalized to that of AAV9 
treated with sham buffer. Ratios of ON/OFF TI values are shown. Vectors with greater proportion of 
provector VPs (e.g., 3:1) demonstrate greater ON/OFF values, whereas vectors with greater proportion of 
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AAV9 VPs (e.g., 1:11) demonstrate ON values most similar to AAV9. Error bars are SEM; AAV9, D10-
RRRR N=6, all mosaic vectors N=3. Multiple t-tests with a Holm-Sidak correction method determined 
significance. * p<0.05, ** p<0.005, *** p<0.001, **** p<0.0001. 

The proteolyzed mosaic capsids exhibited a higher level of transduction than the homomeric 

provector following proteolysis; however, the ability to ablate transduction when treated with a 

sham buffer was severely decreased. This leads us to hypothesize that following transfection, 

homomeric AAV9 capsids were also formed, leading to the increase in transduction ability 

following sham treatment. Because of this loss of blocking ability, the mosaic capsids were not 

used for in vivo testing. 

4.2.2 In Vivo Characterization in healthy mice 

Following the in vitro testing, the lead provector design, PV-DEV-D10-RRRR, was characterized 

in vivo in healthy mice, where I hypothesized that the provector would remain in its locked state 

unable to deliver its transgene.   

4.2.2.1 Systemic injection of provector leads to decreased delivery in off-target organs 

and an altered blood circulation profile 

 This provector platform is designed to only activate the vector at a specific disease site 

that upregulates caspases, specifically caspase-3. With this design, it was hypothesized that in 

healthy mice, the provector and its scrambled variant would not deliver their transgenes to any 

tissues. 1E11 VG of either AAV9, provector, or scrambled vector packaging a CMV-scGFP 

reporter transgene were injected into 8 week old C57BL/6 male mice systemically via the tail 

vein and after 28 days the mice were euthanized, a panel of organs was collected and then 

processed to analyze the transgene expression levels (Figure 86) as well as the amount of viral 

genomes present in each tissue (Figure 87).  
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Figure 86.  Transgene expression in a panel of tissues  

Expression level was determined by extracting RNA from homogenized tissue samples, reverse 
transcribing it into cDNA and quantifying levels of expression using qPCR. eGFP expression was 
normalized to 18s in triplicate. Provector and scrambled vectors exhibit significantly decreased transgene 
mRNA expression in the heart, liver, and brain of healthy mice. Error bars are SEM; N=3. One-way 
ANOVA with Tukey’s post hoc multiple comparison test determined significance. **** p<0.0001. 

 

Figure 87. VG delivery in a panel of tissues 

VG delivery was determined by extracting DNA from homogenized tissue samples The VGs present in 
the tissues were quantified via qPCR and normalized to total DNA. Provector and scrambled vectors yield 
significantly decreased viral genome delivery in the liver of healthy mice. Error bars are SEM; N=3. One-
way ANOVA with Tukey’s post hoc multiple comparison test determined significance. * p<0.05, **** 
p<0.0001 

 



117 

Statistically significant decreases in transgene expression was observed in the heart, liver, and 

brain of BL/6 mice when comparing AAV9 treated mice to provector or scramble provector 

treated mice, confirming the hypothesis that the provector needs to be activated by a disease 

site in order to deliver its transgene.  

4.2.2.2 Systemic injection of provector leads to an altered blood circulation profile 

These mice were also used to characterize the blood circulation profile of each vector 

(Figure 88).  

 

Figure 88. The blood circulation profiles of AAV9, provector, and scrambled vector  

The VG present in the blood was determined by drawing 10 uL of blood via the saphenous from each 
mouse at various times post-injection. DNA was extracted from all blood samples with the Qiagen 
DNeasy Blood and Tissue Kit. Provector and scrambled persist in blood at a higher level for the first 24h 
following injection, then exhibit less persistence at longer time points. Error bars are SEM; N=5. One-way 
ANOVA with Tukey’s post hoc multiple comparison test determined significance. * p<0.05, ** p<0.005, *** 
p<0.001. *=AAV9 vs. D10-RRRR, +=AAV9 vs. Scrambled. 

AAV9 was observed to clear quickly from the blood stream over the first hour following injection, 

with a longer persistence after 24 hours. The provector and the scrambled provector persisted 

in the blood at a statistically higher amount after two minutes, and for the first 24 hours the 

provector persisted at a statistically higher amount than AAV9, while the scrambled provector 

exhibited the same trend. After 24 hours, both vectors were cleared from the blood at a much 

faster rate than AAV9, albeit without statistically significance.  
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4.2.2.3 Generation of neutralizing antibodies 

The ability of neutralizing antibodies (NAbs) generated in each treatment to neutralize AAV9 in 

vitro was also investigated. It was of interest to test the neutralization of the provector and the 

scrambled provector as well, but with their capsids in the intact form the levels of transduction 

were deemed to be too low to be able to draw conclusions about neutralizing effects. The 

neutralizing antibody titer (i.e. the dilution at which 50% transduction is achieved) of serum 

raised against AAV9, provector and the scrambled provector were all 1:1600 (Figure 89), 

indicating that each NAb raised against different vectors was able to neutralize AAV9 with the 

same effectiveness.   

 

Figure 89. The ability of the neutralizing antibodies (NAbs) to neutralize AAV9  

NAb effectiveness was determined by incubating AAV9 virus particles with serial dilutions of the serum 
from mice injected with AAV9, provector, or the scrambled vector. Following incubation, the samples were 
added to ChoLec2 cells at a MOI of 50,000. GFP expression was quantified at 48h post-transduction. TI 
of each vector and serum dilution was normalized to that of AAV9 without serum. 50% transduction was 
achieved at a dilution of 1:1600 for all three serum samples, indicating sera raised against AAV9, 
provector, and scrambled exhibit similar ability to neutralize AAV9. Error bars are SEM; N=3. One-way 
ANOVA with Tukey’s post hoc multiple comparison test determined significance. * p<0.05, ** p<0.005. 
*=AAV9 vs. D10-RRRR, +=AAV9 vs. Scrambled. &= D10-RRRR vs. Scrambled 

A MOI of 50,000 was used instead of the 5,000 previously used in transduction tests because 

with 5,000 the positive control exhibited a low amount of GFP expression, approximately 5% 

GFP+. This result is hypothesized because of the different well sizes used. In 96 well plates the 

ratio of cells interacting with the wall of the well to the cells in the center of the well is higher 
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than in 48 well plates. If cells interacting with the wall cannot be transduced effectively, then the 

maximal GFP expression is less in 96 well plates than in 48 well plates.  

4.2.3 In Vivo Characterization in MI mice 

Following the testing in healthy mice, PV-DEV-D10-RRRR was characterized in a disease model 

of MI mice similar to that used in Chapter 3, where I hypothesized that the provector would 

deliver its reporter transgene to the injured heart but not to off-target healthy organs.  

4.2.3.1 Provector delivers site-specifically to damaged heart following myocardial 

infarction  

 The next step in characterizing this provector platform was to test its ability to deliver a 

reporter transgene in a murine model of MI. The left anterior descending (LAD) artery was 

ligated in 8 week old C57BL/6 male mice in order to induce a myocardial infarction injury. Six 

hours following the injury event, each mouse was injected retro-orbitally with 1E11 VG of either 

AAV9, provector, or scrambled vector packaging a CMV-scGFP reporter transgene and after 28 

days the mice were euthanized. The hearts were then fixed in PFA and embedded in paraffin. 

These heart blocks were sliced and stained for GFP and DAPI as well as trichrome stained to 

visualize the injured tissue from the MI (Figure 90). The intensity of GFP pixels detected in each 

GFP stained heart was normalized to the intensity of red pixels in the trichrome stained hearts 

(Figure 90).  

 

Figure 90. GFP expression in MI hearts following vector injection. 

