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Abstract

Adeno-associated virus (AAV) vectors are increasingly used viral vectors for gene
delivery in human gene therapy trials. They infect both nondividing and dividing cells and
show long-term gene expression with low immunological response compared to other viral
vectors used for gene therapy. Different AAV serotypes exhibit a variety of tissue tropisms
and transduction efficiencies. A previous study in our lab has shown that serotype AAV9 is
particularly effective for cardiac applications because of its uniform gene expression
throughout the myocardium as well as its short lag phase, 2-3 weeks, to maximum gene
expression. Furthermore, ischemia and reperfusion to the heart creates an environment
that is more conducive to AAV9 transduction than healthy myocardium. In this study, I
describe the engineering and evaluation of plasmids designed for packaging into AAV9 for
cardiac-targeted gene therapy. I show that a plasmid with a bicistronic expression cassette
containing neuregulin-1f (Nrg-1f) and green fluorescent protein (GFP) causes dual
overexpression of these genes in vitro. I also show that the Nrg-1f is a functional protein
via a proliferation assay with MCF7 breast cancer cells in vitro. This bicistronic cassette has
been incorporated into multiple plasmid constructs driven by the promiscuous
cytomegalovirus (CMV) promoter or the tissue-specific cardiac troponin-T (cTnT)
promoter and flanked by two AAV inverted terminal repeats (ITR) for packaging into the

AAV9 capsid for in vivo studies of its therapeutic potential.
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Figure 1. Expression cassettes of plasmids used. A) pAcTnTNrgIRESeGFP carrying the cTnT
promoter driving Nrg-1p, IRES, and GFP with miR-122 sites and a synthetic
polyadenylation sequence. B) pACMVNrgIRESeGFP with Nrg-1(3, IRES, and GFP driven from
the CMV promoter. The 3’ end of this cassette contains the SV40 polyadenylation sequence.
C) pAcTnTNrgHA carries an HA-tagged Nrg-1(, IRES, and GFP driven from the cTnT
promoter. D) pACMVNrgHA carries an HA-tagged Nrg-13, IRES, and GFP driven from the
CMV promoter.

Figure 2. mRNA analysis of AAV-293 cells transfected with pAcTnTNrgIRESeGFP or
pAcTnTGFP and harvested three days post transfection. pAcTnTNrgIRESeGFP transfected
cells show 31-fold more NRG-1 mRNA expression relative to pAcTnTGFP transfected cells.
mRNA expression was normalized to GAPDH. (n=3/group, p<0.01)

Figure 3. mRNA analysis of AAV-293 cells transfected with pAcTnTNrgIRESeGFP or
pAcTnTGFP and harvested three days post transfection. pAcTnTNrgIRESeGFP transfected
cells show 36-fold more GFP mRNA expression relative to non-transfected cells. mRNA
expression was normalized to GAPDH. (n=3/group, p<0.01)

Figure 4. Western blot analysis for expression of protein from pACMVNrgIRESeGFP and
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4: 15 pg and 10 pg of AAV-293 cells transfected with pACMVNrgIRESeGFP. Blot was
incubated with rabbit polyclonal anti-Nrg primary antibody and goat anti-rabbit secondary.
4-20% polyacrylamide gel. B) Lane 1: 10 pg of AAV-293 whole cell lysate. Lanes 2 and 3: 20
pg and 10 pg of lysate from AAV-293 cells transfected with pACMVNrgHA. Blot was
incubated with rabbit polyclonal anti-HA and goat polyclonal anti-GFP primary antibodies
and donkey anti-rabbit 680 and donkey anti-goat 800 secondary antibodies.
12%polyacrylamide gel. GFP is in green and Nrg-1f is in red. The presence of similar band
patterns around 90-110 kDa and 50-65 kDa in both blots with two different antibodies
suggests that these bands are protein products of our plasmid.

Figure 5. Cell density of MCF7 cells after treatment with conditioned media + 1% FBS.
Density was measured by absorbance reading of crystal violet uptake in cells. Compared to
negative control, positive control and CMVNrgIRESeGFP-conditioned media show
significantly higher cell density as measured by OD570 (n=3/group, p<0.05)

Figure 6. Cell density of MCF7 cells after treatment with conditioned media + 0.5% FBS.
Density was measured by absorbance reading of crystal violet uptake in cells. Compared to
negative control, CMVNrgIRESeGFP-conditioned media show significantly higher cell
density as measured by OD570 (n=3/group, p<0.05)

Figure 7. Immunofluorescence of rat neonatal cardiomyocytes transfected with
pAcTnTeGFP (A,B,C) or pAcTnTNrgHA (D,E,F). A) GFP fluorescence in pAcTnTGFP-
transfected cardiomyocytes. B) Ki-67 and Nrg-1f staining shows Ki-67 positive nuclei but



no Nrg-1f (which stains the cell body) positive cells. C) Merged image of A and B plus dapi
nuclear stain. D) GFP fluorescence in pAcTnTNrgHA-transfected cardiomyocytes. E) Ki-67
positive nuclei plus Nrg-1f3 positive cardiomyocytes. F) Merged image of D and E shows
overlap of GFP+ and Nrg-1§3+ cells, indicating coexpression of Nrg-1f3 and GFP.

