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Summary

The renin angiotensin system is often manipulatéucally for the treatment of
hypertension and heart failure. This pathway isnafor clinical importance and it
thus a major target for therapy. The incidenceavtliovascular diseases continues to
increase worldwide, highlighting the need for néerapies to treat these conditions.
Gene therapy for the treatment of cardiovasculaealies is currently being
developed. Gene therapy is by definition the tresinor prevention of disease by
means of gene transfer. The efficiency of genestearwill determine how successful
the gene therapy application will be. Before thi potential of gene therapy can be
reached, many limitations common to all methodgesfe delivery must be overcome.
The current lack of suitable vectors capable aigdaicing cells of the vasculature or
of the myocardium is a major rate-limiting stept Imay be overcome by increasing
the specificity of gene therapy vectors. This mayabhieved through the isolation of
new viral serotypes that can be developed intoovecbr the creation of new vectors
by the alteration of the tropism of existing ones.

This thesis aimed to assess the effect of ACE2exypeessionin vivo on heart
function and blood pressure. In order to achieveiaa gene transfer, we first had to
identify an efficient cardiac gene delivery vectdiis was approached by the
application of two main techniques; (1) the useluige-display identified peptides to
retarget viral vectors and (2) the comparison gpithrosation of rAAV6 and rAAV9

mediated gene delivery to myocardiimvivoin a rat disease model.

The initial aim of the project was to produce vivattors that are highly efficient and
selective at transducing cells of the cardiovascsystem. Novel targeting ligands,
incorporated into the capsid protein of viral vestmay help to achieve site-specific
gene delivery. Candidate heart targeting peptidestified through phage display, in
which the heart vasculature was probed for heatifip endothelial markers, were
evaluated. Four potential candidates were idedtiis CRPPR, CSGMARTKC,

CRSTRANPC and CPKTRRVPC. All four showed an inceeamsability to home to

the heart when compared to insertless phage. Grovensto be selective for the heart
tissues, these peptides were used to modify Ad39Adnd AAV2 vectors to assess

if they increased the selectivity of these vectorendothelial cells of the vasculature.
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Phage-display derived targeting peptides provedpgisinting in the context of viral
vector retargeting, with the tropism of peptide-nfied vectors remaining

unchanged.

Alternative viral vectors have been developed oent years for cardiovascular gene
therapy as a result of the poor uptake of existiactors. RAAV6 vectors have been
shown to display a powerful natural tropism forlska and cardiac muscle. One of
the most recently identified AAV serotypes is AAMBhich has also been shown to
display cardiac tropic characteristics achievinghhicardiac transduction rates
following systemic injection. Thus we aimed to ittBnan efficient cardiac gene
delivery vector by comparison and optimisation &\/6 and AAV9-mediated gene
delivery to myocardiumn vivo in SHRSPs. Whilst rAAV6 and rAAV9 vector-
mediated gene transfer were both found to be higheiart, rAAV6 vectors were

found to exhibit the most favourable profile fordiac gene delivery.

The incorporation of a transcription-regulating neént that limits transgene
expression to the muscle of interest would reduaesgene expression in non-target
cells. Thus rAAV6 vectors were tested under thetrmbnof a cardiac-specific
promoter to achieve both selective targeting of caydial cells and selective
transgene expression in these cells. The prombtsen was myosin light chain 2v
(MLC-2v), which is abundant in skeletal and cardmagscles and is the ventricular
form of myosin light chain. This promoter has nogéypously been characterised in
rAAV6 vectors. However, disappointingly, we fouricht systemic injection of AAV6
under the control of the MLC2v promoter led to titake, but to no expression of

the transgene in the heart.

Gene therapy vectors have been developed with Itheate aim of efficiently and
selectively inducing appropriate transgene expoasdbr a clinically beneficial
outcome. Therefore, we aimed to assess the eff@dCB2 overexpressiom vivo on
heart function and blood pressure. Overexpressi@s w@chieved through the
exploitation of the cardiac delivery profile of rA% vectors. We demonstrated that
sustained (11 week) rAAV6-mediated ACE2 overexpogssn the SHRSP exerts

detrimental effects on cardiac structure and fumctwhilst increasing basal NO
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bioavailability, suggesting both positive and negateffects of overt ACE2

overexpressiom Vivo.

Through the comparsion of gene delivery vectorsough different genetic
approaches, this thesis identified a suitable chtdivector for targeted gene delivery
to the myocardium of the SHRSP. This vector, rAAWE&s used in an appropriate
disase model to define the effects of overexpresd ACE2, an important
pharmacological target. The findings of this hawveniense cardiac pharmacological

importance.
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Introduction

1.1 Gene Therapy

Advancement in the understanding of molecular fewtcs has allowed the
development of novel treatments to prevent and tremy diseases. Gene therapy is
one of these novel strategies and involves thevelgliof genes into a host’s cells to
express a therapeutic gene and ultimately achiereeflrial effects. The science
behind gene therapy was first shown possible in71@%en the thymidine kinase
(TK) gene was transferred into TK mammalian cells (Wigler, Silverstein et al.
1977). The genetic deficiency of these cells wasected by the transfer of a single
copy of a functional copy of the TK gene (Andersé&iiljos et al. 1980).In vivo
expression in a mouse was soon obtained usingethaviral vector N2 expressing
the NeoR marker gene (Eglitis, Kantoff et al. 198bhich was then used to tag
tumour infiltrating lymphocytes in the first humalmical trial in skin cancer patients
(Rosenberg, Aebersold et al. 1990).

Originally conceived for the treatment of inheritetbnogenic disorders such as
Duchenne’s muscular dystrophy and haemophilia whyenee replacement should
restore a normal phenotype, gene therapy approamdmeshow be applied to the
treatment of more complex acquired diseases inotudardiovascular diseases and
cancers. A variety of approaches have been dewltpenable this, including the
replacement or correction of missing or functiopathpaired genes, the addition of a
new function to a cell and the inhibition of preteiwith undesirable effects. Gene
therapy has enormous potential to provide novedttnents in areas which are
currently lacking in suitable therapies. Howeveefdoe the full potential of gene
therapy can be reached, many limitations commoalltonethods of gene delivery
must be overcome. The efficiency and selectivitg@fe transfer will determine how
successful the gene therapy application will bes Tan be considered a major rate-
limiting step. In all cases, a ‘vector must be dist® carry the therapeutic or
corrective genetic sequence in order to efficied#iiver it to the patient’s target cells
or tissue in such a way that the gene can be esqulest a beneficial level and for a

suitable duration. Difficulties in achieving sustad gene expression in the target



tissue or cell has resulted in limited clinical béts from gene therapy to date. The
success of gene therapy is restricted by the veldtick of suitable vectors and will
depend on the ability of researchers to addressmebar of still unsolved problems.
This can be approached by either the isolation e wiral serotypes that can be
developed into vectors or the creation of new wschy the modification of existing

ones.

1.2 Current Status of Gene Therapy
Developments in the field of gene therapy have brapid. Since 1990, over 1300

clinical trials have been approved worldwide (wwavigorybodies.doh.gov.uk) with
11.5% of these being conducted in the UK (www.witeyuk/genmed/clinical). The
majority of clinical trials are for the treatment @ancers (66.5%), with the second
biggest field in gene therapy being for the treathwé cardiovascular diseases (9.1%)
(Figure 1.1). Viral vectors remain the current westof choice. In 1990, the first
clinical trial of human gene therapy to correct tgenetic disorder adenosine
deaminase (ADA) deficiency in two children was iatiéd (Blaese, Culver et al.
1995). Retroviral-mediated transfer of the ADA gemto T-cells led to the
normalisation of immune responses, both cellular lammoral, and demonstrated for

the first time the enormous clinical potential ehg therapy.

In 2006, the success of a clinical trial to treatignts with progressive metastatic
melanoma was reported (Morgan, Dudley et al. 20R8jrovirus vectors encoding a
T-cell receptor were used to genetically enginesnippieral blood lymphocytesx
vivo. These transduced cells were then re-infused th® patients. Tumour
recognition abilities were conferred onto the aagolus lymphocytes and caused the
destruction of tumour cell:n vivo. All 15 patients tolerated the engraftment of
lymphocytes for at least 2 months post-infusionpatients were found to have
maintained a high level of genetically modifiedlselt 1 year post-infusion and both
these patients displayed regression of metastatiamoma lesions, as assessed by
standard criteria. This trial is an example of sstully bringing treatment from the

laboratory to the clinic.



Indications Addressed by Gene Therapy Clinical Trials "ﬂ\'

Cancer diseases 66.5% (n=871)
Cardiovascular diseases 9.1% (n=119)
Monogenic diseases 8.3% (n=109)
Infectious diseases 6.5% (n=85)
Neurological diseases 1.5% (n=20)
Ocular diseases 0.9% (n=12)

Other diseases 1.6% (n=21)

Gene marking 3.8% (n=50)

Healthy volunteers 1.7% (n=22)

900000 ®

The lournal of Gene Medicane, © 2007 lohn Wiley and 5Sons Ud www, wilay.co.uk/genmed/ clinical

Figure 1.1 Gene therapy clinical trials.
Disease targets for gene therapy presented asparpam of ongoing clinical trials.
Data taken from www.wiley.co.uk/wileychi/genmedhatial

Additional positive results can be seen in themepbase | clinical trial of 12 patients
to check the safety and tolerability of an AAV2 tacfor use in the treatment of
Parkinson’s disease (Kaplitt, Feigin et al. 200/Me AAV2 vector used in the trial
expresses the glutamic acid decarboxylase (GADe gamd has generated some
encouraging results (Kaplitt, Feigin et al. 200i)e vector was injected into one side
of the brain and delivered to the subthalmic nuglevhere it expresses GAD, which
in turn catalyses the synthesis of the inhibitoeymotransmitter gamma-aminobutyric
acid (GABA). The neurotransmitter acts to reduce #ttivity of neurons in the
subthalmic nucleus, which are found to be increasddarkinson’s disease patients.
At one year follow up, all 12 patients were founddemonstrate an average clinical
improvement of 25%, as rated by the Unified Pakrs Disease Rating Scale

(UPDRS). Importantly, no adverse effects or suligthtoxicity were reported.

In 1999 however, the field of gene therapy suffexedajor setback with the first gene

therapy related fatality attributed to an inflamorgtreaction to an adenovirus vector



(Hollon 2000; Raper, Chirmule et al. 2003). Thisswhe death of an 18 year old
patient who received treatment for the liver disorebrnithine transcarboxylase
deficiency (OTCD), an X-linked defect of the uregcle in which nitrogen
metabolism is affected, leading to a spectrum afrolegical symptoms including
seizures and mental retardation. He was admindstardigh dose of an E1, E4-
deleted recombinant adenoviral vector and died ys dater from multiple organ
failure. 17 other subjects were recruited onto thiel, with this patient being the
second to receive the highest dose (Raper, Yudakdadf. 2002). In the other patients,
clinical reactions to the administered vector wemgd and transient, with none
reporting the systemic inflammatory response expeed by Gelsinger. Several rules
of conduct were found to have been broken by ttssl leesearchers however,
including the failure to report the death of morkeyven similar treatments, in the
informed consent discussion, failure to immediatelyort severe side effects in two
other patients and the inclusion of Gelsinger th clinical trial with high ammonia

levels (www.fda.gov).

In 2007, a 36 year old woman died during a phdssdfety trial for the treatment of
rheumatoid arthritis (Kaiser 2007). AAV vectors esgsing a tumour necrosis factor
a (TNFa) inhibitor were injected directly into the kneenjpof the patient. After, the
second injection, the woman developed an illnessiwtesulted in her death 22 days
later. The trial was immediately stopped, althodlgé role of gene therapy in her
death remains unclear. It is thought that she dged result of a fungusiistoplasma
capsulatun infection. Because she was also found to be pesitir herpes simplex
virus (HSV), it was reasoned that it was possibkt HSV proteins had allowed for
the replication of the AAV virus, which resulted @ weakening of her immune
system. However, the recombinant DNA advisory cotte®i(RAC) found very low
levels of AAV vectors in non-target tissues, makihg possibility of AAV playing a
role in her death highly unlikely. Another possitlilis that the gene encoded by the
AAV vectors interacted with the drugs that she wagng for the treatment of her
arthritis. Since the trial began in 2005, 127 scigidiave been recruited onto the trial,
with this case being the only reported adverseceffguestions have been raised as to
her involvement in the clinical trial. Her diseasas not classified as life-threatening
and it would seem that she was not well informetbake potential clinical outcomes

of a phase I/ll safety trial. And so the role génerapy played in her death remains



ambiguous, leading to further investigation of AActor safety (Kaiser 2007) and

highlighting the importance of good trial design.

These failures can be offset with the positive Itesobtained from more successful
trials. Despite these promising clinical trials lemsr, no gene therapy vector has yet
been licensed in the UK as a viable treatment. Weweseveral phase Il clinical
trials for cancer gene therapies (pancreatic, ptesind renal) have commenced and
so the goal of gene therapy as a therapeutic tegdti® within sight.

In the UK there exists a gene therapy advisory ctateen(GTAC) to approve clinical

trials of gene therapy products. This committeesaers the potential benefits and
risks of proposed clinical gene therapy trials,alhmust reach strict ethical criteria to
be approved. Such advisory boards exist to lingtghtential dangers associated with

gene therapy as a clinical application.

1.3 Justification for gene therapy for cardiovascul ar disease

Cardiovascular diseases (CVD) remain the leadingeaf mortality and morbidity
in both men and women in the western populatibme main forms of CVD are
coronary heart disease (CHD) and stroke, but tha iaecludesany diseases that
involve the cardiovascular systedin estimated 2.6 million people have CVD in the
UK, accounting for over 216,000 deaths in the UKR004.More than one in three
people (37%) die from CVOwww.bhf.org.uk). Heart failure can be defined as a
condition which leads to the heart being unableneet the systemic demands for
blood flow throughout the body. It can be as a ltesuany structural or functional
disorder that impairs cardiac capabilities, and baninduced by a wide range of
common diseases including hypertension, valvulaufiiciencies and myocardial
infarctions. The prognosis from heart failure i9poA 50% death toll within 5 years
is estimated for patients with mild to moderaterhéslure, and 50% within 2 years
for those with severe heart failure (Hobbs 2004rdiac hypertrophy is one of the
heart’s first responses to an abnormal increasstriess. During this remodelling
process, cardiac myocytes will increase in lengtth width in order to thicken the
wall of the heart to normalise ventricular wall $&@mn. Hypertrophy can occur in
either the right or the left ventricle, with lefentricular hypertrophy (LVH) having



the highest occurrence. Although hypertrophy caitially be considered a
compensatory mechanism to myocardial stress, inldhg-term this process can
become pathological and thus predispose an indaVittuheart failure. The ventricle
can become stiff leading to impaired filling andstolic dysfunction.

Available pharmacological treatments for CVD andrhdailure include prescription
drugs, such as diuretics, lipid-lowering and armgdryensive therapies. Statins
(otherwise known as 3-hydroxy-3-methyl-glutaryl-oegme A (HMG coA)
reductase inhibitors), are a class of hypolipideagents used to lower low density
lipoprotein (LDL) cholesterol levels. Statins haalso been shown to have pleiotropic
effects and have demonstrated anti-inflammatoradl2002) and cardioprotective
abilities (Schafer, Fraccarollo et al. 2005), asllwas an association in the
improvement of diastolic dysfunction (Fukuta, Sahel. 2005). As such, the use of
statins in reducing the incidence of major cardigents in coronary artery disease is
well established (Shanes, Minadeo et al. 2007). ¢él@w the use of statin therapy for
patients with congestive heart failure remains i@varsial. Lower serum levels of
cholesterol has been shown in some studies to $mciated with a worse clinical
prognosis (Rauchhaus, Clark et al. 2003). Antijgatagents (predominantly aspirin)
are another class of drug used in the primary ocorsgary prevention of thrombotic
cerebrovascular or cardiovascular disease. Theyrfane with platelet aggregation
helping to prevent the formation of blood clotsdams such have been shown in
randomised trials to reduce the risk of myocardidrction, stroke and transient
ischemic attack (TIA) (Grundy, Cleeman et al. 2004ctivation of platelet
aggregation via pathways not blocked by antiplatafgents can occur. Antiplatelet
drugs are also often associated with hemorrhagie sifects, although the benefits
are considered to outweigh the risks for most p&isvhose 10 year risk s 10%
(Grundy, Brewer et al. 2004).

Coronary revascularisation operations may be reduis CVD progresses and
worsens Coronary artery bypass surgery (CABG) grafts a thleessel from the
chest, leg or arm to the aorta and attaches hdacbronary artery at a place beyond
the existing blockage so as to bypass a narrowddboked coronary artery. It is one
of the most frequently performed surgeries withragpnately 30,000 operations per

annum being carried out in the UK (www.heartstaitg.oCABG can improve the



previously restricted blood flow to the heart anthvthe ultimate goal of reducing the
risk of future heart attacks. A randomised trialctompare surgically and medically
treated patients with systolic dysfunction and &ult heart disease showed that
CABG-treated patients had a significantly lower tabty for up to 10 years
(O'Connor, Velazquez et al. 2002). Vein graft faglis a significant clinical problem
with 15-30% of all vein grafts failing within oneegr of surgery and 50% being fully
occluded after 10 years (Mehta, Izzat et al. 198501 and Dashwood 2002). Thus

several patients will require repeat surgeriesidher reintervention in the future.

Percutaneous coronary interventions (PCI) encompasg/ non-surgical procedures,
including balloon catheter angioplasty and stersic@inent, for the treatment of
patients with coronary narrowing. Over 70,000 P&1ts carried out each year in the
UK (www.heartstats.org). The main purpose of a BRGb re-establish blood flow to
the heart by diminution of the impeding blockageuribg balloon catheter
angioplasty, a cardiac catheter with a balloon adatiis inserted into the narrow area
of the coronary artery where it is inflated. Thiggansion presses obstructing plagues
against the wall of the artery, augmenting the ®ldow through the artery.
Angioplasty may be followed by the intravasculampiantation of a metal stent to
prevent constriction of the artery. Stents arerttivogenic, requiring the use of anti-
coagulants, and are also associated with highks o complications and a longer
hospital stay than angioplasty alone. Coronaryeresis is another major problem
that is associated with both PCI and vein graftRgstenosis occurs in 30-50% of all
angioplasty interventions and in 10-30% of patieeteiving an intravascular stent
(Weintraub 2007). Drug-eluting stents which areussied with drugs that prevent
vascular smooth muscle migration and proliferatttave been shown to reduce
restenosis after PCIs (Degertekin, Regar et al326@jadet, Morice et al. 2005).
However, there is a higher risk of late stent thposis and myocardial infarction in
patients receiving drug-eluting stents in comparigometal stents (Jensen, Maeng et
al. 2007). These risks must be considered agaiesimiproved clinical outcomes to

conclude whether the risk outweigh the benefits.

Despite advances and improvements in treatmermsnéidence of CVD continues to
increase worldwide. Additionally, many patients amet candidates for these

traditional treatments and thus there is a requergnfor new therapies to treat



conditions such as atherosclerosis, hypertensiann \graft failure and post-
angioplasty restenosis. Gene therapy for the trewmitrof CVD is currently being
optimised and evaluated.

1.4 Therapeutic genes for cardiovascular diseases

The end point of any vector development study isxpress a gene that will exert a
therapeutic effect, and recent advances in genoamck proteomics may help to
achieve this. With the identification of genes ilwaal in CVD and the assignment of
function to genes, the potential to translate thiermation and identify potentially
therapeutic genes is high. There are many potegéiaés to be studied which may
have therapeutic benefit. Genes to be studied diecthose implicated in CVD. For
the treatment of heart failure, genes such asahlmsndoplasmic reticulum calcium
ATPase pump (SERCA2a) may be targeted, whilstHertteatment of hypertension
components of the RAS may be investigated. For ititeiction of therapeutic
angiogenesis, angiogenic factors such as vascuotiotieelial growth factor (VEGF)
and fibroblast growth factor (FGF) may be manipedat

One of the most common groups of genes studieduderin cardiovascular gene
therapy is the group of genes encoding growth factmcluding VEGF and FGF.
VEGF production is induced in response to a nunobeatimuli, such as hypoxia. Its
activity can result in a revascularisation procésmwn as therapeutic angiogenesis
(Josko, Gwozdz et al. 2000; Lee, Rentz et al. 20@®pugh the induction of
endothelial cell proliferation. Being an angiogefactor, and thus having the ability
to induce the formation of new blood vessels frém éxisting vascular bed, makes
VEGF an ideal gene to overexpress in the conteidabiemic vascular disease. Direct
injection of human VEGF cDNA into the muscles otigats with ischemic limbs
lead to increased blood flow to the limbs, and ubsequent healing of ulcers and
cessation of associated pain (Baumgartner, Pieezelt. 1998; Shyu, Chang et al.
2003). However, some experiments have demonstratieat unregulated
overexpression of pro-inflammatory and vasculammabiliser VEGF can lead to
detrimental effects, including hypotension and rtith) and so an element of

transcriptional control needs to be included. AA¥ctors expressing the VEGF



transgene under the control of hypoxia responsenariess (HRE), induced gene

expression in ischemic mouse heamtsivo (Su, Arakawa-Hoyt et al. 2002).

The absence of heme oxygenase (HO)-1 has beercatgdiin the exacerbation of
atherosclerosis, demonstrated by accelerated and mdvanced atherosclerotic
lesion formation in HO-1 deficient mice (Yet, Layakal. 2003). Retroviral-mediated
overexpression of HO-1 in the spontaneously hypsite rat resulted in the
attenuation of hypertension (Sabaawy, Zhang &Qfl1), whilst adenoviral-mediated
HO-1 gene transfer prevented the development @rasiclerosis in apolipoprotein E
(apoE) deficientmice (Juan, Lee et al. 2001). Adenoviral mediate®-H
overexpression has also been shown to attenuateretimedelling response to
experimental vascular injury (Tulis, Durante et 2001). The many advantageous
effects of this gene make it an important noveyje¢arin the treatment of vascular

disease.

The potential of gene therapy in the treatment ygeitension, a relatively poorly
understood condition, has also been explored.dNixide (NO) has been shown to
play an important role in vascular smooth musclaxagion, to dilate the vessel and
increase blood flow. It has also been shown tmaatardiac muscle to decrease heart
rate and contractility and is synthesised by nimikdde synthase (NOS). Many
vascular diseases are influenced by a reductiddQnbioavailability. Gene therapy
approaches aim to increase NO bioavailability t@riowe vascular function. Direct
injection of a plasmid carrying the humandothelial NO synthase (eNOS) fused to
the CMV promoter significantly reduced systemic damlo pressure in the
spontaneously hypertensive rat (SHR) and was sestdor 5-6 weeks (Lin, Chao et
al. 1997). In vitro, adenoviral-mediated expression of eNOS and INGf h
antiproliferative and antiangiogenic effectsmorcine coronary artery smooth muscle
cells (PCSMCs) (Sato, Nair et al. 2009t vascular smooth muscle cells (Kibbe, Li
et al. 2000), human coronary artery smooth musells (HCSMC) and on human
umbilical vein endothelial cells (HUVEC) (Cooneyymés et al. 2006). NOS is just
one of the many genes that have beneficial effent®&ndothelial function and on
blood pressure. Other vasodilatory promoting genelside atrialnatriuretic peptide
(ANP), human kallikrien (HK) and bradykinin, andeabeing investigated for their

role in the treatment of cardiovascular diseases.



1.5 Requirements of a gene delivery vector

A multitude of vector systems, both viral and ngmal, have been assessed as tools
for delivery of genes into cells, all requiringleetapeutic gene product coupled with
an efficient vector for successful transgene exgioes It is unlikely that a generic
vector would be suitable for use in all circumsEs)ogene expression is required in
different target tissues for varying lengths ofdifior different conditions. All vectors
will share inherent properties, allowing them to belective and efficient at
transducing their target cell or tissue. The sapebfile of a vector is important and so
much focus has been applied to developing vectdts low toxicity (Huang, Liu et
al. 2007). To avoid eliciting host immune responsedack of immunogenicity is
desirable and would also allow the re-administratad a vector if required. The
induction of immune response is particularly a ting factor for adenovirus vectors
based on serotype 5 (Ad5), which have been showarget dendritic cells and some
monocytes mediated by a putative heparin-sensiégeptor recognized by a distinct
segment of the AdS5 fiber, the shaft (Cheng, Gallakt2007). The removal of
virulence genes in viral vectors may help to lihmist defences (Morral, O'Neal et al.
1999; Barcia, Jimenez-Dalmaroni et al. 2007). Viectapable of sustained transgene
expression would avert the problems of vector neiatstration; however some gene
therapy application may only require transient $geme expression. Vector
production must also be scalable resulting in higbtor concentrations. To date, no
one vector possesses all of these qualities, ajthooany steps are being made to

overcome these hurdles.

The different types of vectors being researched lwaadly be divided into two

categories, non-viral and viral vectors. The depelent of viral vectors seems more
promising than that of non-viral vectors, as in emah non-viral vectors are very
inefficient (Nishikawa and Huang 2001). Non-viractors have no mechanism with
which to cross cell membranes or traffic the igegcDNA into the nucleus of the host
cell (Lechardeur, Sohn et al. 1999; Johnson-Salifih Jans 2001). As a result of
many viruses naturally replicating in the nucledistheeir host, they have evolved
highly specialised mechanisms to allow efficientlear translocation (Whittaker,

Kann et al. 2000). Thus viral vectors will medidtegher levels of transgene

expression. Nonetheless, higher efficiency comabeaprice of a higher safety risk
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than non viral vectors. Another important propddybe considered is the vector’s
capacity for transgene insertion. In viral vecttns is determined by the amount of
genome that can be removed whilst preserving veafectivity, whilst non-viral

vectors generally have a large capacity for tranegeEach vector system has its own

advantages and disadvantages, depending on itsledause.

For cardiovascular gene therapy, work has focusedhe development of vectors
with the ability to transduce either the cellsloé vasculature (endothelial and smooth
muscle cells) or of the myocardium. To increasecijpéy of vascular gene therapy
vectors, methods of tropism alteration and incaapon of cell-specific promoters
can be applied (Wickham 2000; Reynolds, Nicklimlet2001; Barnett, Tillman et al.
2002). There is a need to modify native virus tsapito improve efficiency of

transduction of vascular cells particulairyvivo.

1.6 Ex vivo and in vivo gene delivery for CVD

Genes are delivered either through viral vectonspmviral vector or through direct
delivery of naked DNA. These approaches are basesvo major conceptEx vivo
andin vivo delivery. Inex vivocell based gene therapy, autologous cells or tiaseie
harvested from a patient and incubated with thetovecarrying the desired
therapeutic gene. The genetically modified cellsissue is then re-introduction into
the patient. Re-introduced cells or tissue willregs the transgene and usually at high
levels. Due to the lack of effective pharmacolobicaerventions, this method is
being developed for gene therapy of vein grafufailduring coronary artery bypass
surgery (CABG). CABG surgery is performed on paserwith significant
atherosclerotic narrowing and blockages of theriagpthese arteries are bypassed by
the grafting of arteries or veins from other patghe body. CABG allows for the
incubation of the graft vessel with a gene therapgtor prior to coronary grafting.
Late vein graft failure is a common clinical prabldCampeau, Enjalbert et al. 1983;
Davies and Hagen 1994) and occurs due to neointomaation and accelerated
atherosclerosis; a process in which a role for imd@grading matrix
metalloproteinases (MMPs) and neuronal nitric oxgyamthase (NNOS), amongst
others, has been implicated. Tissue inhibitor otafth@proteinase-3 (TIMP-3) has
been shown to inhibit MMP activity and promote ajosgs thus inhibiting
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progression of neointima formation associated vatlke vein graft failure (George,
Lloyd et al. 2000). Adenovirus overexpressing TIg@Ikas been used in a pig model
during bypass surgery, in which the autologous sapheneirs was interpositioned
into the carotid artery, and was shown to signiftbainhibit neointima formation in
comparison with uninfected and control virus veBnilarly, adenovirus mediated
overexpression of nNOS was shown to induce beéfieffects on vein graft
remodelling and improved endothelial function (We%Qian et al. 2001),
demonstrating the potential of this technique. $gmme expression in non-target
tissue is limited by thiex vivomethod as well as unwanted immune responses by the

removal of excess virus.