A myocardial infarction injury was induced via a left anterior descending coronary artery ligation. Three 
hours following the injury, mice were injected with 1x1011 VG of AAV9, provector, or scrambled vector 
systemically via the retro-orbital vein. Four weeks following injection, mice were euthanized, hearts were 
arrested in diastole with KCl, fixed in 4% paraformaldehyde, and embedded in paraffin, all other tissues 
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were harvested and frozen at -80°C. (Left) DAPI, GFP, and Trichrome stained sister slices. 
Representative images per virus treatment group shown. (Right) Quantification of number of green pixels 
in from GFP staining divided by the number of red pixels from trichrome staining. All groups were 
normalized to AAV9. Error bars are SEM; N=3. Multiple t-tests with a Holm-Sidak correction method 
determined significance, no significance was found. 

This analysis showed no statistical significance between groups, although the trend displays a 

higher level of GFP expression in the healthy tissue with the AAV9 treated hearts, with lower 

levels detected in the provector and scrambled treated hearts.  

4.2.3.2 Provector maintains decreased delivery in off-target organs following myocardial 

infarction 

Following euthanasia of the MI mice, a panel of organs was collected and then processed to 

analyze the transgene expression levels (Figure 91) as well as the number of viral genomes 

present in each tissue (Figure 92).  

 

Figure 91. Transgene expression in a panel of off-target tissues  

The transgene expression was determined by extracting RNA from homogenized tissue samples, reverse 
transcribing it into cDNA and quantifying levels of expression using qPCR. eGFP expression was 
normalized to 18s in triplicate. Provector and scrambled vectors yield significantly decreased transgene 
mRNA expression in the liver and brain of MI mice. Error bars are SEM; N=3. One-way ANOVA with 
Tukey’s post hoc multiple comparison test determined significance. *** p<0.001, **** p<0.0001. 
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Figure 92. VG delivery in a panel of off-target tissues 

Delivery was determined by extracting DNA from homogenized tissue samples. The VGs present in the 
tissues were quantified via qPCR and normalized to total DNA. Provector and scrambled vectors yield 
significantly decreased viral genome delivery in the liver of MI mice. Error bars are SEM; N=3. One-way 
ANOVA with Tukey’s post hoc multiple comparison test determined significance. * p<0.05, ** p<0.005, 
**** p<0.0001. 

Both provector and the scrambled provector showed statistically significant decreases in 

transgene expression in the liver and brain, with statistically significant decreases in viral 

genomes in the liver. An increased amount of provector viral genomes was detected in the brain 

of these MI mice, however this did not result in higher transgene expression. 

4.2.4 Discussion and Conclusions 

4.2.4.1 Discussion 

To further diversify out provector platform, I generated a panel of vectors that 

demonstrate switchable transduction in vitro following exposure to caspase-3. Through the 

creation of this panel, insights into the function of provectors were discovered. Negatively 

charged residues inserted into the galactose binding pocket of AAV9 do not have an impact on 

capsid formation but have a significant impact on the virus’s ability to transduce cells. By 

incorporating increasing amounts of negatively charged amino acids into the peptide insertion, 

an increased ability to block transduction was achieved. If the amino acids remaining following 

protease cleavage have a net neutral charge through the incorporation of positively charged 

residues, the transduction ability can be regained, albeit not fully to wild-type AAV9 levels. The 

change in transduction ability can be wholly attributed to the changes in the ability of the 
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provectors to bind to the surface of cells, as evidenced in the binding assay conducted in this 

study.  

Caspase-3 was chosen for analyzing the functionality of the provectors in vitro because 

of its correlation with heart failure and the deep level of characterization within literature.263,264,271 

From the initial caspase-activatable design, PV-DEV-D4, it is clear that cleavage by caspase-3 

was not sufficient to obtain the switchable transduction ability. By neutralizing the three 

negatively charged residues remaining in the cleaved peptide insertion scar through the addition 

of three positively charged arginine residues to either the n-terminal (left, PV-DEV-D4-RRRL) or 

c-terminal (right, PV-DEV-D4-RRRR) side of the peptide insertion and resulting scar allowed for 

the transduction ability of the vectors to be restored with no discernable difference between the 

two designs (1.01x increase). Interestingly, in the intact form, having the three positive charges 

on the c-terminal end of the insertion created a 1.9x increase in blocking ability. This indicates 

that not only does the peptide insertion’s charge impact the transduction ability, but the location 

of the charges also has an effect. By increasing the amount of aspartic acids in the blocking 

motif, PV-DEV-D10-RRRR was determined to be the optimal caspase-activatable provector due 

to it having the highest signal-to-noise ratio among variants generated and thus was further 

tested in vivo.  

The provector and its scrambled variant performed as designed in vitro, and the in vivo 

testing provided many insights into their performance and potential as a gene delivery vector. In 

healthy mice, the blood circulation profiles of the provector and the scrambled vector are 

different from that of AAV9. This was hypothesized to be because the peptide locks were 

inserted near the 3-fold protrusions, which is a common site for de-targeting the liver as well as 

neutralizing antibody binding and recognition.276 By de-targeting the liver in the initial circulation 

through the body, the provector and the scrambled can remain in circulation whereas AAV9 is 

immediately taken up by the liver and removed from the bloodstream, which has been seen in 

literature.277 Also observed was the inability of the provector to be activated in the healthy mice, 

with no statistical significance for gene expression in any organ detected between the provector, 

scrambled, or non-injected mice. The inability to achieve statistically significance of gene 

delivery or VG presence in organs injected with AAV9 or the non-injected mice may be due to 

the detection limits of our quantification or the small N used in the testing. For instance, the 

increased gene expression in the muscle has the expected trend with AAV9 showing a higher 

level of expression, but it is not significantly different.  
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In the myocardial infarction model, I again observed decreased delivery to off-target 

organs with the provector and the scrambled when compared to AAV9 and were able to 

visualize GFP delivery to the injured hearts with the provector following systemic injection. This 

was expected due to the design and in vitro results obtained with the provector. What was 

unexpected was the GFP delivery observed from the MI mice injected with the scrambled 

vector. This could possibly be due to the microenvironment present at the injured heart six 

hours following the MI injury when the vector was injected. There are more enzymes 

upregulated following the injury than the caspase-3 that was found to be unable to cleave the 

scrambled peptide insertion in vitro. For example, the executioner caspases 6 and 7 are also 

upregulated through the apoptosis pathway264 and matrix metallo-proteases are upregulated in 

the injured heart as well.224 These or other enzymes could have activated the scrambled 

provector. It is possible that the provectors are activated by proteases other than caspase-3 in 

vivo that are present at the injury site but not by endogenous proteases found throughout the 

body, as the off-target organs showed no discernable gene expression following systemic 

injection of the provectors.  

This activation of the scrambled vector identifies the potential need for additional safety 

measures such as an AND gate incorporated into the provector capsid107 or transcriptional 

control through the use of a tissue specific promoter.278 A higher level of control could be 

necessary in patients that are suffering from other physical ailments, injuries or diseases 

upregulating enzymes that could potentially activate this single input provector. While the 

scrambled provector does not function in vivo per its design as a negative control, it exhibits 

similar liver de-targeting observed with the provector while only delivering its reporter gene to 

the injured heart. The GFP delivery observed was not statistically significant between the three 

groups, but a lower expression level was observed with the provector and scrambled variants. 

This was expected from the in vitro transduction results and may be corrected for by injecting an 

infectious dose instead of equal amounts of viral genomes. Further investigations utilizing a 

higher number of mice may allow for more distinct conclusions to be drawn, as in vivo studies 

can benefit from a larger sample size.  

 These caspase-activatable provectors demonstrate the versatility of the provector 

platform, able to be redesigned to target different proteases present at disease sites potentially 

allowing for a wider range of diseases to be targeted using provectors. A myocardial infarction 

model was used as a proof of concept, but caspases are a hallmark of many different diseases, 

including other ischemic injuries such as stroke, as well as neurodegenerative diseases.264 
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Additional characterization of the provector is needed prior to clinical translation such as 

determining the efficacy of the vector through the delivery of a therapeutic gene. Comparing 

AAV9 and the provector at the same dosage as well as the provector at an effective dosage 

based on the in vitro observation of 42% transduction ability compared to AAV9 would provide 

insight into if the provector when injected systemically can be a viable option for delivering 

therapeutic genes. Investigations into the optimal dosing time could also potentially improve the 

therapeutic effect of the provector. 