Figure 8. mRNA analysis of AAV-293 cells transfected with pACMVApIn, pAcTnTApln, or
not transfected and harvested three days post transfection. pAcTnTApln transfected cells
show 2800-fold more NRG-13 mRNA expression relative to cells that did not undergo
transfection. mRNA expression was normalized to GAPDH. (n=3/group, p<0.01)
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Introduction:

LV Remodeling: Heart disease is the single leading cause of death in the United States. This
year, an estimated 620,000 Americans will have their first myocardial infarction (MI) and
around 295,000 will have a recurrent attack.! Heart failure following MI is a major cause of
mortality and approximately 34% of the people who experience MI will ultimately die from
it. Within the first few hours following M], the heart begins a complex process of cardiac
remodeling which may be defined as “molecular, cellular and interstitial changes that are
manifested clinically as changes in size, shape and function of the heart after cardiac
injury.”? Left ventricular (LV) end-systolic volume is the major determinant of clinical
outcome after recovery from M], and is a function of the original infarct size.3 It follows that
therapies to improve cardiac outcome following MI should aim to reduce infarct size and
limit LV remodeling.

The first mechanism behind LV remodeling is infarct expansion, a radial thinning
and circumferential increase in the extent of a transmural infarct that occurs following
acute ML# During infarct expansion, infarcted myocardium is converted into mature scar.
Following infarct expansion, the region of viable tissue immediately adjacent to the infarct,
known as the infarct borderzone, plays a critical role in LV remodeling for weeks to
months. Increased wall stress as well as neurohormonal and cytokine signaling may cause
cardiomyocyte loss in the borderzone and cause a progressive increase in infarct size
known as infarct extension.> Preventing the progressive loss of borderzone cardiomyocytes
or reversing this aspect of the remodeling process has the potential to significantly

improve left ventricular function following MI.
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Cardiac Regeneration Strategies: The heart is one of the least regenerative organs in the
body and until recently the paradigm of the adult human heart as a terminally
differentiated organ went unchallenged.®” However, in past 15 years, studies have
discovered that cardiomyocytes do retain some proliferative capacity and that the adult
heart may contain endogenous progenitor cells.8? Despite the encouragement that
cardiomyocytes do have endogenous regenerative mechanisms, current pharmacological,
interventional, and operative therapies are limited in their ability to prevent heart failure
following MI primarily because these therapies do not address the depletion of
cardiomyocytes in the post-infarct heart.1° Therapies aimed at overcoming this clinical
deficiency using cell based therapy, tissue engineering, or reprogramming resident cells in
the heart are beginning to emerge. This thesis outlines the beginning stages of two
potential therapies intended to regenerate functional myocardium. The first strategy is to
prevent cardiomyocyte cell death and induce proliferation in the borderzone after MI by
programming the expression of Neuregulin-13 (Nrg-1f) in borderzone cardiomyocytes.
The second strategy is to prevent cardiomyocyte death, improve pump function, and
stimulate angiogenesis in the left ventricle by delivering apelin to borderzone
cardiomyocytes. Accomplishing these strategies requires a vector that can target the heart
and deliver the therapeutic gene in a time frame relevant to the prevention of LV
remodeling.

Adeno-Associated Viral Vectors: As LV remodeling begins shortly after MI and subsides
as early as two weeks after reperfusion in small animals, early intervention is necessary to

protect the heart after infarct.11 Gene therapy interventions to reduce the extent of LV
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remodeling should ideally target at-risk cardiomyocytes and show rapid onset of gene
expression.12

Adeno-associated virus (AAV) vectors are increasingly used as gene delivery
vehicles in human trials of gene therapy.13 They infect both nondividing and dividing cells
and show long-term gene expression with low immunological response compared to other
viral vectors used for gene therapy.1* To date, 12 different AAV serotypes have been
isolated from humans and over 100 from non-human primates.!3 These serotypes differ in
their capsid shells which interact specifically with cell surface receptors. As a result,
different serotypes exhibit a variety of tissue tropisms and transduction efficiencies.1>16

While AAV2 has been the most widely studied serotype to date, its lag phase of 4-6
weeks before reaching maximum gene expression in the heart limits its potential as a LV
remodeling therapeutic vector.l” Serotypes AAV6, AAV8, and AAV9 are better candidates
because when delivered systemically they preferentially transduce cardiomyocytes and
show uniform gene expression throughout the myocardium. Furthermore, they show a
more rapid onset of gene expression and can reach maximum expression within 2-3
weeks.18 A study published by our lab has also shown that ischemia and reperfusion to the
heart creates an environment that is more conducive to AAV9 transduction than healthy
myocardium.1? This makes AAV9 an excellent gene delivery vector for cardiac therapies

following MI.
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Neuregulin-1:
Introduction: Neuregulin-1 (Nrg-1) was originally discovered in 1992 by researchers
looking for the ligand for the ErbB2 transmembrane tyrosine kinase, whose overexpression
is correlated with a number of human cancers.!? Its critical role in cardiovascular signaling
was not discovered until studies showed that mice with disrupted ErbB2, ErbB4, or Nrg-1
expression die between days 9 to 11 in utero due to failure in cardiac development.20.21,.22

Nrg-1 is one of 4 structurally related genes (Nrg-1, Nrg-2, Nrg-3, and Nrg-4)
encoding neuregulins, with Nrg-1 being the most abundant in the heart.23 The Nrg-1 gene
generates six types of proteins (I-VI) characterized by their N-terminal regions.24
Alternative splicing of the gene results in at least 31 isoforms, all of which share a common
EGF domain essential for receptor activation.242> Receptor affinity is determined by
alternative splicing at the C-terminal of the EGF domain, which results in either the a- or §3-
variant. In the adult heart, the [ isoforms are 10 to 100 times more bioactive and show a
higher affinity for ErbB3 and ErbB4 receptors.26

Most Nrg-1 isoforms are membrane bound proproteins that include a hydrophobic
transmembrane domain and a cytoplasmic tail. In type I Nrg-1(3, mature protein is released
following proteolytic cleavage in the extracellular region on the C-terminal side of the EGF
domain.2> This cleavage is catalyzed by one of several a disintegrin and metalloproteases
(ADAM) and (3-site of amyloid precursor protein-cleaving enzyme (BACE1).27.28 Following
cleavage, the mature protein exerts its effects in a paracrine manner on ErbB tyrosine
kinase receptors.