Another approach foex vivogene delivery has been in the treatment of familia
hypercholesterolemia (FH), in which patients haveldiciency of low density
lipoprotein receptors (LDLRs). For this approachitotogous hepatocytes were
harvested and transduced with recombinant retregguexpressing LDLR. The
hepatocytes are genetically correcedvivobefore being transplanted back into the
patient. This technique has been validated in tabimdels of FH (Chowdhury,
Grossman et al. 1991) and in patients (GrossmaderRet al. 1995), both showing
persistent and significantly reduced levels of Lbholesterol. Howeverex vivo
approaches are limited to largely invasive surgporacedures and to tissues and cells
that can easily be removed from the body and tleimplanted. Thus its clinical
applications are severely limitelh vivo gene delivery may be able to help overcome

this limitation, although it faces many challengé#s own.

Forin vivo gene delivery the vector is either administeredddly into diseased tissue
within a patient (local delivery), or is systemigatielivered and thus targeted to the
site of action by the vector. Success lies in th#ita of the delivery vector to
transduce cells and utilise the host cells' maciiiteeproduce the desirable transgene
product. The route of administration has a majfiuénce on the ability of the vector
to transduce various cells and tissues. Local dglivnay be used in the absence of
suitable systemically deliverable vectors, where threct injection of vector will
ensure efficient transduction of target cells waiatible by systemic administration.
Localin vivodelivery methods can either be through direct inpecinto the tissue of

interest, or can utilise catheter-mediated genesteat techniques (Sasano, Kikuchi et
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al. 2007) or perfusion during cardiopulmonary byp#Bridges, Burkman et al.
2002). Local delivery, either through cathetersecti injection or surgical procedures
can avoid the need for the delivery vector to cith&sendothelial barriers and will
result in high levels of the vector in the targssue (Schwarz, Speakman et al. 2000).
Intramyocardial injection of rAAV2 vectors was usdd achieve beneficial
therapeutic effects in rat ischemia/reperfusion edand demonstrated highly
selective transduction of myocardial tissue (Melgrawal et al. 2002). Infusion-
perfusion catheters have been used in the confeptevention of restenosis after
coronary angioplasty. In this case, either ademgviexpressing human vascular
endothelial growth factor 165 (hVEGs) or plasmid-liposome complexes containing
the hVEGHgs5gene were delivered directly into the artery. Hoarewn both groups
there was no significant change in lumen diameteiinoclinical restenosisate
compared to the control group (Hedman, Hartikairetnal. 2003). A surgical
technique to improve the efficiency of gene delvevolves treating the heart with
permeability agentdgn vivo. This involves simultaneously clamping all vessels
to/from the heart and then the continuous retrog@etfusion of the heart through a
catheter positioned in the aortic root (O'Donneid a_ewandowski 2005). This
technique also allows for a washout phase to eltsirany excess virus, which
ultimately will reduce the infection of peripheradsues. Local delivery of vectors
can result in leakage of transgene expressionaititer non-target tissues (lkeda, Gu

et al. 2002; Champion, Georgakopoulos et al. 2003).

Systemic delivery makes use of the bloodstreametivet therapeutic genes and is
used extensively for liver gene transfer. It is titilenate goal for many gene therapy
applications as it is, in concept, a simple and-imeasive route for delivering
therapeutic genes. Many cells and tissues rematteéssible to local administration.
However, the challenge with this approach is thatlilody has evolved many highly
specific techniques to remove foreign particles pathogens from the bloodstream.
Existing vectors for systemic gene transfer remiagffective at delivering genes to
the vasculature and to the myocardium, as a re$uiver sequestering after vector
administration. Sequestration in the liver is aonéimitation of Ad vectors, which to
date are mainly based on serotype 5 (Huard, Lodemet al. 1995; Mizuguchi,
Koizumi et al. 2002). Ad5 virus is known to interac vitro with CAR, however, it

was soon discovered that ablating CAR binding aldite not change the hepatic
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tropism of these vector® vivo (Alemany and Curiel 2001; Nicol, Graham et al.
2004), and suggests the use of alternate receptbwpysin vivo by Ad5 vectors.
This hepatic tropism limits the use of systemictesuwf delivery to gene therapy for
liver disorders or for the delivery of soluble faxdt. Advances in vector technology
and development are helping to overcome this niagorier. Some AAV serotypes
have been recently been shown to efficiently ctbgsblood vessel barrier and as
such can be intravenously injected (Blankinshipedgérevic et al. 2004; Pacak, Mah
et al. 2006). The major limitation of the use oégh vectors is that other non-cardiac
organs may also be targeted. Transductional am$dr@tional targeting strategies
can be used to improve transgene expression ahspeglificity. This is discussed in

detail later (section 1.9).

1.7 Non-Viral Vectors

Non-viral vectors account for approximately 25%tloé clinical trials currently in
operation (www.wiley.co.uk/genmed/clinical). Themgpilest form of the vector is
naked plasmid DNA encoding for the gene of inteasst can be directly injected into
the target tissue. Non-viral vector gene delivexyhowever highly inefficient with
levels of transduction being significantly lessrthiaose achieved by viral vector gene
delivery. Strategies to improve the delivery oktliector can be categorised into two
general groups; (1) the association of the DNA wvather molecules, and (2) the
application of physical energy to aid cell entryotigh the cell membrane (Table 1.1).
The major problems of non-viral vector deliverylude the interactions of the vector-
DNA complex with blood plasma proteins and non-¢aucglls, and entrapment within
endosomes from which the vector must escape. Omsidei the target cell, the
challenge of resisting non-specific cytoplasmicrdegtion and passage through the
final physical barrier of the nuclear envelope itite nucleus must be faced (Johnson-
Saliba and Jans 2001). Additionally, plasmid DNAttheaches the nucleus remains
extrachromasomal and so is not usually replicatetisithus lost during break-down
of the nuclear envelope at mitosis (Niidome and igua002). Consequently, recent
studies have focused on the development of spedakigned vectors which have
reduced affinity for intracellular proteins and lor surfaces (Ogris, Brunner et al.
1999; Kursa, Walker et al. 2003) and on mimicking properties of viruses that will
allow the non-viral vector to be maintained andiogpe in the nucleus of target cells.
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Method of gene transfer

Advantages

Disadvantages

Physical Hydrodynamic injection Potent gene transfer in internal organs Gene wamsbstly restricted to the liver
Bioballistic (gene gun) Large capacity for DNA (>&6) Shallow penetration of DNA into the tissue
High transfection efficiency Short duration of gene transfer
Dependent on cell line used
Ultrasound Low invasiveness Relatively short duration of gene expression
Non-toxic
Chemical Liposomes Large capacity for DNA (>20 kb) Low transfer efficiency in comparison to viral vexs

Lack of immunogenicity
Broad tropism

Poor efficiency in transduction of non-dividing lsel

Polycation DNA complexes

Safein vivo

High transduction efficiencin vitro

Instability
Cleared rapidly from blood stream

Non-specific interactions with other proteins

Peptide DNA complexes

Low toxicity

Low immunogenicity

Conjugation reactions may reduce biologi

activities of the proteins and peptides

cal

Table 1.1Characteristics of non-viral gene delivery techegju
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As plasmids contain no proteins to interact withutar receptors, physical methods
of gene delivery can be applied to bring the veottw closer proximity with the cell
membrane or to temporarily disrupt the cell memeraraking it permeable to the
DNA, thus allowing access into the cell. Potenyiathe use of non-viral vectors
offers several advantages over the use of viratovecincluding ease of mass-
production, low theoretical risk of insertional ragénesis, lessened immunogenicity,
and a lower risk of unwanted transgene expressitissues other than those targeted.
However, the clinical applications of non-viral ¥@s remain impeded by their low
efficiency of transfection and transient way of egsion of the introduced genes.
Producing sustained gene expression and potemtidktia efficiency of delivery

remains a goal of non-viral gene therapy applicetio

1.8 Viral Vectors

Viruses are pathogenic agents and the etiologiaates of disease. Viruses infect
cells and take over host cellular machinery to qregitially express their own viral
genes. They have evolved highly specialised meshanito enable them to insert
their genomes into target cells, making viruses id®al candidate to deliver
therapeutic genes to mammalian cells. In a direotparison of gene transfer vectors
for myocardial gene transfer, recombinant (E1-/E@¢novirus, recombinant adeno-
associated virus and recombinant (ICP27-) herpaplsk virus all exhibited robust
transgene expression, whilst uncomplexed and comeglaaked DNA displayed very
limited expression (Wright, Wightman et al. 200Ihe efficiency of viral vectors can
be attributed to the viral proteins that engagehwill surface receptors and in the
trafficking of the genome to the nucleus (Roelvink, Lee et al. 1999; Ding, Zhang
et al. 2005). However, low level expression of Mganes can often evoke an adaptive
immune response, and as such the host would desteoyirus and any therapeutic
DNA it was carrying (McConnell and Imperiale 200AH vectors in particular evoke
strong immune responses and upon administrationactimate an innate immune
response mediated by the viral particle itself (Mo@ell and Imperiale 2004). This
type of immune response is not specific and is diateclearing the body of foreign
particles, being the first line of defence. Afterel gene transfer, rapid clearance of
the vector by cellular elements of the innate imentgsponse involves Kupffer cells
(Worgall, Wolff et al. 1997), the activation of tlassical arm of the complement
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pathway (Cichon, Boeckh-Herwig et al. 2001) andirdlammatory response. This
ultimately results in the induction of the adaptisalular response which activates
cytotoxic T lymphocytes (Muruve 2004). B cells dteen activated during the
humoral response, which can result in the prodoaioneutralising antibodies and so
eliminate the option of vector re-administrationy BEmoving genes necessary for
viral replication to provide space in which to irts®reign genes of interest, viruses
can be manipulated to express these foreign gemesny cells that the virus
transduces. This would also help to minimise hosmune responses. These
recombinant vectors are thus replication deficietd in order to produce such
vectors, the replication genes must be providedrans either integrated into the

genome of the packaging cell line or on a plasmid.

In principle, any virus can be used as a vectorADNuses were the first to be
developed for such purposes, due to the ease @tigemanipulation of the viral
genome or the use of homologous recombinationderira gene of interest into the
vector. The discovery of reverse transcriptase igem/ the means to produce
complementary DNA (cDNA) from mRNA, which in turrdl@ved cDNA cloning
and hence the use of RNA viruses as vectors. Tdreréve main classes of clinically
applicable viral vectors being studied for cardsmudar applications; retroviruses,
lentiviruses, herpes simplex viruses (HSV), adenmés (Ad) and adeno-associated
viruses (AAV), a summary of which can be seen ibl&al.2. These five vector
classes can be further subcategorised according/hiether the vector genome
integrates into the host chromosome or exists @ttramosomally (Thomas,
Ehrhardt et al. 2003). Integrating vectors are @ased with an increased risk of
oncogenesis (Hacein-Bey-Abina, von Kalle et al.®0@lthough careful engineering
can be applied to minimise these risks. For exanthke engineering of vectors that
integrate into a predetermined site could allonglberm transgene expression whilst
preventing the detrimental effects through inappete integration (Kay, Glorioso et
al. 2001). Since each vector system has its owquenset of properties, one vector
may be preferential above another in a particugtiing and will determine its range

of uses in gene therapy.
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Vector Ability to Transgene | Tropism Immune Longevity of Reference
Integrate Capacity Response transgene
Activation expression
Retrovirus Yes 9 kb Dividing cells only Minimal Yes (Kay, Gloso et
al. 2001)
Lentivirus Yes 9 kb Dividing and non-dividing | Minimal Yes (Zennou, Petit et al
cells. Ideal for endothelial 2000; Dishart,
cells. Denby et al. 2003)
Herpes Simplex No 25 kb Dividing and non-dividing | Minimal Yes (Latchman 2001)
Virus-1 cells. Natural tropism for
neuronal cells.
Adenovirus (Ad) | No 36 kb Dividing and non-dividing | Yes Transient (McConnell and
cells. Imperiale 2004)
Adeno-associated | Yes 4.6 kb Dividing and non-dividing | Minimal Upto 1.5 years| (Hermonat, Quirk

Virus (AAV)

cells.

et al. 1997; Xiao,
Chirmule et al.
1999)

Table 1.2Characteristics of viral vectors for use in gererdipy.
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1.8.1 Retrovirus

Retroviruses were the first viral vectors to beduge human gene therapy (Nabel,
Plautz et al. 1990) and approximately 25% of theldi® gene therapy clinical trials
use retroviruses as their platform vector (www.wib®.uk/genmed/clinical).
Retroviruses can be further subdivided into oncowetuses, lentiviruses and
spumaviruses, all of which are being developed gene therapy applications to
varying extents. Retroviruses are small envelopBid\ Riruses, which replicate via
an integrated DNA intermediate by the actions & #émzyme reverse transcriptase.
The viral genome is approximately 10 kb, comprisoigat least three genegag
(group specific antigens)yol (reverse transcriptase) armahv (the viral envelope
protein). These viral genes are flanked by longnieal repeats (LTRs) which are
required for integration into the host genome aontrol viral gene expression. The
genome also contains a packaging sequence thatsaitao be distinguished from
other RNA in the host cell (Verma and Somia 1997).

Retroviral vectors have all their viral genes reemand replaced with the transgene
of interest, and thus rendering them replicatia@empetent (Young, Searle et al.
2006). Not only does this help to prevent the atitin of an immune response against
viral gene products, the removal of viral genes @ilmctions to improve the safety of
these vectors as it will significantly reduce thesgibility of recombination with wild
type retroviruses (Dull, Zufferey et al. 1998). Pis their wide use as gene delivery
vectors, the small genome of retroviruses allowsofdy 9 kb of foreign sequence to
be inserted. Production of high-titre preparatioreqjuired for gene therapy
applications is problematic. Retroviruses are adaset with low efficiency gene
transfer owing to their inability to deliver gerntesnon-dividing cells (Miller, Adam et
al. 1990). Their need to infect replicating cellailtl be advantageous in the targeting
of rapidly replicating cells for use in cancer dqgy. However, their utility as gene
delivery vectors, in particularly for vascular aipptions is severely limited as they
are not able to infect normal vascular cells, eukar endothelial and smooth muscle
cells have low mitotic rates (Gordon, Reidy etl&l90). These inefficiencies have led
to the development of lentiviral vectors which aepable of infecting both dividing
and non-dividing quiescent cells (Lewis, Hensealetl992; Tsui, Kelly et al. 2002;
Dishart, Denby et al. 2003).
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The genome of retroviruses is capable of integnaitibo the host's genome through
the actions of the virally encoded integrase enzyand will subsequently replicate as
part of the cell's DNA, leading to the potentialr flong-term expression of a
transgene. However, this integration is not sitecit and subsequently this vector
has many safety concerns associated with it. Wh#stome integration is not site-
specific, it has been shown to take place recugremtgene rich areas, particularly
near the start of transcriptional units (Wu, Liaét 2003). Random insertion of an
LTR sequence adjacent to a cellular proto-oncogeme lead to inappropriate
expression of a protein involved in cellular redgwia. Random insertional
mutagenesis could also disrupt a tumour suppregesoe potentially leading to
dysregulation and a malignancy. The safety concessociated with the use of
retroviral vectors has been demonstrated in X-lihkesevere combined
immunodeficiency (X-SCID) human gene therapy tridls 2000, a clinical trial
carried out in France to treat children with X-SCillustrated the oncogenic potential
of retroviral vectors (Cavazzana-Calvo, Hacein-B#yal. 2000). This study was
based on the use of complementary DNA containirdgf@ctive gamma Moloney
retrovirus-derived vector anek vivotransfer of therc gene intaCD34+ cells. After
10 months the therapy was found to provide susfafindd correction of disease
phenotype demonstrating the unique potential ofegirerapy. However, by 2003,
two out of the ten patients had developed a seadusrse complication consisting of
uncontrolled leukaemia-like clonal lymphocyte pi@iation (Hacein-Bey-Abina, von
Kalle et al. 2003), with a third case of leukaenika-illness being reported in 2005
(Couzin and Kaiser 2005). Two of the three patiemse found to have retrovirus
integration within or within close proximity to tHeMO2 proto-oncogene promoter,
which is associated with childhood leukaemia. Thitegration resulted in the
inappropriate upregulation of the proto-oncogend aroved fatal in one of the
patients (Hacein-Bey-Abina, Von Kalle et al. 2003)However, the beneficial
outcomes in the remaining patients are not to e¥lovked. To date, 17 out of 20
patients in both the Paris and London clinicalld¢riaave had their immune system
restored and has remained functional for over fsyf@aavazzana-Calvo and Fischer
2007).
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1.8.2 Lentivirus

Lentiviruses are a subclass of retroviruses thatadten used in gene therapy. In
particularly, they are being studied and developfed the treatment of
neurodegenerative disorders due to their abiliteffaciently transduce cells of the
nervous system (Mitrophanous, Yoon et al. 1999) rfgyAzzouz et al. 2004). The
lentiviruses used are usually derived from humamuimodeficiency virus-1 (HIV-1)
and so raise many clinical safety concerns. HIV icéegrate into a potentially pro-
oncogenic site or result in germline alteration.ohder to address this issue and to
improve the biosafety of these vectors, significaodification to the HIV-1 genome
can be made (Kim, Mitrophanous et al. 1998). Deltetf accessory genéat, vif,
vpr, vpuand nef led to the production of minimal vectors that @ntonly genes
necessary for replication and packaging, thus mging deleterious effects (Kim,
Mitrophanous et al. 1998). Development of non-huntamtiviral based systems,
including simian (Fischer-Lougheed, Tarantal e2807), feline (Browning, Schmidt
et al. 2001; Lin, Noel et al. 2004) and bovine inmodeficiency viruses (Takahashi,
Luo et al. 2002; Molina, Ye et al. 2004), has dis®n given attention in order to
increase the safety profile of these vectors. Hawnepotentially, this could give rise
to new mutant strains of viruses capable of infectind being transmitted between

both human and animals.

Lentiviruses have more complex genomes than otb&pwuiruses, containing an
additional 6 proteins. Lentiviruses have a reldyivarge packaging capacity of up to
8 kb and an ability to infect a wide range of cellhey are also minimally
immunogenic having been shown to sustain gene ssiore for several months
(Zhang, La Russa et al. 2002) without detectabtégbagy (Naldini, Blomer et al.
1996; Azzouz, Ralph et al. 2004; Abordo-Adesiddldrai et al. 2005). Gene transfer
through lentiviruses is relatively stable as thansgene integrates into the host
genome and is copied along with the host genomey eéwee the cell divides. One of
the most appealing features of these vectors i$ timike other retroviruses,
lentiviruses can infect non-dividing cells, beingleato enter the nucleus without
mitosis (Uchida, Sutton et al. 1998; Zennou, Petial. 2000). This ability makes
these vectors ideal for targeting cell types foichhprevious gene therapy methods

could not be used. For example they are idealdiaeting the endothelium, which is
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largely comprised of non-dividing cells. Lentivirueansduction of both primary
human saphenous vein endothelial cells and smootlm cells was shown to be
efficient and without toxicity (Dishart, Denby dt 2003), but there are relatively few
studies to date. Lentivirus-based vectors have b¢ésnbeen shown to be successful
at transducing adult cardiomyocytes of a transplarteart (Zhao, Pettigrew et al.
2002), and the hearts of SHR in a study of carglagsiology (Diez-Freire, Vazquez
et al. 2006).

Recently, a new generation of lentiviral vectorsvendbeen engineered and has
enormous potential. These are in the form of nadegrating lentiviral vectors which
can be considered much safer than the previousnrgedBy introducing mutations
into highly conserved acidic residues in the virgkegrase gene, catalytic site or
chromosome binding site, vectors can be renderéggriation defective without
interrupting viral DNA synthesis or accumulationtive nucleus (Leavitt, Robles et al.
1996; Engelman 1999; Apolonia, Waddington et al07)0 Efficient sustained
transgene expressiamvivois attainable with non-integrating lentiviral verg as has
been demonstrated in muscle (Apolonia, Waddingtoal.e2007) and in rat ocular
and brain tissue at levels high enough to improggnal degeneration in an

appropriate disease model (Yanez-Munoz, Balaggah 2006).

1.8.3 Herpes simplex virus (HSV)

HSV type 1 is an enveloped double-stranded DNAsvitantaining an icosahedral-
shaped capsid surrounded by a layer of proteireyrezf to as tegument. It has a
relatively large genome of 150 kb, which facilimiarge foreign DNA inserts of up
to 30-40 kb (Latchman 2001). HSV is able to infacbroad range of cell types
including non-dividing cells. Natural viral infeota can take the form of a cycle of
lytic replication or can enter a latent state inchhthe viral genome persists without
the expression of any viral proteins, possiblytfa life of the host. Latently infected
neurons function normally and do not illicit an imne response (Jacobs, Breakefield
et al. 1999). HSV-1 has many key features making litighly desirable vector for
gene delivery. Firstly, it has a large transgergacay which is provided by deletion
of genes superfluous for viral replication withraach as 30kb of the HSV genome

being available for deletion. However, becauseggsome does not integrate, HSV
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vectors are unlikely to be suitable for the treattr@f conditions requiring long-term
gene expression. Due to its natural tropism forromal cells it has become a
promising vector for the treatment of neurologickdorders such as Parkinson’s
disease (Burton, Glorioso et al. 2003) and cigplaguropathy (Chattopadhyay, Goss
et al. 2004). HSV vectors have also emerged asipnmognvectors in cancer therapies
in the form of replication-selective oncolytic vers (Kirn, Martuza et al. 2001; Liu,
Robinson et al. 2003; Han, Assenberg et al. 200fgse vectors fail to replicate
efficiently in healthy cells and will replicate icancer cells only, destroying them

through oncolysis.

1.8.4 Adenovirus

Adenoviruses are non enveloped dsDNA viruses witltasahedral capsid consisting
of 3 main structural proteins, hexon, fiber andtparbase and several minor capsid
proteins. Their genomes range in size from 26-48kienoviruses were first isolated
from tonsils and adenoid tissue (Rowe, Huebnel. di9%3) and are infectious human
viruses, which often cause mild infection of thetgaintestinal and upper respiratory
tract, and can also cause ophthalmological andofmgical manifestations. Most
adenoviral infections are self limiting being eféiotly counteracted by the host’s
immune system. Deletion of the virulence genesnguviector production may help to

reduce the pathogenesis of these viruses.

Adenoviral vectors, most commonly adenovirus sget$p (Ad5) and serotype 2
(Ad2), are a popular choice in gene therapy andh status has lead to much data
becoming widely available. As such, adenovirus veedl characterised virus that can
be easily genetically altered and grown to higresit They have a high capacity for
the insertion of foreign DNA allowing up to 36 kbelper-dependent Ads) to be
accommodated. They were initially deemed promisigjors for cardiovascular gene
therapy applications as they were shown to traresdwonan vascular cella vitro
(Lemarchand, Jaffe et al. 1992) andvivo (Lemarchand, Jones et al. 1993; French,
Mazur et al. 1994). Adenoviral vectors exhibit apism for many human cells and
can infect quiescent as well as dividing cells KBer 1988). This is an important
characteristic as it is known that vascular end@hand smooth muscle cells have

low mitotic rates, even in diseased states (GordReidy et al. 1990). They are
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considered relatively safe vectors as adenovirpbceges episomally thus reducing
the risk of random integration into the host genpmiich can potentially result in
the disruption of tumour suppressor genes or indttezation of proto-oncogenes,
both of which can result in oncogenesis. Howevegaose Ad vectors are non-
integrating, it means that their genomes are togroliferating cells, and so transgene
expression will be transient, although this mayaeantageous in certain clinical
applications. Transient gene expression coupledh \w&patic tropism is a major
limiting factor for adenoviral vectors and has leadheir use in niche areas such as
vein grafting, where gene transfer can be carrigtdea vivo(George, Lloyd et al.
2000; Turunen, Puhakka et al. 2006).

The major inadequacy of adenoviral vectors is th@ok of ability to efficiently
“hide” from the host immune system. Many individualill produce neutralizing
antibody and memory T-cells directed at Ad protefter exposure to the vectors.
This is a result of the expression of viral genelich trigger a cascade of humoral
and innate immune responses (Muruve 2004). Thés sgynificant problem as gene
expression is consequently short-lived (Wen, Siclemeet al. 2000) and re-
administration of the vector is less effective (Yahi et al. 1995). In view of this,
current studies focus on strategies to eliminatst mmune responses, which will
allow persistent transgene expression (Schiednerrallet al. 1998; Morral, O'Neal
et al. 1999), and also on engineering vectors wittreased transduction of
cardiovascular cells. This can be achieved in s¢weays, one of which involves the
abolition of the natural tropism of the virus andbsequently endowing it with a new
tropism for the target cell type (Dmitriev, Krasmy&t al. 1998; Biermann, Volpers et
al. 2001; Haviv, Blackwell et al. 2002).

1.8.4.1 Ad Vector Development

In order to reduce the immunogenicity of Ad vectansl to create genome space for
the insertion of new genetic material, Ad has balégred in several ways to remove
unnecessary parts of the genome (Figure 1.2). Bgjue of adenovirus proteins
occurs in phases — early and late. The adenoviaerorge contains five early
transcription units (E1A, E1B, E2, E3, E4), two lgadelayed (intermediate)
transcription units and five late units (L1-L5),daancodes over 70 gene products

(Mizuguchi, Kay et al. 2001). The genome is flankgdnverted terminal repeats
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Figure 1.2. Ad5 vector development.

Adenovirus 5 genome and maps &f 2" and 3! generation adenoviral vectors showing regionshefgenome deleted to facilitate transgene
insertion. (Adapted from (Alba, Bosch et al. 2005)
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(ITRs) of 100-140 bp in size that serve as rephlecaorigins. Early genes (E1A and
E1B) are involved in gene expression regulation activation of them leads to the
expression of viral late genes (involved in therespion of structural proteins) and
ultimately in the production of infectious viral nales. The foreign gene can be
inserted into the region occupied by either E1 8rgenes with one or both being
deleted in the vector construct. In the first gatien Ad vector, the E1 (E1A and
E1B) gene is replaced by the gene of interest &edrésultant defective virus is
propagated in cell lines, such as 293 cells (Grattmiley et al. 1977), that provide
the early gene products trans The progeny virus cannot replicate in normalscell
and upon introduction into the host, they will icfeells and express the foreign gene
but no progeny virus will be produced. As the E§ioa of the genome is dispensable
in viral replication, many first generation vectavgl also have all or part of the E3
region deleted. Despite these deletions, first geima vectors still express wild-type
late viral genes at low levels and triggers a opmt T lymphocyte (CTL) immune
response (Yang, Nunes et al. 1994) ultimately tegulin a short duration of

transgene expression.