4.2.4.2 Conclusions 

Here I have characterized a caspase-activatable gene delivery platform which recognizes the 

injured heart for gene delivery and expression. This provector delivers its transgene to the 

injured heart while significantly reducing gene delivery and expression in the liver and the brain 

of mice when compared to AAV9. This reduction in gene delivery to healthy tissue was 

attributed to the ablation of binding as determined in vitro. Additionally, the provector exhibits an 

altered blood circulation profile, remaining in the bloodstream at a statistically higher 

concentration than AAV9 for the first 24 hours following administration. Future investigations 

into the delivery of a therapeutic gene will allow for an evaluation of the clinical potential of 

utilizing this provector as a method for combatting the deterioration of heart function following 

heart failure. 

4.2.5 Methods used in characterization of vectors 

Cell culture 

HEK293T cells were cultured in Dulbecco’s modified Eagle medium (DMEM, Lonza) 

supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals) and 1% penicillin-

streptomycin (Life Technologies) in an incubator with 5% CO2 at 37°C. CHO-Lec2 cells were 

cultured in Minimum Essential Medium-α (MEM-α, Thermo Fisher Scientific) with 10% fetal 

bovine serum (FBS, Atlanta Biologicals) and 1% penicillin-streptomycin (Life Technologies) in 

an incubator with 5% CO2 at 37°C. 

Cloning of rationally designed capsids 

All lock designs were created through ligation cloning with NgoMIV and KasI restriction enzyme 

cut sites to achieve insertion of the peptide sequence following site G453 of AAV’s genome. 

Peptide inserts were purchased through Integrated DNA Technologies. The base vector for this 

cloning was A9-453-L001 which was generated by modifying the pAAV2/9 plasmid.221  
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Virus production, concentration, and quantification 

HEK293T cells are grown in 25 mL DMEM w/ 10% FBS, 1% P/S at 37°C on15 cm plates coated 

with poly-L lysine to increase cell adherence. At 95% confluency media is aspirated and 

replaced with 25 mL DMEM w/ 1% P,S. PEI is used to transfect the cells with a DNA mixture of 

.8:1:1 of helper plasmid (XX6): self-complementary (sc) green fluorescent protein (GFP) 

transgene: capsid plasmid (if creating mosaic virus, ratio of two capsid plasmids). 24 h post-

transfection, media is changed with fresh DMEM w/ 0.01% P/S. At 48 h post-transfection, cells 

are harvested, spun down to create cell pellet, resuspended in 1X gradient buffer (GB), snap 

frozen in liquid nitrogen, and stored at -80 C. If a provector variant is being produced, a 

protease inhibitor is added to the cell suspension to prevent nonspecific lock cleavage. 

Harvested cells are freeze-thawed 3 times to break down cell membranes and release virus into 

supernatant then 2.5 μL benzonase nuclease is added and incubated at 37°C for 40 minutes to 

digest any non-packaged DNA and then the solution is centrifuged at 3000g for 20 minutes. In 

ultracentrifuge tubes, 15%, 25%, 40%, and 54% iodixanol solutions are layered and the cell 

lysate is layered on top of the iodixanol. The tubes are sealed and then ultracentrifuged at 48k 

rpm for 1:45 hr at 18°C. After ultracentrifugation, the 40% layer is extracted and then diluted 

1:30 in 1xGB+PF-68 and concentrated with AMICON 100-kDa molecular weight cutoff filters. 

Quantitative polymerase chain reaction (qPCR) titering was used to determine the amount of 

viral genomes present. Virus capsids were denatured with 2M NaOH, neutralized with 2M HCl, 

and diluted in sheared salmon sperm DNA and then viral genomes were quantified using a Bio-

Rad CFX96 qPCR machine, primers against the cytomegalovirus (CMV) promoter and Power 

SYBR Green master mix were used.  

Benzonase genome protection  

Virus particles were first diluted in a buffer to a final concentration of 1.5 mM MgCl2, 0.5 mg/mL 

Bovine Serum Albumin, and 50 mM Tris, pH 8.0. The virus dilution was split into two separate 

reaction tubes, where one tube was treated with benzonase and the other was treated with a 

vehicle control. Samples were incubated at 37°C for 1h, then the reactions were stopped with 

EDTA and the viral genomes in each sample were quantified with qPCR as previously 

described. The percent genome protected was calculated by dividing the titer of the benzonase 

treated samples by the titer of the vehicle control treated samples.  
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Proteolysis 

576 nM of active caspase-3 (Enzo life sciences) or the same volume of sham buffer (50mM 

HEPES, pH 7.4, 100mM NaCl, 0.5% CHAPS, 10% glycerol and 10mM dithiothreitol) was added 

to the viruses in reaction buffer (50mM Tris, pH 7.5, 1mM CaCl2, 300mM NaCl, 5uM ZnCl2, and 

15% glycerol) and incubated at 30°C for 24 hours. The reactions were stopped with EDTA (25 

mM final concentration).  

Silver stain 

Virus capsids (1.5E9) were denatured for 15 min at 75°C in NuPAGE LDS Sample Buffer and 

then run on 4%–12% Bis-Tris NuPAGE gel for 2 h at 100V. Gels were processed and stained 

using the SilverQuest staining kit (Life Technologies). An Epson scanner was used to obtain the 

image. 

Transduction assay 

Cho-Lec2 cells were cultured in 48-well plates to 75% confluency. AAV vectors packaging CMV-

scGFP transgene were mixed with serum-free MEMα and added to the cells at a multiplicity of 

infection (MOI) of 5,000. 24 h post-transduction, serum-free MEMα was replaced with serum-

containing MEMα. Cells were harvested 48 h post-transduction and transgene expression was 

quantified using flow cytometry (FACSCanto II, BD Biosciences). Transduction index (TI) was 

calculated by multiplying %GFP-positive cells by geometric mean fluorescence intensity (gMFI). 

Cho-Lec2 binding assay  

Cho-Lec2 cells were cultured to 75% confluency in 24 well plates. AAV vectors packaging 

scGFP transgene were mixed with different concentrations of Biotinylated Erythrina Cristagalli 

Lectin (ECL, Vector Laboratories) in cold serum-free DMEM for one hour. The mixture of lectin 

and AAV vectors was added to cells on ice at a MOI of 5,000 and incubated for 1 h. Media was 

removed, and cells were washed with PBS twice. Cellstripper (Corning) was added and cells 

were incubated at room temperature for 1 h before harvesting for DNA extraction with the 

Qiagen DNeasy Blood and Tissue Kit. Following extraction, the number of viral genomes bound 

to cells were quantified via qPCR with primers against the CMV promoter and normalized to 

total DNA loaded.  
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Blood circulation 

Healthy 8 week old C57BL/6 male mice were injected systemically via the tail vein with 1E11 

VG of either AAV9, provector, or scrambled vector. At 5 min, 20 min, 40 min, 1 h, 4 h, 24 h, 48 

h, and 72 h post-injection, 10 uL of blood was drawn via the saphenous vein. DNA was 

extracted from all blood samples with the Qiagen DNeasy Blood and Tissue Kit and viral 

genomes present were quantified via qPCR using primers against CMV promoter. 

NAb generation and testing 

At 28 days post-injection, whole blood was collected via cardiac puncture and centrifuged at 

1,000×g for 10 min. The supernatant serum containing the antibodies produced against AAV9, 

provector or scrambled vector was collected. Serum was diluted through serial dilution in MEMα 

media from 1:100 to 1:12,800. Diluted sera were mixed with AAV9-scGFP transgene and 

incubated for 1 hr on ice. Diluted sera and virus mixtures were then added to Cho-Lec2 cells 

grown in 96-well plates at 75% confluency with an MOI of 50,000. 24 h post-transduction, media 

was replaced with complete media. Cells were harvested 48 h post-transduction, and GFP 

expression was quantified using flow cytometry, then normalized to GFP expression of cells 

transduced with AAV9-scGFP containing no serum. 