In the adult heart, NRG-1 is expressed on cardiac microvascular endothelial cells.

Adult ventricular myocytes express ErbB1, ErbB2, and ErbB3, and numerous cellular
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processes appear to be regulated by Nrg-1/ErbB signaling.26 These processes include cell
growth and survival, organization of myofilaments, angiogenesis, and cardiomyocyte
proliferation.2930.31.32 Recent studies have demonstrated that recombinant Nrg-1f3 can
induce adult cardiomyocytes to proliferate in mice and that Nrg-1f3 delivery can improve
cardiac function in rats following MI.33.343536 However, these studies have relied either on
administration of recombinant proteins which have a short half-life in the blood, lentiviral
vectors which are quickly inactivated by complement, or direct injection into the
myocardium which is not clinically practical. A more clinically feasible approach would be a
vector that can be injected systemically, elicits minimal immune responses, and can
specifically target cardiomyocytes. In the following sections, I describe the design and
initial evaluation of an AAV9 vector to deliver Nrg-1f3 to borderzone cardiomyocytes.
Materials and Methods

Cell Culture: AAV-293 cell line (Agilent Technologies Inc., Clara, CA) was cultured in
DMEM with 7% FBS, 1% penicillin-streptomycin, and glutamate. MCF7 breast cancer cell
line (a gift from the Bouton Lab) was cultured in DMEM with 10% FBS and 1% penicillin-
streptomycin. Both cell lines were maintained at 37°C in a humidified atmosphere of 5%
COa.

Plasmid Design: cDNA for NRG-1 was purchased from Sino Biological (Beijing, China)
and was PCR amplified to add an EcoRI site 5’ and a BamHI site 3’ of the coding sequence.
Phusion high-fidelity master mix (Thermo Scientific, Waltham, MA) was used for PCR to
avoid amplification errors. Plasmid pAAV-CMV-luc-IRES-GFP (Penn Vector Core,
Philadelphia, PA) was digested with BamHI and Notl to remove a 1,327 base pair sequence

containing the encephalomyocarditis virus internal ribosome entry site (IRES) and eGFP.
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The IRES allows for a bicistronic vector, or a vector that translates two proteins separately
from the same RNA transcript. Use of the IRES in this vector allows us to deliver Nrg-1f3 as
a therapeutic gene while also using eGFP as a reporter gene to visualize which cells were
effectively transduced.

The amplified Nrg-13 and the 1,327 base pair sequence were inserted by triple
ligation into a plasmid backbone containing the AAV2 ITRs and cardiac Troponin T (cTnT)
promoter. This promoter is used to limit gene expression from these plasmids to
cardiomyocytes. An oligonucleotide with a Notl site 5" and a Kpnl site 3’ of three miRNA-
122 target sites as well as an oligonucleotide containing a minimal poly-adenylation
sequence flanked by a Kpnl site 3’ and Sall site 5’ were purchased from Integrated DNA
Technologies (Coralville, IA). miRNA-122 target sites are used to destabilize the plasmid in
the liver where miRNA-122 is expressed abundantly. The minimal poly-adenylation
sequence was used instead of the more common SV40 polyadenylation sequence in order
to keep the construct size small. Sense and antisense oligonucleotides were annealed and
triple ligated into the plasmid containing the cTnT promoter, NRG-13, IRES, and eGFP. The
new plasmid, pAcTnTNrgIRESeGFP was sequenced to confirm proper cloning.

To add an optimal consensus sequence to pAcTnTNrgIRESeGFP, a forward primer
containing the Kozak sequence (5’-
GCTACCATGGGCCGCCACCATGTCCGAGCGCAAAGAAGGCAG-3’) was purchased and used to
amplify the Nrg-13 cDNA. The amplified sequence was inserted into pAcTnTNrgIRESeGFP
in place of the current Nrg-1f sequence. This plasmid was sequenced to check for errors in

the nucleotide sequence.
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To create a plasmid with the CMV promoter driving Nrg-13, a 2,188 base pair
fragment was released from pAcTnTNrgIRESeGFP with HindIII and ligated into two HindIII
sites in pAAV-CMV-luc-IRES-eGFP to create pACMVNrgIRESeGFP.

pAcTnTNrgHA was created by replacing the 3’ end of the expression cassette in
pACTnTNrgIRESeGFP containing the mir-122 target sites and minimal polyadenylation
sequence with the SV40 polyadenylation sequence. An influenza hemaggluttinin (HA)
epitope tag was cloned onto the C-terminal of the Nrg-1f3 cDNA by PCR amplification using
primers 5’-GCTACCATGGGCCGCCACCATGTCCGAGCGCAAAGAAGGCAG-3’ (Forward) and 5’-
GCTAGGATCCTTAAGCGTAGTCTGGGACGTCGTATGGGTATACAGCAATA-3’ (Reverse). The
amplified product was digested with EcoRI and BamHI and ligated into the backbone
containing AAV2 ITRs, cTnT promoter, IRES, eGFP and SV40 polyA sequence. The amplified
product was also ligated into the EcoRI and BamHI sites in pACMVNrgIRESeGFP to make

pACMVNrgHA. See Figure 1 for a diagram of important plasmids.
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cTnT IRES mif-122