Second generation Ad vectors also have the E2 aBd/aegions deleted from their
genomes in addition to the E1+E3 deletion. Howevecal delivery of second

generation vectors were not found to reduce inflation of humoral immune

response to adenovirus in rabbit models in comparis first generation vectors, and
most disappointingly did not increase longevity tohnsgene expression (Wen,
Schneider et al. 2000).

Third generation vectors, called helper-virus deleem or gutless vectors, have
essential regions of the viral genome (L1, L2, Viddal'P) deleted and rely on the
provision of essential viral functions from a helpe&us. The gutless adenovirus only
keeps the two ITRs and the packaging signal froenvilid-type adenovirus required
for DNA replication and packaging (Mitani, Grahatmaé 1995; Kochanek, Clemens
et al. 1996; Parks, Chen et al. 1996; Ng, Beauchetnah 2001). By deleting most of
the viral genome it is possible to accommodate au8% kb of insert DNA into
defective adenoviral vectordn vivo studies have shown substantially longer
transgene expression with helper-dependent ve¢Buisiedner, Morral et al. 1998;

Morral, O'Neal et al. 1999) sustained up to a yed baboons. However, an innate
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immune response is still activated against thesm@dral vectors (Muruve 2004).
Recently, however, Barcia et al demonstrated thepen-dependent Ad vectors
mediated sustained transgene expression for updg/@ar in the brains of mice pre-
immunised against adenovirus (Barcia, Jimenez-Damaet al. 2007). This
highlights the potential of these vectors in theatment of chronic diseases, as the

immune system was unable to inhibit transgene ssjoe.

1.8.4.2 Vector capsid engineering

There are more than 50 different serotypes of huat@mnovirus, classified into six
sub-groups (A-F) based on biochemical and immuncédgroperties. These viruses
can infect different cell types through the utilisa of different primary cellular
receptors and thubave a wide tissue tropism range. Most adenovirusesept
subgroup B and the short fiber of subgroup F usectixsackie virus and adenovirus
receptor (CAR) (Bergelson, Cunningham et al. 1980imko, Xu et al. 1997). Ad5,
which belongs to subgroup C, is the most extengistldied of all the serotypes. The
two-step mechanism of Ad5 infection is well chaeaisted, making it possible to re-
engineer it to alter its tropism. Ad5 virus is knowo interactin vitro with CAR by
means of the knob domain of the capsid fiber, lngghe capsid into close proximity
with integrins. After attachment, the RGD motiftee penton base at the N-terminus
of the fiber interacts with co-receptangf3s/ a5 integrins (Wickham, Mathias et al.
1993). Adenovirus is then internalised by receptediated endocytosis and released
by endosomal acidification in fiber-free form tcethytosol before trafficking to the
nucleus. Ad5 can transduce endothelial cells (Lehward, Jaffe et al. 1992), coronary
arteries (French, Mazur et al. 1994), the hearo(Raque, Chemaly et al. 2007) and
at lower efficiency vascular smooth muscle cellsIC3 (Ohno, Gordon et al. 1994).
This is reflective of the distribution of CAR expston, with high CAR expression
leading to high transduction efficiency. Indeedeagystemic injection in the rat and
mouse models, Ad5 virions preferentially accumulatéhe liver and spleen (Huard,
Lochmuller et al. 1995; Koeberl, Alexander et @9T). This highlights the need to
substantially alter Ad5 tropism to retarget it teemative sites, for example the brain,

kidney and heart vasculature, unless local deliieppossible.
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Genetic strategies to alter the tropism of ademseis can either focus on
pseudotyping the Ad5 fiber with that of anotherosgoe, or on ablating receptor
binding. Native hepatic tropism can be altered ltating the virus in areas integral
to cellular receptor binding. The identificationtbe residues in the knob involved in
CAR binding (Kirby, Davison et al. 1999) has alkxivthe production of detargeted
Ad5 by mutation of these residues (Jakubczak, Rodleet al. 2001). As proof of
concept, a mutated putative heparin binding domatluces Ad liver accumulation
15-fold, whilst combining this mutation with oneathablates CAR binding reduces
liver accumulation 100-fold (Huang, Sexton et &02). Thus mutation of the fiber of

Ad can lead to the ablation of transduction of reolothelial cells.

1.8.4.3 Adenoviral retargeting by pseudotyping

The adenovirus fiber protein mediates primary mgdif adenovirus to its receptor,
and so one approach of vector retargeting is the afs chimeric vectors that
incorporate the entire fiber or part of the fibemh a different serotype in place of its
own. This could potentially ablate the virus’s maturopism by removal dboth the
CAR- and heparan sulphate proteoglycan (HSPG)-bingites and bestow a new
tropism upon the vectorSeveral adenovirus serotypes have been showraue h
increased transduction of specific tissues. Prdafomcept of chimeric vectors was
first shown in 1996 with the production of a fulctal adenoviral vector in which the
fiber was composed of the tail and shaft domainad#novirus serotype 5 and the
knob domain of serotype 3 (Krasnykh, Mikheeva et H)96). Alterations in
adenoviral tropism were achieved through primandlg via the Ad3 receptor with
subsequent internalisation steps achieved via dmdithe penton base of Ad5.

Following systemic Ad delivery, Ad5 vectors psewgetd with serotype 37 and 19p
fibers have been shown to lack a native hepatigigno (Denby, Work et al. 2004)
and as such can be considesedable platform vectors for retargeting.comparison

to non-modified Ad5 vectors, Ad19p and Ad37 pseypetl vectors lackettopism
for mouse, rat, and human hepatocyites/itro and demonstrated greatly reduced
transduction of liver after systemic injection intats (Denby, Work et al. 2004).
Further genetic modifications can allow the deveiept of targeted and thus more
efficient vectors. Isolated targeting peptides bangenetically incorporated into the
HI loop of the fiber of Ad19p between amino aci@l &nd 332 (Figure 1.3). Kidney
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Ad19p HT Loop Ad5

Figure 1.3 Crystal structures of Ad5 and Ad19p fibe heads

Showing HI loop for insertion of targeting peptideso the Ad 5 and Ad19p capsid. Ad5 crystal stnoetprovided by Vijay
Reddy, Scripps Research Institute. Ad19p struatuwrdified from (Burmeister, Guilligay et al. 2004).
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targeting peptides HTTHREP and HITSLLS, which watentified throughin vivo
phage display, were incorporated into Ad19p-pseymbat vectors. These peptide-
modified vectors were showin vitro andin vivo, after systemic administratioty
display a significant increase in selective rermigéting with higher levels of
transduction than the unmodified Ad19p vectors (@ewWork et al. 2007).

1.8.4.4 Non-genetic targeting

A simple way of altering vector tropism without theed to genetically modify the
vector genome or capsid is the coating of the yeaticle with a bispecific antibody.
One domain of the bispecific molecule binds to W#reis capsid whilst the other
domain binds to a novel receptor thus acting aokcular bridge. This concept has
been usedh vitro to enhance Ad-mediated transduction of human ucab¥ascular
endothelial cells (Nettelbeck, Miller et al. 200apdin vivo to redirect Ad vectors to
a new cellular receptor after systemic deliveryin®2r Gonzalez et al. 2000;
Reynolds, Zinn et al. 2000). Although the additafna protein adapter enhances the
affinity of Ad vectors for their targets, it alsncreases the difficulty of crossing the
barrier from laboratory to clinic as there are moomponents to be considered and

reproduced without batch variation.

1.8.4.5 Retargeting detargeted vectors by ligand in  sertion

Modification of the fiber knob is an appealing @ptito surmount the restrictions of
the CAR binding dependent nature of adenovirusctida. The insertion of targeting

peptides into the fiber gene of Ad5 can provide riewpism to detargeted vectors.
The exposed HI loop (Figure 1.3) has been idendtifie a preferred insertion site for
peptides (Dmitriev, Krasnykh et al. 1998; KrasnyKmitriev et al. 1998) and this

occurs without detriment to virion assembly or filbemerisation. A restriction site

has been incorporated into the HI loop sequendbefiber gene of the detargeted
vector AdKO1 (Nicklin, Von Seggern et al. 2001)tdrthis restriction site peptides
can be inserted for exposure on the outside ovitten. As the fiber is present at a
frequency of 36 copies per virion, the vector caspldy the targeting peptide a
maximum of 36 times. Foreign peptides have alsm Iseecessfully incorporated in
the hypervariable region 5 surface loop of the meabAd vectors (Vigne, Mahfouz

et al. 1999). In this region, peptides can be digdl at a copy number of 720.

However, in a direct comparison of peptide modifiker and hexon vectors, hexon-
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mediated targeting failed to change the tropisnthef vectors (Campos and Barry
2006).

Recent work has shown the application of the pldigplay technology to identify
sequences with desired biological properties, amdsequently introduced these
sequences in the re-targeting site of the vectogé¢Estadter, Bobkova et al. 2000;
Grifman, Trepel et al. 2001; Nicklin, Buening et 2001). One potential disadvantage
of these small targeting peptides is their ofteakveinding affinity for their targets.

The concept of phage display of exogenous peptidesfirst conceived in 1985, and
iIs simply the display of peptides or proteins oe Hurface of bacteriophage. A
foreign gene fragment was inserted into the gemm®ding one of the coat proteins
(minor capsid protein plll gene) of flamentous MABage creating a fusion protein.
The fusion protein was found to be incorporated ihie virion, retaining infectivity
and displaying the foreign amino acids on the futtynunologically accessible phage
surface (Smith 1985). The technology of phage displs since been developed and
is now used in a wide range of applications incigdihe rapid isolation and
identification of novel peptides with the ability bind to defined targets molecuies
vitro or in vivo (Johnsson and Ge 1999). For use in cardiovasaplaications, phage
display could potentially identify ligands whicheaspecific for the vasculature. In
other techniques, the choice of ligand to be ieserelies on knowledge of peptides
and their affinity for a target receptor. Phagepldig allows identification of cell-
selective peptides without prior knowledge of theget receptor. Peptide libraries are
a heterogeneous mixture of phage clones constrficiedphage into which random
oligonucleotides have been inserted, facilitating high diversity of phage libraries
which can contain more than a billion different pe@ sequences (Scott and Smith
1990). This allows the fast screening of an enosmmumber of peptide sequences.
Highly efficient and selective peptides for diversell types can be isolated by
affinity screening the phage library against imntiabd proteins of interest in a
process called biopanning. Successive rounds @labiaing enrich the pool of phage

with clones that specifically bind the target.

Targeting peptides can be identified throughvitro and in vivo techniques. The

distinct disadvantage of using vitro biopanning is that the question remains as to
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whether the ligands isolatex vitro will display the same specificitiy vivo. In vivo
phage display offers many advantages oweritro biopanning. It can overcome the
problems of cells losing their tissue-specific matwhen removed from an organ.
Phage libraries can be directly introduced intce lanimals, in order to select for
peptide sequences which confer the ability to hdmeelected tissues. However,
targeting peptides identified in animal models nmet always be applicable and
achieve the same targeting or level of targetingumans, as they have been shown
to have a higher level of complexity. In 2002, fhst in vivo screening of a peptide
library in a patient was carried out (Arap, Kolomhal. 2002). Isolated motifs from
tissue biopsies showed high similarity to ligands €ell-surface proteins of the
human vasculaturéhis method has since been used in stage IV cgatents to
identify tumour-targeting ligands (Krag, Shukla &t 2006). Phage libraries were
administered intravenously and tumours were sulesgtyjuexcised 30 minutes later,
and tumour homing phage recovered. This study aysphow this method can be
directly applicable in a clinical setting. A var@t on this approach is the
performance of biopanning on animals bearing hutissnie xenografts (George, Lee
et al. 2003). This also allows the isolation of jigs that are relevant to the human

vasculature.

1.8.5 Adeno-associated virus (AAV)

AAV vectors have developed rapidly over the pastade and have become
promising vectors for several genres of gene therBpe to their unique properties
and broad tissue tropisms, rAAV vectors have besestigated for a wide range of
applications including haemophilia (Kay, Manno ét 2000; Jiang, Couto et al.
2006), cystic fibrosis (Wagner, Messner et al. 199®ss, Rodman et al. 2004),
Duchenne’s muscular dystrophy (Gregorevic, Blarkim®t al. 2004; Wang, Kuhr et
al. 2007) and rheumatoid arthritis (Goater, Muli¢ral. 2000). The AAV2 genome
was the first serotype to be cloned into bactgri@amids in 1982 (Samulski, Berns et
al. 1982), and since then AAV vectors have mairtinheir position as strong
candidates for gene therapy. As a result of potakgoof Ad into vascular cells and
the efficient performance of rAAV in other diseasedels, rAAV vectors have been
developed for cardiovascular gene delivery. Theemidl of these vectors in

cardiovascular gene therapy was first shown thradghV-mediated expression of
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the cytoprotective gene HO-1 rat myocardium (Melo, Agrawal et al. 2002). The
safety and efficiency of these vectors was furgperven through rAAV-mediated
myocardial gene transfer in mice. Transgene exjgnesgas observed one year post-
infusion with no significant inflammatory responseadverse affects on LV systolic
function, as assessed by echocardiography (WomgZegaal. 2005). AAV vectors are
thus minimally pathogenic and also possess théyatnl mediate long-term transgene
expression through stable integration targeted $pegific locus in the host genome.
In a study by Xiao et al (Xiao, Li et al. 1996)ethntroduction of recombinant AAV
vectors expressing tHacZ gene into the muscles of immunocompetent micdtessu
in persistent gene expression for more than 1.5syféao, Li et al. 1996). Thus
AAYV vectors could prove useful in clinical situat® where prolonged expression of
the transgene expression is required. Stable temesgxpression is a prerequisite for
vectors to treat inherited disorders and would esirdble in the treatment of many
acquired cardiovascular diseases which progregswetsen overtime. However, the
progress of AAV vectors has been hampered by ther transduction of a range of

target tissues.

Long-term transgene expression is facilitated bg thct that recombinant AAV
vectors evoke little innate immune response witly omansient infiltration of
neutrophils and chemokines (Zaiss, Liu et al. 200@mune response against the
virus appears to be restricted to the generatioandbodies specific for the viral
capsid protein (Bessis, GarciaCozar et al. 2008V Aransfer into muscle fiberi
vivo was found to activate no cellular or humoral res@oto transgenic products
(Jooss, Yang et al. 1998). This is in stark comttassimilar experiments with
adenoviral vectors in which a T-cell mediated rem®@oto transgenic and viral
products were found after intramuscular injectiand led to the loss of transgene
expression and destruction of muscle fibers (YaBg, et al. 1996). Further
investigation revealed that unlike Ad vectors, AAV¥ectors were inefficient
transducers of antigen presenting cells (APCs) sagmacrophages and dendritic
cells, which are believed to be necessary in thmdymtion of cellular immune
responses (Jooss, Yang et al. 1998). And so AAYovecenay be capable of evading
the immune system, making them ideal gene therapgidates. However, recently
the duration of transgene expression in the livediated by rAAV2 vectors was

found to be limited to 8 weeks (Manno, Pierce et 2006). Upon further
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investigation, it was suggested that transducedatbegtes were destroyed by the
activation of T-cells against the capsid of rAAVRIgnno, Pierce et al. 2006;
Vandenberghe, Wang et al. 2006). Direct comparisiom-cell responses activated
against the capsids of rAAV serotypes 2, 7 andv@aked little evidence of T-cell
activation against rAAV7 and 8 and postulated aptal role for heparin binding in
directing immune response against the capsid m®t@fandenberghe, Wang et al.
2006). Thus utilisation of alternative serotypest ttho not use HSPG as their receptor
for cell entry may help to avoid this limitation.

In AAV vectors, the viral DNA, except the ITRs, hiasen eliminated making room
for foreign DNA to be inserted. This adds a safefgture that will reduce any host
immune response directed at viral gene expressidnaiso eliminate the possibility
of the generation of replication competent pseudld wype AAV. Gene transfer
vectors based on AAV serotype 2 have been extdgsigsearched and these are the
most characterised and predominantly used of th¥ &éctors. Other serotypes that
have recently been identified are presently unaegstigation and demonstrate a vast
potential for cardiovascular gene therapy. Impdlyamo serotype is the causative

agent of any human pathology providing these veatgth a good safety profile.

One important safety concern with AAV vectors todemsidered is the potential for
AAV-mediated germ-line transmission. Intramyocakdigection of AAV vectors
expressindgacZ into Sprague—Dawley rats resulted in the deteatidacZ expression
and p-galactosidase activity in the testes at 6 monts-mfusion (Pachori, Melo et
al. 2004). In a similar study, Arruda et al fourkdhtt whilst vector DNA could be
detected in the gonad of rat, mouse, rabbit and dOgAAV vector sequences could
be detected in the semen (Arruda, Fields et al1R00

Another major safety concern lies amongst repofthigh incidences of hepatic
carcinomas after rAAV vector infusion into mice (B@ante, Vogler et al. 2001).
Hepatocellular carcinomas that developed in these mvere subsequently found to
contain AAV vector proviruses at a specific chromosl locus (Donsante, Miller et
al. 2007), implicating insertional mutagenesis b4\Avectors as a causative factor.

These findings raise questions of rAAV vector safet
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1.8.5.1 AAV biology

Adeno-associated viruses (AAV) are small 4.7-kizdir single-stranded DNA non-
enveloped viruses. Their genomes are organisedmias ways, being extremely
simple in composition and containing only two larggen reading frames (ORFs)
flanked by ITRs of approximately 145 bp (Figure)l.Zhe ITRs arecis-acting
elements that form a hairpin secondary structueg i required for viral genome
replication and packaging. The two ORFs encoderzgerep (replication) and cap
(capsid), which are respectively involved in gerpression regulation and structure.
Four multifunctional rep isoforms with molecular ssas of 78, 68, 52, and 40 kDa
are encoded by the 5’ ORF and are transcribed tvoordifferent promoters. The rep
proteins are involved in specific DNA-binding, loalse and site-specific
endonuclease and modulation of transcription afl\genome promoters. The 3’ ORF
encodes 3 capsid proteins (VP1, VP2 & VP3) throatjarnate splicing of the cap
gene, and are expressed at a molar ratio of 1{Dp&, Warrington et al. 2003). A
novel and weak transcription initiation start cod8G) is used for VP2, resulting in
reduced translation of the protein (Becerra, Koezal. 1988). All 3 proteins use the
same stop codon, and so VP2 and VP3 are essergiatlyessive amino-terminal
truncated forms of VP1. The three proteins intetagether to form a capsid with
icosahedral symmetry. VP1 protein carries a phogmse A2 (PLA2) motif, thought
to be involved in initiation of early gene expressiand in nuclear translocation —
mutations in this area of the gene result in viiavith reduced infectivity (Girod,
Wobus et al. 2002). VP2 is of unknown function aednon-essential in virion
production (Warrington, Gorbatyuk et al. 2004). Ttierd viral protein (VP3)
contains areas of the capsid that are importaoelirreceptor binding. When used as
gene delivery vectors, the rep & cap genes, whiakarup 96% of the genome, are
replaced by the transgene. Recombinant vectorspama@uced by supplying these
deleted genes itrtans The resultant vectors are structurally simple ksg likely to
evoke a host immune response. The small size oA#M virion is responsible for
the limited DNA packaging capacity and is a majmadvantage of AAV vectors.
Transgenes can be packaged as long as they arsigmificantly larger (119%
maximum capacity) or smaller than the wild-type @ae (Hermonat, Quirk et al.
1997). Outwith these limits, resultant vectors sewerely defective for producing
infectious virions. One method to overcome thisititon is the trans-splicing of

larger genes between two independent AAV vectoas Will be co-administered to
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Figure 1.4 Genome organisation of AAV.

The AAV genome is a 4.7 kb single-stranded line&fADgenome and is made up of 2 genes, rep and aép,two flanking

ITRs. Three different promoters drive transcripti®®, P19 and P40. 4 transcripts encode non-staiagenes (Rep72, 68, 52
and 40) and 3 transcripts encode structural pret@/iP1,2 and 3).



the same target tissue (Yan, Zhang et al. 2000% tBchnique utilises the ability of
AAV genomes to combine, although results in lowansgene expression as a result
of the complexity of the system. However, furthevelopment may help to increase
the utility of AAV vectors allowing them to appedal a wider range of applications.

1.8.5.2 AAV replication

AAVs belong to theParvoviridaefamily and are ascribed the geridspendovirusso
called as they are helper-dependent viruses wilthpdasic life cycle. They cannot
replicate autonomously, instead requiring co-intecttvith an unrelated virus, such as
Ad or HSV, in order to complete its life cycle the absence of co-infection, AAV
can undergo latent infection as an episome or mtggiate its viral DNA into the
host genome (Cheung, Hoggan et al. 1980) in hurheontsome 19 by site- specific
recombination directed by the vinap function (Kotin, Menninger et al. 1991). It is
important to note that recombinant AAV vectors lalo& integration function as their
viral rep genes have been removed. AAV genomesbeaexcised from the host
genome in the presence of helper factors and @httea productive infection cycle
(Berns, Pinkerton et al. 1975). AAV is attractivee fjene therapy applications as a

gene of interest can persist in the host cell genfamlong periods.

Advances in AAV vector production have eliminatée nheed for helper adenovirus
infection (Xiao, Li et al. 1998). Instead, to beckaged into functional vectors,
genomes must be provided with all rep, cap and enefpnctionsin trans on
exogenous plasmids (Grimm, Kern et al. 1998; Xlact al. 1998). The production
of recombinant vectors takes advantage of thetglwh viral genes to accomplish
their role in the replication of viral DNA and ihea packaging of mature virions even
when provided to the host ceéfi transon exogenous plasmids. Minimum regions in
helper adenovirus that mediate replication of AA&ttor are E1, E2A, E4 and VA
(Matsushita, Elliger et al. 1998). The 293T cefieli of human kidney embryonic
cells, encodes the E1 region of the Ad5 genomeshen a plasmid that encodes
the E2A, E4 and VA regions (Ad-helper plasmid) tbge with a plasmid that
encodes the genome of the AAV vector (vector pldsrand a plasmid with the rep
and cap genes are transfected into 293T cells, Aéator is produced as efficiently
as when infection by wild type Ad is used (GrimmerK et al. 1998; Grimm and

Kleinschmidt 1999). This is a triple transfectiomfocol, but has been refined into a
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two plasmid co-transfection protocol and producégh htitre recombinant AAV
vectors (Grimm, Kay et al. 2003). It also elimirsatbe feasible potential of helper

Virus contamination.

Much is still to be learned about the cellular matgbms controlling AAV infection.
There are several common stages for replicatioalloAAV vectors that must be
carried out for successful transgene expressior. fiflst step in infection is the
attachment of the vector to the cell surface remepind in the case of AAV vectors
will require the use of co-receptors to assisnierinalisation. The virus must then be
internalised into the cell by the process of regseptediated endocytosis from
clathrin-coated pits. During this procedure, th# seembrane folds in on itself and
eventually results in the formation of cytoplasnwesicles in which the virus is
temporarily contained. The vector is subsequemndffitked from early endosomes to
late endosomal compartments (Douar, Poulard €204l1). It must then escape the
endosome to be released into the cytosol, wherkearutranslocation must then take
place. Endosomal processing is thought to be angakstep for AAVs, exemplified
by the fact that AAV2 directly injected into thetogol fails to reach the nucleus
(Ding, Zhang et al. 2005). It is not clear wheretia cytosol the virus is released, but
the co-localisation of fluorescein isothiocyand®#T(C)-labelled transferrin and Cy3-
AAV within intracellular vesicles near the nucleusuggestive of a release site at or
near the nuclear membraperes (Sanlioglu, Benson et al. 2000). After redefism
the endosome, that may occur by the weak acidificatf the vesicle, AAV rapidly
trafficks to the nucleus and accumulates in thenpelear region (Bartlett, Wilcher et
al. 2000). Trafficking to the nucleus may involleetuse of functionahicrotubules
andmicrofilaments, as visualised by the use of Cy2lad rAAV (Sanlioglu, Benson
et al. 2000). For AAVs, the process of nuclear glacation was initially thought to
occur through the virus slowly penetrating the eaclpore complex (NPC) into the
nucleus, with the majority of the virus remaining perinuclear compartments
(Bartlett, Wilcher et al. 2000). However, entrydrthe nucleus has since been shown
to occur independently of the NPC through the dssgents that block NPC function
(Hansen, Qing et al. 2001). It is unknown whethgalvuncoating to release the
genome occurs within or outwith the nucleus. Howgewapsid proteins (Bartlett,
Wilcher et al. 2000; Sanlioglu, Benson et al. 208001 the necessary machinery for

virion uncoating (Hansen, Qing et al. 2001) haverbelentified within the nucleus,
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suggesting that nuclear virion uncoating may beadity, although direct evidence is
lacking. It is known that the single-stranded Di§énome is converted to double-
stranded DNA within the nucleus and is then theplate for transcription. Genome
conversion is also a rate-limiting step that isarded by helper-virus co-infection
(Ferrari, Samulski et al. 1996). It is after entrfo the host cell nucleus that the virus
can either establish a lytic or lysogenic life &eaind it is the presence or absence of
helper virus that will determine this. The efficognof all these steps of replication
will determine the overall efficiency of the vector

1.8.5.3 AAV serotypes and receptors

To date, over 100 AAV genetic variants have beelaied (Gao, Vandenberghe et al.
2004). Eleven known serotypes of AAV have beentifled, all displaying a variety
of tissue tropisms and receptor-binding charadtesis(Table 1.3) and sharing
different levels of sequence homology. It is thdutftat many more serotypes and
isolates are yet to be identified as they are betldo be widely dispersed throughout
multiple tissues of non-human primate species (GAeira et al. 2002; Gao,
Vandenberghe et al. 2004). AAV1 — 4 and 6 wereiaity isolated as contaminants
of adenovirus stocks. Although isolated from a amnadenovirus type 15 (SV15)
stock, AAV1 is considered to be of unknown orighAV2 and 3 were later isolated
from human infants and AAV4 was later isolated franculture of rhesus monkey
kidney cells. AAV5 was isolated from a human pegib@dylomatous lesion (Bantel-
Schaal and zur Hausen 1984), and is one of the dnasgent of the AAV serotypes
(Chiorini, Afione et al. 1999). AAV6 is thought tekave arisen from homologous
recombination between AAV1 and AAV2 (Xiao, Chirmwdeal. 1999). AAV7 and
AAV8 were both isolated from rhesus monkey by PEehhiques (Gao, Alvira et al.
2002; Gao, Vandenberghe et al. 2004), whilst AA\&swsolated from human tissues
by similar methods. AAV10 and 11 were identified time tissues of non-human
primate cynomolgus monkey and are capable of timigdoth human and monkey
cells (Mori, Wang et al. 2004). The sequence idiesstiamong the differeserotypes
are high with a general homology in nucleotide sege of approximately 80%. The
greatest divergence in sequence can be observée icapsid proteins, especially in
regions thought to lie on the utmost exterior & thrion (Gao, Alvira et al. 2003).
This may account for the differing natural tropisofsthese viruses. The pattern of

transgene expression has been demonstrated téebtedfby the serotype of AAV
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Serotype Tropism

AAV1

AAV2

AAV3

AAV4

AAVS

AAV6

AAV7

AAVS8

AAV9

AAV10

AAV11

Skeletal muscle (Hauck and Xiao 2003)
cardiac tissue (Palomeque, Chemaly et al.
2007)

Broad tropism — muscle, brain, retina, liver,

lung.