Tissue processing 

Tissues were harvested and snap frozen in liquid nitrogen and then stored at -80°C. Tissues 

were homogenized using a BeadBug benchtop homogenizer, and DNA and RNA were 

extracted with the Qiagen DNeasy Blood and Tissue Kit and the Qiagen RNeasy Blood and 

Tissue Kit according to the manufacturer’s protocol. The DNA was used to quantify the number 

of viral genomes present in each tissue via qPCR with primers against the CMV promoter, 

normalized to μgDNA loaded. The RNA was reverse transcribed into cDNA using a 3:1 blend of 

random hexamers and anchored oligo-dT. Transgene cDNA was quantified by qPCR using 200 

ng cDNA/well and primers against eGFP or the housekeeping gene 18s. Transgene (eGFP) 

mRNA expression was normalized to that of 18s. 

LAD injury model 

The left anterior descending (LAD) artery was ligated in 8 week old C57BL/6 male mice in order 

to induce a myocardial infarction injury, in accordance with published procedures.96 Six hours 

following the injury event, each mouse was injected retro-orbitally with 1E11 VG of either AAV9, 

provector, or scrambled vector packaging a CMV-scGFP reporter transgene. Four weeks after 
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injection, mice were euthanized. Off-target tissues were harvested and snap frozen in liquid 

nitrogen, stored at -80°C and then processed as detailed in the tissue processing methods 

section. 

Heart processing 

Following euthanasia, the thoracic cavity is exposed by making two incisions on the left and 

right side of the sternum along the ribs. The excised part of the ribs is flipped upwards and then 

backwards and clamped to keep the heart exposed. The lungs are dissected out without 

damaging any heart tissue. The thymus glands are then carefully separated to reveal the 

underlying aorta. Once the ascending aorta is visible, it is separated from the surrounding 

connective tissue and clamped. About 800-900ul of 1M KCl is injected retrogradely in the 

ascending aorta between the clamped part and the base of the heart, in order to arrest the heart 

in diastole. KCl injection is followed by PBS and 4% PFA (paraformaldehyde) injection 

respectively. Once the perfusion is complete, the heart is excised keeping the atria and the 

ventricles intact. The hearts were then dehydrated with increasing amounts of ethanol and 

xylene and then embedded in paraffin.  

Heart tissue preparation 

Paraffin blocks were cut into 7 m sections and mounted on Superfrost Plus Microscope Slides 

(Fisher Scientific). Paraffin wax was then removed using xylenes, and tissue sections were 

rehydrated through a graded alcohol series followed by 1X PBS as previously described.279  

Immunohistochemistry / Immunofluorescence and Imaging 

Movat’s Pentachrome was performed according to manufacturer’s instructions (Russel-Movat, 

StatLab # KTRMP). Slides were mounted using VectaMount Permanent Mounting Medium 

(Vector Laboratories #H-5000) and imaged at 40X magnification on Hamamatsu Whole Slide 

Scanner (Japan).  

For immunofluorescent GFP detection, slides were boiled for 10 minutes in citric acid-based 

antigen retrieval unmasking solution (Vector Laboratories #H-3300) and incubated in blocking 

solution for 1 hr at room temperature (1% BSA, 0.1% cold water fish skin gelatin, 0.05% sodium 

azide, 0.1% Tween-20/PBS) as previously described.280,281 Tissue sections were incubated 

overnight at 4C with a primary antibody against GFP (Chicken, 1:400, Abcam ab13970). For 

primary antibody detection, sections were incubated for 1 hour at room temperature using Alexa 

Fluor 488 Goat anti-Chicken IgG (1:400, Life Technologies) then mounted with Vectashield 
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Hardset Antifade Mounting Medium with DAPI (Vector Laboratories #H-1500) for nuclei labeling 

as previously described (3).  Slides were imaged at 20X magnification on VS120 Whole Slide 

Scanner (Olympus, Japan). 

Image quantification/correlation 

We developed a custom MATLAB (MATLAB 2019a, Mathworks) image analysis script to 

analyze the spatial distribution of GPF expression. We first performed image registration to 

overlay the images from two different imaging modalities to spatially align the region of interest 

(ROI) for analysis. We adjust the look up table (LUT) of the fluorescent images to maximize the 

signal of each fluorescent channel then compressed the multichannel images into mono-

channel gray-scale images for image registration purposes. As the trichrome image and the 

fluorescent images are sister slides, they did not have perfect alignment. Still, we were able to 

use a rigid transformation matrix to map the fluorescent image onto the trichrome image using 

the image registration application available on MATLAB to generate a transformation matrix 

using the default settings for multimodal images. We then applied the transformation matrix to 

each of the unmodified raw fluorescent images to obtain the alignment of the images with the 

raw intensity values on top of the trichrome image. 

Using the registered images, we performed image segmentation using Ostu's algorithm to 

generate masks for both the GFP fluorescent image and the Trichrome image to isolate the 

tissue pixels from the background. We then take the intersection of the two masks to generate a 

final mask to guide our pixel intensity comparison so as to not include tears and holes in the 

images that are not in the same position. Pixel intensities were extracted from the green 

channel of the fluorescent images and the red channel from the trichrome images. We then 

divided the green values by red values to obtain a quantitative value that aims to measure the 

expression level relative to the health of the tissue. 
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4.3 Potential therapeutic application to brain damage 

The caspase-activatable provector platform has applications to a variety of diseases which are 

characterized by an induction of apoptosis at the injury site.  

4.3.1 Brain damage model via radiation injury 

Another potential application of the caspase-activatable provector is brain damage. In 

collaboration with Dr. Waleed Gaber’s lab at Texas Children’s Hospital (TCH) we proposed to 

investigate the biodistribution and therapeutic efficacy of the caspase-activatable provector in a 

brain injury model. Brain cancer can be one of the deadliest diseases with an estimated survival 

rate of only 8% for glioblastoma. A current standard of care involves cranial radiotherapy (CRT) 

post tumor resection; however, CRT induces further brain damage in patients and is clearly not 

an ideal solution if used alone. To improve patient care, we propose to deliver genes encoding 

brain-derived neurotropic factor (BDNF) to sites of CRT-induced brain damage in order to 

support survival of brain stem cells that can repopulate affected tissues. Although prior work by 

others is promising, better ways of delivering BDNF to sites of brain damage are necessary to 

facilitate clinical translation. In particular, increasing the specificity and efficiency of BDNF 

delivery to target sites in the brain would greatly enhance the therapeutic potential of this 

promising strategy. In an effort to increase the specificity of delivery, we have developed a 

protease-activatable virus (provector) platform based on AAV9 that can be injected systemically 

and deliver genes site-specifically to diseased cells by responding to extracellular proteases 

present at the disease site. The provector platform consists of a peptide insertion into the virus 

capsid which disrupts the virus’ ability to bind to cell surface receptors. This peptide consists of 

a blocking motif (aspartic acid residues) flanked on either side by cleavage sequences that are 

recognized by certain proteases. Exposure to proteases cleaves the peptides off the capsid, 

activating or “switching ON” the provector. In response to the activation, the provectors regain 

their ability to bind and transduce cells. One iteration of the provector platform is activated by 

cysteine-aspartic proteases (caspases), which have roles in inflammation and apoptosis and 

thus are elevated at sites of diseases such as HF, neurodegenerative diseases, and brain 

damage. These caspase-activatable provectors demonstrate up to 200-fold reduction in 

transduction ability in the OFF state compared to AAV9, reducing the virus’ ability to transduce 

health tissue. Following proteolysis by caspase-3, the provector shows a 95-fold increase in 

transduction compared to the OFF state. We have characterized this provector in healthy mice, 

which exhibits an altered blood clearance profile and a reduction of gene expression in a variety 

of organs including the liver. By using this provector to deliver BDNF with high specificity to the 
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injured brain we hope to increase the survival of brain stem cells and thus to improve recovery 

following the injury event. 

4.3.2 Background and significance 

4.3.2.1 BDNF as treatment of brain damage 

Brain tumor patients treated with cranial radiotherapy (CRT) suffer from long-term toxicities. 