PACTRTNIgIRESeGFP ------

MNrg-1p SpA
ITR
ChIYW IRES SWAD pA
PACMVNIBIRESEGED -----
Mrg-1p
ITR
cTnT IRES SVAD pd
PACTNTNrgHA -----
MNrg-1B-HA
ITR
CMIV IRES SVA0 pA
PACMVNrgHA -----
Mrg-15-HA
ITR

Figure 1. Expression cassettes of plasmids used. A) pAcTnTNrgIRESeGFP carrying the cTnT promoter carrying
Nrg-1p, IRES, and GFP with miR-122 sites and a synthetic polyadenylation sequence. B) pACMVNrgIRESeGFP
with Nrg-1, IRES, and GFP driven from the CMV promoter. The 3’ end of this cassette contains the SV40
polyadenylation sequence. C) pAcTnTNrgHA carries an HA-tagged Nrg-1f, IRES, and GFP driven from the cTnT
promoter. D) pACMVNrgHA carries an HA-tagged Nrg-18, IRES, and GFP driven from the CMV promoter.

In Vitro Transfection: In vitro transfections of the AAV-293 and MCF7 cell lines were
performed using the calcium phosphate method.

AAV Vector Production: pAcTnTNrgIRESeGFP was packaged into AAV9 capsids with a
calcium phosphate triple transfection of AAV-293 cells. AAV was then purified by
ammonium sulfate fractionation and iodixanol gradient centrifugation. AAV titer [viral

genomes (vg)/ml] was determined by qPCR. Known copy numbers (10> - 109) of
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pACTnTNrgIRESeGFP were used to construct the standard curve for quantification. The
following primers were used to amplify GFP: 5’-TGACCCTGAAGTTCATCTGCACCA-3’
(forward) and 5’-TCTTGTAGTTGCCGTCGTCCTTGA-3’ (reverse)..
Animal Procedures: The animal protocol used in this study was approved by the
University of Virginia Institutional Animal Care and Use Committee (Protocol Number:
2802) and strictly conformed to the “Guide for the Care and Use of Laboratory Animals”
(NIH Publication 85-23, revised 1985).
Vector Administration: 12 week old C57/BL6 mice were anesthetized with 1-1.2%
isofluorane in oxygen while a needle was inserted into the tail vein and viral doses of
4x1011 or 5x1011 viral genomes in PBS were injected.
Fluorescence Microscopy: Hearts were removed and fixed for one hour at room
temperature in 4% PFA, rinsed in PBS, and incubated overnight at 4° in 30% sucrose before
embedding in OCT. Six pm cryosections were cut from each tissue and imaged with an
Olympus BX-41 Microscope (Olympus America, Inc., Center Valley, PA) with a Retiga-
2000R camera (QImaging, Surrey, BC).
mRNA Analysis: For mRNA analysis in vitro, cultured cells were trypsinized, collected,
pelleted, and RNA was isolated using the RNeasy Mini Kit (Qiagen, Inc., Valencia, CA). cDNA
was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA).
Relative amount of mRNA compared to control treatments was assessed using the Bio-Rad
CFX96 Real-Time PCR Detection System and analyzed using the comparative Cr method
normalized to GAPDH expression.

For mRNA analysis, whole hearts were removed and dissected into thirds. One third

was stored in RNAlater (Qiagen Inc.) at -80°C until processing with the Qiagen AllPrep
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DNA/RNA system. After isolating RNA, cDNA was synthesized with the Bio-Rad iScript
cDNA Synthesis Kit and quantitative PCR was performed with Bio-Rad iTaq Universal SYBR
Green Supermix.

The following primers were used for amplification: NRG-$1: 5'-
CGTCATCTCCAGTGAGCATATT-3’ (forward) and 5" - TAGGAGTCTGGGTGACAGTAG-3’
(reverse), GFP: TGACCCTGAAGTTCATCTGCACCA-3’ (forward) and 5’-
TCTTGTAGTTGCCGTCGTCCTTGA-3’ (reverse), GAPDH 5’-ACCCACTCCTCCACCTTTGAC-3’
(forward) and 5’- TGTTGCTGTAGCCAAATTCGTT -3’ (reverse)

Western Analysis: [solated hearts were homogenized in buffer containing 50 mM Tris-
HCL, 2 mM of EDTA and EGTA, 0.3% Triton-X 100, and Halt Protease Inhibitor Cocktail
(Thermo Scientific, Rockford, IL). Total protein content was quantified using the DC Protein
Assay from Bio-Rad. Equal amounts of protein were electrophoresed under reducing
conditions on a polyacrylamide gel and then transferred onto polyvinylidene fluoride
membranes. After blocking for one hour in 10% milk in TBS membranes were incubated
overnight at 4°C with primary antibodies diluted in 5% milk in TBS with .01%SDS and
0.2% Tween-20. After washing membranes with TBS+0.1% Tween-20, they were
incubated for one hour at room temperature with secondary antibody. Membranes were
imaged with fluorescence on a Licor Odyssey Imaging System (Li-Cor Biosciences, Lincoln,
NE).

Cells from culture were lysed and homogenized in RIPA buffer with Halt Protease
Inhibitor Cocktail, and assessed for total protein content using the DC Protein Assay from
Bio-Rad before immunoblotting according to the protocol above. Antibodies used for

immunoblot experiments were: rabbit anti-NRG-1 at 1:100 (SC-348, Santa Cruz

19



Biotechnology, Santa Cruz, CA), rabbit anti-HA at 1:2000 (Bethyl Laboratories,
Montgomery, TX) goat anti-GFP at 1:3000 (BA-0702, Vector Laboratories, Inc., Burlingame,
CA), chicken anti-alpha tubulin at 1:1000 (Sigma Aldrich, St. Louis, MO).