Cochlear inner hair cells (Liu, Okada et al.
2005)

Ependymal cells (Davidson, Stein et al. 20(
Neurons (Alisky, Hughes et al. 2000),
dendritic cells (Xin, Mizukami et al. 2006)
Skeletal muscle, cardiac tissue (Blankinshi
Gregorevic et al. 2004)

Skeletal muscle (Gao, Alvira et al. 2002)

Liver (Gao, Alvira et al. 2002)

Receptor

02-3 linked ora2-6 linked sialic

acid

HSPG,aVB5 integrin, fibroblast
or hepatocyte growth factor
receptors, 37/67-kDa laminin
receptor

heparin, heparan sulphate, and
FGFR-1, 37/67-kDa laminin
receptor

a2-3 O-linked sialic acid

PDGFR,02-3 N-linked sialic
acid

a2-3 linked oro2-6 linked sialic
acid

Unknown

37/67-kDa laminin receptor

Liver, skeletal muscle, cardiac tissue (Pacak37/67-kDa laminin receptor

Mah et al. 2006)

Liver, heart, skeletal muscle, lung, kidney,
uterus (Mori, Wang et al. 2004)

Unknown

Muscle, kidney, spleen, lung, heart, stomacHJnknown

(Mori, Wang et al. 2004)

Table 1.3AAV serotypes and their varying tropisms and recept
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(Rabinowitz, Rolling et al. 2002), which may be due part, to viral receptor
distribution, as receptor binding is the primaryepstin viral infection. The
discrepancies in tissue tropisms between serotgpedikely as a result of different
mechanisms of uptake into a target T-cell. In otdecomprehend the differences in
transduction efficiencies of the different serotypi is important to understand the

full mechanism of the initial AAV binding and infeon steps.

It is known that AAV2 has a wide host range andisgs HSPG as an attachment
receptor (Summerford and Samulski 1998), and &t lmee different co-receptors
including avp5 integrin (Summerford, Bartlett et al. 1999), at@ fibroblast or
hepatocyte growth factor receptors (Qing, Mah etl@B9). The structure of AAV2
has now been determined to 3-A resolution by Xegystallography (Xie, Bu et al.
2002), and support the results of insertional menagis studies that identified
residues that mediate binding of AAV2 to HSPG. AAR&s been shown to bind to
heparin, heparan sulphate, and FGFR-1, makingray af receptors similar to those
of AAV2 (Blackburn, Steadman et al. 2006). Compatitassays identified that
closely related serotypes AAV1 and AAV6 use eith2r3 linked oro2-6 linked
sialic acid as primary receptors when transducungerous cell types (Wu, Miller et
al. 2006). Platelet derived growth factor reced®DGFR) has been identified as a
co-receptor for AAVS5, with thein vivo tropism of AAVS5 correlating with the
distribution of PDGFR (Di Pasquale, Davidson e2@103). AAV5 also requires2-3
sialic acid for binding and transduction (Walteys,et al. 2001). AAV4 shares the
requirement of AAVS5 for sialic acid, however theffeience between these two
vectors lies in linkage specificity; AAV4 requir€slinked sialic acid, whereas AAV5
requires N-linked sialic acid, offering an explaaatfor the difference in tropisms
(Kaludov, Brown et al. 2001). A 2-yeast hybrid ssrewith subsequent functional
studies revealed the 37/67-kDa laminin receptom(®# as important in binding and
transduction of AAV8 (Akache, Grimm et al. 2006). was also shown to be
important in the binding of AAV2, -3 and -9. AAVldhd -11 have not yet been fully

characterised.

Until recently, most gene therapy applications hengloyed rAAV2 based vectors.
However, AAV2 vectors have been disappointing ia #énea of cardiovascular gene

therapy demonstrating inefficiency in transductioh both myocardial cells and
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endothelial cells. Their broad tropism also lintiteir use for systemic administration.
Direct comparison of Ad5 and AAV?2 for transductiohvascular cells has revealed
the poor tropism of AAV2 for endothelial cells (bert, Denby et al. 2003). This
difference in tropism between vectors can be aiteid to vector size and the
availability of co-receptors for each vector on ethelial and smooth muscle cells.
Although no AAV serotype appears more efficientnti#AV?2 in transduction of the
vascular endothelium, other endothelial cells h&een transduced by alternate
serotypes. AAV6 based vectors demonstrated a higlaesduction efficiency of
airway epithelia than AAV2 (Halbert, Allen et al0@1), illustrating the potential of
exploiting naturally occurring serotypes. The prefdial transduction of AAV6 over
AAV2 was facilitated by these two serotypes binditm different receptors.
Membrane-associated HSPG has been identified asithe receptor for AAV2
(Summerford and Samulski 1998) and marked depokittsSPGs has been identified
in the extracellular matrix of endothelial cellsaji’sola, Gruchala et al. 2002).
Therefore, the matrix-associated receptors mayadoepeting for virus binding and
consequently reducing transduction of endothel@liscand could offer a potential
explanation for the low infectivity of endothelieélls by AAV2. It was found that
heparin does not inhibit AAV6 as it does AAV2, anda transduction assay, the two
viruses did not compete with one another suggediffgrent receptors for these
serotypes (Halbert, Allen et al. 2001). Additiogalthe transduction of vascular
endothelial cells has been shown to be inefficieith AAV2 vectors resulting in
virion degradation by the proteasome during théfickang process (Nicklin, Von
Seggern et al. 2001).

Thus alternate serotypes with naturally occurrinffecences in tropism can be
exploited as potential gene therapy vectors tafdbey offer an enhanced tropism for
cardiovascular tissues. AAV serotypes 1 and 6 Islevn preferential transduction
of the skeletal musculature.

1.8.5.4 AAV transcapsidation

Recombinant AAV vectors are based on the AAV2 gemamto which the capsid
proteins from a different serotype have been psgpdd. Capsid proteins from most
serotypes have been successfully cross-packagett WiRs from AAV2.

Pseudotyping is considered a safer alternative #naauating native wild type
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serotypes as much information for AAV2 has alrebegn generated. Several studies
have been carried out to compare the transductiameacies of the ever increasing
array of alternate serotype AAV vectors. In a stbghDu et al (Du, Kido et al. 2004),
the capacity of AAV serotypes 1-5 far vitro myocardial transduction was tested
(Du, Kido et al. 2004). This study demonstratechhbibie differing capacities of the
alternative serotypes, and identified AAV1 as hguine highest enhanced ability to
transduce adult human cardiomyocytes. In anothelyghat compared the efficiency
of recombinant vectors of eight different serotypesransducing rat myocardium
vivo, AAV1, 6 and 8 demonstrated the highest efficiemcyransducing rat hearis
vivo (Palomeque, Chemaly et al. 2007). It is diffictdt compare between AAV
serotype studies as no standard for titering AAY baen set up, and different routes
of administration and different aged animals haserbused. However, general trends
can be observed, demonstrating that AAV serotypds & and 9 show higher levels

of cardiac transduction than other serotypes.

Another advantage of new AAV vector serotypes cooéthe evasion of host
humoral immune responses directed against AAV2. phevalence of existing
neutralising antibodies due to prior exposure arsbnipje human population
(approximately 80% of the population) may rendeanthimmune to the vector and
contribute to the limited gene transfer abilitiésA@V2. In a study by Chirmule et al,
virtually all patients studied were found to hagetd AAV2, although only 32% of
the cohort was found to possess virus neutraligimgpodies (Chirmule, Propert et al.
1999). The effect of this on transgene expressaiill to be established. It has been
established that the presence of neutralising adigs to wild type AAV2 did not
inhibit or interfere with rAAV5-mediated transdumti of the brain in rats; it did
however prevent AAV2 mediated transduction (Pe&emger et al. 2004).

1.8.5.5 Retargeting AAV vectors

Although several serotypes of AAV have been idedif there are still several cell
types that remain non-permissive to AAV infecti®tetargeting vectors may help to
encompass these non-permissive cells into AAVs wgsertoire, and may help to
improve the efficiency of transduction of cells esldy permissive to infection.
Retargeting of AAV vectors has mainly been apptedAV?2 vectors, and has been

achievedin vitro through two main strategies. These are (1) theofige-functional
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antibodies (Bartlett, Kleinschmidt et al. 1999) 4@l the genetic modification of the
capsid through the insertion of targeting pepti@@d&i, Xiao et al. 2000). Vector
binding can be enhanced by the use of bi-speaifibadies. During this process, one
arm of the antibody will bind to the surface of ttedl of interest, and the other arm to
the AAV capsid structure. Bartlett et al (Bartldfleinschmidt et al. 1999) achieved
AAV2 mediated transduction of non-permissive humeagakaryocytic cells through
the interaction of a bispecific F (abantibody with both the cell surface receptor
apP3, and the viral capsid. This ultimately facilitdtéhe binding and internalisation
of the vector via an alternative receptor and regmes the potential to improve the
binding and transduction profile of AAV2. This tetue has also been used to
redirect AAV binding by insertion of an immunogldisubinding domain in order to
couple it to various antibodies to mediate altenezkptor binding (Ried, Girod et al.
2002). However, this technique relies on a venylstanteraction between the

antibody and the vector.

The AAV capsid protein is important in the initstges of viral infection as it is the
element that will primarily interact with the callirface receptor. The capsid protein
essentially determines the tissue tropisms of theisvthrough its selective
interactions. Short peptide sequences can be clot@dhe capsid gene with the aim
of changing or expanding the vector tropism and eaen be used to disrupt the
native tropism. Targeting peptides may be derivedhfphage-display as previously
described. To be successful, the peptide insedlwould have minimal effects on
subsequent vector assembly, packaging and infgctideveral suitable sites for
insertion of targeting peptides into the AAV2 capdiave been identified and
evaluated for tolerance to insertions and mutafipeptides may be inserted at the
optimal position of 587 in the AAV2 capsid in orderbe displayed on the surface of
the virion (Girod, Ried et al. 1999; Wu, Xiao et aD00). This insertion site was
identified before the crystal structure of AAV2 wasown and so sequence alignment
studies of AAV2 VP1 protein with homologous prot@hcanine parvovirus (CPV)
(for which the crystal structure was known) andeotihelated parvoviruses were
carried out. Based on these alignments, 6 putativiace exposed capsid sites were
identified that were highly variable amongst thevpairuses and were also found to
tolerate a 14-amino-acid targeting peptide insertieading to successful virion
packaging (Girod, Ried et al. 1999). Out of thestes in the AAV2 capsid protein -
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residues 261, 381, 447, 534, 573 and 587, resi8denas identified as the optimal
site for insertion (Girod, Ried et al. 1999).

Genetic incorporation of peptides into the AAV adpbas been used to enhance
transduction of human endothelial cells (Nicklinye®ing et al. 2001) and to alter

tropism toward cells expressing the CD13 recep®oifihan, Trepel et al. 2001) and

human luteinizing receptor (LH-R) (Shi, Arnold ¢t2001).

A variant of this technique is the use of AAV libes, which is similar in concept to
the use of phage libraries. In this approach, aaanpeptide is inserted into the
AAV?2 capsid sequence in a position that allowibe displayed on the surface of
the virion and at the same time ablating HSPG biqdEach viral particle in the
library will display a different peptide. Chimeragapsid AAV libraries can then be
screened to identify vectors that exclusively toate a particular target cell or tissue
type. This technique was first developed by Muéemal (Muller, Kaul et al. 2003),
who used the AAV library to identify vectors thadutd transduce human coronary
artery endothelial cells more readily than non-¢helal control cells. This approach
was used by others to identify AAV vectors contagnipeptides that efficiently
transduce acute myeloid leukaemia cell lines (RerBoning et al. 2003), a cell type
that no other vectors have been found to efficjetrtinsduce. AAV libraries allow
the selection of vectors with targeting peptideat thave been identified whilst
already in the AAV2 capsid. This eliminates the gbiity of the targeting peptide
loosing its specificity when incorporated into trector.

1.9 Transcriptional Control

Vector targeting can now be achieved at the levetransgene regulation. The
incorporation of tissue-specific promoters into acter addresses both vector
efficiency problems and safety concerns. Tissue ciipe promoters allow
transcriptional control, in addition to that of sglive transduction by the vector. They
allow greater tissue specificity and control of gezxpression in non-target tissue,
although they will not prevent the uptake of thetee into non-target tissue$his
minimizes the risk associated with the transfepofentially dangerous genes into

other tissues and also increases the concentrafidhe therapeutic gene product
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delivered to the target tissue, maximizing thectftd the therapy and requiring lower
doses of the vector. The most commonly used prasiateviral gene therapy are
derived from cytomegalovirus (CMV) and Rous sarcommas (RSV). As these are
constitutively active and unregulated in a broaugeaof cell types, these promoters
are not considered optimal for tissue-specific Sggme expression. High-level gene
expressionn all cell types transduced could have seriousiadi implications. Viral
promoters are generally more studied and widelg tisen human promoters but have
the distinct disadvantage of being silenced bynamune response, particularly by the
cytokines interferon-gamma (IF§§-and tumour necrosis factor-alpha (TMF(Qin,
Ding et al. 1997).

A range of cellular promoters have been develomedaf wide range of specific
tissues. In many instances these tissue-specibengers suffer from a lack of
activity, specificity or both. Nevertheless, tramngtonal targeting of HSV-1 vectors
was achieved by the insertion of alboumin enhancemipter-infected-cell polypeptide
4 (ICP4) transgene into the TK gene of mutd8¥-1 d120, deleted for both copies
of the ICP4 gene. Expression only occurred in albuexpressing cells, which are
uniquely in the liver (Miyatake et al 199 Bndothelial cell (EC)-specific promoters
have been investigated for usevascular gene therapy. EC promoteiaslike
tyrosine kinase-1 (FLT-1) and intercellular adhasiolecule-ZICAM-2), have been
shown to drive transgene expression from adenoveelors at levels comparable to
the CMV promoterin vitro in endothelial cells (Nicklin, Reynolds et al. 200In
vivo, leaky transgene expression was detectable fremGAM-2 promoter but not
from the FLT-1 promoter, demonstrating the potemtidhis promoter for use in gene

therapy applications.

Cardiac promoters regulate the expression of myalaproteins.Myosin heavy

chain (MHC) and myosin light chain 2v (MLC-2v) haw®th been explored as
cardiac-specific promoters to transcriptionallygttrgene expression to the heatt.

MHC is a myocyte-specific promoter and has beeml useachieve cardiac-specific
expression of the reporter gene luciferase aftectinjection into the left ventricular
cavity of mice (Champion, Georgakopoulos et al.3)0This promoter was shown to
work in both Ad and AAV vectors. MLC-2v is a majoomponent of cardiac and

striated skeletal muscles and is the ventriculamf@f myosin light chain. It is
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important during embryogenesis in the developménhe heart and alterations in
expression result in cardiac defects. MLC-2v issthighly specific for heart and the
MLC-2v promoter can be used to mediate cardiaciBpdransgene expression, and
is the best characterized promoter for this purg6seall and Krieg 2004). A series of
MLC-2v fusion genes were constructed and transfieatéo primary neonatal rat
myocardial cells and a non-myocardial cell line ¢gMdemonstrating that 250 bp of
the MLC-2 5” flanking region was sufficient to cenfcardiac specific expression
(Henderson, Spencer et al. 1989). A fusion of b.%kthe MLC-2v promoter and the
CMV immediate early enhancer demonstrated a 50-fotdease in myocardial
transgene expression levels in mice in comparisothé same vectors under the
control of the CMV promoter alone (Muller, Leuchs a. 2006). Duringin vitro
experiments in cardiomyocytes (H9C2), an MLC2v poten inserted into an AAV
vector drove gene expression at levels comparab@&JV promoter. Two versions
of the MLC2v promoter (1.7 kb and 281 bp versiomsje then packaged into rAAV2
vectors. After intravenous injection into neonatstl and mouse, promoter mediated
cardiac-specific reported gene expression was wetefrom both forms of the
promoter (Phillips, Tang et al. 2002). A 250bp fremt of the MLC-2v promoter
inserted into Ad vectors significantly reduced egsion levelsn vivo in the liver,
lung and kidney in comparison to Ad vectors untier¢ontrol of the CMV promoter
(Boecker, Bernecker et al. 2004).

The combination of a cardiac-specific promoter #mel use of a target viral vector
may lead to the production of a vector that is bépaf switching on therapeutic

genes in the myocardium.

Another method of achieving target cell transcapél control is with the use of
microRNAs (miRNASs). These have recently been @idiss a way of preventing the
immune system from rejecting newly delivered geridEroRNAs (miRNAS) are
small non-coding RNA molecules that function to doggulate gene expression. A
new gene transfer system that exploits the endagemiRNA machinery for
transgene regulation was used to investigate ti@esicy of miRNAs in turning off
transgene expression in non-target tissues ang. ddliice were challenged with
lentivirus encoding target sequences of endogeniBNAs (Brown, Venneri et al.

2006). Expression profiles differed significantlyorin vector biodistribution as
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determined by Q-PCR. The target sequences werectigfly suppressed in
haematopoietic lineages, but maintained in non-la@poietic cells. Prevention of
expression in haematopoietic cells was greater tianachieved with the hepatocyte-
specific albumin promoter. In this system, the npovation of miRNA regulation into
a vector was shown to provide a level of contradrowvansgene expression, showing

the potential of microRNAs on gene regulation (BnoWenneri et al. 2006).

1.10 Renin Angiotensin System

The renin angiotensin system (RAS) was first reczghin 1898 with the discovery
of renin by Tigerstedt and Bergman (Tigerstedt &sigman 1898). It has been
studied for more than a century, yet continuallyvngiscoveries are being made
regarding the importance of the RAS in the pathspilggy of cardiovascular and
renal disease. In the last few years, new peptigegptors and enzymes have been
found, additional functions have been assignedxtsting components of the RAS
and alternative pathways of angiotensin (Ang) hegation have been found. Recent
studies have added to the knowledge of the eveairelipg RAS in both normal and
diseased states. It is now known that there are R#& systems; the classic
systemically acting system and a more recentlytified and highly complex tissue-
localized system. Classically, the RAS can be dlesdras an endocrine system that is
a central regulator of cardiovascular, renal aneral physiology and haemastasis. It
is a circulating co-ordinated hormonal cascade thaictivated by a loss in blood
volume or in response to a change in arterial presdany of the components of the
RAS have opposing functions helping to serve thennmam of the RAS in
maintaining a strict homeostatic balance. This wath is of major clinical
importance. Overactivity of the RAS is associateithwhe pathophysiology of
hypertension and progression of heart failure, ianldus a major target for therapy.
Inhibition of components of the RAS, such as arggisin converting enzyme (ACE),
has been shown to markedly decrease blood pregsungpertensives and exert
beneficial effects on cardiac function and survivatardiovascular and renal disease
patients. Accordingly, knockout mice of componeontsthe RAS, including ACE
(Krege, John et al. 1995), renin (Yanai, SaitoleP@00) and angiotensin receptor 1la
homologue (ATa) (Oliverio, Best et al. 1997) have been generated all display
hypotensive tendencies with decreased blood presand compromised kidney
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function compared to controls, indicating that thase key peptides in the control of
this system. ACE inhibitors are used to treat higmsion worldwide, showing the

enormous potential in modulating and controlling gystem.

At the beginning of this coordinated cascade liegi@ensinogen, which is a
circulating precursor protein produced by the lif€igure 1.5). It provides the
majority of systemic circulating angiotensin pepsd although it is also present in
other tissues including the heart, vasculaturendyd and adipose tissue (Carey and
Siragy 2003). Angiotensinogen plays a role in huibl@mod pressure and overactivity
of the gene is associated with the developmenypétiension (Menard, el Amrani et
al. 1991; Jeunemaitre, Soubrier et al. 1992). @ejivf rAAV vectors expressing the
angiotensinogen antisense gene led to a delayeet ohshypertension and to the
significant attenuation of hypertension in adulttiao the SHR (Kimura, Mohuczy et
al. 2001).

In response to volume and renal perfusion pressin@nges detected by the
juxtaglomerular apparatus as the blood enters itheeks, the glycoprotein enzyme
renin is secreted by the juxtaglomerular cellshat tenal afferent arterioles. Renin
cleaves the Leu-Val peptide bond at the N-termmiugngiotensinogen thus creating
the decapeptide angiotensin | (Ang 1). The casacamdinues with physiologically
inactive Ang | then being catalyzed to biologicadlgtive octapeptide angiotensin II
(Ang II) by the cleavage of a dipeptide at the @ri@us (His-Leu) by endothelium-
bound angiotensin converting enzyfeCE) (Skeggs, Kahn et al. 1956). ACE is a
glycoprotein that possesses two active carboxyiteinsites and is also responsible
for metabolising the vasodilator bradykinin (Yariydos et al. 1970). It therefore
increases the levels of the potent vasoconstrigtay Il whilst limiting the presence
of vasodilators. Angiotensin Il is cleaved furthmsr a variety of enzymes to produce
the bioactive angiotensin fragments angiotensin{Ahg 2—8), angiotensin IV (Ang

3-8) and angiotensin-(1-7).
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Figure 1.5 Overview of the renin angiotensin system

Depiction of the RAS pathway, demonstrating how pleptide components interact
with one another. ATangiotensin type 1 receptor; A@ngiotensin type 2 receptor.
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1.10.1 Cardiac RAS

The traditional concept of the RAS has had to bpaeged to incorporate the
increasing clinical and experimental evidence ghaingly supports the existence of a
local functioning cardiac RAS. It has been showrrénent years that many RAS
components are present in different tissues, imetuthe brain, kidney, heart and the
vasculature, that could not be explained by theende system (Paul, Poyan Mehr et
al. 2006). Also, it was reasoned that a local RASstrexist due to the fact that
inhibitors of the components of the RAS have bamfieffects beyond those on
blood pressure. Thus it is accepted that the RA®igust an endocrine system, but
also an autocrine/paracrine system. Every compaofetite RAS has been identified
in cardiac and vascular myocytes and fibroblasemegation of Ang | and Ang Il is

not restricted to the systemic circulation; product also takes place in the

vasculature and other tissues.

1.10.2 Angiotensin Il (Ang Il)

Ang Il is the principal physiological effector molecute this pathway and exerts a
plethora of effects throughout the body, being #&epbvasoconstrictor. Its role in
cardiovascular disease is well documented ancctteres can result in cardiovascular
damage. Ang Il has a very short half life and igrdded within seconds into
fragments, mainly des-aspartyl-Ang Il (Ang Il1),n§ 1-7, and Ang IV. Ang Il is
transported to peripheral tissues and its actioesrediated through two G-protein-
coupled receptors, angiotensin type 1 {A&nd angiotensin type 2 (A)lreceptors
(de Gasparo, Catt et al. 2000; Boehm and Nabel)2@0%) Il mediates the majority
of its cardiac, renal and adrenal function by th&vation the AT, receptor. The role
of the AT, receptor is less well defined; evidence suggdstsit generally opposes
effects mediated by the ATreceptor through activating vasodilatory and anti-
proliferative effects (Dinh, Frauman et al. 2001k, Evans et al. 2005). Stimulation
of the AT, receptor results in the activation of number ofodilatory peptides,
including bradykinin, NO and guanosine cyclic 3',/donophosphate (cGMP). The
AT, receptor is expressed at lower levels in cardiovas tissues than the AT
receptor, offering an explanation for the prefeeen€ Ang Il for the AT receptor.
Gene transfer techniques have been exploited testigate the role of the AT

receptor in the RAS. AJ receptor expressing lentivirus vectors (Metcalfe,
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Huentelman et al. 2004) and Ad-directed ;,AfEceptor overexpression (D'Amore,
Black et al. 2005) have been utilised, with bottprapches showing conflicting
results. Whilst the lentivirus overexpression stutimonstrated a preventative role
for the AT, receptor in cardiac hypertrophy (Metcalfe, Huemtah et al. 2004), Ad-
mediated AT receptor overexpression resulted in cardiomyochtgertrophy
(D'Amore, Black et al. 2005).

The deleterious effects on the cardiovascular systgsociated with Ang Il including
vasoconstriction and the promotion of cellular gitovare mediated by the AT
receptor (Unger, Culman et al. 1998; Perazella Setdro 2003). The effects of this
include the modulation of blood pressure througlsocanstriction and sodium
retention. These effects have been shown to beepted by rAAV-mediated delivery
of antisense AT receptor gene, in which the development of hyperta (Phillips
1997), renal injury and cardiac remodelling wasvaido be inhibited (Li, Yan et al.
2007). Ang Il acts on the vascular smooth musclés ¢ée the walls of arterioles
causing them to constrict and forcing the bloodo&opumped harder through this
narrowed space thus increasing blood pressurehdtumbre, Ang Il can also
indirectly regulate blood pressure by stimulatihg tdrenal cortex to produce and
release the hormone aldosterone from the zona gldosa. Aldosterone enhances
sodium conservation by the kidneys and gastroimt@stract, which in turn induces
import of chloride ions and most importantly watlralso encourages the loss of
potassium and magnesium and can also stimulatd.this more water is retained in
the blood, there is a higher circulating volumeutgng in pressure being maintained.
So the RAS has a two-fold effect at raising andmtaaming a high blood pressure.

Ang 1l is more than just a vasoconstrictor and besen shown to have a role in the
activation of angiogenic and fibrotic cytokines, agll as in the promotion of

macrophage recruitment and infiltration. It alsases ventricular hypertrophy and
remodelling of the cardiac wall. Whilst hypertropisyinitially adaptive, progression

of hypertrophy is eventually maladaptive and leadseart failure. Thus it is vital that

levels of Ang Il in the circulation are well regtéd.

Inhibition of components of the RAS has proven wixtedly beneficially therapeutic

in the management of a number of diseases, inguaypertension and heart failure,
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highlighting that overactivity of the RAS is assateid with disease. ACE inhibitors
(ACEI) and Ang Il receptor blockers (ARBs) are etfee drugs for the treatment of
cardiovascular diseases and their associated gatbiofogies, probably as a result of
blocking the vasoconstrictor, hypertrophic and imftammatory actions of
angiotensin Il. Interestingly, after ATeceptor blockade and ACE inhibition, it was
found that levels of ACE2 and Ang 1-7 were increasgemonstrating that these
peptides may contribute to the beneficial effect®AS blockade (Chappell, Pirro et
al. 1998; lyer, Ferrario et al. 1998; Igase, Straal. 2005).

1.10.3 Angiotensin 1-7 (Ang 1-7)

Ang 1-7 can be produced though several pathwaganitbe synthesised directly from
Ang | by endopeptidase NEP (neutral endopeptid@gainamoto, Chappell et al.
1992) and prolylendopeptidase (PEP) (Welches, Sagital. 1991). Alternatively, it
can be indirectly produced from Ang | through clege by ACE2 into an Ang 1-9
intermediate (Donoghue, Hsieh et al. 2000). Thiermediate can then be further
degraded into Ang 1-7 by the actions of ACE. Ang tan also be produced both
directly and indirectly from Ang Il. ACE2 hydrolyseAng Il with high efficiency to
produce Ang 1-7, displaying a 400-fold higher cgtalefficiency with Ang Il as a
substrate than with Ang I (Vickers, Hales et al02p0 Finally, Ang 1-7 can be formed
from Ang Il by PEP and prolylcarboxypeptidase (P.CP)

The G-protein coupled receptor mas has been idehtéfs the receptor for Ang 1-7
(Santos, Simoes e Silva et al. 2003). Ang 1-7ngdiough the mas receptor, is seen
to produce effects that are opposite to those dbestifor Ang Il (Ferrario, Chappell
et al. 1997). Levels of Ang 1-7 are increased itinfa human heart ventricles,
indicating that it may play a cardioprotective rateheart failure (Zisman, Keller et
al. 2003). This is supported by the finding thatgAtr7 reduced the incidence of
arrhythmias after induced myocardial injury in eteld rat hearts (Ferreira, Santos et
al. 2001). Ang 1-7 has additionally been shownnduce diuresis, to enhance the
vasodilatory actions of bradykinin (Paula, Limaaét1995; Fernandes, Fortes et al.
2001) and to exert antiproliferative actions (Stnawerrario et al. 1999). All these
actions point to a role for Ang 1-7 in the counggulatory arm within the RAS.
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1.10.4 Angiotensin converting enzyme 2 (ACE2)

ACE2 is a member of the M2 zinc metalloproteinasaify and a recently identified
homologue of ACE with their catalytic domains shgria 42% amino acid identity
(Soubrier, Alhenc-Gelas et al. 1988; Ehlers andrd®in 1991; Tipnis, Hooper et al.
2000). Both ACE and ACE2 are highly expressed iscutar endothelial cells,
however ACE2 expression is thought to be tissueip@and restricted to the heart,
kidney and testis (Donoghue, Hsieh et al. 2000ni§ipgHooper et al. 2000). However,
recent work has revealed ACEZ2 is abundantly prasgmimans in the epithelia of the
lung and small intestine, thought to be associati#ldl possible routes of entry for the
severe acute respiratory syndrome-associated caraedSARS-CoV), as ACE2 has
been identified as the functional receptor for SARS/ (Hamming, Timens et al.
2004). Unlike ACE, ACEZ2 functions as a carboxypagsie rather than a dipeptidyl
carboxypeptidase (Donoghue, Hsieh et al. 2000)istisbught to counterbalance the
vasopressor effects of ACE (Vickers, Hales et @02). This transmembrane protein
has been found to be insensitive to ACE inhibisush as captopril and lisinopimi
vitro (Tipnis, Hooper et al. 2000), showing that ACE2 kadistinct substrate and
inhibitor specificity from ACE.