CRT-induces an inflammatory response mediated by glial and endothelial cells, which 

compromises the blood brain barrier (BBB), results in demyelination, reduces proliferation, and 

initiates a chronic inflammatory milieu. We and others have shown CRT induces an increase in 

TNF-, NF-B signaling, and decrease in brain-derived neurotropic factor (BDNF) levels in the 

brain after treatment with single and fractionated CRT.282,283 BDNF plays an important role in 

regulating the survival and fate of progenitor cells in the adult brain, thus delivery of BDNF to 

sites of brain damage induced by CRT could be a powerful therapeutic strategy. Beyond CRT-

induced brain damage, BDNF delivery could be used to treat a variety of brain diseases, 

including stroke, Huntington’s disease, and depression.3,243,284,285 Although prior work by others 

is promising, better ways of delivering BDNF to sites of brain damage are necessary to facilitate 

clinical translation. In particular, increasing the specificity and efficiency of BDNF delivery to 

target sites in the brain would greatly enhance the therapeutic potential of this promising 

strategy. 

4.3.2.2 AAV vectors have broad tropism 

Gene therapy, the delivery of nucleic acids into a patient’s cells, is a promising therapeutic 

option with the potential to fix problems at the source. Adeno-associated virus (AAV) is currently 

one of the most widely tested gene delivery vectors with over 200 human clinical studies 

worldwide. Different AAV serotypes have different biodistribution profiles in vivo, with AAV9 

being one of the most efficient.86 It can transduce many organs, including brain, heart, liver, and 

spleen. This delivery efficiency to multiple organs can be beneficial as it will require a lower 

dosage to achieve expression, but it can be detrimental depending on the transgene being 

delivered. If there are negative side-effects associated with transgene expression in non-target 

organs, it would be desirable to deliver site-specifically to the diseased cells. Indeed, a critical 

obstacle to the translation of more AAV-based gene therapies into the clinic is the need to target 

the vector to desired cell populations. To address this need, the Suh lab developed a protease-

activatable virus (named provector) based on AAV that reduces delivery to off-target organs and 

responds to elevated protease activity found in diseased tissue microenvironments. This project 
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will investigate the targeted delivery potential of a provector that is activated by caspase-3, an 

enzyme elevated at sites of cell death. In particular, we plan to test our provector in a CRT 

mouse model for the delivery of BDNF to the irradiated brain as a promising treatment of CRT-

induced brain damage.   

4.3.2.3 Caspase-3 is a biomarker of cell death 

Cysteinyl aspartate-specific proteases (caspases) are a family of 14 protease enzymes that play 

essential roles in inflammation and apoptosis.261–263 Caspases 3, 6, and 7 are known as the 

executioner caspases, directly leading to substrate cleavage and apoptosis. Because of their 

terminal roles in apoptosis, these three caspases are upregulated extracellularly in cell death 

and disease.264–271 Caspase-3 has previously been used as a stimulus for targeted delivery. A 

caspase-3 activatable prodrug, DEVD-S-DOX [Doxorubicin (DOX) linked to a caspase-

cleavable peptide sequence, DEVD], was developed and tested in an in vivo model of skin 

cancer.273,274 The initial caspase-3 expression was stimulated through gamma radiation-induce 

localized cell death within the tumor. Upon i.v. administration of DEVD-S-DOX, the prodrug 

circulated throughout the body in an inert fashion until it came in contact with the elevated 

caspases in the tumor. The high levels of caspase-3 cleaved the DEVD motif, allowing the drug 

to arrest cell replication and induce cell death, which releases more caspase-3 leading to a 

cascade effect of cell death.  

4.3.3 Preliminary studies and rationale 

We proposed to investigate the ability of our provector platform to harness the local upregulation 

of caspase-3 to deliver genes site-specifically to an area of brain damage due to CRT. Once 

targeted delivery is established, the therapeutic efficacy of the provector in regenerating 

damaged brain tissue would have been probed via the delivery of BDNF.  

4.3.3.1 Protease-activatable provectors 

We previously created provectors activatable by matrix metalloproteases (MMPs)107 that are 

elevated at sites of disease, such as at damaged cardiac tissue after a heart attack (Chapter 

3,4). Briefly, the provector platform is generated by inserting a peptide into the virus capsid to 

disrupt the virus’ ability to bind to cell surface receptors. This peptide consists of a blocking motif 

(aspartic acid residues) flanked on either side by MMP cleavage sequences. MMP exposure 

cleaves the peptides off the capsid, activating the provector. In response to MMP activation, the 

provectors deliver transgenes specifically to cardiac scar regions. The most promising vector 

exhibits an 8.1-fold increase in delivery ability after exposure to MMP-9 when compared to its 
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OFF state, which is at 3.3% of wt AAV9 levels in vitro. As proof-of-concept, we tested this 

AAV9-based provector in a mouse model of myocardial infarction. We injected 5x1010 genomic 

particles of provector or AAV9 carrying iRFP transgenes intravenously 2 days post LAD. 10 

days later, we sacrificed the animals to assay for transgene expression and compare with MMP 

activity regions. The provector more specifically delivered transgenes to active MMP areas of 

the damaged heart and yielded 40-fold lower transgene expression in liver compared to wt 

AAV9 capsid. For this study, we would have tested the caspase-3-activatable provector in order 

to better target areas of cell death in the brain which has been previously characterized in 

healthy and MI mice.  

4.3.3.2 Radiation-induced brain damage 

Our collaborators at TCH have found RT induces an inflammatory response, seen as an 

increase in TNF- signaling in the brain.282,286–288 They  found CRT-induced inflammatory 

response is related to an increase in BBB permeability, arteriole vasoconstriction, and brain 

tissue hypoxia; anti-TNF treatment abrogated these effects.282,289,290 Also, we have reported 

CRT-induced demylenation and activated astrogliosis (Figure 93).291,292  

 

Figure 93. Cranial radiotherapy (CRT) causes brain inflammation and demyelination.  

(A) The width of the corpus callosum fiber bundle above the hippocampal formation is significantly 
decreased in the brain of CRT rats. Exercise mitigates this adverse effect. (B) Representative images 
from Luxol-Fast Blue (myelin) stained rat brain sections. (C) Post-CRT astrogliosis appears to have a 
bimodal response. (N ≥ 4; *p<0.05,**p<0.01) 

 

Prolonged gliosis is one of the hallmarks of CRT damage. This chronic condition can create glial 

scar sites, which may inhibit axonal regeneration or remyelination.293,294 Their imaging shows an 

increase in glucose metabolism as measured by 18F-FDG PET/CT (data not shown). 

Furthermore, voluntary physical exercise ameliorates CRT-induced cognitive damage, which is 

in part due to increasing BDNF levels (Figure 94).295 Thus, increased expression of BDNF at 
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sites of brain damage may help heal the injury and counteract the negative side effects of CRT 

used in brain tumor treatment.  

 

Figure 94. Exercise increase brain derived neurotrophic factor (BDNF).   

BDNF ELISA showed that there was a significant increase in the levels of plasma BDNF after two weeks 
of exercise. Student’s t-test *P<0.05. 

4.3.4 Brain damage investigations  

If this would have been pursued as an application, we would have done the following three 

investigations 

4.3.4.1 Determine caspase-3 expression levels in brain following injury event 

The fundamental design of our provector platform takes advantage of the upregulation of 

caspase-3 following an injury event at the disease site. This has been confirmed in ischemic 

injuries via histology and western blots, however it has not been probed via radiation damage. 