Cell Proliferation Assay: MCF7 cells were plated in 12-well culture dishes at a density of
50,000 cells/well in media containing 10% FBS and allowed to adhere for 24 hours. After
24 hours, media was replaced with a 1:2 dilution of conditioned media to fresh media
containing 1% FBS. Cells were assessed for cell density at the time of media change and
every 24 hours after.

To assess cell density, cells were washed 2x with PBS, fixed for 5 minutes with 4%
paraformaldehyde in PBS, washed in dH20 2x and allowed to air dry in a sterile hood for
one hour. After one hour, cells were incubated in 4% crystal violet in PBS for 30 minutes,
washed 2x in dH20, and allowed to air dry for an hour. Methanol was added to the wells
while shaking for 30 minutes to solubilize crystal violet. Wells were diluted 1:10 before
measuring optical density of crystal violet solubilized in methanol at a wavelength of 570
nm with a spectrophotometer.

Immunofluorescence: Cardiomyocytes were isolated from neonatal rats and plated on 96-
well plates (by Renata Polanowska-Grabowska). Transfections were performed using
Lipofectamine 3000 (Life Technologies, Carlsbad, CA) by Laura Woo. Three days later, cells
were fixed, blocked, and stained overnight with rabbit anti-Ki-67 and rabbit anti-Nrg-1f3
primary antibodies and Dapi. Following primary incubation, cells were incubated with anti-

rabbit secondary antibody conjugated to Alexa Fluor 568.
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Results:

NRG-1$ and GFP mRNA are Overexpressed in Transfected 293 Cells: To verify that
plasmids could cause overexpression of the desired mRNA, AAV-293 cells were transfected
and mRNA was analyzed three days later. Figure 2 shows NRG-13 mRNA expression
relative to a control transfection with a plasmid expressing GFP from the cTnT promoter.
Compared to control transfection, cells transfected with pAcTnTNrgIRESeGFP express 31

times more NRG-1 mRNA (n=3/group, p<0.01).
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Figure 2. mRNA analysis of AAV-293 cells transfected with pAcTnTNrgIRESeGFP or pAcTnTGFP and harvested three days
post transfection. pAcTnTNrgIRESeGFP transfected cells show 31-fold more NRG-18 mRNA expression relative to
PACTNTGFP transfected cells. mRNA expression was normalized to GAPDH. (n=3/group, p<0.01)

To determine how the IRES affected mRNA transcript levels, GFP mRNA expression
by cells transfected with pAcTnTGFP was compared to expression by cells transfected with
pACTnTNrgIRESeGFP. GFP mRNA expression was almost three-fold weaker in the plasmid

with the IRES compared to GFP driven by the cTnT promoter. However, compared to PCR
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background noise in cells that were not transfected, pAcTnTNrgIRESeGFP transfected cells

had 36-fold more mRNA expression as determined by qPCR (Figure 3).
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Figure 3. mRNA analysis of AAV-293 cells transfected with pAcTnTNrgIRESeGFP or pAcTnTGFP and harvested three days post
transfection. pAcTnTNrgIRESeGFP transfected cells show 36-fold more GFP mRNA expression relative to non-transfected cells.
mRNA expression was normalized to GAPDH. (n=3/group, p<0.01)

Pilot In Vivo Study Shows Minimal Neuregulin and GFP Overexpression: Once it was
determined that pAcTnTNrgIRESeGFP could cause overexpression of NRG-13 and GFP
mRNA in transfected cells in vitro, the plasmid was packaged into AAV9 capsid for a pilot
study in vivo. Three C57/BL6 mice were given tail vein injections containing saline, 4x1011
viral genomes, or 5x1011 viral genomes (vg), corresponding to 0, 1.6x1013 and 2x1013 vg/kg
body weight respectively. The dose chosen was based on previous studies with cardiac-
targeted AAV9 in our lab. Three weeks after injection, mice were euthanized and hearts

were analyzed for RNA and protein expression.
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Compared to saline injected mice, mice injected with AAV9 showed a 45- and 71-
fold increase in GFP mRNA, and a 65- and 30-fold increase in NRG-13 mRNA. However,
after sectioning heart tissues for fluorescence microscopy, no GFP-positive cardiomyocytes
were seen in heart sections. Upon Western blot analysis of excised hearts, NRG-1f protein
expression level in AAV9 injected mice was similar to saline-injected control. GFP protein
was not detected.
pACMVNrgHA and pAcTnTNrgHA Show Transcript and Protein Overexpression In
Vitro: To troubleshoot the low expression of protein seen from pAcTnTNrgIRESeGFP, new
plasmids were designed. The strong, ubiquitous, human cytomegalovirus (CMV) enhancer
and promoter was used to drive NRG-1(3 expression in pACMVNrgIRESeGFP. This plasmid
also contains the IRES and GFP 3’ of NRG-13 cDNA. The SV40 polyadenylation sequence is
3’ of the GFP.

Because NRG-1f3 protein can be proteolytically cleaved in numerous ways,
immunoblots of protein harvested from AAV-293 cells transfected with
pAcTnTNrgIRESeGFP and pACMVNrgIRESeGFP showed multiple reactive bands when
incubating with a primary antibody to the NRG-1f3 C-terminus (SC-348, Santa Cruz
Biotechnology). Determining which reactive bands corresponded to the expression of
protein from our plasmid construct proved especially difficult. To make interpretation
easier, the human influenza hemagglutinin (HA) tag was cloned into the 3’ end of the NRG-
1B cDNA in existing plasmid constructs. Use of an HA tag allows for specific identification of
proteins expressing that tag using an anti-HA antibody. pAcTnTNrgIRESeGFP was further
modified to remove the minimal polyadenylation sequence and miRNA-122 target sites.