ACE2 has been proposed as a critical componenh®fRAS, thought to elicit
cardioprotective effects by balancing the plethofanegative effects that Ang Il
exerts on the cardiovascular system (Ferrario, gélaet al. 1997; Ferrario 1998).
ACEZ2’s role in the RAS is thought to lie in the ibiion of Ang Il production,
through two differing pathways. ACE2 primarily hgtyses Ang 1l and less
efficiently Ang I, (Tipnis, Hooper et al. 2000) tésng in Ang 1-9 and Ang 1-7
production. Ang 1-9, which itself is of unknown fition, is further hydrolysed to
Ang 1-7 by the actions of ACE (Donoghue, Hsieh let2@00). Ang 1-7 has been
shown to have vasodilatory effects and it has Iseggested that it acts through the
G-coupled protein receptonas Thus, ACE2 may play a pivotal role in the RAS by
reducing concentrations of the pro-fibrotic, prelgerative vasoconstrictor Ang Il
and raising levels of the anti-fibrotic, anti-pfeliative vasodilatory peptide Ang 1-7
(Ferrario, Chappell et al. 1997; Ferrario 1998) #Axch, manipulation of ACE2
expression and function has potential utility i theatment of cardiovascular disease.

However, the role of ACE2 in the RAS remains ambigg) with studies into its
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interactions generating conflicting results. In t&’GE2 knockout mice studies, one
showed that these mice had severe cardiac cofityadéfects (Crackower, Sarao et
al. 2002), whilst the other study found no effeots cardiac dimensions (Gurley,
Allred et al. 2006). One possible reason for thdiserpencies could lie in the genetic
backround of these mice. In studies to investiga@E2 overexpression, ACE2
transgenic mice were found to display a high inca#eof sudden death (Donoghue,
Wakimoto et al. 2003), whilst lentivirus-mediatedCB2 overexpression provided
cardioprotective effects (Diez-Freire, Vazquezle806). And so the role of ACE2

is complex and remains ambiguous.

ACEZ2 also metabolises, with high specificity, agarof biologically active peptides
other than peptide mediators of the RAS. The hytimhctivity of ACE2 was tested
against a panel df26 biological peptides. Of these, 11 were founthéchydrolysed
by ACE2 and with high affinity for 3 of the pept&léVickers, Hales et al. 2002). Ang
Il, apelin-13 and dynorphin A 1-13 were hydrolyseiih highest affinity. ACE2 is
known to also hydrolyse Ang |, des-Argradykinin, neurotensin 1-13, kinetensin
(Donoghue, Hsieh et al. 2000p-Casomorphin, Neocasomorphin and Apelin-36
amongst others (Vickers, Hales et al. 2002). Ap&Brand -36 have both been shown
to exert cardioprotective effects vivo. In rodent models of myocardial ischemia-
reperfusion (I/R) injury, apelin-13 and apelin-#luced infarct size by 43% and 33%
respectively demonstrating cardioprotective adasit(Simpkin, Yellon et al. 2007).
Not much is known about the role of neocasomorphinf-Casomorphin, yet
derivatives of the latter have been implicated asorelaxation (Fujita, Suganuma et
al. 1996). The hydrolysis of these peptides by AGEZvoremains to be established,
but may prove to be relevant and play a vital ioléoth the regulation of the RAS

and in the pathophysiology of disease.
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1.11 Aims of Thesis

The principle aim of this thesis was to assesseffect of ACE2 overexpressian
vivo on heart function and blood pressure in relevésgase model, the stroke prone
spontaneously hypertensive rat (SHRSP). In ordexctoeve cardiac overexpression
of ACE2 we first had to identify a suitable gendidey vector. This was achieved

through the following techniques:

« The evaluation botin vitro andin vivo of candidate heart targeting peptides
identified through phage display in which the heagculature was probed for

heart-specific endothelial markers.
« The peptides were used to modify Ad5, Ad19p and RAMctors to assess if
they increased the selectivity of these vectorsendothelial cells of the

vasculature.

« Comparison and optimisation of rAAV6 and rAAV9 vecimediated gene
delivery to the myocardiunm vivoin SHRSP.

« Incorporation of cardiac-specific promoter MLC-2vta rAAV6 vectors to

assess transcriptional regulation.

- Evaluation of ACE2 overexpression using rAAV6.
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Materials and Methods

2.1. Chemicals

All chemicals unless otherwise stated were obtafman Sigma Chemical Company
(Poole, UK) and were of the highest grade obtamablll oligonucleotides were

obtained from MWG-Biotech (Edersberg, Germany).

2.2. Cell Culture

All tissue culture work was performed using a bgpal safety class Il vertical
laminar flow cabinet in sterile conditions. Celinds were maintained in the
appropriate cell culture media (Table 2.1) and batad at 37°C in a 5% GO
atmosphere.

2.2.1. Maintenance of established cell lines

Cells were grown as a monolayer and media wasnigpied every 3 days. Cells were
routinely passaged at approximately 80% confludngerevent overgrowth and loss
of surface contact. To passage, cells were washieé tn phosphate buffered saline
(PBS) (Biowhittaker, Berkshire, UK) and incubatedai minimal volume of trypsin-
EDTA at 37°C, 5% C® (Gibco, Invitrogen, Paisley, UK) for approximately
minutes, until the majority of cells had detach@&te action of trypsin-EDTA was
blocked by the addition of an equal volume of memhataining serum. Cells were
harvested by centrifugation at 480 x g and reswudgekimn fresh media for passaging
or plating. For plating cells were counted in arhaeytometer to enable them to be

seeded at the required density.

2.2.2. Cryo-preservation and resuscitation of cell lines

Cells were harvested as described in section 22dlre-suspended at a density of

approximately 1-2x10cells/ml in complete cell culture media suppleneentvith
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10% (v/v) dimethyl sulphoxide (DMSO). Cell suspeams were aliquoted into sterile
2ml
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Cell type Description Cell culture medium used
Primary human coronary artefyEndothelial cell growth medium (PromoCell, HeidetheGermany) supplemented with 1% (v/v) penicidimd

HCAEC endothelial cells 100 pg/ml streptomycin (both Gibco, Paisley, UK).

03T Transformed human  embryonicMinimum Essential Media (MEM) (BioWhittaker, UK) pplemented with 10% (v/iv) FCS, 1% (v/v)
kidney cell line penicillin, 100 pg/ml streptomycin and 2 mM L-glotime (Gibco, Paisley, UK)

Cos? African green monkey SV40 MEM supplemented with 10% (v/v) FCS, 1% (v/v) pdiiic 100 pg/ml streptomycin and 2 mM L-glutamin
transformed kidney fibroblasts

HelLa Human cervical carcinoma cell line MEM supplementatth 10% (v/v) FCS, 1% (v/v) penicillin, 100 pg/streptomycin and 2 mM L-glutaming

L6 Rat skeletal muscle myoblasts MEM supplemented %68t (v/v) FCS, 1% (v/v) penicillin, 100 pg/ml gttemycin and 2 mM L-glutamine
Human fibrosarcoma cells Dulbecco’s minimum esséntiedia (DMEM) with glutamax-1, 4500mg/L glucod@®% (v/v) FCS, 1% (viv

HT1080 penicillin, 100 pg/ml streptomycin and 4 mM L-gloteze, 1.5 mM xanthine, 0.016mM mycophenolic acid

50x HT supplement (all Gibco, Paisley, UK).

HepG2 Human hepatocellular carcinoma cgMEM supplemented with 10% (v/v) FCS, 1% (v/v) pdiiig 100 pg/ml streptomycin and 2 mM L-glutamine
line

RGE Rat glomerular endothelial cell line MEM supplenezhtvith 10% (v/v) FCS, 1% (v/v) penicillin, 100 md/streptomycin and 2 mM L-glutamine

HOC2 Rat heart myoblasts MEM supplemented with 10% (K@Y, 1% (v/v) penicillin, 100 pg/ml streptomycimds2 mM L-glutamine
Derived from A549 cells. InduciblyDMEM with glutamax-1, 4500mg/L glucose, 10% (VAGE, 1% (v/v) penicillin, 100 pg/ml streptomycin a

633 express Ad5 E1A and constitutively2 mM L-glutamine, 200 pg/ml hygromycin B, 300 pg/malocin and 200 pg/ml neomycin sulphate (all Gik

4%

co,

express the Ad5 fiber protein

Paisley, UK).

Table 2.1Media used to culture cells used in this study.
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cryo-preservation vials and cooled at a constariC/tiinute to -80C using
isopropanol. Vials were then stored indefinitelyliquid nitrogen. Cryo-preserved
cells were resuscitated by thawing at@@and then transferring them drop by drop to
a T-25 flask containing 5ml of pre-warmed cell audt media and incubated overnight

at 37C. The following day they were placed in fresh naedi

2.3. Animal Models

All animals were housed under controlled environtakeconditions. Temperature was
maintained at ambient temperature with 12 h ligi{ctycles. Rats were fed standard
rat chow (rat and mouse No.1 maintenance diet, i8lpBiet Services) and water

providedad libitum

Work with experimental animals was in accordancéhwhe Animals Scientific
Procedures Act 1986 under the project license bgldrofessor A.F. Dominiczak,
License Number 60/2874. Inbred colonies of strok@p spontaneously hypertensive
(SHRSP) and Wistar Kyoto (WKY) strains were maingal “in-house” by brother,
sister mating and routine in lab microsatellite esetiing was used to confirm
homozygosity of all loci within a random group fragach strain. WKY rats for the

phage studies were obtained from Harlan, OxforéshiK.

2.4. Phage methods

All phage experiments were carried out using th&d&ct415-1b phagdisplay
system (Novagen, EMD Biosciences, Darmstadt, Geyinavhich use the T7 capsid
protein to display peptides on the surface of thege, and can display in high copy
numbers (415 per phage). All candidate peptide-plzegl a non-recombinant control
phage (with no peptide insertion) were obtainedadsnd gift from Professor E.
Ruoslahti, Burnham Institute, USA. Candidate peggtifiTable 2.2) had been isolated
by 3 rounds of selection oex vivo murine heart cells, followed by 3 rounds of
selectionin vivo (Zhang, Hoffman et al. 2005Q0ll phage amplification and titering
was performed using.coli strain BL21 (Novagen, EMD Biosciences, Darmstadt,
Germany).
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2.4.1. Amplification of phage

Phage were amplified using the liquid lysate angaifon protocol as described in the
Novagen T7 select system manual. Briefly, a si8jle1 colony was picked from a
freshly streaked plate and amplified overnightn2l MOLB (1.25 ml 20x M9 salts,
0.5 ml 20% glucose, 2pl 1M MgSQy, 25 ml LB), in an orbital shaker at 37 and
180 rpm. Five ml of overnight culture was addeb®@® ml LB in a 2 L flask, and
incubated for approximately 3 hours at°37in an orbital shaker at 180 rpm. The
absorbance at 600 nm was read at intervals ancuthee was grown until Of3y 0.5-
1.0. Separately, 100 phage was added to 25 ml of culture and grown lysis had
occurred. This was then added to the 500 ml culiace was incubated with shaking
at 37C for between 1-3 hours, until cell lysis occurrétlis was determined visually
when the solution appeared clear but contained flitig strands and was also
confirmed by a decrease in the P Ten percent (v/v) 5 M NaCl was added to the
culture, which was then centrifuged at 8000 x glfdrminutes to remove cell debris.
The supernatant was transferred to a sterile bioitlBolyethylene glycol (PEG-8000)

precipitation.

2.4.2. Purification of phage

1/6 volume of 50% (v/v) PEG-8000 was added to tlpgematant and thoroughly
mixed before incubating at’@ overnight. The supernatant was then centrifuged a
3185 x g for 30 minutes at°@. The pellet was resuspended in 2 ml TBS and
transferred to microcentrifuge tubes. To the phatyé, volume of 20% PEG-
8000/2.5M NaCl was added and then left overnight°@, then centrifuged for 30
minutes at 12600 x g and@. The pellet was resuspended in 1 ml TBS andlefte

for 1 hour before centrifugation for 10 minutesld600 x g and 4C. The pellet was
then resuspended in 1 ml 0.02% sodium azide amncatafoom temperature for 20
minutes before a further centrifugation of 10 mesutat 12600 x g and°@.
Supernatants were then pooled and stored. For-&rartstorage, phage were kept at
4°C. For longer term storage 10% (v/v) sterile 80%)(\glycerol was added to the
phage, which was stored at 280
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2.4.3. Quantification of phage by plaque assay (tit  ering)

A single BL21 colony was picked from a freshly akked plate and amplified
overnight in 25 ml LB, supplemented with 5 ml MItsa20 g/L NHCI, 60 g/L
KH2POy, 120 g/L NaHPO,.7H,0), 2 ml 20% (v/v) glucose, 0.1 ml 1 M Mg&Gn an
orbital shaker at 3 and 180 rpm. LB plates were pre-warmed in &3incubator.
Serial dilutions of phage were made in LB. Agar (@ g/L bactotryptone, 5 g/L
yeast extract, 1 g/L MgGH20, 7 g/L agarose) was melted and 3 ml aliquots were
made and placed in a 8D waterbath. 25@1 of BL21 culture was added to 1Q0 of
each dilution of phage. This was then added toligna of agar top and poured onto
an LB plate. Once set, plates were inverted anckplan a 37C incubator for 3 hours
or at room temperature overnight. The following ,dédne number of plaques present
at each dilution was counted and used to calcalataverage titre for the phage stock

using the formula:

Phage titre (pfu)/ml) = Number of plaques x dilatiactor x 10

2.4.4. Sequencing of phage peptides

Individual plagues were picked from the agar usinglass pipette. Each plaque was
placed in 25Qul BL21 liquid culture grown overnight (as for phagenplification).
This was incubated in an orbital shaker at 37°Chwshaking at 180 rpm for
approximately 3 hours, until bacterial lysis ocearrFiveul of the lysate was used as
a template for PCR of the peptide insertion regbthe 10B gene using the primers
T7 Super Up (5-AGCGGACCAGATTATCGCTA-3) and T7 dow (5-
AACCCCTCAAGACCCGTTTA-3’). Each PCR contained 2QM each dNTP
(Promega, Southampton, UK.), 1.25 U Taq DNA polymser (Promega,
Southampton, UK.) and 0.138M each primer in 2.5 mM Mgg| 50 mM KCI, 10
mM Tris-HCI (pH 9.0) and 0.1% Triton X-100. The cdans were subjected to 40
cycles of denaturing at 94°C for 1 minute, anngplat 52°C for 1 minute and
extension at 72°C for 1 minute. PCR products wemaly@ed by agarose gel
electrophoresis. PCR products were cleaned usingPAmme (Agencourt Bioscience
Corporation, MA, USA) as per manufacturer’s instimrgs. Purified PCR products

were resuspended in 40l water and 10ul used in the sequencing reaction.
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Sequencing reactions contained 3.2 pmoles primernlOv3.1 Ready Reaction mix
(Applied Biosystems, MA, USA), 4l v3.1 sequencing buffer (Applied Biosystems,
MA, USA) in a 20ul reaction. The cycle conditions were denaturin@&C for 50
seconds, annealing at®Dfor 20 seconds and extension at@®r 3 minutes, for 25
cycles. Sequencing products were cleaned usingnSEQ (Agencourt Bioscience
Corporation, MA, USA) as per manufacturer’s instiores. Results were analysed on
the ABI 3730 automated sequencer using SeqScafe v2.

2.4.5. In vitro biopanning

A 6-well plate was placed at 4°C for 10 minuteoptd two PBS washes. 1 ml of

biopanning media (DMEM supplemented with 1% (wA$A was added to each

well, along with 1 x1®pfu of relevant phage. The plate was then incubftel hour

at 4°C and then washed 5 times in PBS with 1% (B&A\, for 5 minutes per wash. 1

ml 0.2 M glycine (pH 2.2) was added to the wellg #imen left on ice for 10 minutes

before the addition of 200 pul 1M Tris. This solutivas removed, discarded and
replaced with 1 ml Tris/EDTA. Cell were then scrdg@ed left to lyse for 1 hour on

ice. After centrifugation at 10,000 x g for 2 miesit the supernatant was kept for

titration.

2.4.6. In vivo phage work

In vivo phage work was performed in male 12 week old HaVi&Y rats. Rats were
anesthetised by halothane (4%). All animals recelex1G° pfu phage via femoral
vein injection which was left to circulate for 15mates. Blood samples were taken by
cardiac puncture before ratgere perfused through the heart with hepariniséidesa

and organs were removed and stored on ice befapefseezing.

2.4.6.1. Extraction of phage from tissues

Phage were extracted from approximately 250 mgsstie. Tissues were placed in a
fast RNA green biopulveriser lysis matrix tube (Q@ne, CA, USA) containing 500
ul ice cold DMEM-PI (DMEM supplemented with 1% (W/M3SA, 1 mM PMSF, 1
pug/ml leupeptin, 2ug/ml aprotinin). The tissues were homogenised iRaatprep

system (Qbiogene) by performing six 45 second airesspeed of 5.5. Samples were
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placed on ice every two runs to prevent overheaflimp homogenate was removed
and an additional 5001 DMEM-PI was added to the tube. An additional 2gwere
performed, and then the buffer was pooled withfitisé aliquot. A further 2 runs were
performed with another 5Q@ buffer. To each homogenate 1QA01% non-ident P40
(NP40) was added and incubated on ice for 5 minutes was followed by the
addition of 30ul 1% sodium azide, which acts as a preservativieetp prevent the
growth of bacteria. Samples were stored ‘@ for up to 5 days before titering was

performed.

2.5. Lipofectamine Transfection

Lipofectaminé™ 2000 (Invitrogen) is a proprietary cationic lipfdrmulation that
allows the transfection of nucleic acids into eykdic cells for the expression of

protein.

Cells were seeded at an optimised density of 3°céls/well (6-well plate) and left
for 18 hours. This was to achieve an optimum canfae of 85-90%. A DNAWQ) to
Lipofectamine™ 2000y() ratio of 1:1 was normally used, but was optirdi$er each
cell line. 250l of pre-warmed Opti-MEM® | Reduced Serum Mediumvftrogen,
UK) was added to an eppendorf tube and 8f Lipofectaminé™ 2000 added to this.
To a further 25Qul of Opti-MEM® | was added 3ig of DNA in an eppendorf tube.
The contents of the DNA tube were then combinedh wie lipofectamine tube and
mixed well by tapping. After 20 minute incubation Boom temperature, the
complexes were added one drop at a time to the, aeflose medium had meanwhile
been replaced with 1 ml Opti-MEM® | Reduced Seruneddim. Cells were
incubated for 6 hours at 32 and then 2 ml serum-containing medium added o th
well. Overnight incubation was followed by fresh anen being added to the wells

and then left for a further 24 hours.

2.6. Caesium chloride preparation of DNA

After overnight growth of culture and centrifugatjdhe resultant bacterial pellet was
lysed with 25 ml ice-cold lysis solution (0.025 kistpH 8, 0.01 M EDTA, 0.05 M

glucose) for 30 minutes at 4°C. The lysate wasreteaith 50 ml room temperature
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alkaline SDS (0.2M NaOH, 2.5 ml 20% w/v SDS) formbnutes at 4°C. 30 ml
potassium acetate solution (3M potassium acetad® @l glacial acetic acid) was
added to precipitate chromosomal DNA and left & #t 15 minutes. Centrifugation
was performed at 9794 x g, for 10 minutes at 4°G@ #re supernatant decanted
through a double layer of gauze into a fresh seblg pot containing 60 ml
isopropanol. Care was taken to avoid contaminaiiith the precipitate. The bug pot
was placed at -20 °C for 1 hour before centrifiayatit 9794 x g for 10 minutes at
4°C to pellet plasmid DNA. The supernatant wasattbed and the pellet resuspended
in 4 mlof 1 x TE (pH 8). The plasmid DNA solutiavas added to a Falcon tube
containing 5g CsCl and 300 pl ethidium bromide (A§/ml stock) and placed on a
roller mixer for 15 minutes. The tube was centrddgat 1985 x g for 10 minutes at
room temperature. The supernatant was removedhencetractive index determined
using a refractometer and adjusted to 1.396-1.38B8gueither saturated CsCI or
topping up solution (5g CsCl, 4 ml 1x TE, 300 uBgt The solution was placed in
13.5 ml ultracentrifuge tubes and tube lids healese Tubes were centrifuged at
308426 x g at 16 °C, for 18 hours using an optimb™0 XP ultracentrifuge
(Beckman Coulter, UK). Supercoiled plasmid DNA wearefully removed by
piercing the tube. To remove the EtBr, an equalmra of isopropanol was added and
mixed gently. After settling, the upper organicdayvas discarded and the original
volume made up using 1 x TE. A further 5 isopropaveshes were carried out. The
plasmid solution was dialysed in a collodion bagr{&ius AG, Germany) against 5 L
of 1 x TE at 4 °C overnight.

2.7. Production of adenoviruses

2.7.1. Production of recombinant Ad5

High titre stocks of recombinant Ad5 were produbgdarge-scale amplification of a
plaque pure stock of Ad5 in 293 cells. Low passag@ cells were grown to 80%
confluence then infected with a multiplicity of edtion (MOI) of approximately 1
plaque forming unit (pfu)/cell. The media was cheshgevery 3 days until the
cytopathic effect of the Ad caused the cells tadetfrom the flask. Cells were then
fed by adding 10 ml media to each flask until thegamty of cells had detached. Cells
were harvested by centrifugation at 850 xg for ifutes at room temperature. The
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pellet was resuspended in 10 ml of PBS and an egohime of ArkloneP
(trichlorotrifluoroethane). The tube was invertemt 10 seconds then gently shaken
for 5 seconds so the solutions were mixed withagrous shaking (as this results in
detachment of the Ad fiber from the capsid). Thexing was repeated. The
suspension was centrifuged at 850 x g for 15 mgateoom temperature. The upper
aqueous layer containing the virus was removed.additional 10 ml of PBS was
added to the remaining solvent layers and the peees repeated. The agueous
layers were pooled and stored at 2@@ntil purified on a CsClI gradient.

2.7.2. Production of fiber gene deleted Ad with the lac Z transgene
(Ad5.lacZ. AF)

633 cells were maintained in selective media (Ta&blg until they were expanded
into 20 x T-150 flasks, where they were culturedMBM supplemented with 10%
(v/v) foetal calf serum (FCS), 100 IU/ml penicillid00 pg/ml streptomycin and 2
mM L-glutamine. Twenty-four hours before cells werafected 0.3 pM
dexamethasone was added to the media. Cells wiereted with fiber gene deleted
Ad5 (MOI 2000 virus particles (vp) /cell) when theyere approximately 80%
confluent. When the cytopathic effect had causedntiajority of cells to detach, the
cells were harvested by centrifugation at 850 ®rglD minutes at room temperature.
The pellet was resuspended in 10 ml of PBS. Viras veleased from cells by three
rapid freeze/thaw cycles and cellular debris wasoreed by centrifugation at 850 x g
for 15 minutes at room temperature. The supernataststored at -8C until it was

purified on a CsCI gradient.

2.7.3. Cloning of peptides into Ad5 and Ad5/Ad19p f  iber genes

Oligonucleotides (Table 2.2) were obtained from MMB®Gtech (Edersberg,
Germany). Overlapping oligonucleotides encodingpéptides flanked by thBspE1
restriction site were used for cloning peptidesoithe Ad5KO1 vector. These
overlaps were not required for Ad19p fiber as blligdtion was usedOligos were
annealed by mixing M of each oligo in 10Qu reaction and heating to 98 for 10

minutes, then cooling to 50°C over 1 hour.
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Virus Plasmid Peptide Sequence of oligo encodingehvascular targeting peptide
Ad Control | pDV111 None None
(AdCTL) (Nicklin et
al,. 2001c)
AdKO1 pDV137 CRPPR 5-CCGGATGCCGTCCGCCTCGGG-3
(Nicklin et 3'-TACGGCAGGCGGAGCCCGGCC-5'
al. 2001c) CGRKSKTVC | 5-CCGGATGCGGTCGGAAGTCGAAGACGGTTTGCG-3
3'-TACGCCAGCCTTCAGCTTCTGCCAAACGCGGCC-Y
CARPAR 5-CCGGATGCGCGCGTCCTGCTCGTG-3
3-TACGCGCGCAGGACGAGCACGGCC-Y
CPKRPR 5-CCGGATGCCCTAAGCGTCCGCGGG-3
3-TACGGGATTCGCAGGCGCCCGGCC-Y
CRNSWKPNC | 5'-CCGGATGCCGAAACTCGTGGAAGCCTAATTGCG-3
3-TACGGCTTTGAGCACCTTCGGATTAACGCGGCC-5
CRSTRANPC | 5-CCGGATGCCGTAGTACTCGTGCTAATCCTTGCG-3
3-TACGGCATCATGAGCACGATTCGGAACGCGGCC-Y
CPKTRRVPC | 5'-CCGGATGCCGTAGTACTCGTGCTAATCCTTGCG-3’
3-TACGGGATTCTGCGCAGCTCAAGGAACGCGGCC-~
CSGMARTKC | 5'-CCGGATGCTCTGGTATGGCTCGTACTAAGTGCG-3
3-TACGAGACCATACCGAGCATGATTCACGCGGCC-Y’
Ad5/19p pDV145 CRSTRANPC | 5-TGCCGTAGTACTCGTGCTAATCCTTGE3’
{g%dnbyet 3'-ACGGCATCATGAGCACGATTAGGAACG-5’
al., 2007) CSGMARTKC | 5'-TGCTCTGGTATGGCTCGTACTAAGTGC-3
3'-ACGAGACCATACCGAGCATGATTCACG -5’
CPKTRRVPC | 5-TGCCCTAAGACGCGTCGAGTTCCTTGC-3’
3-ACGGGATTCTGCGCAGCTCAAGGAAGC-5’
CRPPR 5-GTGCCGTCCGCCTCG
3-CACGGCAGGCGGLCGLCC-5
CRPPR-mod | 5'-GGATCGTCGTGCCGTCCGCCTCGGGGATCGTCG-3
3 -CCTAGCAGCACGGCAGGCGGAGCCCCTAGCAGC
3CRPPR 5TGCCGTCCGCCTCGGGGAGGAGGATCGTGCCGTCCGCA
CGGGGAGGAGGATCGTGCCGTCCGCCTCGG-3’
3'ACGGCAGGCGGAGCCCCTCCTCCTAGCACGGCAGGCGA
AGCCCCTCCTCCTAGCACGGCAGGCGGAGCC-Y

Table 2.2Plasmids used to produce Ad vectors and the sega@ioligos encoding

the vascular targeting peptides.
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Fifty ug of each plasmid (pDV147, pDV111 or pDV137) wagedited overnight at
37°C with 5 Ujul enzymeEco41Il (Promega, Southampton, UK) or 10 URB$EL
(New England BioLabs, Hitchin, UK) in a 1@0reaction using enzyme buffer D or

buffer 3 respectively.

