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Abstract

Adeno-associated virus’ (AAV) relatively simple structure makes it accommodating for 

engineering into controllable delivery platforms. Cancer, such as pancreatic ductal 

adenocarcinoma (PDAC), are often characterized by upregulation of membrane-bound proteins, 

such as MMP-14, that propagate survival integrin signaling. In order to target tumors, we have 

engineered an MMP-14 protease-activatable AAV vector that responds to both membrane-bound 

and extracellularly active MMPs. This ‘provector’ was generated by inserting a tetra-aspartic 

acid inactivating motif flanked by the MMP-14 cleavage sequence IPESLRAG into the capsid 

subunits. The MMP-14 provector shows lower background transduction than previously developed 

provectors, leading to a 9.5-fold increase in transduction ability. In a murine model of PDAC, 

the MMP-14 provector shows increased delivery to an allograft tumor. This proof-of-concept 

study illustrates the possibilities of membrane-bound protease-activatable gene therapies to target 

tumors.

Introduction:

One of the most commonly used gene therapy vectors in clinical trials is based on adeno-

associated virus (AAV) due to its relative safety and ability to package episomally-expressed 

single stranded DNA (ssDNA).1 Two FDA-approved treatments have harnessed AAV’s 

natural tropism to deliver therapeutics: Luxturna transduces the retina using AAV serotype 

2 (AAV2) and Zolgensma transduces the central nervous system with AAV serotype 9 

(AAV9).2,3 These therapies rely on the natural infection pathway of the virus for the 
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delivery of genetic cargo. Unfortunately, gene therapies have the potential to be cytotoxic 

to off-target organs.4 To combat this, controllable and targeted gene therapy vectors are 

necessary to reduce negative off-target side-effects and limit toxicity. AAV has the capability 

to be engineered to deliver genetic material only after receiving external inputs.5 Therefore, 

AAV is a promising platform for investigating stimulus-responsive gene therapy.

Pancreatic ductal adenocarcinoma (PDAC) continues to have a poor 5-year survival rate 

(9%).6 This is attributed to the high amount of extracellular matrix inside of PDAC tumors 

constricting blood vessels, and thereby promoting chemo- and radiotherapeutic resistance; 

additionally, the persistence of integrin-signaling cascades in the tumors promote survival.7,8 

Gene therapy may offer a solution for targeting the tumor microenvironment. Yet, as with 

most tumors, there is not a naturally-occurring virus that will target the PDAC tumor 

tissue. Therefore, development of viral vectors that target the upregulated signaling cascades 

present in the tumor could improve outcomes for patients.

Matrix metalloproteinases (MMPs) are normally involved in extracellular matrix remodeling 

and are an attractive possibility as stimuli for responsive gene therapy systems. This 

family of enzymes is upregulated in many diseases, including endothelial cancers, such 

as PDAC.9,10 Extracellularly-activated MMPs such as MMP-2, −7, and −9 are activated 

excessively in many diseases, and can leave the disease site. Membrane-bound MMPs that 

are slower to upregulate, such as MMP-14 (or MT1-MMP), have been known to promote 

migration and tumorigenesis.11,12 Therefore, targeting membrane-bound MMPs could be 

used to target tumors more specifically than harnessing extracellular MMP upregulation 

alone. To this end, a membrane-bound MMP-activatable AAV vector could be beneficial to 

target cancers such as PDAC.

Previously, we have developed protease-activatable gene therapy vectors, named provectors, 

that respond to extracellularly-expressed MMPs .13-16 Short ‘peptide locks’ were genetically 

inserted into the AAV9 capsid after residue G453, inhibiting binding of the virus to its 

primary cell-surface receptor galactose. These peptide locks, consisting of a tetra-aspartic 

acid inactivating sequence flanked on both sides by MMP-cleavable sequences, have been 

demonstrated to block receptor binding and prevent transduction until cleaved off the AAV 

capsid by MMPs.13 Investigation of the tetra-aspartic acid lock has shown that the four 

amino acids motif with certain steric and charge based properties is necessary for this 

inactivation. Increasing the length of the inactivating sequence causes more inactivation 

prior to receiving the proteolytic input.14,15 Thus far, only extracellularly released proteases 

have been investigated as a potential input for the provector technology.