This was in an effort to remove parts of the plasmid that may have been responsible for low
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transcript and protein levels. Although nothing was found in a literature search, the
possibility still exists that AAV-293 cells express miRNA-122. If so, much of the mRNA may
have been degraded before translation. In the new construct, pAcTnTNrgHA, the SV40
polyadenylation sequence was inserted in place of the miRNA-122 target sites and the
minimal polyadenylation sequence.

Compared with AAV-293 cells that did not undergo transfection,
pACMVNrgIRESeGFP-transfected cells showed approximately a 5700-fold increase in NRG-
1B mRNA level and 57000-fold increase in GFP mRNA as assessed by qPCR (n=3/group,
p<0.01).

Western blot analysis of whole cell lysate of untreated AAV-293 cells, or cells
transfected with pACMVNrgIRESeGFP, pACMVNrgHA was performed to verify that protein
was being expressed from our cassette. Figure 4 shows two blots, one loaded with
untreated AAV-293 cells or AAV-293 cells transfected with pACMVNrgIRESeGFP and
incubated with primary antibody to the Nrg-13 C-terminus (SC348), the other loaded with
untreated AAV-293 cells or AAV-293 cells transfected with pACMVNrgHA and incubated
with anti-HA antibody. Both blots have similar band patterns, with bands in the 50-65 kDa
and 90-110 kDa range that are not visible in untreated 293 controls. Because separate
antibodies for Nrg-1 and HA-tag reacted with products that migrate at similar molecular
weights, we conclude that these are proteins being expressed as a result of transfection
with our cassette. In addition, Figure 4B shows GFP expression at its molecular weight of
27 kDa. Expression of GFP, the downstream gene in our bicistronic vector also strongly

suggests that the gene in front of the IRES, Nrg-1f is being produced.
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Figure 4. Western blot analysis for expression of protein from pACMVNrgIRESeGFP and
PACMVNrgHA. A) Lanes 1 and 2: 15 pg and 7.5 pg of AAV-293 whole cell lysate. Lanes 3 and 4: 15 pg
and 10 pg of AAV-293 cells transfected with pACMVNrgIRESeGPF. Blot was incubated with rabbit
polyclonal anti-Nrg primary antibody and goat anti-rabbit secondary. 4-20% polyacrylamide gel. B)
Lane 1: 10 pg of AAV-293 whole cell lysate. Lanes 2 and 3: 20 ug and 10 ug of lysate from AAV-293
cells transfected with pACMVNrgHA. Blot was incubated with rabbit polyclonal anti-HA and goat
polyclonal anti-GFP primary antibodies and donkey anti-rabbit 680 and donkey anti-goat 800
secondary antibodies. 12%polyacrylamide gel. GFP is in green and Nrg-1 is in red. The presence of
similar band patterns around 90-110 kDa and 50-65 kDa in both blots with two different antibodies
suggests that these bands are protein products of our plasmid.

Conditioned Media from Cells Transfected with pACMVNrgHA causes Increased
Proliferation in MCF-7 Cells: To assess the biological function of NRG-1f protein with the
HA-tag, an in vitro proliferation assay was performed on the MCF7 breast cancer cell line.
In this cell line, NRG-1f3 stimulation induces intracellular signaling via formation of ErbB2-
ErbB3 heterodimers.37

MCF7 cells were treated with conditioned media from AAV-293 cells transfected
with pAcTnTNrgHA, pACMVNrgHA, or pAcTnTGFP (negative control). This media was
supplemented with either 1% (Figure 5) or 0.5% (Figure 6) FBS. Conditioned media from
pAcTnTGFP-transfected AAV-293 cells supplemented with 10 ng/ml of recombinant
human NRG-1f protein served as a positive control. Compared to negative control, media
from the pACMVNrgHA-transfected cells caused cells to reach a higher density three days

after addition of media (Figure 5, n=3/group, p<0.05). This result suggests that the HA-
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tagged protein produced by cells transfected with our plasmids is biologically active and
can induce proliferation of MCF7 cells beyond basal levels. Conditioned media from cells

transfected with pAcTnTNrgHA did not cause proliferation above negative control.
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Figure 5. Cell density of MCF7 cells after treatment with conditioned media + 1% FBS. Density was measured by absorbance
reading of crystal violet uptake in cells. Compared to negative control, positive control and CMVNrgIRESeGFP-conditioned
media show significantly higher cell density as measured by OD570 (n=3/group, p<0.05)

As a second iteration of the proliferation assay, the percent of FBS in conditioned
media was reduced in an attempt to lower baseline proliferation. Figure 6 shows the
results of the second experiment. At day 4 after media switch, cell density is significantly
higher in wells treated with conditioned media from pACMVNrgHA-transfected 293 cells.
Cells in the control group in this experiment show less proliferation than the experiment

with 1% FBS.
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Figure 6. Cell density of MCF7 cells after treatment with conditioned media + 0.5% FBS. Density was measured by
absorbance reading of crystal violet uptake in cells. Compared to negative control, CMVNrgIRESeGFP-
conditioned media show significantly higher cell density as measured by OD570 (n=3/group, p<0.05)

Imunnofluorescence Shows Co-expression of Nrg-18 and GFP

To determine whether cardiomyocytes could co-express Nrg-13 and GFP, rat
neonatal cardiomyocytes were isolated, plated, and transfected with pAcTnTGFP,
pACMVNrgHA, or pAcTnTNrgHA. Transfections were performed by Laura Woo.