Dephosphorylation of 2.51g of digested plasmid was performed using 5 U ghrim
alkaline phosphatase (SAP) (Promega, Southamptkih by incubation at 37TC for

15 minutes. SAP was inactivated by incubation atC65for 15 minutes.
Dephosphorylated plasmid and oligo duplexes wegatdid using Quick T4 ligase
(New England BioLabs, Hitchin, UK). Twenty ng veGté uM annealed oligo, (il
ligase and 1Qul of the supplied buffer were mixed in a total vole of 20ul and
incubated at room temperature for 5 minutes. Lij@lasmids were then transformed
into JM109 competenE. coli (Promega, Southampton, UK) using a standard heat
shock protocol. Briefly, 1Qul of the ligation reaction was incubated with {0
competent cells on ice for 30 minutes. The reactvas placed in a 4 water bath
for 30 seconds and then placed back on ice forrut@s. To the tube was added 950
pl of SOC media (20 g/L bactotryptone, 5 g/L yeadtract, 10 mM NaCl, 2.5 mM
KCI, 20 mM glucose), which was then placed in doitat shaker for 1 hour at 3¢
with 180 rpm shaking. One hundrgtlof culture was plated onto LB agar plates (10
g/L bactotryptone, 5 g/L bactoyeast extract, 5 ¢Na&Cl, 15 g/L agar, pH 7.5)

supplemented with 100g/ml ampicillin and incubated overnight at°&7

Several colonies were picked from each plate andliied overnight in 5ml LB.
Plasmid DNA was isolated using the Qiagen plasmiad preparation kit (QIAGEN
Ltd., Crawley, UK) as per manufacturer’'s instrun8o Restriction digestion of
individual clones was performed to determine wipldsmids contained a single copy
of the inserted oligonucleotide duplex. Clones wseguenced to confirm they
contained a single copy of the insertion in theredr orientation. Sequencing
reactions contained 250 ng plasmid DNA, 3.2 pmel@ser 5 (primer for Ad5/19p
plasmids 5-TCTTTGATTGTGGTCGCAGG-3’, primer for tiRdKO1 plasmids 5’-
CACTTGAGTTGTGTCTCCTCCACC-3’), 1l v3.1 Ready Reaction mix (Applied
Biosystems, MA, USA), 4ul v3.1 sequencing buffer (Applied Biosystems, MA,
USA) in a 20ul reaction. The cycle conditions were denaturing9&C for 45
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seconds, annealing at®Dfor 25 seconds and extension at®®@or 4 minutes, for 25
cycles. Sequencing products were cleaned usingnSEQ (Agencourt Bioscience
Corporation, MA, USA) as per manufacturer’s instiores. Results were analysed on

the ABI 3730 automated sequencer and using SeqSeape

Large scale plasmid DNA preparations of correcguenced plasmids were then
carried out using the Qiagen Plasmid Maxi Prepamakit (Qiagen Ltd, Crawley,
UK) following the manufacturer’s instructions. Bitig a 200 ml culture was grown
overnight in a 2 litre flask in an orbital shakerl®0 rpm and 3. Bacteria were
harvested by centrifugation at 8000 x g for 10 rteswat 4C. The cells were lysed by
alkaline lysis and centrifuged at 20000 x g for fBthutes at 4C to remove cell
debris. The supernatant was removed and centribugegpeated for 15 minutes. The
supernatant was applied to a QIAGEN tip to bind@A. A medium salt wash (1.0
M NaCl, 50 mM MOPS, pH 7, 15% v/v isopropanol) wased to remove RNA,
proteins and low molecular weight impurities DMAas eluted in a high salt buffer
(.25 M NaCl, 50 mM Tris.HCI, pH 8.5, 15% v/v isopanol). Isopropanol
precipitation was used to purify and concentrate DINA. The plasmid was
resuspended in TE buffer (pH 8.0, 10 mM Tris.Cl, %) and stored at -2C.
Glycerol stocks of positive colonies were produbgdmixing 150ul sterile glycerol

with 850pl of culture and stored at -80.

2.7.3.1. Production of fiber-modified and pseudotyp  ed Ads

Peptide modified viruses were produced using theevipusly developed
transfection/infection protocol where the modifieder gene is expressed from a
plasmid (Von Seggern, Kehler et al. 1998; JakubcRaflence et al. 2001; Nicklin,
Von Seggern et al. 2001). All the plasmids exptissAd fiber gene from the CMV
IE promoter.

Ad vectors with genetically modified fibers wereoguced in 293T cells that express
the adenovirus E1A gene, which is essential farsvieplication. Ten x 10 cntissue
culture Petri dishes (Nunc, Wiesbaden, Germany)/@¥ confluent 293T cells
(maintained in MEM supplemented with 10% (v/v) FA80 IU/ml penicillin, 100

pg/ml streptomycin and 2 mM L-glutamine) were traaséd with plasmid expressing
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the modified fiber gene using a calcium chloridiéedential pH method. Briefly cells
were washed twice in PBS, and then placed in 4.BMIEM supplemented with 10%
(v/iv) FCS, 25 mM HEPES pH 7.9. A solution contagif60 ul media (DMEM
supplemented with 25 mM HEPES pH 7.1),.148M CaCl, and 21ug plasmid DNA
per plate was made up. This was added slowly whdeplate was gently rocked. As a
positive control, one plate was transfected withsplid pMV10 which expresses the
lacZ gene. Following overnight incubation at’87the cells were washed in PBS then
placed in 10 ml of the standard cell culture mediae transfection efficiency was
assessed using the pMV10 transfected plate. IfOBG-8f cells were positive then
cells were infected with 2000 vp/cell Ad5.la@E. (an E1, E3 and fiber gene deleted
first generation adenovirus). When the cytopatlifect had caused the majority of
cells to detach, the cells were harvested by dagation at 850 x g for 10 minutes at
room temperature. The pellet was resuspended mllkéf PBS. Cells were lysed by
three freeze/thaw cycles. The suspension was figged at 850 x g for 15 minutes at
room temperature. The supernatant was stored &C-8til purified on a CsCl

gradient.

2.7.4. Adenovirus purification using CsCl density g radient

centrifugation

To purify and concentrate crude Ad stocks, cergafion on CsCl density gradients
was used. Fourteen ml cellulose-nitrate ultra-ctegntrifuge tubes (Beckman Coulter
Ltd, Buckinghamshire, UK) were sterilised with 7@hanol and then washed with
sterile water. A CsCl gradient was produced by eagally layering 2 ml of CsCl
with a density of 1.45 g/ci3 ml of CsCl with a density of 1.32 g/éand 2 ml 40%
glycerol. The crude Ad supernatant was overlayatitha tube filled with PBS. The
tube was then loaded into a Sorvall Discovery 90rroontainer, placed in the rotor
(RPS40T-859) and centrifuged at 90,000 x g forhHh&rs at room temperature with
maximum acceleration and free deceleration. Foligwicentrifugation a band
containing complete virus can be seen. This wa®venhby piercing the tube below
the virus band with a 22 GA needle and drawinglogfband in the minimum volume

without disrupting the other bands.
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Extracted virus was transferred to a Slide-A-LyiBalysis Cassette (MW cut of

10,000) (Perbio Science UK Ltd., Northumberland,)U#tr dialysis. The virus was

dialysed against 2 L of 0.01 M Tris pH 8 / 0.001HIDTA for approximately 2 hours

then buffer was replaced and the dialysis repeatednight. The buffer was changed
and supplemented with 10% (v/v) glycerol and dialygas continued for a further 2
hours. The virus was carefully removed from thesetie, aliquoted and stored at -
80°C.

2.7.5. Determining Ad virus particle titres

Particle titre of fiber modified Ad vectors is calated based on the protein content of
the virus stock using the Micro BCA (bicinchoniricid) assay kit (Pierce, Rockford,
IL, USA). Briefly, 8 bovine serum albumin (BSA) stdards ranging from 200g/ml

to 0.5ug/ml were prepared and 1h0of each was pipetted in duplicate into a 96 well
plate. 1, 3 and %l of virus made up to 150l in PBS were also used in duplicate.
One hundred and fiftyl of BCA working reagent was added to each wellnthe
incubated at 3C for 2 h. The absorbance at 570 nm was measuied asWallac
Victor? plate reader (Wallac, Turku, Finland). Backgroubdabance was subtracted
from the samples and standards and the amountbotdiprpresent in each virus was
then calculated from the standard curve. The vrarticle titre was then calculated
using the established formula:ply protein = 1 x1dviral particles (Von Seggern,
Kehler et al. 1998).

2.7.6. Western blotting

Before using a new virus stock it was importantdafirm that the virus capsids had
the fiber protein incorporated. To achieve this SEXSGE (sodium dodecyl sulfate
polyacrylamide gel electrophoresis) and westerrtibp were performed using the
monoclonal anti-fiber antibody 4D2 (Neomarkers FoemCA, USA).

To detect fiber monomers, reducing conditions and28 polyacrylamide gel

(containing 40% (v/v) polyacrylamide (30%), 11.29vmTris pH 8.8, 0.1% (v/v)
SDS, 300ul ammonium persulphate (APS) and BOTEMED) were used. To detect
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fiber trimer, non-reducing conditions and a 7.5% geontaining 25% (v/v)
polyacrylamide (30%), 11.25 mM Tris pH 8.8, 0.1%v{\SDS 300ul APS and 3Qul

TEMED) were used. A 4% stacking gel containing ¥3.8v/v) polyacrylamide
(30%), 3.75 mM Tris pH 6.8, 0.1% SDS 3ADAPS and 3Qul TEMED) was used

with each gel.

Twenty pg (8x1& vp) were mixed with an equal volume of reducingdiog dye
(125 mM Tris pH 6.8, 4% (v/v) SDS, 10% (v/v) glyokr0.006% (v/v) bromophenol
blue, 2% (v/v)B-mercaptoethanol) or non-reducing loading dye (&#@ Tris pH

6.8, 4% (v/v) SDS, 10% (v/v) glycerol, 0.006% (vhrpmophenol blue). For reduced
conditions virus was heated to°@for 5 minutes before the gel was loaded. Samples
were electrophoresed at 200 V in running buffe@Z8.M Tris-HCI, 0.2 M glycine,
0.001 M SDS) for approximately 3 hours.

Proteins were transferred onto Hybond-P membranme(8ham Bioscience UK
Limited, Buckingham, UK) overnight at 30 V in trdesbuffer (0.025 M Tris, 0.2 M
glycine, 20% (v/v) methanol, 0.01% (v/v) SDS). Tinembranes were then blocked
in TBS-T (150 mM NaCl, 50 mM Tris, 0.1% (v/v) Twe€0) + 10 % (w/v) fat-free
milk powder (blocking buffer) for 2 hours with shag. The membrane was
incubated for 1 hour at 3C with the anti-fiber antibody diluted to 1:500btocking
buffer. The membrane was washed twice in blockiuigel at room temperature for 5
minute. The secondary antibody, rabbit anti-mousesdradish peroxidase (HRP)
(Neomarkers Fremont, CA, USA) was diluted 1:1000 hiocking buffer and
incubated with the membrane at room temperaturel foour. The membrane was
then washed four times in blocking buffer for 15notes at room temperature. An
additional three washes of 5 minutes in TBS-T wpegformed. Proteins were
visualised using the ECHetection system (Amersham Biosciences UK Limited,
Buckinghamshire, UK) as per manufacturer’'s instamnsg. Films were exposed for

varying lengths of time, ranging from 10 seconds\ernight.
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2.8. In vitro infections

2.8.1. In vitro infection with adenovirus

Cells were seeded in 96-well plates at a seedimgigeof 1 x 18 cells/well and
incubated overnight at 3C to produce 70-80% confluence. Viruses were dilute
the desired concentration in PBS. Wells were im@avith the required multiplicity
of infection (MOI) of virus and incubated for 3 hreuat 37C. Cells were washed in
PBS then placed in fresh media and incubated &€ 3Gr 48 hours before transgene

expression was measured.

2.8.2. In vitro infections with AAV

Cells were seeded in 96-well plates and incubatedinight at 37C to produce 70-

80% confluence. Viruses were diluted to the desmedcentration in PBS. Wells
were infected in triplicate with the required MClharus and incubated for 24 hours
at 37C. Cells were washed in PBS then placed in frestlianend incubated for a

further 72 hours at 37C.

2.9. In vivo virus biodistribution

Male 11 week old WKY were administered a singleusahtravenous injection of an
adenovirus construct at 3xfOvp/rat under general anaesthesia (2% isoflurane,

vol/vol). Animals were sacrificed 5 days post inéus

2.9.1. DNA extractions

DNA was isolated from tissue samples using the @IBaDNA Mini Kit (Qiagen,
CA, USA) as per manufacturer’s instructions. Bgiglipproximately 25 mg tissue (10
mg for spleen) was placed in 2Q0 SDS-containing lysis buffer with proteinase K
and incubated overnight at %6 A further 200ul of buffer was added to the samples
that were then heated to°@for 10 minutes. For blood samples, 200f blood was
mixed with 200ul of buffer and incubated at %6 for 10 minutes. The same protocol

was then followed for both sample types. EthanbD(@) was added to the samples,
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mixed and then loaded onto a QIAamp Spin Columm@es were centrifuged for 1
minute at 6000 x g to adsorb the DNA onto the aijel membrane of the spin
column. The spin column was washed with buffers Asiti AW2 and then DNA
was eluted in 10Ql deionised water by centrifugation at 6000 x g Tominute. The
concentration of DNA in each sample was measurethgugshe ND1000

Spectrophotometer (Nanodrop, DE, USA).

2.9.2. Quantitative Real Time PCR

Real-time PCR (RT-PCR) was used to quantify the memof virus genome particles
in tissue extracts. This procedure of quantitatheasurement is based on detection of
a fluorescent signal produced proportionally duramgplification of a PCR product.
The amount of fluorescence released during the iiogpion cycle is proportional to
the amount of product generated in each cycle and lme measured directly.
Acquisition of data occurs when PCR amplificatignstill in the exponential phase.
The SYBR Green detection system (Applied Biosysjewss used to carry out the
RT-PCR on the Tagmdf machine. SyBr Green PCR core reagents kit (Applied
Bioscience, UK) with 200 nMacZ specific primers, forward (5 ATC TGA CCA
CCA GCG AAA TGG 3) and reverse (5 CAT CAG CAG GTIAT CTG CCG 3)
were used to ampliffacZ DNA. The following conditions were used: denatima-
95°C for 10 mins; amplification- & for 15 sec; annealing- 8D for 1 minute (50

cycles); dissociation - & for 15 sec; 61 for 15 sec and 9& for 15 sec.

A lacZ quantification standard curve was produced frorakdilutions of each virus
preparation. Total DNA (100 ng) was used in eadctten and all samples and

standards were analysed in duplicate using TagMé#ém ahalysis software.

2.10. Histology

Tissues were excised and immediately fixed by eitf¥86 formalin or x-gal fix (0.1
M phosphate buffer supplemented with 5mM EGTA andvMgCl,) overnight and
then transferred to PBS. Tissues were then para&ffibedded and single tissue
sections with 6 um thickness mounted onto a sis¢ghglass slide. Slides were baked

at 65C for 3 hours, then at 4G overnight.
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2.10.1. Coating slides in aminoalkylsilanes

Blank glass slides were placed in a solution of 3%minopropyltriethoxysaline
(APES) in dry acetone for 30 seconds. They werg timvsed once in acetone for 10
seconds, and then rinsed twice in deionised wateb iminutes before being dried at
42°C overnight.

2.10.2. Immunohistochemistry

Paraffin was removed from the sections by 2 x 7ut@rwashes in Histoclear (Fisher
Scientific, Leicestershire, UK). Sections were tayed by passing through an
alcohol gradient of 100%, 95%, 70% ethanol for hutes each. Slides were then
washed in deionised water for 5 minutes. Endogenper®xidase activity was
quenched by incubating slides for 30 minutes in%®.@//v) methanol-hydrogen
peroxide at room temperature. The slides were thashed twice in water for 5
minutes. Antigen unmasking if required was carmed (section 2.4.2.1). IHC was
performed using Vectastain ABC rabbit 1gG kit oriwemsal 1gG kit (Vector
Laboratories, Peterborough, UK). Briefly, sectiamsre placed in blocking solution
(goat or horse serum) and incubated for 1 houp@atrtemperature in a humidified
chamber to prevent sections from drying out. Theary antibody and the negative
control antibody were diluted in blocking solutigkor dilutions see table 2.3).
Antibodies were incubated on the sections overnghtroom temperature in a
humidified tray. Slides were washed 3 times in PBS, 5 minutes each. The
secondary antibody biotinylated goat anti-rabbiG I@r biotinylated horse anti-
mouse/rabbit IgG (Vector Laboratories, Peterboroug) was diluted to 0.01mg/ml
in blocking solution and incubated on the slidas3d minutes at room temperature.
Slides were washed in PBS 3 times, for 5 minutef.edhe avidin and biotinylated
horseradish peroxidase complex (ABC) (Vector Latmrres, Peterborough, UK) was
then incubated on the slides for 30 minutes at reemperature. This was followed
by 3 further 5 minute washes in PBS. Slides wees timcubated for 5 minutes in
DAB chromogen solution (3,3 diaminobenzidine, hygen peroxide, and nickel
solution diluted in water) (Vector Laboratories,té?borough, UK). Slides were
washed in water for 5 minutes then nuclei were tamustained by incubation in

haematoxylin for 30 seconds. Slides were washedb farinutes in running water.
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Sections were dehydrated by incubation in 70% eth&5% ethanol, 100% ethanol

then Histoclear for 7 minutes each. Sections weunted using Histomount

(National Diagnostics, Georgia, USA). Nuclei [dfgal positive cells appeared dark

blue/purple.

Antibody
Mouse IgG
Rabbit IgG

Goat-anti
rabbit HRP
Mouse-anti
rabbit HRP
ACE2

B_
galactosidase
CRIP-II

MPC-II
BC-10
T7
RECA-1
Ab-4

Animal
raised in
Mouse
Rabbit

Goat
Mouse
Rabbit
Rabbit
Chicken
Rabbit
Rabbit
Rabbit

Mouse
Rabbit

Source Clone Number Concentration
used at
Dako, N/A Equivalent to
Denmark primary antibody
Dako, N/A Equivalent to
Denmark primary antibody
Dako, N/A 0.1 pug/ml
Denmark
Dako, MR12/53 0.1 pg/ml
Denmark
Santa  CruzH-175 20 pg/ml
CA, USA
MP 0.36 pg/ml
Biomedicals
Genway aal-208 1 pg/mi
Biotech Inc
Made by collaborator 1 pg/mi
Made by collaborator 1 pg/mi
Chemicon T7(masmtggqgmd).02 mg/ml
Abd Serotec HIS52 1 pg/mi
Neomarkers 4D2 0.4 pg/ml

Fremont

Table 2.3Antibodies used in experimental procedures

2.10.2.1. Antigen retrieval

Formalin fixation forms protein cross-links that skathe antigenic sites in tissue

specimens. Antigen retrieval methods are desigodmtdak these protein cross-links,

and therefore unmask antigens. Two methods were; seelium citrate buffer and
trypsin. Briefly, sodium citrate buffer (10 mM Sadn Citrate, 0.05% Tween 20, pH

6.0) was heated in microwave until temperature lredc95-100C. Slides were

immersed in the buffer and incubated for 15 minugiles were then washed twice
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in deionised water and the immunohistochemicalqu@tfollowed from the blocking

step.

For trypsin retrieval methods, sections were cavesith trypsin working solution
(0.1% trypsin, 0.1% CaglpH 7.8) and incubated for 10 minutes at@.7Sections

were then washed in PBS and then blocking carnigd o

2.10.3. Haematoxylin and Eosin Staining |

After the removal of paraffin and rehydration atlek as described in section 2.10.2,
sections were stained in haematoxylin for 2 minutglgles were then washed in
running tap water for 5 minutes then placed inredsi 2 minutes, before a further 5
minute wash in running water. Slides were dehydréiten mounted in Histomount.

Nuclei appeared blue/purple whereas cytoplasm veasesl pink.

2.10.4. Picrosirius Red Staining

After the removal of paraffin and rehydration ofdek (as described in section
2.10.2), sections were incubated for 90 minutesoatm temperature under dark
conditions in sirius red F3B (0.1% (w/v) siriusdr&3B in saturated picric acid).
Slides were then washed twice for 3 minutes in NAACI followed by two 3 minute
washes in deionised water. Slides were dehydrated tmounted in Histomount
before being viewed under linear polarised lighdll&yen was stained various shades

of red.

2.10.5. Masson’s Trichrome Staining

Slides were deparaffinised through alcohol gradientdeionised water and then
incubated in Bouin’s solution at room temperatuvernight. Slides were washed
under tap water until the yellow colour had beenaoeed. Sections were stained for 5
minutes in Weigert's Iron Haematoxylin solution (Mert's Iron Haematoxylin
solution was prepared by mixing equal parts of 8muA (1% Haematoxylin in
ethanol) and Solution B (ferric chloride 1.2% (ward Hydrochloric acid, 1% (v/v)).

Slides were then washed in running tap water fomidutes before being stained in
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Biebrich Scarlet-Acid Fucshin (Biebrich scarleQ%. (w/v), acid fuchsin 0.1% (w/v),
in acetic acid, 1.0% (v/v)) for 5 minutes and thrersed in deionised water. Slides
were placed in Working Phosphotungstic/PhosphontladyBcid Solution (1 volume
of Phosphotungstic Acid 10% (v/v), 1 volume Phospblybdic Acid 10% (v/v) with
2 volumes of deionised water) for 5 minutes andhtie Aniline Blue Solution
(Aniline blue, 2.4% (w/v) and acetic acid, 2% (Yy/¥r 5 minutes. Sections were
washed in Acetic Acid, 1% (v/v), for 2 minutes befdoeing dehydrated through
alcohol, cleared in histoclear then mounted. Caltlei appeared black, cytoplasm

and muscle fibers appeared red and collagen stained

2.11. Immunocytochemistry

Cells were fixed on coverslips in 4% paraformald&hyat room temperature for 15
minutes. After three 5 minute washes in PBS, aedlse permeabilised in 0.1% Triton
for 15 minutes then washed a further 3 times in RBSIs were then incubated with
the primary antibody (1 pg/ml diluted in PBS and®®Qv/v) serum of animal in
which antibody was raised) for 30 minutes. Cellsenvthen washed three times in
PBS before being incubated with the secondary Fidielled antibody (1 pg/ml
diluted in PBS and 20% (v/v) serum) for 30 minutéster three 5 minute PBS
washes, the back of the coverslip was washed iarveaud the coverslip mounted onto
a glass slide using Vectashield (Vector Laborasprigeterborough, UK) (containing

propidium iodide) and set with nail polish.

2.12. Visualisation of galactosidase ( fgal) expression in
infected cells

Following infection, cells were washed in PBS thémed in 50 pl 2%
paraformaldehyde by incubation on ice for 20 miaui€ells were then washed in
PBS and 10Qul X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyraside) stain (77
MM NaHPQ,, 23 mM NaHPQ,, 1.3 mM MgCh, 3 mM KyFe(CN), 0.05% (v/v) 20
mg/ml X-gal dissolved in dimethyl formamideps added to each well and incubated

overnight at 37C. Cells were washed in PBS and placed in fresh PBS
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2.12.1. Detection of B-gal expression in tissues

For tissue and whole limb staining, tissues werediin 2% paraformaldehyde before

incubation in X-gal stain.

2.12.2. Quantification of B-gal expression in cell and tissue lysates

Unless otherwise stated, to quantffygal expression the Tropix Galacto-Light Plus
system (Applied Biosystems, MA, USA) was used. Tdgsay could not be used to
quantify 3-gal expression from rat tissues as rat blood itdihis assay for unknown

reasons. For rat tissues, the CPRG assay wassessf 2.12.2.1).

Briefly, infected cells were washed in PBS thesely in 80ul of Lysis Solution
(0.2% (v/v) Triton X-100 in PBS). Twentyl of each sample was transferred to a
white 96-well plate. Standard curves of recombirfigilactosidase protein ranging
from 0-20 ng and 0-20 pg were produced in duplica@alacton Plus
chemiluminescent substrate was diluted 1:100 icti@a buffer (100 mM sodium
phosphate pH 8, 1 mM Mgg! Seventyul was then added to each well and incubated
for 1 hour at room temperature. One hundpkaf light emission accelerator was
added to each well. Luminescence was measured asiNgllac Victof plate reader
(Wallac, Turku, Finland)f3-galactosidase activity was then normalised to ginot

content of samples to give relative light units pey protein (RLU/mg protein).

2.12.2.1. Quantification of B-gal expression by CPRG assay

The chlorophenol refl-d-galactopyranoside (CPRG) assay is a quantitaissay to
detect differences iB-gal expression. This assay is based on the alwlity-
galactosidase to catalyse the hydrolysi-gfalactosides, including lactose and the
galactoside analog CPR@-Galactosidase converts the yellow-orange CPRG
substrate into galactose and the chromophore gitterml red, yielding a dark red

solution. The amount of substrate converted caitydaes detected.
First the tissues were ground using a mortar astlgpen an ethanol and dry ice bath.

Lysis buffer was added to the samples to a conagortr of 2 ml/g homogenate and

samples were then freeze/thawed three times. Tlheeg then further diluted 1:1 in
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Doc buffer (10 mM tris, 0.5g/100ml deoxycholate, gH) and centrifuged for 40
minutes at 16000 x g at 4°C. The supernatant wgaisasethe working samples and 25
ul of sample was added to the well of a clear 96-pigte. 100ul CPRG substrate
solution was then added to each well, before inton@pahe plate at room temperature
until the red colour developed (10 minutes - 4 Bphutuminescence was measured
using a Wallac Victdrplate reader (Wallac, Turku, Finlang®-galactosidase activity

was then normalised f3gal MU / mg protein.

2.13. Determination of protein concentration in cel | and tissue
lysates

The amount of protein in cell lysates was deterchinging the BCA assay kit (Pierce,
Rockford, USA) as per manufacturer’s instructioAsstandard curve was generated
using dilutions of BSA ranging from 20Q@/ml to 25ug/ml. 200ul of BCA working
reagent was added to pbof cell lysate or standard, in duplicate in a@éll plate.
The plate was incubated at°&7for 30 minutes. The absorbance was measuredat 57

nm on the Wallac Victdiplate reader (Wallac, Turku, Finland).

2.14. AAV methods

2.14.1. Production of rAAV2 vectors
All rAAV2 vectors were produced, purified and tieerby Dr. H. Buening (University

of Cologne, Germany) using a previously describedhad (Nicklin, Buening et al.
2001; Perabo, Buning et al. 2003).