Using rational design, this study investigated targeting of a membrane-bound protease, 

MMP-14, as the input. The generated provector, called IPES, demonstrates improved 

switchable transduction in vitro compared to the previously developed provectors. We 

demonstrate that membrane-bound MMP activation is possible, but promiscuity in 

MMP-14’s cleavage motif results in difficulties developing a provector that is activated 

solely by MMP-14. In an in vivo murine model of PDAC, the IPES provector displays better 

on-target and lower off-target delivery relative to unengineered capsids.
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Materials and Methods

Cloning of IPES Provector and Scrambled Controls

The AAV9 provector mutant was created through T4 Ligase ligation of an annealed 

DNA insert Integrated DNA Technologies using NgoMIV and KasI restriction cut-sites 

on A9-453-L001 (VPMS) plasmid developed by Guenther et. al.13 Plasmid was sequence-

validated using an external vendor. Scrambled amino-acid sequences were generated either 

by randomization of letters using random seed in MATLAB or by reversing the amino-acid 

sequence (Reverse Scramble). Full scrambled sequences are listed in Figure 3a.

Vector Production and Purification

AAV vectors were produced as previously described.16 Triple plasmid transfection was 

performed on HEK293T cells seeded on poly-l-lysine-coated 15 cm plates with (1) a 

packaging plasmid (pAAV2/9 or provector), (2) a self-complementary GFP (scGFP) or 

mCherry (pFBAAVmU6mcsCMVmCherrySV40pA, University of Iowa Carver College 

of Medicine) transgene plasmid, and (3) pXX6-80 helper plasmid using 7.5 μM 

polyethyleneimine (Polysciences). Virus was separated from the cell lysate using iodixanol 

gradient purification and concentrated using Amicon 100-kDA molecular weight (MW) cut 

off filters (Millipore) into GB-PF58 buffer (50mM Tris [pH 7.6], 150mM NaCl, 10mM 

MgCl2, and 0.001% Pluronic 68).

Vector Titer Determination

Vector titers were determined using quantitative polymerase chain reaction (qPCR) 

as previously described.17 A SYBR green master mix (Applied Biosystems) was 

used with primers against the CMV Promoter (TCACGGGGATTTCCAAGTCTC and 

AATGGGGCGGAGTTGTTACGA).

Benzonase Protection Assay

Virus was diluted 1:10 in 10x Endo Buffer (15mM MgCl2, 5 mg/ml BSA, and 500 mM Tris 

[pH8.0]) and DI water. Diluted virus was then incubated with either ≥250 units Benzonase 

(Millipore) or vehicle buffer (50% Glycerol, 50mM Tris [pH 8.0], 20 mM NaCl and 2 

mM MgCl2) for 30 min at 37C and then inactivated with 0.5 μM EDTA for a final EDTA 

concentration of 12mM. Vector titer of the resulting reaction was determined as described 

above and normalized to the sham treatment to determine efficacy of genome protection.

Protease Cleavage Assay

MMP-2, MMP-7, MMP-9 and MMP-14 (MT1-MMP) were purchased from Enzo Life 

Sciences. Concentrated viruses were diluted 1:1 in MMP buffer (50 mM Tris-Cl pH 7.4, 150 

mM NaCl, and 5mM CaCl2) and treated with 2.85 μM of enzyme (for a final concentration 

of 0.31 μM) or sham buffer (50 mM Tris-HCL pH 7.5, 1mM CaCl2, 300 mM NaCl, 5μM 

ZnCl2, 0.1% Brig-35, and 15% glycerol). After a 21-hour incubation, the reactions were 

stopped using MMP stop buffer (1xGB with 0.001% Pluronic F-68 and 20mM EDTA).
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Silver Stain

VPs were visualized using silver staining. 3.0x109 VG were denatured in NuPAGE LDS 

Sample Buffer and run on 4%-12% Bis-Tris NuPAGE gel for 2 hours at 110V. Silverquest 

staining kit (Life Technologies) was used according to manufacturer’s instructions and 

imaged with an Epson scanner.