Cells transfected with pAcTnTGFP show GFP fluorescence but do not express Nrg-1f3
(Figure 7). Cells transfected with pAcTnTNrgHA express GFP as well as Nrg-1f. Similar co-
expression of Nrg-1 and GFP was seen in cardiomyocytes transfected with pACMVNrgHA.
The absence of Nrg-1f in cardiomyocytes transfected with plasmids not containing the

cDNA for the Nrg-1f3 and the presence of Nrg-13 and GFP in cells transfected with plasmids
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containing Nrg-1 cDNA and the GFP gene suggests that our plasmids can cause

cardiomyocytes to co-express Nrg-13 and GFP.

Figure 7. Inmunofluorescence of rat neonatal cardiomyocytes transfected with pAcTnTeGFP (A,B,C) or
pAcTnTNrgHA (D,E,F). A) GFP fluorescence in pAcTnTGFP- transfected cardiomyocytes. B) Ki-67 and Nrg-
1P staining shows Ki-67 positive nuclei but no Nrg-1f (which stains the cell body) positive cells. C)
Merged image of A and B plus dapi nuclear stain. D) GFP fluorescence in pAcTnTNrgHA-transfected
cardiomyocytes. E) Ki-67 positive nuclei plus Nrg-1p positive cardiomyocytes. F) Merged image of D and E
shows overlap of GFP+ and Nrg-18+ cells, indicating coexpression of Nrg-1f and GFP.

Discussion: In the previous sections, | have described two iterations of an expression
cassette containing NRG-1 cDNA and GFP flanked by AAV2 ITRs and driven by the cTnT
promoter. In addition, [ have described the creation and testing of a plasmid with the same

expression cassette driven by the strong, ubiquitous, CMV promoter. While the first
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iteration of the cassette did not fare well in our pilot study, there are a number of reasons
this may have been the case. First, in an attempt to keep the expression cassette small to
facilitate large therapeutic genes in the future, this plasmid made use of a synthetic
polyadenylation sequence only 49 base pairs long reported by Levitt et al.38 Our lab has
never tested this polyadenylation sequence previously. Therefore, we are unsure of its
impact on transcript stability, nuclear export, and translation to protein - processes in
which an efficient polyadenylation sequence is important for.

Furthermore, although the lab has tested the effect of miRNA-122 target sites on
protein expression in vivo, in vitro analysis of their effect on protein expression in AAV-293
cells has not been tested. As a result, in vitro analysis of the pAcTnTNrgIRESeGFP plasmid
was difficult because we were unsure of the extent to which miRNA-122 target sites may
have been limiting protein expression.

This was also the first time our lab has worked with an IRES for bicistronic protein
expression. Reports on the efficiency of gene expression from the EMCV IRES vary, but
expression of the gene behind the IRES is not expected to be as strong as the first gene in a
bicistronic vector. Again, the inability to quantify the effect that this had on GFP expression
made in vitro analysis difficult. IRES activity is also cell-type specific, and its activity level in
AAV-293 cells compared to murine cardiomyocytes is unknown.

Despite the difficulties with the first iteration of the cTnT driven plasmid, recent
results have been more promising. I have shown that AAV-293 cells transfected with
pACMVNrgHA plasmid overexpress NRG-1 compared to non-transfected AAV-293 cells.
The immunoreactive band common to immunoblots stained with both anti-NRG-1f and

anti-HA is the protein product resulting from transfection with my engineered expression
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cassette. In addition, the NRG-1f protein translated as a result of transfection with
pACMVNrgHA is functional as evidenced by the ability to cause increased MCF7
proliferation in vitro compared to control. As the cDNA is the same, this also implies that
protein from pAcTnTNrgHA plasmid would be functional as well. Concentration in
conditioned media may not have been high enough to induce proliferation above basal
levels.

Finally, I have shown with immunofluorescence that cardiomyocytes transfected
with my plasmids pAcTnTNrgHA and pACMVNrgHA co-express NRG-1f3 and GFP. In light of
these results, I believe another pilot study in vivo is warranted. Further work is required to
elucidate the reasons behind the low protein expression witnessed in experiments with the

first iteration of the pAcTnTNrgIRESeGFP plasmid.
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Apelin:

Introduction: In 1998, the endogenous ligand for the “orphan” angiotensin-like 1 (APJ)
receptor was isolated from bovine stomach extracts.3° The ligand, apelin, is a 77 amino acid
pre-protein that is cleaved to become one of several active peptides of differing length.40
Apelin and its receptor, AP], mRNA are found in tissues throughout the body, including
particularly high levels in the cerebellum, vascular endothelium, heart, lung, and kidney. In
humans, AP] is expressed on cardiomyocytes, vascular smooth muscle cells, and vascular
and endocardial endothelial cells.*!

Apelin has been implicated in a number of functions that include glucose
metabolism, fluid balance, and thermoregulation but the most widely studied role to date
has been regulating cardiovascular homeostasis.#2 Bolus injection of apelin in rats causes a
rapid fall in mean arterial pressure mediated by the APJ receptor and eNOS activation.*3 At
the same time, apelin can stimulate myosin-light chain phosphorylation in mouse and rat
vascular smooth muscle, suggesting that apelin can also induce contraction. However,
apelin is considered a potent vasodilator because smooth muscular contraction is
outweighed by vasodilation through stimulation of nitric oxide production when
endothelium is intact.4?