Therefore, the first aim of this collaboration would have been to visualize and quantify the levels 

of caspase-3 expression. Brain damage will be induced in C57BL/6J mice through the use of 

localized brain irradiation (RadSource 2000 with energy beam of 160kVp/25mA) which will 

damage the right side of the brain while the left side remains healthy. The radiation damage will 

cause apoptotic cell death, as a pseudo-disease model which will allow us to test the provector 

in vivo. The mice will be euthanized 6 hours following the damage event and the brains will be 

harvested, fixed, and stained for caspase-3. The different halves of brains will also be 

processed via protein extraction and the caspase-3 protein levels in the left vs the right side of 

the brain will be compared via a western blot.  
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4.3.4.2 Determine provector biodistribution following systemic administration in mouse 

model of brain damage  

Brain damage will again be induced in mice, damaging the right side of the brain while the left 

side remains healthy. Six hours after the radiation damage, AAV9, provector, and a scrambled 

vector encoding CMV-luciferase will be tested by injecting 1x1011
 viral genomes via the tail vein 

of 5 mice each which all received radiation damage. The scrambled vector has the same 

peptide inserted into its capsid as the provector, however the cleavage sequences have been 

scrambled so that they are no longer recognized by caspase-3 and therefore are not able to be 

cleaved, rendering the scrambled vector to be permanently in the OFF state. In situ imaging 

probing for luciferase expression will be performed on the mice weekly to track the progression 

of transgene expression. Eight weeks post-injection, mice will be sacrificed and key organs will 

be harvested. We would have validated transgene expression in the brain via 

immunohistochemistry (IHC) against the GFP tag on tissue sections, and qPCR on tissue-

extracted RNA. Viral genomes (vg) will be quantified via qPCR on tissue-extracted DNA.   

4.3.4.3 Test therapeutic efficacy of provectors by delivering BDNF to injury area of brain 

We would have used three end points; asrtogliosis, demylenation, and FDG-glucose 

metabolism to quantify CRT-induced inflammatory response and the effect of treatment with 

BDNF on these markers. We would have tested CRT-induced effect and effect of treatment with 

BDNF on context dependent hippocampal/amygdala memory using the Fear condition task. 

This task consists of two parts that test hippocampal-dependent contextual memory and 

amygdala-dependent cued memory. Six hours after the radiation damage, wt AAV9 capsid, 

provector, and a scrambled vector encoding CMV-BDNF will be tested by injecting 1x1011
 viral 

genomes via the tail vein of 10 mice each which all received radiation damage. 10 mice will also 

be injected with a saline control. Mice will be sacrificed 3 months post injection to allow for 

adequate expression of BDNF to occur.86 Histological changes will be assessed in sagittal 

sections of paraffin embedded brains. Specifically, neurogenesis (doublecortin+), neural stem 

cells (Nestin+ & Ki67+) and astrogliosis (Glial fibrillary acidic protein) will be probed. 
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Chapter 5 

5 Dual input viruses (AND logic gate) 
The investigations into single input provectors were necessary as an initial characterization of 

the protease-activatable virus platform; however, the results indicate that there is a need for 

tighter control of gene delivery. The scrambled vectors delivering their transgene when used in 

vivo in disease models indicate that the provectors can be activated by more stimuli than tested 

in vitro. While this is concerning, it was also anticipated as a potential outcome. The in vitro 

testing was an extremely controlled environment where the viruses were only exposed to a 

single protease in a very particular reaction buffer. Moving in vivo in healthy mice, there are 

endogenous enzymes that could potentially cleave the peptide locks, however with laboratory 

mice having no preexisting conditions the risk of non-desired activation was low and not 

observed. In the MI mice, seeing scramble activation led to a hypothesis that in humans 

suffering from CVD or another disease, there would be a high risk of activation and non-target 

delivery due to the presence of the patient suffering from a simultaneous disease such as 

arthritis or any number is injuries or diseases affecting the individual. Having multiple 

microenvironments throughout the body that could potentially activate a provector has driven a 

need for a provector design with a higher level of control over activation. 

5.1 Dual input platform design 

One method of further controlling gene delivery is through transcriptional control of the 

transgene. A tissue specific promoter or inducible expression system could be used to regulate 

the expression in attempts to keep it only at the desired location in the body.220,296,297 Another 

method to control the gene delivery would to be induce a more stringent system for virus 

activation. By incorporating an AND logic gate into the capsid of the virus, two separate stimuli 

must be present in order to activate the virus allowing it to bind and transduce cells in the target 

tissue (Figure 94).  

 

Figure 94. AND logic gate for provector control 
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This type of design has been previously investigated in literature.107,127,202 For example, a dual-

surface modified bacteriophage MS2 was engineered to respond photodynamically as a therapy 

for the treatment of Jurkat leukemia T cells.202 Another example is a photocaged drug delivery 

system activated by photoirradiation.127 

5.1.1 Chimeric locks 

The first provector design for an AND logic gate that I generated was a set of chimeric locks, 

where the blocking motif is flanked by two different cleavage sequences. Each cleavage 

sequence is recognized by a different stimulus, in this case they were MMP9 and Caspase-3. 

Before creating full provectors with chimeric locks, I first investigated if both cleavage 

sequences in a peptide lock needed to be cleaved in order for the provector to be activated. In 

order to do this, we generated simplified virus-like-particles (VLPs) that only contained VP3. The 

design of these VLPs can be seen below in Table 9. 

Virus Name Peptide Insertion 

GP AG-GGSGGS-G-DDDD-G-PLG/LAR-GA 

PG AG-PLG/LAR-G-DDDD-G-GGSGGS-GA 

L005 AG-PLG/LAR-G-DDDD-G-PLG/LAR-GA 

Table 9. VLP design for single cut provector locks 

A schematic of the change from a normal lock to a single cleavage site such as the PG VLP can 

be seen below in Figure 95.  

 

Figure 95. VLP lock schematic.  

Since VP3 does not contain the PLA2 domain needed for endosomal escape, I performed a 

binding assay to determine in the PG or GP VLP regained their ability to bind to Cho-Lec2 cells 

following proteolysis (Figure 96).  
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Figure 96. VLP binding results 

These results confirmed the hypothesis that the DDDD blocking motif must be completely 

removed from the capsid in order for the vector to regain its ability to bind to and transduce 

cells. With this knowledge in hand, I then generated the following chimeric locks (Table 10).  

Table 10. Chimeric lock designs 

Virus Name Peptide Insertion Provector ‘scar’ 

L010 AG-VPMS/MRGG-GD
10

G-DEVD/G-GA AG-VPMS/     /G-GA  

L013 AG-DEVD/G-GD
10

G-VPMS/MRGG-GA AG-DEVD/     /MRGG-GA 

L014 AG-DEVD/G-GD
10

G-GGSGGS-GA AG-DEVD/     /G-GD
10

G-GGSGGS-GA 

L015 AG-VPMS/MRGG-GD
10

G-GGSGGS-GA AG-VPMS/     /MRGG-GD
10

G-GGSGGS-GA 

L016 AG-GGSGGS-GD
10

G-VPMS/MRGG-GA AG-GGSGGS-GD
10

G-VPMS/     /MRGG-GA 

L017 AG-GGSGGS-GD
10

G-DEVD/G-GA AG-GGSGGS-GD
10

G-DEVD/     /G-GA 

 

In theory, the scar present following cleavage of L010 would be the most desireable, as it has 

the fewest amino acids and a net charge of +1. As I determined with the caspase-activatable 

virus iterations, having negative charges remaining in the scar severely impact the virus’s ability 

to bind cell surface receptors. In its intact form, L010 has a net charge of -10, which if it acts as 

previous provector designs should significantly block binding. L013 is another interesting 

variant, however the scar is similar to that of L006 (AG-DEVD/     /G-GA) which had a net 

charge of -3 and was unable to effectively transduce cells when unlocked. L014, 15, 16, and 17 

serve as controls for L010 and L013, as they are designed to only be able to be cleaved on one 

side of the blocking motif. With the preliminary results from the VLP investigation, I 

hypothesized that L010 and L013 would perform as an AND gate (Figure 97).  
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Figure 97. Chimeric lock design and function, adapted from33 

5.1.2 Mosaic capsids  

The second provector design for an AND logic gate that I generated was a set of mosaic 

capsids, where differing ratios of L001 and L011 viral proteins are incorporated to create the 

virus capsid. The generation of mosaic capsids is accomplished through a quadruple plasmid 

transfection (Figure 98). 

 

Figure 98. Triple versus quadruple plasmid transfection schematic. 