Western Blotting

To obtain protein extracts, the cell pellets were lysed using M-PER mammalian protein 

extract reagent (78501, Thermo Fisher Scientific) containing protease (P8340, Sigma) / 

phosphatase (P5726, Sigma) inhibitor cocktail. Cell lysates were resolved on 4%-12% 

of Bis-Tris gels and transferred onto nitrocellulose membranes. After incubation with 

appropriate antibodies (Recombinant Anti-MMP14 antibody [Abcam, ab51074] or Beta-

Actin Antibody [Santa Cruz, sc-1616]), blots were developed and visualized with Clarity 

ECL Western Blotting Substrates (Bio-Rad Laboratories Inc.). The detection of bands was 

performed using ChemiDoc imaging system (Bio-Rad Laboratories Inc.)

Transduction and Binding Assays

CHO-Lec2 cells were seeded onto poly-L-lysine coated 48 well plates (for transduction) 

or 24 well plates (for cell binding assays). Once cells were 70% confluent (2.52x105 cells 

for transduction and 5.04x105 cells for binding), MOI of 5000 virus per cell was added 

to serum-free MEMα media (Lonza). For transduction assays, media was replaced with 

serum containing media after 24 hours. Then 48 hours after virus was added, cells were 

trypsinized, flow cytometry was performed using Flow FACS Canto II (BD Biosciences), 

and data was analyzed using FlowJo (BD Biosciences). For binding assays, cells were 

chilled on ice for 30 minutes prior to adding virus. Once virus was added, cells were 

incubated on ice for an additional hour to allow for binding. Cells were then carefully 

washed with cold PBS twice to remove unbound virus and lifted by incubating with Corning 

CellStripper for 20 minutes at room temperature. DNA was extracted from cells using 

DNeasy Blood and Tissue Kit (Qiagen) according to manufacturer’s instructions for cultured 

cells. Resultant DNA was diluted 1:10 in salmon sperm, and then qPCR was performed to 

quantify VGs with the known amount of cellular DNA loaded used as reference between 

samples.

In Vivo Biodistribution Analysis

AAV vectors packaging pFBAAVmU6mcsCMVmCherrySV40pA (University of Iowa 

Carver College of Medicine) (1x1011 VG) or PBS vector control were injected retro-

orbitally, into C57BL/6 female mice, 8 to 12 weeks of age, orthotopically implanted 

with KPC (LSL-KrasG12D/+) cell line tumors two weeks prior. Mice were maintained 

and treated in accordance with NIH guidelines. Number of mice injected determined 

by power analysis and detailed in figure legend. Animals were neither randomized 

nor blinded. After three weeks, the mice were sacrificed, organs excised and snap 

frozen. Tissues were homogenized using BEADBUG 3 (Benchmark Scientific). 25 mg 

of tissue was processed for genomic DNA extraction using DNeasy Blood and Tissue 

Kit (Qiagen), or for RNA extracting using RNeasy Mini Kit with additional RNase-
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Free DNase Set (Qiagen), according to the manufacturer’s protocols. RNA was reverse 

transcribed into cDNA according to the manufacturer’s protocol using a 3:1 blend of 

random hexamers and anchored oligo-dT (Verso cDNA Synthesis Kit; Thermo Fisher 

Scientific). Resultant cDNA was quantified for mCherry expression via qPCR for mCherry 

(GAACGGCCACGAGTTCGAGA and CTTGGAGCCGTACATGAACTGAGG) and 

housekeeping gene 18s (AACCCGTTGAACCCATT and CCATCCAATCGGTAGTAGCG) 

where the ratio is reported for relative expression. Extracted DNA was analyzed via qPCR 

for VGs per ng of DNA loaded in 20 μL reaction.

Statistical Analysis

Data analysis was performed in GraphPad Prism 7. As indicated in the figure legends, 

statistically significant differences of replicates were calculated using either Kruskal-Wallis 

one-way analysis of variance (ANOVA) or un-paired students t-test with a significance level 

of 0.05.