2.14.2. Production of rAAV6 in the laboratory fori  n vitro studies

rAAV6 is made from the plasmids pDGM6 and the expien cassette pAAVacZ
pDGM6 is the packaging/helper plasmid including sesotype 6 reading frame. It
provides genes E2A, E4 and VA, which when transfitehto E1A-expressing 293T
cells, allows the replication of AAVh trans The cells were transfected with a total
of 21 ug DNA per transfection plate, in a ratio of 3:1eafch plasmid (15.7f%g helper
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plasmid pDGM6 and 5.2pg AAV lacZ plasmid), according to the method previously
described for the production of fiber-modified gmekudotyped Ads (section 2.5.3.2).
Lysates were then freeze-thawed 3 times beforeglmsntrifuged at 10,000 x g for 10
minutes to remove tissue debris. The supernataist ovarlayed onto a sucrose
gradient consisting of 2.4 ml of a solution of 48Ucrose plus 0.01% BSA in TBS.
Crude viral particles were pelleted by centrifugatat 100,000 x g for 16 hours at
4°C. The pellets were then combined in 5 ml DNas#ds. 1000 units of DNase |
(Promega) were added and the samples incubatet liour at 37°C. Two hundred
and fifty ul 0.5M EDTA was then added before centrifugationl@000 x g for 2

minutes. Supernatant was removed and kept at 4é€hignt.

A HiTrap™ heparin HP column (Amersham Biosciencga} then equilibrated with
DNase buffer, by means of a peristaltic pump. Tiresvwas then bound to the
column then washed with Ringer’s solution. A furtivesh of Ringer’s solution/0.5%
N-lauryol-sarcosine was applied to the column befbe virus was eluted in 200 mM
NaCl Ringer’s solution and again in 400 mM NaCl g&ris solution.

Elutions were titered by carrying out a micro-BCgsay. Serial dilutions of rAAV2
(of a known titre) were used to construct a stasha@amrve. Micro-BCA values from
serial dilutions of rAAV6 were compared against stendard curve.

2.14.3. Production of rAAV6 vectors for in vivo stu dies

rAAV6 vectors were produced by Dr J Allen and Dr Gregorevic through
collaboration with the Chamberlain laboratory (Uesity of Washington, Seattle,
USA). A titre of 1.2 x16°vp was obtained, which was determined by Southkn b
Briefly an oligo probe derived from a common seqenin this case the
polyadenylation tail of the CMV promoter, is hybredd to southern blots containing
dilutions of the vector preparation and plasmichdtads to determine the genome
titre of the preps. Vector genome content was edsdirmed in house by quantitative
real time PCR using primers to tlaeZ gene.
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2.14.4. Cloning of murine ACE2 into rAAV6 vector an  d production

of virus

To clone the ACE2 AAV shuttle plasmid, pTYF-EF1aElReGFP containing the
ACE2 cDNA (a kind gift from Dr M Raizada, Departnteaf Physiology and
Functional Genomics, University of Florida, USA) smdigested usinlhd and Sal
restriction sites, and cloned into théa and Sal sites in pAAV-MCS (Stratagene,
CA, USA). pAAV-MCS-ACE2 was then packaged into AAweéctors (Gregorevic,
Blankinship et al. 2004) (rAAV6:CM¥acZ, rAAV6:hPLAP and rAAV6:ACE2) by
Dr J Allen and Dr P Gregorevic through collaborativith the Chamberlain
laboratory (University of Washington, Seattle, USA} previously described
(Gregorevic, Blankinship et al. 2004).

2.14.5. Production of rAAV9
Pseudotype-9 rAAV (rAAV9:.CMVacZ) was purchased from University of

Pennsylvania Vector Laboratories. The vectors wauefied by two cycles of
caesium chloride gradient centrifugation and titsese determined by a quantitative

dot-blot assay.

2.14.6. ACE2 activity assay

To confirm that pAAV-ACE2 overexpressed functioddlE2, it was testeth vitro.
ACE2 activity in Cos7 and HelLa cells following pAANCE?2 lipofectamine
transfection was determined using an assay basdldeonse of Fluorogenic Peptide
Substrate VI (FPS VI) (R&D Systems, Minneapolis,A)SACE2 cleaves an amide
bond between the fluorescent group and the quergbep (Pro and Lys), resulting
in an increase in fluorescence in the presence @EZA activity at excitation and
emission spectra of 320 and 405 nm, respectivalgfl, protein was isolated from
transfected cells using lysis buffer (75 mM Tris pi3, 1 M NaCl, and 0.5 pM Zng}I
and the protein content determined by BCA. Sampier® normalised to an arbitrary
quantity and made up to 50 pl. To the samplesdaheving was added; 100 uM FPS
VI, 10 uM ACE inhibitor captopril and reaction beff(1 M NaCl, 75 mM Tris and
0.5 mM ZnCl, pH 7.5) in a final volume of 100 pl.
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To determine specific ACE2 activity, the experimevds also carried out in the
presence of 100 puM ACE2 inhibitor DX600 (Phoenixafhaceuticals, Inc,
California, USA). Fluorescence was monitored eve&@yseconds for 2500 seconds

using a spectrophotometer (Spectramax, Moleculardes).

2.14.7. RNA extractions

RNA was extracted from the cells using an RNeasyi rkit (Qiagen). Briefly,

samples were lysed and then homogenized in thespresof a highly denaturing
guanidine isothiocyanate (GITC) containing buffafiich immediately inactivates
RNases to ensure isolation of intact RNA. Ethaschdded to the lysate to provide
ideal binding conditions. The lysate is then loadmsdo the RNeasy silica-gel
membrane. RNA binds, and all contaminants are ieffity washed away. Pure,
concentrated RNA is eluted in water. The procequoxides enrichment for mRNA
since most RNAs <200 nucleotides (such as 5.8S rR¥ArRNA, and tRNAS) are

selectively excluded.

2.14.7.1. DNase treatment of RNA

DNase digestion is required for RNA applicationatthre sensitive to very small
amounts of DNA (e.g. RT-PCR analysis). This wasiedrout on RNA samples using
TURBO DNA-free™ (Ambion, Texas, USA). To a 40 ul RNample was added 0.1
volumes 10x TURBO DNase Buffer and 1 pul TURBO DN&2eU/ul). After 20
minutes incubation at 37°C, 0.1 volume DNase inatibn reagent was added and
mixed for 2 minutes at room temperature. The sangplieen centrifuged at 10,000 x

g for 90 seconds and supernatant kept as DNA &eple.

2.14.7.2. cDNA synthesis

One pg of RNA was used to synthesise cDNA usingPLR cDNA synthesis kit
(Stratagene, CA, USA) as per manufacturer’s insons. Briefly, RNA samples
were mixed with 1Qul of first strand master mix (2x),d of oligo (dT) primer and 1
ul of AffinityScript RT/ RNase Block enzyme mixtune a final volume of 2Qul. The
reaction was incubated at 25 °C for 5 minutesltmaprimer annealing, then at 42°C
for 15 minutes to allow cDNA synthesis. The reattwas finally incubated at 95°C

for 5 minutes to terminate the cDNA synthesis rieact
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2.14.8. In vivo infusion of rAAV6

Male 6 week old SHRSP were administered a singteavenous injection of
increasing doses of rAAV6:CMcZ (2x10", 1.5x163% and 3x1&” vp/rat) in the
presence or absence of recombinant human VEGF2A®BH /100 g body weight) or
rAAV9:CMV lacZ or rAAV6:MLC2v at identical doses under generabesthesia
(2% isoflurane, vol/vol). Animals were sacrificed vileeks or at 12 weeks post
infusion. Male 8 week old animals were infused w10 vp rAAV6:hPLAP or
rAAV6:ACE2. Control animals were infused with 200 BBS and enalapril was

supplied in the drinking water at 0.1 mg/ml.

2.15 Systolic blood pressure measurements

Systolic blood pressure monitoring was carried owgekly by non-invasive
computerised tail cuff, which is based on the plsthographic method (Davidson,
Schork et al. 1995). A pneumatic pressure senserattached to the tail dista a
pneumatic pressure cuff, both under the control aofProgrammedElectro-
Sphygmomanometer. Systolic blood pressure valuesn feach animal were

determined by averaging a minimum of separate indirect pressure measurements.

2.16 Echocardiography

Transthoracic echocardiography was carried out biK Bilday and Mrs E Beattie at
the University of Glasgow. Briefly, it was perforthesing an Acuson Sequoia c512
ultrasound system with a 15-MHz linear array tramesd. Non-invasivecquisitions

of 2-D guided M-mode images at a depth of 2 mm werded at the tipf
papillary muscles. Rats were anesthetized with lIissffturane in Qand placed in the
left lateral decubitus positioon a heated pad. Three-lead electrocardiogram (ECG)
was obtained using sub-dermal electrogléapted with fine needles and secured on
the front limbs and the right hind limb. The thieles of the posterior arahterior
walls of the LV chamber and the LV chamber diamdteing systole and diastole
were measured in a short axis view using the I|epdidge-to-leading edge
convention. All parameters were measuo@r at least three consecutive cardiac

cycles. Pulse-wave and colour Doppler were useahé¢asurdhe velocity of blood
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through the mitral valve artd qualitatively examine the valve for evidencemofral
regurgitation from the apical four-chamber. The glEnvolume was placeat the tip
of the mitral leaflets and adjusted to the posiabmvhich velocity was maximal; the
sample volume was set at 2.5 mm. All Doppler spestere recordefbr 5-10 cardiac

cycles at a sweep speed of 150 mm/s.

2.16.1 Formulae used in echocardiography assessment s

Ejection fraction was defined as follows: EF = [EBV - LVESV)/LVESD x 100],
where LVEDV is left ventricular end diastolic volenand LVESV is left ventricular
end systolic volume. Fractional Shortening was waetifrom: FS = [(LVEDD -
LVESD) / LVEDD x 100], where LVEDD is left ventritar end diastolic diameter
and LVESD is left ventricular end systolic diamet@ardiac output was derived
from: CO = [(ESV - EDV) x HR], where HR is hearteaChange in interventricular
septal wall thickness (ISWT) was measured using foemula [(AWTs-
AWTd)/AWTs x 100], where AWT is anterior wall thiokss, s is systole and d is

diastole.

2.17 Small vessel myography

Myography experiments were carried out by Mrs Aie@8p at the University of
Glasgow. Briefly, basal NO bioavailability was deténed in vascular rings from
small mesenteric arteries which were cleaned oheoctive tissue and fat and divided
into 3-mm rings. Isolated rings were placed in akwessel four-channel myograph.
Each ring was mounted on two parallel stainlessl stees of 40um diameter, one of
which was connected to a micrometer, the otherdfiteea force transducer in wire
myograph organ baths maintained at 37°C, contaibmfjKrebs buffer (composed
of, in mM, 130 NaCl, 4.7 KCI, 1.6 Cag£l1.17 MgSQ, 1.18 KHPO,, 14.9 NaHCQ,
5.5 glucose; continuously bubbled with 95%/3% CQ) for isometric tension
recording. The resting tension of the rings wasusatg the normalisation procedure
previously described (Mulvany and Halpern 1977)ey, each ring was subjected to
stepwise radial stretching by adjustment of therometer. At each step the effective
transmural pressure was calculated using the LaPéguiation. This process was
continued until the ring was stretched to an iraerircumference equivalent to a
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transmural pressure of 100 mmHg. The micrometer thas adjusted to set the
internal circumference of the ring to 90% of theagth (a value termed “0.94¢"), a
setting that is optimal for force generation. Thegs were then washed with fresh
Kreb’s solution, prior to the commencement of thpeximental protocol. Basal NO
bioavailability was calculated using the differermetween responses to contractile
agonists in the presence and absence of the NOMtarh NG-nitroarginine methyl
ester (L-NAME), and expressed as area under thee@aross the full concentration—
response range for the contractile agonist. Themauatation of the contractile
response in the presence of L-NAME is an indexhefdegree of basal NO activity in

the vessel.

2.18 Statistical analysis

All in vitro experiments were carried out in triplicate on threependent occasions.
Results shown are representative and values ara setandard error of the mean
(SEM). Student’s unpaired t-test or ANOVA was usedinalyse the results, which

were considered significant when p<0.05 after Banrfei corrections.

2.18.1 In vivo statistical analysis

Comparisons were made using one way or two way AN(Btatistical analysis was

performed in Prism version 4.0 (Graph Pad Softw@ex Diego, CA, USA). For all

tests, P<0.05 is considered statistically significant af@onferroni corrections or

Tukey’'s post analysis. The results represent medues and SEM of the data. For
vascular function, EC50 was analysed using theesitglt test.

86



Chapter 3

Targeting the Cardiac Vasculature
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3.1 Introduction

We aimed to assess the effects of sustained ovessipn of ACE2 in the
vasculature. In general terms, the treatment adicaascular disease would greatly
benefit from the generation of reagents that spadly localise to defined vascular
beds including the heart. Targeted gene deliveryldvoncrease the efficacy of gene
transfer vectors, whilst limiting vector induceddei effects. By exploiting the
molecular diversity of the endothelium, peptideatthind to specific receptors that
are expressed on the surface of blood vessels €adehtified that will allow cell-
specific targeting, either of gene delivery systgfagermann, Volpers et al. 2001;
Nicklin, Von Seggern et al. 2001) or of bioactiveppides (Ellerby, Arap et al. 1999).
These unique receptors may be expressed in an eqmzuific or disease specific
manner, allowing the identification of highly spiciligands that home to these
molecular targets. This complex molecular addrgstesn can be manipulated to
develop systemically administrable therapies. Beptliscovery may be mediated
through the use of either phage (Pasqualini angRht 1996; Zhang, Hoffman et al.
2005) or AAV?2 libraries (Michelfelder, Lee et aD@7).

Bacteriophage T7 is a commercially available olddsitic phage that infects enteric
bacteria and more specificallgscherichia coli It is appealing for use in display
technologies as it is robust and fast growing ph&gfs are now available that allow
the creation of novel T7 phage libraries from T@ést® vectors, or pre-made libraries
can also be supplied. T7 phage display allows theient cloning and display of
targeting peptides as C-terminal fusions to the fr@or capsid protein. Peptides are
displayed on the surface of the virion, fully acible for interaction with other
ligands. High, mid, or low copy number of peptides aisplayed per phage,
depending on the T7 vector system used and theginsertion.

Random peptide phage libraries have been useadtvaetargeting peptides through
in vitro or in vivo approaches. Pasqualini and Rouslahti were thé dimsup to
demonstrate the utility of phage display peptideaiies in organ targeting vivoin
mice (Pasqualini and Ruoslahti 1996). Phage recoveret the brain and kidney
blood vessels were repeatedly recovered, ampldied intravenously infused into

mice to ultimately enrich the population of phagegeting these organs. Brain and
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kidney localising phage were identified that hactéased selectivity for these tissues.
This approach has been used to identify ligandg thiad to tissue-specific
vasculature. Targeting peptides that home to tlseutature of a specific organ have
been identified for lung, pancreas, skin (Rajoeap et al. 1998), skeletal and
cardiac muscle (Samoylova and Smith 1999) and edeeased regions of
atherosclerotic blood vessels in low density limdein receptor knockout mice
(Houston, Goodman et al. 2001). In 2005, phage dbkctively home to the murine
heart vasculature were identified through a contlonaof ex vivoandin vivo phage
display techniques (Zhang, Hoffman et al. 2005ye€&hrounds oéx vivobiopanning
on murine myocardial cells was succeeded by thweads ofin vivo biopanning in
mice and resulted in the identification of heargé&ding peptidesTarget receptors for
some of these targeting peptides were also idedtiland were found to be
preferentially expressed in hedtood vessels and in the endocardium (Zhang,
Hoffman et al. 2005). Phage expressing the heggetiag proteins were found to
have a homing selectivity of 2t >300-fold greater than insertless phage.

As viral vectors are limited by their natural treqpis, the modification of these vectors
can greatly aid their subsequent transduction lptoffhage display-derived peptides
have previously been used to retarget adenoviratov® to ovarian cancer cells
(Dmitriev, Krasnykh et al. 1998), renal cell camma cells (Haviv, Blackwell et al.
2002) and primary vascular smooth muscle cellselsas primary human endothelial
cells (Biermann, Volpers et al. 2001), through itgertion of the RGD peptide into
the HI loop of the fiber of the vector. AAV2 vecsohave also been modified by
targeting peptides, with success being foundvivo shown by reduced vector
accumulation in the liver and selective transgergression of endothelial cells in the
vena cava (White, Nicklin et al. 2004). Lung andibrtargeting peptides inserted into
the capsid of AAV2 vectors were shown to targethi vascular beds of the specific
organs after systemic injection in rats (Work, Buognet al. 2006). Heart-homing
peptides can potentially be used to retarget vieators for use in cardiovascular gene
therapy. This method may allow the efficacy anceatglity of viral vectors to be

improved.

Here | aimed to increase the efficiency of vectogeéting to the vasculature through

viral vector tropism modification via phage dispidgrived peptides.
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3.2 Results

3.2.1 Targeting peptides

Candidate peptides, isolated by three rounds a#cgeh onex vivo heart cells,
followed by three rounds of selectiam vivo, were supplied through collaboration
with E. Rouslahti (Zhang, Hoffman et al. 2005). pfiage displaying the selected
peptides (Table 3.1), were grown to high titres andfied. Before use, the phage
were sequenced to check the sequence of the ifdedtde 3.1). A dose-response
study was then carried oirt vivo in which 4 different doses (5x3,00x10°, 5x10°
and 1x16' pfu) were compared between the non-recombinantgehand a
recombinant targeting phage chosen at random (CGREK in WKY strain rats
(Figure 3.1). As there is a large, rapid and nozede uptake of phage by the liver
following systemic injection, we aimed to saturatm-specific binding in the liver
(Figure 3.1B) and in the heart. By comparing phageovered per gram of heart
tissues, normalised to input dose, an optimal adsex10° pfu was decided upon
from which to base further experiments. This wasdbse that allowed for maximum
recovery of specific-binding phage from the hebkigigre 3.1A).

All six phage were then testad vivo. Phage recovery showed that three of the
peptides can be seen to selectively target thet heacomparison to the non-
recombinant phage and the other major organs (€@ and Table 3.2). These three
potential candidates were identified as CRPPR, CABWKC and CRSTRANPC.
All three demonstrated an increase in ability tonkao the heart, when compared to
insertless phage (Figure 3.2 and Figure 3.3). CRENFRC showed the highest
selectivity with a 2000-fold higher specificity thahe insertless phage. CRPPR has
450 fold and CSGMARTKC 85 fold higher homing to tieart compared to the non-
recombinant phage. CPKTRRVPC was also shown tetdhg heart in comparison
to non-recombinant phage, with a 13 fold higher imgmability. However, this
targeting was not limited to the heart and CPKTRRVE&Iso showed increased
transduction in the lung. Because of the heartetarg potential, further work was
carried out with this phage. Phage displaying tiRSKTVC and CPKRPR peptides
were discarded at this point as they were not sedre selective at heart targeting,
instead targeting the lung and spleen respectiVegure 3.2).
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CGRSKTVC 5" TGCGGTCGGAAGTCGAAGACGGTTTGC &
CRPPR 5" TGCCGTCCGCCTCGG 3’

CPKTRRVPC 5" TGCCCTAAGACGCGTCGAGTTCCTTGC 3
CRSTRANPC 5" TGCCGTAGTACTCGTGCTAATCCTTGC 3
CSGMARTKC 5" TGCTCTGGTATGGCTCGTACTAAGTGC 3’
CPKRPR 5" TGCCCTAAGCGTCCGCGG 3

Table 3.1Heart targeting peptides.
Selective heart targeting peptide sequences isbtateugh successive roundsenf vivoandin vivo phage biopanning (Zhang, Hoffman et al.
2005).
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Figure 3.1.Dose-response study.

Four different increasing doses (5 x°1@ x 1d° 5 x 13° or 1 x 16" pfu) of
CGRSKTVC or insertless phage were infused into Ezkvold WKY rats. Phage
were recovered from (A) heart and (B) liver andlgsed as PFU/g tissue/ input
(n=1/dose).
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Figure 3.2.Cardiac targeting capacity of selected phage.

Recovery of phage from WKY infused with 5%8fu of indicated phage. The
cardiac endothelial homing peptides were displayed7 phage and intravenously
injected into rats. Data are presented as a folangd in comparison to the
nonrecombinant phage in the major organs (n=3/groyyx<0.05 for heart vs. liver,
spleen, brain, kidney and lung by one way ANOVAI d@onferonni’'s post hoc
analysis.
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Figure 3.3.Phage recovery from heatrt.
Recovery of phage from the hearts of WKY infusedhvx13® pfu of indicated phage (n=3/group). Data are preskas mean recovery
(PFU)/ mg tissue + SEM. *p<0.05 as compared toritesss by unpaired two-tailed t test.
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Immunohistochemical analysis confirmed the targgtihthe four selected peptides to
the hearts of these rats (Figure 3.4). Whilst hostp revealed that CSGMARTKC
was found to primarily target the vascular endothaells, T7 phage displaying the
peptides CPKTRRVPC, CRPPR and CRSTRANPC were algodf throughout the
myocardium, suggesting that the latter three pept@re not endothelial specific in
the WKY heart (Figure 3.4).

3.2.2 Evaluation of targeting phage in vitro

The putative endothelial molecules (receptors) thatargeting peptides bind to were
isolated by Zhang et al (Zhang, Hoffman et al. 30@terminal 92 amino acids of
heart LIM protein (cystein rich protein - CRIP-Was identified as the receptor for
CRPPR, bladder cancer-associated protein (humampologue (BC-10) for
CPKTRRVPC and CSGMARTKC, and an unnamed proteindyecd similar to
integral membrane protein CII-3 (MPCII-3) was sugjgd as the receptor for
CRSTRANPC. To assess the expression of the resgptoeivo in the WKY rat heart,
immunohistochemical staining was carried out ortiges of heart with antibodies
against the three receptors (Figure 3.5). Selesta@ing was observed from CRIP-II
and BC-10 receptors but not from the MPCII-3 reoepfThus the expression of
CRIP-1l and BC-10 in the WKY heart was confirmedf khe expression of MPCII-3
could not be determined. Western blot analysis wesn carried out following
transfection of plasmids expressing these putatieeptors into COS cells to confirm
their expression (Figure 3.6). Only CRIP-II expressvas detected by this method.
In a second attempt to confirm expression of theep®rs from each plasmid,
immunocytochemistry was carried out, which agaimficmmed expression of the
CRIP-II receptor, but not of BC-10 or MPCII-3 (Frgu3.7). Thus the functionality of
two of the plasmids expressing the putative regspB€-10 and MPCII-3 could not

be ascertained. Consequently, further work withréoeptors was not carried out.

3.2.3 Peptide-modified Ad19p vectors

The selected heart targeting peptides (CRPPR, CRSPE, CSGMARTKC and
CPKTRRVPC) were inserted into the HI loop of thelAd fiber. The Ad19p vector

was chosen for insertion of the targeting peptakethese vectors have previously
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| CSGMARTKC |

Figure 3.4.Histological analysis of T7 phage.

Histological analysis of vascular targeting withanti-T7 antibody was carried out on

sections of heart from animals in all 4 groupseatnination, 15 minutes post-infusion

(n=3/group). Scale bar = 5(m, magnification x 20 or scale bar = 100 pm,
magnification x 40. Black arrows = endothelial sell
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Figure 3.5.Expression of the receptors in WKY heart.
Immunohistochemistry with an anti-CRIP-II, anti-BO-or anti-MPCII-3 antibody was carried out on heactions from WKY rat. Scale bar =
30 um, magnification x 20.
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Figure 3.6.Expression of candidate phage receptors.

Cells were transfected with the plasmids expresesawh putative receptor fused to a
HIS tag. Following 48 hours lipofectamine-mediaté@nsfection, cells were
harvested and lysed. Expression of the three rerepC-10, CRIP-1l, MPCII-3 was
tested by western immunoblotting with an anti-H#g &antibody and detected on a

12% gel under reducing conditions.
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Figure 3.7.Analysis of function of receptor expressing plasmisl
Plasmids expressing the receptors CRIP-1l, BC-1DMRCII-3 were transfected into
HelLa cells and immunocytochemistry carried out 48irk later in permeabilised

conditions. Scale bar = 50 um, magnification =or 4nagnification = x 10.
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been shown to lackkopism for mouse, rat, and human hepatocitestro and have
demonstrated greatly reduced transduction of lafegr systemic injection into rats
(Denby, Work et al. 2004). Two modified versionstiod CRPPR peptide were also
inserted into this loop in the Ad19p capsid. Thetugkes, GSSCRPPRGSS (CRPPR-
mod) and CRPPRGGGSCRPPRGGGSCRPPR (3-CRPPR), weatedarby the
insertion of spacers with the sequence GGG to gémgreptides that might protrude
further from the capsid of the vectors, thus allmgvienhanced binding. To see if
Ad19p tropism had been modified by the insertiorthafse targeting peptides, they
were first testedh vitro. Infection of human coronary artery endothelidlsceith the
peptide-modified vectors revealed no increasedsthaction of control Ad19p (no
peptide) (Figure 3.8). Levels of transduction werat increased above control
uninfected wells and were not enhanced above thbsemmodified Ad19p vectors,

which showed the highest transduction of all thetmes tested (Figure 3.8).

In vivo testing of the seven vectors revealed unmodifidd9% displayed the highest
heart uptake, as shown by Q-PCR (Figure 3.9). Q-Ea@irmed the lack of native
hepatic tropism of the Ad19p vectors. However,Isbaconfirmed that no modified
heart targeting tropism had been bestowed upom tesors with the insertion of the
selected peptides (Figure 3.9). Immunohistocheyngiowed evidence of staining in
the hearts of CSGMARTKC, CPKTRRVPC, CRSTRANPC aadatlesser extent
CRPPR peptide-modified Ad19p vector infused ratgghHevels of staining were
observed in the hearts of unmodified Ad19p vectmfused rats. Thus
immunohisotchemistry confirmed that no specifiarsteg was observed in the hearts
of the peptide-modified vector infused animals thas not either present in the PBS
infused hearts, or greater than that seen for tiraodified Ad19p vector (Figure
3.10).

3.2.4 Retargeting AdKO1

To test the ability of the phage-display derivedgéding peptides to retarget
alternative viral vectors, the selected candidatee inserted into the HI loop of the
AdKOL1 vector, which is CAR-binding ablated. Thesetors were then testauvitro

for their ability to transduce human coronary artemdothelial cells. ADKO1 CRPPR,
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NormalisedB-gal expression
RLU x 108/ mg protein

Figure 3.8.1n vitro Ad19p transduction.
Ad19p peptide modified vectors were testedvitro in HUCAEC (n=3/group). *p<0.05 as compared to coinas determined by one way
ANOVA and Bonferonni post tedt-gal expression quantified by Tropix Galacto-Liftts assay.

101



% 200000~

QO B Heart

X x B Liver
150000=-

o

o

Ly

8 100000

-

o

o

@) 50000-

%)

-

=

> o= N - .