While the mosaic capsids from my caspase-activatable virus investigation showed the potential 

to generate homomeric capsids of AAV9, the fact that both VPs contain peptide insertions of 
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similar make up could yield no evolutionary preference to create a homomeric capsid of one or 

the other. As a lab, we have had success in the past of creating mosaic provectors107 which led 

me to generate ratios of 5:1, 3:1, 1:1, 1:3, and 1:5 of L001 (activated by MMPs) and L011 

(activated by caspase-3). Homomeric versions of L001 and L011 will be used as controls for 

these experiments, as will AAV9.  

5.2 Reaction Investigation 

While designing and generating the different potential dual input provectors, I began to design 

the in vitro testing that the vectors would need to undergo for a thorough characterization. The 

first and most difficult investigation would be the proteolysis of the peptide locks, as further 

characterization would include assays that I have already optimized such as binding, 

transduction, and genome protection. The proteolysis posed the most difficult challenge 

because the two proteases of interest, MMP9 and caspase-3, utilized different buffers and 

temperatures for their optimized proteolytic conditions used previously.  

5.2.1 Reaction conditions 

The proteolysis of the single input provectors was relatively straightforward. MMP-activatable 

provectors used a buffer containing 50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 5 mM CaCl2, 5 uM 

ZnCl2, 15% glycerol. The proteolysis reaction occurred at 37°C for 20 hours and was stopped 

with EDTA added to a 25 mM final concentration. The caspase-activatable provectors used a 

buffer containing 50 mM HEPES, 100 mM NaCl, 0.50% CHAPS, 10% glycerol and 10 mM 

dithiotheitol. The proteolysis reaction occurred at 30°C for 24 hours and was stopped with EDTA 

added to a 25 mM final concentration. 

In order to fully proteolyze the dual-input provectors, they must be exposed to both MMP9 and 

caspase-3 in their active states which require the specified buffer compositions and 

temperatures. I then completed an initial investigation into the activity of the proteases in vitro to 

determine if either protease could be activated in the opposite conditions as well as to elucidate 

if either protease was capable of cleaving the substrate designed for the opposite protease. I 

first tested all combinations of provector, protease, and buffer at 37°C (Table ???).  
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Table 11. Experimental design for testing protease activity at 37°C 

Condition Virus Buffer Protease 

1 L001 MMP MMP9 

2 L001 MMP Caspase3 

3 L001 Caspase MMP9 

4 L001 Caspase Caspase3 

5 L007 MMP MMP9 

6 L007 MMP Caspase3 

7 L007 Caspase MMP9 

8 L007 Caspase Caspase3 

 

The success of this test was probed via a silver stain (Figure 99).  

 

Figure 99. Silver stain of viral proteins following proteolysis attempts at 37°C 

It was observed that only the MMP-activatable L001 was cleaved fully when in the MMP buffer 

and with MMP9 added. The caspase-activatable L007 was partially cleaved when in the 

caspase buffer with caspase-3 added, but not to an effective degree. I next tested the same set 

of exhaustive combinations of provector, protease, and buffer at 30°C (Table 12).  
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Table 12. Experimental design for testing protease activity at 30°C 

Condition Virus Buffer Protease 

1 L001 MMP MMP9 

2 L001 MMP Caspase3 

3 L001 Caspase MMP9 

4 L001 Caspase Caspase3 

5 L007 MMP Caspase3 

6 L007 MMP MMP9 

7 L007 Caspase MMP9 

8 L007 Caspase Caspase3 

 

The success of this test was probed via a silver stain (Figure 100).  

 

Figure 100. Silver stain of viral proteins following proteolysis attempts at 30°C 

It was observed that the MMP-activatable L001 was cleaved fully when in the MMP buffer and 

with MMP9 added. The caspase-activatable L007 was partially cleaved when in the MMP buffer 

with caspase-3 added and fully cleaved when in the caspase buffer with caspase-3 added. I 

then hypothesized that a dual input provector could be successfully proteolyzed with MMP9 and 

caspase-3 added with 1X of the MMP buffer and 1X of the caspase buffer when incubated at 

30°C.  
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5.2.2 Virus production 

Before testing of the dual input provectors could be conducted, I first generated the designs 

from section 5.1. All variants formed at acceptable titers (Table 13). 

Table 13. Titers of dual input provector variants.  

Vector Titer (VG/mL) 

AAV9 1.14 E12 

L001-D10 9.33 E11 

L011-D10 1.28 E12 

L010-D4 7.07 E11 

L010-D10 1.37 E12 

L013-D4 8.4 E11 

L001:L011 5:1 9.06 E11 

L001:L011 3:1 2.41 E12 

L001:L011 1:1 1.27 E12 

L001:L011 1:3 9.45 E11 

L001:L011 1:5 1.38 E12 

 

Titer formation was the initial confirmation that the viruses formed, but they were also visualized 

on a silver stain to determine that the viral proteins were intact and no non-specific cleavage of 

the locks occurred in the production of the vectors. A representative silver stain can be seen in 

Figure 101. AAV9 was included as a control.  

 

Figure 101. Silver stain of dual input provectors 
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The viral proteins were observed to be intact and thus were moved to the next phase of testing: 

proteolysis and transduction. 

5.2.2 Cleavage analysis 

As an initial test, AAV9, L011-D10, L001-D10, L010-D10, and the 1:1 ratio mosaic capsid of 

L001-D10 and L011-D10 were used to test the proteolysis conditions and give initial insight into 

the transduction ability of the chimeric and mosaic designs. AAV9 was treated with a sham 

buffer and both proteases, the single input provectors were treated with a sham buffer and 

proteolyzed with their corresponding protease, and both dual input designs were treated with a 

sham buffer, caspase-3, MMP9, and both proteases. All proteolysis reactions were completed at 

30°C in 1X of the MMP buffer and 1X of the caspase buffer. Following proteolysis, the lock 

cleavage was assessed via a silver stain (Figure 102).    

 

Figure 102. Silver stain of viral proteins following proteolysis with caspase-3 and MMP9.  

The first observation from the silver stain is that under these conditions, caspase-3 did not fully 

cleave L011. Also, L010 should theoretically be cleaved on one side of the lock by either 

caspase-3 or MMP9, but full cleavage was not observed. When both caspase-3 and MMP9 

were present in the reaction, L010 was cleaved to a more complete degree. The mosaic capsid 
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shows the expected trend, when proteolyzed with a single protease, the band intensity drops 

but does not disappear. Each of these reactions should only cleave 50% of the viral proteins, 

which was observed. When both proteases were present in the reaction, the mosaic virus 

appears to be fully cleaved.  

Another observation from the silver stain is the presence of bands resulting from the combined 

presence of MMP9 and caspase-3. The bands have approximate sizes of 40 and 35 kDa. 

MMP9 is 39 kDa in its activated form and caspase-3 is 29 kDa in its pro form, with fragments 

that are 17 and 12 kDa in its activated form. If caspase-3 and MMP9 were complexed together, 

the resulting band sizes would be 56 and 51 kDa, not 40 and 35 as observed. Also, caspase-3 

should not be present in high enough concentrations to appear on the silver stain, though 

MMP9 can be seen. There is a possibility that either MMP9 recognizes and cleaves sequences 

in caspase-3 and then forms a complex with the fragment, or caspase-3 does the same with 

MMP9, however neither protease contains the DEVDG or VPMSMRGG sequences that the 

proteases are cleaving in the provector designs. Those sequences are not exhaustive of the 

proteases’ recognizable sequences, but the answer to this observation is not readily available.  

To confirm that the fragments observed were a result of the proteases interacting with each 

other in some fashion, the proteolysis reaction with a sham buffer or the combination of 

caspase-3 and MMP9 were run at 30°C in 1X of the MMP buffer and 1X of the caspase buffer 

with no virus present (Figure 103).  

 

Figure 103. Silver stain of caspase-3 and MMP9 bands with no virus present.  

The bands were again observed, slightly lower on the gel than previously seen but the gel may 

have warped during the staining process which could shift the observed sizes of the bands. The 

content of these bands was not further investigated, but it was noted that when caspase-3 and 
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MMP9 were combined in a proteolysis reaction that it was expected to observed these bands on 

the gel that did not correspond to viral proteins.  