Results

Generation of MMP-14-Activatable Variants of AAV9

An MMP-14 targeting mutant virus capsid, herein referred to as IPES for the first four 

amino acids of its cleavage sequence, was designed by inserting the peptide lock AG-

IPESLRAG-G-D4-G-IPESLRAG right after the AAV9 capsid amino acid G453. IPESLRAG 

is a previously identified consensus sequence for MMP-14.18 A graphical representation 

of the AAV subunit proteins with the peptide lock insert is shown in Figure 1a with the 

insertion after G453 in all three virus proteins (VP): VP1, VP2, and VP3. Approximate 

molecular weight of each viral protein and their corresponding cleavage fragments are 

depicted. As with our previous work, four major design criterion were considered for this 

new provector: (1) the capsid must be able to tolerate the peptide lock insertion and maintain 

capsid assembly and genome packaging, (2) the peptide lock must be cleaved by MMP-14, 

(3) the inserted peptide lock must lower transduction in the absence of MMPs (denoted as 

the “OFF” level of transduction), and (4) the provector must regain its transduction ability 

after MMP exposure (denoted as “ON” level of transduction).13

Provectors form at statistically similar titers (Figure 1b) and are able to protect their 

genomes similarly to AAV9 (Figure 1c). These results indicate that the peptide lock used 

to generate the IPES variant is tolerated well by the AAV9 capsid and the new provector is 

comparable to our previously developed VPMS mutant. Therefore, the first design criterion 

is satisfied.

AAV9 VPs remains intact after MMP −2, −7, −9, or −14 treatment (Figure 2a). Both 

IPES and VPMS mutants show VP cleavage in the presence of MMPs, but to different 

degrees depending on the MMP (Figure 2b). Specifically, VPMS is incompletely cleaved by 

MMP-2 and IPES is incompletely cleaved by MMP-7 and MMP-9, as faint but visible VP3 

bands are observed. However, for both provectors, MMP-14 treatment results in complete 

disappearance of intact VPs. Therefore, both our new IPES mutant and the previously 

developed VPMS mutant are reactive to MMP-14, satisfying the second design criterion.
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There are two potential explanations for the additional smaller band in MMP-2 lanes. One 

possibility is that there is more MMP-2 protein in those reactions than other MMP reactions, 

thereby resulting in an observable band (MMP-2 has expected MW of 40 kDa). This is 

because we do not add the same MMP protein mass per reaction, but rather we add the 

required enzymatic activity units to the reactions to obtain an active MMP concentration 

of 2.85 μM for maximum proteolysis. Prior to each proteolysis experiment, we quantify 

the activity units in the protease stock via the enzyme activity assay detailed in Judd et. 

al 16 using a fluorogenic substrate. The mass amount of MMP-2 added to the reactions 

tended to be higher than for the other MMPs (approximately 5% of total reaction by mass 

as compared to on average 3% mass amount of other MMPs) due to having lower enzymatic 

activity values. Therefore, higher MMP-2 mass may be resulting in the observable band 

on the protein gels. The second possibility is there is an undetermined contaminant in the 

MMP-2 protease stocks used in our experiments and additional studies, potentially with 

mass spectrometry, are required to identify the source of the extra band.

In order to test if our provectors have protease-activatable transduction behavior, AAV 

variants were treated with MMP-9 or MMP-14 and added to CHO-Lec2 cells (Figure 

2c). Flow cytometry was used to quantify GFP expression at 48 hours post-transduction 

(Supplemental Figure S1). Transduction index (TI) is calculated as the percent of GFP-

positive cells multiplied by the geometric mean fluorescence intensity of GFP-positive 

cells (TI = %GFP x gMFI). TI is a linear indicator of virus transduction efficiency and is 

better than quantifying % GFP positive cells alone which saturates at high MOIs. AAV9 

shows a high TI regardless of MMP or sham treatment. VPMS and IPES shows decreased 

transduction ability (11.6% and 3.1% of AAV9, respectively) until treated with MMPs. 

Transduction reaches a comparable level between the two provectors after MMP activation 

regardless of which MMP is used. VPMS displays an average 25.1% and IPES displays an 

average 29.1% of AAV9 transduction efficiency. The lower background transduction ability 

of IPES in the sham condition results in it performing with a higher fold activation (9.5-fold) 

than that of VPMS (2.2-fold). Therefore, both provectors meet the final two design criteria, 

but IPES shows a better fold-activation compared to VPMS.