Numerous effects of apelin on the heart have been reported. In humans, myocardial
expression of apelin and AP] are downregulated in patients with severe heart failure and
plasma apelin levels are significantly reduced.*4#> In isolated rat hearts, apelin increases
cardiac contractility.#¢ In mice after MI, apelin injected into ischemic myocardium can
recruit bone-marrow derived cells to the heart to promote neovascularization, diminish

infarct size, and improve cardiac function.#” Intraperitoneal injection of apelin also reduces
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LV preload and afterload without resulting in cardiac hypertrophy.48 While more work is
needed to further elucidate the mechanisms behind these characteristics of apelin, the
functional improvement of the heart in response to apelin is reason to imagine a
therapeutic potential for the treatment of heart failure. The following section describes the
design and functional testing of a plasmid for packaging into AAV9 for upregulation of
apelin post-MI.

Materials and Methods

Cell Culture: AAV293 cells were cultured in DMEM with 7% FBS, 1% penicillin-
streptomycin, and .6% glutamate. bEND.3 brain endothelial cell line(a gift from the
Lawrence Lab) was cultured in DMEM with 10% FBS and 1% penicillin-streptomycin. Both
cell lines were maintained at 37°C in a humidified atmosphere of 5% CO-.

Plasmid Design: Apelin cDNA in an expression vector containing the CMV promoter
(pPACMVApIn) was purchased from Transomic Technologies (Huntsville, AL). A 768 base
pair portion containing the coding sequence of the cDNA was restriction digested using
Kpnl and BamHI and inserted by ligation into a plasmid containing AAV2 ITRs and the
cardiac troponin T (cTnT) promoter. The new plasmid, pAcTnTApln was sequenced to
confirm that the cloning was accurate.

In Vitro Transfection: In vitro transfections of the AAV-293 (Agilent Technologies Inc.,
Clara, CA) and MCF7 (a gift from Dr. Bouton) cell lines were performed using the calcium
phosphate method.

mRNA Analysis: For mRNA analysis in vitro, cultured cells were trypsinized, collected,
pelleted, and RNA was isolated using the RNeasy Mini Kit (Qiagen, Inc., Valencia, CA). cDNA

was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA).
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Relative amount of mRNA compared to control treatments was assessed using the Bio-Rad
CFX96 Real-Time PCR Detection System and analyzed using the comparative Cr method
normalized to GAPDH expression.

Cell Proliferation Assay: bEND.3 cells were plated in 12-well culture dishes at a density of
50,000 cells/well in media containing 1% FBS and allowed to adhere for 24 hours. After 24
hours, cells were treated with filtered conditioned media from 293 cells transfected with
plasmids containing either the pAcTnTGFP (negative control), pACMVApln, or pAcTnTApln
cassettes.

To assess proliferation, cells were washed 2x with PBS, fixed for 5 minutes with 4%
paraformaldehyde in PBS, washed in dH20 2x and allowed to air dry in a sterile hood for
one hour. After one hour, cells were incubated in 4% crystal violet in PBS for 30 minutes,
washed 2x in dH20, and allowed to air dry for an hour. Methanol was added to the wells
while shaking for 30 minutes to solubilize crystal violet. Wells were diluted 1:10 before
measuring optical density at a wavelength of 570 nm with a spectrophotometer.

Results:

pAcTnTApln Causes Overexpression of Apelin In Vitro: AAV-293 cells were transfected
in vitro with plasmids containing apelin cDNA expressed from either the CMV promoter or
the cTnT promoter. After mRNA analysis by qPCR, apelin driven by the CMV promoter
showed a 22,000 fold increase in mRNA expression, while apelin driven by the cTnT

promoter showed a 2800-fold increase vs. control (Figure 8, n=3/group, p<0.01)
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Figure 8. mRNA analysis of AAV-293 cells transfected with pACMVApIn, pAcTnTApln, or not transfected

and harvested three days post transfection. pAcTnTApln transfected cells show 2800-fold more NRG-13
mRNA expression relative to cells that did not undergo transfection. mRNA expression was normalized

to GAPDH. (n=3/group, p<0.01)

Media Conditioned With Apelin Secreted from Transfected 293 Cells Did Not Show
Increased Proliferation of bEND.3 Cell Line: To determine if the expression cassettes
were producing functional protein, a proliferation assay was performed on the bEND.3 cell
line, which expresses the AP] receptor. Compared to media conditioned on pAcTnTGFP-
transfected cells, the media conditioned on pAcTnTGFP- and pACMVGFP-transfected cells
did not show a significant difference in cell density after three days. All three conditions
were highly proliferative, thus, assay conditions must be optimized to bring down basal
proliferation in order to see a difference from treatment.

Discussion: While in vitro RNA experiments have shown promise with the pAcTnTApln
plasmid, I am unable to show that functional protein is being expressed from transfection
with the plasmid. However, I believe this is more down to the assay conditions than

presence or absence of functional protein. In short, my assay was not sensitive enough to
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detect any proliferation beyond the basal bEND.3 proliferation. As all conditions
proliferated at approximately the same rate, a lower concentration of serum could be used
in the media for the next assay. Alternatively, cells could be treated with a proliferation
inhibitor prior to treatment with conditioned media. Immunoblotting with an anti-apelin
antibody would also be worthwhile to show the presence of protein, although it would not
prove that the protein is indeed functional in causing cell signaling responses upon binding
to AP]J receptors.

As other studies on the effects of apelin in the heart have recently shown, this
protein may hold promise as a therapeutic for heart failure patients. In the previous section
[ described the design of an AAV2-ITR flanked expression cassette for apelin. However, at
this stage, it is too early to comment on its effectiveness beyond its ability to cause an
increase in mRNA transcript in vitro. Further in vitro analysis should be performed before

this cassette is packaged into AAV and tested in vivo.
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