5.3 Functional in vitro testing 

The silver stain provided insight into the success of the proteolysis, and the next step in the 

characterization is how do the provectors function. To assess this, I performed a transduction 

experiment where ChoLec2 cells were transduced at an MOI of 5000 with the viruses in Figure 

103. Following flow cytometry, the transduction index was calculated for each virus (Figure 

104).  

 

Figure 104. Transduction results from provectors following proteolysis with caspase-3 and 

MMP9 

Table 14. Fold changes in transduction between sham and protease treatment groups. 

Fold change WT AAV9 L011-D8 L001-D10 L010-D4 1:1 L011-D10:L001-D10 

Sham 1.00 1.00 1.00 1.00 1.00 

Caspase-3 0.00 6.31 0.00 1.13 1.50 

MMP-9 0.00 0.00 14.40 1.19 4.08 

C3 & M9 1.20 0.00 0.00 5.36 13.93 

 

Consistent with the silver stain, L001 rescued its transduction ability to approximately 30% of 

AAV9. The incomplete cleavage of L011 with caspase-3 was confirmed with the transduction 
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results where L011 only rescued its transduction ability to approximately 10% of AAV9, whereas 

in previous studies with a fully cleaved L011 the rescue was about 35% of AAV9. The results 

from the L010 transductions were enlightening, as treatment with a single protease did not 

result in a significant increase in transduction which was consistent with the binding assay 

performed with the simplified VLPs. The rescue of transduction to 18% of AAV9 was not as high 

as L001, or L011 when completely cleaved which indicates that the faint intact VP3 band 

observed on the silver stain was significant enough to continue to partially ablate cell surface 

receptor binding. The transduction ability of the mosaic virus is consistent with the expectations 

from the silver stain, where the single protease proteolysis of the mosaic did not result in a full 

rescue of transduction ability when compared to the single input provectors. The dual protease 

proteolysis resulted in a similar rescue of transduction, with considerations made for the 

incomplete caspase-3 proteolysis.  

5.4 Discussion and conclusions 

This platform, while promising in its design, was not able to be fully characterized due to the 

complications that arose during the proteolysis of the viruses. The viruses formed at acceptable 

titers, and successfully blocked transduction in vitro when intact. Following proteolysis, 

improvements to transduction were observed, but were lower than the designs should perform if 

proteolyzed fully. As the scar from L010 following proteolysis is smaller than L001 or L011, it is 

expected that with complete cleavage, the rescue in transduction will be higher than either L001 

or L011. For the mosaic design, the minimum rescue would be expected to be that of L001, with 

expectations for the rescue ability to be between L011 and L001, as the scars on the capsid are 

a blend of the two provector designs. It is possible that the mosaic design formed homomeric 

capsids, but when exposed to a single protease, very little transduction ability was observed, 

leading to the conclusion that most if not all capsids were mosaic in nature,  

In order to fully characterize these vectors in vitro, more assays would need to be completed 

and optimized. First, the proteolysis of the vectors by both caspase-3 and MMP9 would need to 

be optimized to ensure complete cleavage of the locks. Different buffer conditions could be 

investigated such as having both buffers at a 0.5X final concentration or a 2X concentration, as 

well as different reaction temperatures such as 33.5°C. Proteolysis with a single protease 

followed by proteolysis with the second protease could also prevent any competitive inhibition 

which may be occurring. On a larger scale this could be pursued with a buffer exchange being 

completed between reactions however on this small scale the buffer exchange would result in a 

significant if not all viruses in the reaction.  
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Following the optimization of the proteolysis conditions, more control vectors would need to be 

generated such as further ratios of L001 and L011 mosaics, mosaics of L001 or L011 with AAV9 

as the second viral protein, and then controls for the chimeric L010 and L013 such as the L014, 

L015, L016, and L017 designs where only one cleavage sequence is incorporated into the lock 

design. Second, the transduction ability of these vectors would need to be fully elucidated 

through more transduction assays with fully proteolyzed provectors. Thirdly, the binding assay 

detailed in Chapter 4 would be performed to confirm that the change in transduction capabilities 

was a result of a change in binding ability and not from any changes to intracellular trafficking. 

Another characterization would be to assess the ability of the vectors to protect their genome in 

both the intact and proteolyzed forms.  

Following in vitro characterization, it would be of interest to characterize these dual input 

provectors in vivo. Initial testing in healthy mice would be conducted, analyzing the blood 

circulation profile, nAB production and biodistribution of the provectors. Then testing in a 

disease model such as the heart failure models used in Chapters 3 and 4 which has an 

upregulation of MMP9 and caspase-3 would allow for the function of the new dual input design 

to be tested. Although this would determine if the vectors could be activated by a disease site, 

the purpose of the dual input design is to further increase the specificity of the provector 

platform if there are multiple in vivo sites upregulating a single stimulus. A test in a disease 

model where there are sites of inflammation throughout the body but only MMP and caspase 

upregulation at a single site would allow for any improvement to the provector platform to be 

elucidated, as the specificity in delivering to an injury site with the single input provectors has 

already been observed in Chapters 3 and 4. The use of a disease model such as 

atherosclerosis which has an upregulation of MMP9 and caspase-3 in the diseased heart with 

the liver switching from a mainly resilient to a predominately inflammatory state would allow for 

the function of the new dual input design to be tested.298 
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6 Conclusions and Future Work  

Gene therapy is gaining traction as a powerful alternative to drug treatment of diseases. 

The recent approvals of gene therapy products have strengthened the initiative to develop safe, 

effective therapies. One of the major hurdles that gene therapies face is the lack of delivery 

specificity and efficiency. The work in this thesis details iterations on the provector platform to 

create vectors with the ability to deliver to disease sites with high specificity following systemic 

administration.  

We demonstrated the potential of the AAV9 MMP-activatable provector in a proof of 

concept in vivo model to deliver genes to the damaged cardiac tissue while significantly 

reducing delivery to off target organs. This provector was then tested in disease models of acute 

heart failure, ischemic stroke, and chronic heart failure. This platform can be applied to many 

diseases, and the work done proves that across disease models the provector performs as 

designed. The therapeutic efficacy of the provector was assessed utilizing different therapeutic 

transgenes; however, results were inconclusive and further investigations will need to be 

undertaken to truly assess the therapeutic potential of the MMP-activatable provector.  

Expanding the provector platform to recognize caspases as stimuli allows for a larger 

variety of diseases to be targeted. The optimized provector demonstrates up to 200-fold 

reduction in transduction ability in the OFF state compared to AAV9, reducing the virus’ ability to 

transduce health tissue. Following proteolysis by caspase-3, the provector shows a 90-fold 

increase in transduction compared to the OFF state. These improvements in performance 

metrics compared to the initial MMP-activatable provector design allows for higher dosages to 

be used in vivo for therapeutic studies with transgenes that need to be expressed at high levels 

while maintaining lower delivery to off-target organs. I have characterized the caspase-

activatable provector in vivo which recognizes the injured heart for gene delivery and 

expression. This provector delivers its transgene to the injured heart while significantly reducing 

gene delivery and expression in the liver and the brain of mice when compared to AAV9. This 

reduction in gene delivery to healthy tissue was attributed to the ablation of binding as 

determined in vitro. Additionally, the provector exhibits an altered blood circulation profile, 

remaining in the bloodstream at a statistically higher concentration than AAV9 for the first 24 

hours following administration. Future investigations into the delivery of a therapeutic gene will 

allow for an evaluation of the clinical potential of utilizing this provector 
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To further increase the control of gene delivery with the provector platform, I also 

generated vectors and tested in vitro provectors that require two inputs for activation. 

Preliminary results indicate the vectors perform as designed and can provide higher specificity 

of delivery in vivo. Overall, this thesis diversifies the provector platform to target new diseases 

and increases our understanding of the provector behavior in vitro and in vivo. The 

characterization of these AAV9 based designs demonstrates potential to target HF, 

neurodegenerative diseases such as Alzheimer’s and Parkinson’s, as well as ischemic stroke.  
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