We hypothesized the IPES provector binds cells less when in the “OFF” state (i.e., sham 

treated condition) than the previously developed VPMS provector. To test this hypothesis, 

we performed a cell binding assay on CHO-Lec2 cells where the provector variants, treated 

with sham or MMP-14, were incubated with the cells on ice for an hour to allow for virus 

binding. Cells were washed twice with PBS to remove unbound vector and viral DNA 

was extracted for qPCR quantification (Figure 2d). Since the numbers of VGs detected in 

the samples with provector added are significantly above the background level in the PBS 

vehicle control, the results suggest the provectors bind to cells with or without MMP-14 

treatment. After MMP treatment, IPES displays an average 2.4-fold increase in binding 

and VPMS displays an average 1.7-fold increase in binding, but these differences are 

not statistically significant. AAV9 demonstrates high cell binding regardless of treatment. 

Therefore, switchable cell binding ability of the MMP-14 provector appears to play a role 

in its activatable transduction behavior, but there may be additional factors underlying the 

difference in IPES “OFF” and “ON” transduction levels in vitro.
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Generation of Scrambled Sequence Negative Control of Protease-Activatable Variant IPES

Since the IPES provector demonstrates lower “OFF” state background transduction than 

VPMS, it was carried forward to further experiments. We endeavored to develop a negative 

control vector for murine studies by inserting different peptide with scrambled sequences 

(Figure 3a). A relative cleavability score was generated for each of the scrambled sequences 

by silver stain analysis. If intact VPs were still visible after incubation with MMPs, the 

sequence was deemed not cleavable by that MMP. Results of this experiment indicate 

that several scrambled versions of the IPESLRAG cleavage sequence remain susceptible to 

proteolysis by various MMPs. PEAI, GARL, and IEAP scrambled vectors remain cleavable 

by MMPs, which make them not ideal negative control vectors (Supplemental Figure S2). 

The GRPL scrambled vector has the lowest proteolytic susceptibility (Figure 3b), thus we 

moved forward with this variant as our scrambled control for in vivo studies.

Systemic Injection of Provector Leads to Transgene Delivery to KPC PDAC Tumor and 
Decreased Delivery and Expression in Off-Target Organs

We next investigated the ability of IPES to target sites of cancer in a murine model of 

PDAC. An orthotopic PDAC model was induced via the surgical injection of KPC cells 

in the pancreas (Supplemental Figure S3). Compared to subcutaneous tumor models, this 

orthotopic model offers the advantage of allowing us to test in an immunocompetent mouse 

that displays histologically similar tumor environment to that of the naturally occurring 

disease.19,20 The histological similarity could indicate that the tumor microenvironment is 

more closely representing the progression of integrin-signaling cascades in tumors that cause 

MMP upregulation.

Three weeks post virus injection, the IPES-treated group displays significantly higher VG 

delivery to the tumor and significantly decreased viral delivery to the off-target organs of the 

liver and heart (Figure 4a). AAV9 displays generally higher VG delivery in all organs but 

the tumor. The GRPL negative control vector, denoted as scrambled in the figure, shows VG 

delivery similar to IPES in all organs but the tumor. This result suggests MMP activation is 

necessary for the provector’s higher VG delivery to the tumor.

Transgene mRNA expression follows the observed decreases in VGs delivered (Figure 4b). 

AAV9 treatment results in high mCherry mRNA expression in off-target organs. The IPES-

injected group displays a 10-fold decrease in mRNA expression in the heart and pancreas 

compared to that of AAV9, and a 5-fold decrease in expression in the liver compared to 

that of AAV9 (not statistically significant). IPES displayed a 3-fold increase in mRNA 

expression in the tumor (statistically significant). The scrambled negative control vector 

displays low levels of mRNA expression. Non-tumor mice were also injected with AAV9 

and IPES vectors (Figure 5). Without tumors, IPES presents lower VG delivery and lower 

mRNA expression than AAV9 across the organs tested.

Discussion

Effective cancer gene therapy strategies depend on vectors specifically targeting cancer cells 

while minimizing delivery to off-target organs to limit toxicity. In previous studies, this 
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has been achieved by using tissue-specific promoters to limit transgene expression to target 

tissues.21,22 This approach is not ideal as it leads to much of the injected dose of vector to 

be sequestered in off-target organs. In this study, we show that a membrane-bound protease 

stimulus can be used to direct AAV vectors from their normal off-target organs (such as the 

heart or liver) to a tumor site using a non-specific CMV promoter. In the future, pairing 

of tissue-specific promotors with tissue-targeting delivery vectors would present an ideal 

solution for cancer gene therapy.

Membrane-bound proteases, such as MMP-14, have been shown to cooperate with Kras 

to create the collagen-dense tumor microenvironment in PDAC tumors.23 In this study, we 

demonstrated that activation of an AAV9-based provector is achievable by membrane-bound 

protein MMP-14. When compared to the VPMS provector,13 the IPES variant displays 

similar ON transduction but lower OFF transduction. This result suggests that IPES would 

have lower off-target transduction in vivo than VPMS and, thus, it should be the variant of 

choice when lower levels of off-target delivery is desired for safety reasons.

Interestingly, many randomized versions of the IPES cleavage sequence remain sensitive to 

proteolysis, suggesting the combination of amino acids in the IPES cleavage substrate is 

highly MMP reactive. Some sequences do appear resistant to proteolysis by some MMPs 

(e.g., IEAP in response to MMP-2) even at the supra-physiological concentrations of MMPs 

used in our proteolysis reactions. MMP-14 has been shown to have lower selectivity and 

lower reactivity when compared to other MMPs,18 suggesting it could be difficult to develop 

a provector that is highly specific to this protease.

In our animal studies, provector IPES shows increased VG delivery to the tumor and 

decreased delivery to off-target organs. Our scrambled control does not have the same 

delivery patterns, which suggests susceptibility to MMPs may play a role in vector 

accumulation in the tumor. Transgene mRNA expression follows similar trends as VG 

delivery. Interesting, IPES yields 188.5-fold increase in VG delivery but only 2.5-fold 

increase in mCherry transgene expression in the tumor. One would expect that higher 

VG delivery would lead to a similar-fold increase in transgene expression. We previously 

observed similar findings where the correlation is weaker than expected between VG 

delivery and transgene expression.13, 25 One potential explanation is provectors may be 

sufficiently activated to bind to factors in the tumor microenvironment but not enough to 

successfully internalize into and transduce cells. Another explanation is the provectors may 

be sequestered by phagocytic cells in the tumor microenvironment, preventing transgene 

expression. Additional future studies are required to fully understand the mechanism behind 

these results. Overall, both mCherry mRNA expression and VG delivery results suggest 

on-target tumor gene delivery and decreased off-target gene delivery by the IPES provector.

As a delivery platform this provector could be used to deliver suicide genes or 

immunotherapies. In terms of suicide genes, AAV-mediated delivery of herpes simplex 

virus type-1 thymidine kinase (HSVtk) and ganciclovir (GCV) has shown promise when 

combined with radiation therapy.26 Immune checkpoint inhibitors, such as Nivolumab 27, 

and tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL/Apo2L)28 have 

been used previously with AAV systems to target tumors. In combination with a tumor 
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targeting capsid, these cancer therapy transgenes offer the possibility of being enhanced 

treatments for PDAC.

Conclusion

We present an AAV-based provector that is activatable by membrane-bound protease 

MMP-14. We demonstrate the provector has increased delivery to PDAC tumors in an 

immunocompetent murine model, which opens the door to future work using the provector 

to deliver therapeutic transgenes. Engineering of AAV capsids is a promising avenue to 

lower toxicity due to off-target delivery. Furthermore, this technology could serve as a 

template to target other membrane-bound proteases, creating potential for use in other 

therapeutic applications. Activatable vectors can allow for more controlled therapies as we 

continue to explore the application of viral gene therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Provector design and production characterization. A) Peptide lock is inserted after G453 

in AAV9 capsid proteins. When exposed to MMPs, VPs are cleaved resulting in protein 

fragments of four different MWs - VP1’, VP2’, VP3’ and a common C-terminal region. 

Approximate sizes of each of these protein fragments are shown with the total size of 

each VP listed on the right. B) Vector production titer of different virus capsids with the 

same virus genome quantified via qPCR. N=3 independent virus batches, and n=3 technical 

replicates for qPCR. One-way ANOVA was performed and no statistical difference was 

determined. Error bars are SEM. C) Benzonase genomic protection assay. Vector samples 

were treated with benzonase to degrade unprotected viral genomes. After neutralization 

of the nuclease, virus capsids were denatured and remaining genomes were quantified via 

qPCR. Percent genome protected is a fraction of genomes in the benzonase-treated sample 

as compared to number of genomes in the sham sample. N=2 independent experiments 

and n=3 technical replicates for qPCR. One-way ANOVA was performed and no statistical 

difference was determined. Error bars are SEM.
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Figure 2. 
In vitro performance of IPES provector. A) Silver stain of denatured AAV9 capsid does 

not display proteolytic fragments when treated with MMP −2, −7, −9, −14, or sham buffer. 

Intact VPs are visible at their proper sizes indicating the native capsid does not respond 

to the proteases. B) Silver stain of provectors VPMS and IPES treated with MMP −2, −7, 

−9, −14, or sham buffer. Disappearance of VP1, VP2, and VP3 bands and appearance of 

cleavage fragments (VP1’, VP2’, VP3’, and C-term) indicate both provectors are capable 

of being activated by the MMPs tested. C) Provector transduction behavior in vitro. Vectors 

were treated with MMPs or sham buffer and added to CHO-Lec2 cells at an MOI of 5000 

Viral Genomes (VG) per cell. N=3 independent experiments in n=2 technical replicates. 

Error bars SEM. One-way ANOVA was performed. * p<0.05. D) Cell binding assay. Vectors 

were treated with sham buffer or MMP-14, added to CHO-Lec2 cells at an MOI of 5000, 

and incubated for 30 min on ice. Cells were harvested and number of VGs were quantified 

via qPCR and normalized to total DNA. Provectors have modestly higher binding when 

MMP treated, with IPES having slightly higher binding than VPMS. N=2 independent 

experiments in n=3 technical replicates. One-way ANOVA was performed.

Butler et al. Page 13

Gene Ther. Author manuscript; available in PMC 2022 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Development of negative control vector with scrambled protease cleavage sequence. A) 

Amino acid sequences tested to develop a scrambled negative control vector. Relative 

cleavage determined by silver stain after 21-hour incubation with MMPs −2, −7, −9, or 

−14 with each ‘+’ indicating degree of activation by MMPs (+++ cleaved by 3 of 4 MMPs 

tested, ++ cleaved by 2 of 4 MMPs, + cleaved by 1 of 4 MMPs, - not cleaved by MMPs 

tested). GRPL variant was selected for animal studies. B) Representative silver stain of 

scrambled design provector GRPL treated with MMP −2, −7, −9, −14, or sham buffer (S). 

GRPL variant shows intact viral proteins after MMP treatment.
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Figure 4. 
In vivo performance of provectors in murine model of PDAC. A) IPES provector has 

increased VG delivery to tumor with decreased delivery to liver and heart. Organs were 

harvested 21 days following virus injection and genomic DNA was extracted. VG were 

quantified via qPCR in triplicate and normalized to total DNA. Error bars are SEM. AAV9 

and IPES N=6 animals, GRPL Scramble N=3 animals. One-way ANOVA was performed. 

* p<0.05, ** P<0.005. B) IPES provector shows increased expression of CMV-mCherry 

reporter transgene in the tumor. 21 days following virus injection, organs were harvested 

and RNA was extracted. mCherry mRNA was quantified via qPCR and normalized to 18s 

mRNA in triplicate. Error Bars are SEM. AAV9/IPES N=6 independent mouse samples, 

GRPL Scramble N=3 independent mouse samples, n=3 technical replicates per sample. 

One-way ANOVA was performed. * p<0.05.
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Figure 5: 
Non-Tumor Mouse In Vivo Performance of Provector. A) IPES vector shows decreased 

VG delivery in heart and several other off-target organs. 21 days following virus injection, 

organs were harvested and DNA was extracted. VGs were quantified via qPCR in triplicate 

and normalized to total DNA. Error bars are SEM. B) IPES vector shows decreased 

transgene mRNA expression compared to AAV9 in sampled organs. 21 days following virus 

injection, organs were harvested and RNA was extracted. mCherry mRNA was quantified 

via qPCR and normalized to 18s mRNA in triplicate. Error Bars are SEM. N=2 animals, n=3 

technical replicates per sample. Students t-test was performed. ** p<0.05.
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