Figure 3.9.Ad19p peptide modified vectorgn vivo.
3 x 10" vp were infused into 12 week old male WKY rats4tgroup). 5 days post-infusion organs were remaeti DNA extracted. Q-PCR
was carried out to quantify relative vector genarmmbers. * p<0.05 as compared to Ad19p mod by 2 AM@PVA and Bonferonni's post hoc

analysis. N=4/group.
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Ad19p Mod

Figure 3.10Histological analysis of Ad19p mediatediacz expression in the heart.
Immunohistochemical anaylsis with an aptijalactosidase antibody was carried out on sectibheart from the Ad19p vector infused animals

at termination (n=4/group). Scale bar =158, magnification x 20.
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AdKO1l CRSTRANPC and AdKOl1l CPKTRRVPC all demonsulatmcreased
transduction of the cells in comparison to conwoinfected cells (Figure 3.11).
However, AdKO1 CSGMARTKC showed no increase in gdarction of the
endothelial cells. These results suggest thatcbmdiguration is useful but cannot be
assesseih vivo as the AdKO1 vector is known to be sequesterethéyiver, despite
its CAR-binding ablation (Mizuguchi, Koizumi et &002; Rittner, Schreiber et al.
2007). However, it has very recently been discavdéhat CAR is not important in
binding in vivo and it is the interaction of the hexon with bloomhgulation factors
that are involved (Waddington, McVey et al. 200Bhis discovery would allow for

the development of methods to test these veatorivo.

3.2.5 Peptide-modified rAAV2 vectors

Once the peptides had been cloned into the capditeaAAV2 vector, the vectors
were testedin vitro (Figures 3.12 and 3.13). Only three of the peptideuld
successfully be packaged into rAAV2 vectors; thesee CRPPR, CPKTRRVPC and
CSGMARTKC. Insertion of targeting peptides into tH&EPG binding site in the
rAAV2 capsid has been shown to reduce the hepatpmsim of the vectors (White,
Nicklin et al. 2004; Work, Buening et al. 2006). assess whether the natural hepatic
tropism of rAAV2 vectors had been altered, HepGRsceere infected with the
peptide-modified vectors (Figure 3.12). As expectédiV2-wild type showed high
levels of transduction of the hepatocytes. In @stirthe other three peptide-modified
vectors showed no hepatic transduction (Figure)3N2xt, human coronary artery
endothelial cells were transduced with the peptiaehfied vectors to determine their
transduction efficiency of vascular endotheliallc€Figure 3.13). RAAV2 CRPPR
showed low levels of transduction in HUCAECs whesed at a dose of 10,000
genomic particles/cell. Disappointingly, the othibree vectors, wild type rAAV2,
rAAV2 CPKTRRVPC and rAAV2 CSGMARTKC demonstrated transduction of
the vascular endothelial cells, indicating that tmkppmodification of rAAV2 with
each individual peptide did not enhance tropismH}CAEC (Figure 3.13). The low
titre of these vectors did not allow for them totestedn vivo.
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Figure 3.11.Retargeting of AdKO1 peptide modified vectors.
The four heart targeting peptides were cloned tiiéoHI loop of AdKO1. Vectors were testgdvitro in human coronary artery endothelial cells
(HUCAEC) (n=3/group). *p<0.05 AdKO1l CRSTRANPC andikO1 CPKTRRVPC vs. uninfected by one way ANOVA aBdnferonni

posttestp-gal expression quantified by Tropix Galacto-Lifthiis assay.
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Uninfected rAAV2-Wild type CPKTRRVPC CRPPR CSGMARTKC

HepG2 cells were infected with rAAV2 vectors at(@) particles/cell (n=6). Transduction ability betvectors was observed 72 hours later by

EGFP

PI &
EGFP

Figure 3.12.rAAV2 infection of HepG2 cells.

EGFP transgene expression and propidium iodidetecstaining. Scale bar = 50 um, magnification x 10.
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Uninfected TAAV2-Wild type CSOGMARTEKC

EGFP

PI &:
EGFP

Figure 3.13rAAV2 infection of human coronary artery endothelial cells.

HCAEC were infected with rAAV2 vectors at 10,000tpdes/cell (n=6). Transduction ability of the ¥ers was observed 72 hours later by

EGFP transgene expression and propidium iodideteastaining. Scale bar = %@®n, magnification = x 20.
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3.3 Discussion

We demonstrate that heart targeting peptides emlabm a random phage-display
library show increased selectivity for the heartcomparison to non-recombinant
phage when intravenously infused into WKY rats. Fkart specificities of the phage
were up to 2000-folthigher than that of non-recombinant phage. Origyniablated
through a combination a#x vivobiopanning of murine endothelial cells andvivo
biopanning in mice, four out of the six peptide@nting abilities were shown to be

conserved cross-species.

The identification of the cognate receptors forsthéour targeting peptides not only
aids the assembly of a ligand-receptor vascular (8apgeeva, Kolonin et al. 2006),
but also allows for the possibility of efficientbargeting therapeutic compounds to
specific receptors on vascular endothelial cellaléBtrieri and Napoli 2007). It also
allows the possibility of identifying other targegi peptides that display higher
affinities to the identified vascular endotheliahrkers. However, in contrast to the
studies by Zhang et al (Zhang, Hoffman et al. 20@&jich confirmed high levels of

expression of all three putative receptors in tbarts of mice, we could only localise
two out of three receptors to the heart, with niece&n of MPCII-3 expression being
found in the heart of WKY rats by immunohistocheahianalysis. The discrepancy in
receptor expression may be due to a species differbetween WKY rats and mice
in expression of the vascular target MPCII-3. Homrevthe corresponding peptide,
CRSTRANPC, was shown to have the highest fold chaimg heart targeting

capacities of all the phage tested, and so it ikelg that its receptor is not expressed
in the WKY rat heart. It remains to be shown whetihés peptide binds to the same

receptor in the rat as is does in the murine model.

The utility of bioactive peptides is not limited the targeting of viral vectors.
Targeting peptides can also be used to enhanaeetigsecific uptake of genes or
drugs. Heart targeting peptides could be used toy gagharmacologically active
compounds for improved targeted therapy. Peptigesiically targeting tumour
neovasculature have been linked to liposomes cayryhe chemotherapy drug
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doxorubicin and have been shown to enhance theaeffiof the drug (Lee, Lin et al.
2007). Similar approaches could be applied to drdigs the treatment of
cardiovascular diseases. Potentially, targetindigep could be used for the delivery
of cytoprotective drugs to the heart (McGuire, Sahhl. 2004) to prevent damage to
the heart muscle that is associated with the tretsnof non-cardiovascular disease,
such as radiation and chemotherapy (Goethals, Daewet al. 2002). The heart
targeting peptides also have utility in the linkitg other peptides, which could
include antisense oligonucleotides and inhibitogptales, such as novel oxidase
homologues (NAD(P)H) inhibitors (Cifuentes and Rag2006). Targeting peptides
have been studied in the context of the treatmérdbesity. White adipose tissue
vasculature targeting peptides linked to a proagappeptide were shown to ablate
white adipose tissue, leading to a potential tadjeherapeutic for the treatment of
obesity (Kolonin, Saha et al. 2004).

The identification of heart targeted peptides udtiety allows the potential for the
generation of novel retargeted gene delivery vectblowever, we found that the
phage-display derived cardiac targeting peptidesqu disappointing in the context
of viral vector retargeting. Ad19p vectors haveaturally reduced hepatic tropism in
comparison to other Ad vectors (Denby, Work e804; Denby, Work et al. 2007).
Therefore it was proposed that these vectors wprddide the ideal context in which
to study the isolated phage peptides. After engingeof the Ad19p fiber to
accommodate the four heart targeting peptides,onad that there was no selective
targeting, either to endothelial cells vitro or to the heart after intravenoirs vivo
infusion. Intravenous injection of Ads has previguseen reported to be hampered
by a number of complex interactions with the bld&hayakhmetov, Gaggar et al.
2005; Lyons, Onion et al. 2006; Parker, Waddingtbal. 2006; Baker, McVey et al.
2007). However, as we found no convincing evideotenhanced transduction of
vascular endothelial celis vitro, it is unlikely that this is the only reason fooqy
vascular transductiom vivo. The incorporation of the targeting peptides itite Hi
loop on the Ad19p fiber may have led to hamperexdipction of virus by hindering
virus packaging and assembly or could also haven be@etrimental to fiber
trimerisation. However, targeting with 7-mer pepschas been shown to be efficient
for renal gene delivery (Denby, Work et al. 2007}. phage display promotes the

selection of stable ligands through the displagaive conformations of the peptides
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through the use of constrained configurations (Balc Lozzi et al. 2005). Despite
this fact, binding properties of these selectivetiges may have been changed
through the incorporation into the viral envelofias also important to consider that
these vascular targeting peptides were selectethéar cell binding abilities and not
for their abilities to aid vector cell entry or sdlguent steps needed for genome
nuclear translocation or transcription. They wels aselected from a prokaryotic

environment.

Despite the promising targetirig vitro results from the peptide-modified AdKO1
vectors, they have not be testediivo since recent studies have demonstrated that the
biodistribution and transduction profiles of CARnding-ablated AdKO1 is not
significantly altered when testeid vivo (Alemany and Curiel 2001; Mizuguchi,
Koizumi et al. 2002; Rittner, Schreiber et al. 2Decently, it has been shown that
blood coagulation factors, predominantly factorexhance hepatocyte transduction
by binding directly to the adenovirus capsid, bmdgthe virus to HSPG receptors,
expressed abundantly in the liver and providing AR@ndependent means of cell
transduction (Parker, Waddington et al. 2006; Wagldin, Parker et al. 2007). The
use of warfarin to globally down-regulate vitamirdi€pendent coagulation zymogens
ablated liver uptake of CAR binding-ablated Ad5riea, Waddington et al. 2006)
and CAR binding Ad5 (Waddington, Parker et al. 200he utilisation of this
technique to knock-out coagulation factors andisgantly reduce liver uptake of the
peptide-modified AdKO1 vectors would allow for theetargeting abilities to be

testedn vivo.

The genetic insertion of targeting ligands into tapsid of rAAV2 vectors is a
commonly applied approach to genetically retarpet wectors. However, often the
insertion of a peptide can result in a reductionyield of viral particles, through
defects in genome encapsidation which inevitablgd$e to poor transduction
efficiency (Douar, Poulard et al. 2003). The lowetiof the rAAV2 vectors that were

obtained would suggest similar results in our study

In summary, these applied approaches did not ledoetidentification of an efficient
method for the delivery of potentially therapeugenes to the vasculature. The

cardiac vasculature targeting peptides isolated byhage display did not retarget
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the viral vectors tested. Because of their hominititiés when displayed as peptides,
they may be useful as targeting peptides in contioimavith, for example drugs, to

provide enhanced therapeutically beneficial propert
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Chapter 4

Characterisation of rAAV6 and rAAV9 vector-mediated

transduction of the myocardium in vivo in the SHRSP
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4.1 Introduction

A major challenge to overcome in cardiac gene fhers the limited availability of
vectors that provide efficient delivery via a mimlly invasive route of
administration. Recently, adeno-associated virugd&V) have emerged as
promising vectors for cardiac gene transfer (DwdKet al. 2004; Wang, Zhu et al.
2005; Palomeque, Chemaly et al. 2007). To datesaleerotypes of AAV have been
identified. However, the most characterised of ¢hegectors, AAV2, has
demonstrated poor tropism for many cells, includeamglothelial cells, and tends to
transduce non-vascular tissue more readily thadoés vascular tissue (Nicklin,
Buening et al. 2001; Dishart, Denby et al. 2003hisTdisappointment in the
performance of rAAV2 vectors in basic science ahuical trials has directed the
focus of intense research efforts to the identifbce and development of novel
serotypes. Exploitation of alternative AAV isolatesth differing tissue tropisms

could overcome this limitation faced by conventiohAV2 vectors.

Among the AAV serotypes tested so far, certaintypes including AAV6, -8 and -9
have displayed powerful tropism for skeletal anddigec muscle (Kawamoto, Shi et
al. 2005; Wang, Zhu et al. 2005; Inagaki, Fuesa.e2006; Pacak, Mah et al. 2006),
achieving high cardiac transduction rates followilegal and systemic injection
(Wang, Zhu et al. 2005; Inagaki, Fuess et al. 200;ak, Mah et al. 2006). AAV6
has evolved through recombination between AAV1 AAY¥2 and differs in only six
amino acids in the capsid region from AAV1 (Gao,n@fanberghe et al. 2004).
Intravenous delivery of recombinant AAV vectors ydetyped with serotype 6
capsid proteins (rAAV6) leads to transduction of gkeletal musculature at levels
>500-fold higher than rAAV2 vectors in mice (Blankhip, Gregorevic et al. 2004).
Moreover, extensive transgene expression was aisénvoughout the entire skeletal
musculature when mice were intravascularly admengst rAAV6 in combination
with vascular endothelial growth factor (VEGF) (Goeevic, Blankinship et al.
2004). High level expression was dependent on cawadtration with VEGF for
vector administered at lower dose levels of 2 ¥ ¥#f/mice. Importantly, there was
high levels of transduction of the cardiomyocyt@lation in mice receiving rAAV6
vectors in combination with acute vascular permesation with VEGF (Gregorevic,
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Blankinship et al. 2004). In a subsequent studyh wlirect comparison to rAAV2
vectors, rAAV6 vectors were shown to transduce #old larger volume of the
myocardium and achieve a 5-fold greater transgetigityg after local myocardial
delivery in mice (Kawamoto, Shi et al. 2005). Tlaeng study also demonstrated the
capacity of rAAV6 vectors to mediate early onsahfigene expression in comparison
to rAAV2 vectors when th@-actin based hybrid promoter was used to accelénate
time to gene expression (Kawamoto, Shi et al. 20B8¢ently, rAAV6 vectors have
also been used to achieve high levels of transg&peession in rat hearts up to 24
weeks after local gene delivery (Palomeque, Cheetady. 2007).

One of the most recently identified AAV serotypesAiAV9, and has been shown to
have similar properties to AAV8 being predominariynd in the liver and bone
marrow and differing by 14.3% in capsid amino aaduence (Gao, Vandenberghe et
al. 2004). In a recent study, pseudotyped rAAV9tmemediated liver transduction
was shown to correct haemophilia A in mice and d&grkar, Mucci et al. 2006),
demonstrating the pre-clinical potential of altéiven naturally occurring AAV
vectors. Vectors based on AAV9 have also been shbwriransduce murine
myocardium at 5 to 10-fold higher levels than AAp8eudotyped vectors, resulting
in over 80% cardiomyocyte transduction followind teein injection with as low as 1
x 10" particles per mouse (Inagaki, Fuess et al. 20063 direct comparison with
rAAV1 vectors, rAAV9 vectors produce higher levelstransgene expression in mice
and nonhuman primates (Pacak, Mah et al. 2006).vE€btor biodistribution profile
of rAAV9 was not affected by age of the animalspiiying a similar preference for
cardiac tissue over skeletal muscle in both nesnated adult mice. Transgene
expression levels from rAAV9 vector increases awegtfor at least 56 days post-
injection in mice (Pacak, Mah et al. 2006). Stabdmsgene expression with rAAV9
vectors has been detected for at least 9 monthmbgs and Wilson 2006),
illustrating the utility of this vector for the t&ment of pathologies, such as
cardiovascular disease, where long-term transgempression is required.
Furthermore, is has been shown that rAAV9 can badreinistered, despite the
presence of neutralising antibodies without lingtieffects on transgene expression
levels (Limberis and Wilson 2006).
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No studies to date have compared the capacity AVEAand -9 to achieve cardiac
transduction following intravenous injection intats. We used stroke-prone
spontaneously hypertensive rats (SHRSP), an estalli model of cardiovascular
disease with genetically bred predisposition to dmgnsion and stroke sensitivity
(Okamoto, Yamori et al. 1974). The colony of SHR&#s obtained by the selective
breeding of a substrain of SHR which had been faondisplay a high incidence of
spontaneous cerebrovascular disease. Moreover, BHiRSelop concentric left
ventricular hypertrophy (LVH) in response to blga@ssure elevation (Ohtaka 1980)
that is evident at 12 weeks of age (Davidson, Sclebral. 1995) and also display
endothelial dysfunction (Mcintyre, Hamilton et 4897; Kerr, Brosnan et al. 1999). It
is considered a relevant pathogenetic model fagareh into human disease as the
SHRSP and humans share many pathophysiologicdbsitieis, such as local factors
for stroke, (Yamori, Horie et al. 1976), and cotesis with humans, male SHRSP
maintain a higher blood pressure than females. ,Heeedocument the cardiac gene
delivery profiles of AAV6 and -9 in SHRSP.

Although rAAV6 efficiently transduces the myocandiun mice, it also targets all

striated muscle. An immunological reaction can siommes be observed after foreign
gene transfer to skeletal muscles as a result pffesgion of the transgene in non-
muscle antigen-presenting cells, (Hauser, Robiretoal. 2000; Hartigan-O'Connor,

Kirk et al. 2001). The incorporation of a tranption-regulating element that limits

transgene expression to the myocardium would rethacesgene expression in both
skeletal muscle and non-muscular cells. Inclusiba cardiac specific promoter may
further improve the selectivity of this vector. TMLC-2v promoter is one of the

most well characterised cardiac specific promo{&mall and Krieg 2004). It has

been shown to drive AAV2 vector-mediated transgemgression at levels

comparable to that of the CMV promoter (Phillipgng et al. 2002). This promoter
has yet to be characterised in rAAV6 vectors.

Here we aim to characterise an efficient cardiategelivery vector and to introduce

an element of transcriptional control to improve #fficiency of the chosen vector.
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4.2 Results

4.2.1 Production of rAAV6 vectors

The transfection of pAAYacZ and pDGM6 into 293T cells (encoding the E1 region
of the Ad5 genome) produced rAAV6 vectors. pAAVldeZrbours §-galactosidase
expression cassette flanked by ITR’s, whilst th&pb plasmid is the packaging and
helper plasmid that also contains the serotypeps8idareading frame (i.e. contains
AAV2 rep genes, AAV6 cap genes and Ad5 E2, E4 aid génes). These two
plasmids were used to make a small scale prep AY6Awith which to testn vitro.

A microBCA assay detected the presence of rAAV6 atidwed the titering of
rAAV6 in comparison to the protein levels of knowne rAAV2 vectors. This assay
confirmed the production of rAAV6 vectors, albditat low levels, with a mean titre
of 2.4 x 16°gp/m.

4.2.2 In vitro testing of rAAV6

Most studies have utilised rAAV6 vectois vivo as a result of the inefficient
transduction of cellén vitro. Therefore, the ability of rAAV6 vectors to transe a
variety of cell lines was tested by infecting cellgh different doses of rAAV6. L6,
HI9C2, HeLa and HT1080 cell lines were infected v&@@®0, 10000 or 20000 gp/cell.
Ad5 wild type was added to aid single stranded DddAversion to double stranded
DNA to enhance transgene expression and was addedraltiplicity of infection
(MOI) appropriate for the cell line (L6 = MOI 5, Ha = MOI 0.1, H9C2 = MOI 5,
HT1080 = MOI 1). rAAV6 vectors showed no transdantiof any cell line, in
comparison to control uninfected cells (Figure 4.1/&denovirus co-infection did not
greatly increase transduction of any of the celkdi, contrary to what would be
expected (Figure 4.1A). Infection of HepG2 cellstampare rAAV6 vectors made in
the laboratory and rAAV6 vectors made by collabarstvith rAAV2 vectors showed
that both batches of rAAV6 vectors were inefficietnansducers, especially in
comparison to rAAV2 (Figure 4.1B). Thus no optincall line could be found that
would allow efficient transduction. This confirmétht rAAV6 vectors are poor at
vitro transduction, even cells of skeletal and cardiggirar
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Figure 4.11n vitro transfections with rAAV6.

(A) Transduction of L6, H9C2, HeLa and HT1080 deles by rAAV6 vectors. Cells
were infected with rAAV6 at MOI 5000, 10000 and R200gp/cell. Ad5 wild type
virus was added at MOI appropriate for the cek I[n=6/group). (B) Transduction of
HepG2 cells by rAAV6 made in the laboratory and M@ from collaborators in
comparison with rAAV2 (n=6/group). * p<0.01 as caangd to uninfected by one
way ANOVA and Bonferroni posttedt-gal expression quantified by Tropix Galacto-

Light Plus assay.
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4.2.3 Binding and transduction of rAAV6

Because of the poon vitro transduction profile of rAAV6 vectors, we investigd
the binding (Figure 4.2A) and transduction (Figdr@B) properties of rAAV6 in
comparison to rAAV2 vectors in HepG2 cells. rAAV@ctors demonstrated very
poor binding and transduction of HepG2 cells, irmparison to rAAV2 vectors.
Because rAAV6 vectors had previously been usedcifdy in vivo (Blankinship,
Gregorevic et al. 2004; Gregorevic, Blankinshi@let2004), we proceeded ito vivo
studies.

4.2.4 rAAV6 and rAAV9 biodistribution and transduct ion profiles in

SHRSP following intravascular delivery

We first determined the capacity of rAAV6 and -Xtees to transduce the SHRSP
heart following a single bolus injection into thenforal vein. To determine the
efficiency ofin vivo gene transfer in rats mediated by rAAV6 and -9ee; male 6-
week old SHRSP were administered a single intravemgection of increasing doses
of rAAV6:CMV lacZ (2x107, 1.5x10% and 3x167 vp/rat) in the presence or absence
of recombinant human VEGF-165 (20 ug/100g body tgigr rAAV9:CMVlacZ at
identical doses. VEGF co-administration with rAAM&s not included in the study
as preliminary results had revealed rAAV6 was cépabmyocardial transduction in
the absence of VEGF and so was considered unegemsarundesirable for a gene
delivery vector.Both rAAV6 and rAAV9 mediated hidgvel gene transfer in hearts,
which was dose-dependent (Figure 4.3). Transgempeession in the SHRSP for
rAAV6 was not modified by VEGF co-administrationigbre 4.3). Staining for
transgene expression showed higher expressiorslavehe heart following rAAV6
transduction compared to rAAV9, although both vestwere relatively efficient
(Figure 4.4). As expected (Gregorevic, Blankinsktpal. 2004; Pacak, Mah et al.
2006) in non-cardiac muscle beds (skeletal), b&AM6 and -9 vectors achieved
high levels of gene delivery (Figure 4.5 and Figdr8). High levels of transgene
expression were seen in the diaphragm of the rA&"®8sduced animals, which was
absent in the rAAV6 transduced group. Similar vedvedistribution by X-gal
staining was observed for both vectors in livemguand kidney (Figure 4.5 and
Figure 4.6).
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Figure 4.2.Binding and transduction profiles of rAAV2 and rAAV 6.

HepG2 cells were infected with 10,000 gp/cell rAA\@ rAAV6 vectors and
compared for (A) binding and (B) transduction efffrcies (n=3/group). *p<0.001
rAAV2 vs. rAAV6 and uninfected by one way ANOVA armbnferonni posttes-
gal expression quantified by Tropix Galacto-Lighiglassay.
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Figure 4.3. Transduction of cardiac tissue by rAAV6 and rAAV9.

SHRSP were infused with 3 different doses of rAA®6Z or rAAV9:lacZ (1x1011
vp, 1x1012 vp or 3x1012 vp). Transverse sliceseairhtissue were fixed and stained
for B-galactosidase expressien facel4 days post-delivery of either rAAV6, rAAV6
+ VEGF or rAAV9. n=1/group.
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Figure 4.4.Detection of rAAV6 and rAAV9 vector-mediated trangyene expression.
Immunofluorescence detection pfgalactosidase expression with nuclear counterfd@RI, in sections of heart from rAAV6 and rAAV9-

transduced animals and a PBS infused control aramdihon-immune IgG control (n=1/group). Scaleh&0 um.
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Figure 4.5.rAAV6:CMV lacZ transduction profile in non-cardiac tissue.
rAAV6:CMV lacZ vectors (3x1& vp/rat) were infused into 6 week old SHRSP ratsljn Tissues were stained fprgalactosidase after 14
days. Scale bar = 50m, magnification x 20
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Kidney

Figure 4.6.rAAV9:CMV lacZ transduction profile in non-cardiac tissue.
rAAV9:CMV lacZ vectors (3x1& vp/rat) were infused into 6 week old SHRSP ratdljnTissues were stained fowgalactosidase after 14
days. Scale bar = 50m, magnification x 20.
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Biodistribution studies to quantify vector genoniss TagMan™ Q-PCR revealed
marked differences in vector genome accumulationpdrticular, accumulation of
rAAV9-packaged genomes in the heart (Figure 4.7 a@proximately 10-fold lower
(at the highest dose) despite comparable genonedslew skeletal muscle (Figure
4.8A) The CPRG assay confirmed the comparable devklransgene expression in
the skeletal muscles (Figure 4.8B). Furthermoredistribution of rAAV9-packaged
genomes to kidney was far higher than rAAV6, altgfoummunohistochemical

analysis revealed no obvious transgene expresikiguaré 4.9).

Taken together, we concluded that rAAV6 exhibitedhare favourable profile for
cardiac gene delivery than rAAV9, and representsseful tool for studying the

molecular mechanisms of cardiac disease.

4.2.5 Cloning of cardiac-specific promoter into AAV 6 vector

To clone the MLC-2v AAV shuttle plasmid (Figure @)15ug pMV10 containing a
lacZ and corresponding poly-A tail was digested with gl of Xba and 2.5ul
HinDIll. The releasedacZ and poly-A tail (4.5 kb) were then gel purifieddacioned
into pCMV6-XL4 (Stratagene, CA, USA). The shortsien of the MLC-2v promoter
(280 bp) was amplified by PCR using primers witanking Xba sites (MLC2v
forward 5SCCCTCTAGATTAGACAATGGCAGGACCCA3 and MLC2v reverse
5'CCCTCTAGAAATTCAAGGAGCCTGCTGGC3) PCR was performed using
standard conditions, with the exception of a 2 rr@raextension time and an optimised
annealing temperature of 65°C. The gel purified P@RIuct was then cloned into the
Xbal sites in pCMV6-XL4. This construct (4.7 kb) wdseh cut out of pCMV6- XL4
using Notl restriction sites and cloned into the correspogdsites in pAAV-MCS
(Stratagene, CA, USA). The completed constructatthen be tested.

4.2.6 Characterisation of pAAV-MCS-MLC2v

The MLC2v promoter (Phillips, Tang et al. 2002) ved@ned into the shuttle plasmid
pPAAV-MCS to allow packaging into rAAV6 vectors. Ebgssion of théacZ gene in
various cell lines was carried out to test the fiamcand specificity of the construct.
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Figure 4.7. Transduction of tissues by rAAV6 and rAAV9.
SHRSP were infused with 3 different doses of rAAUBLVIacZ or rAAV9:CMVlacZ (1x10 vp, 1x16% vp or 3x16? vp). Total DNA was

extracted from heart and kidney and Q-PCR perforosdglacZ primers. Data are plotted as mean quantity dl\particles in each tissue

analysed. The three bars for each tissue with emah represent the three different doses (lefbwelst dose, right = highest dose). ND = not

detectable. N=1/group.
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Figure 4.8. Transduction of tissues by rAAV6 and rAAV9.

SHRSP were infused with 3 different doses of TrAAVBLVIacZ or
rAAV9:CMV lacZ (1x10"* vp, 1x13? vp or 3x16% vp). Total DNA was extracted
from tibialis anterior and triceps brachii and (@PCR and (B) CPRG assay was
carried out to quantif3-gal expression. The three bars for each tissue edth virus
represent the three different doses (left = lowlese, right = highest dose). ND = not
detectable. N=1/group.
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Figure 4.9. rAAV9:CMV lacz expression in the kidney.
Histological analysis with an anfli-galactosidase antibody was carried out on sections
of kidney from the rAAV9:CMVacZ infused animals at termination. Scale bar = 30

um, magnification x 20, n=1/group.
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Figure 4.10. Cloning of Cardiac Specific promoter into rAAV6 vedors.

ThelacZ gene and poly-A tail was released from the pMV16tee
on Xbd and HinDIII sites. This fragment was then cloned into
pCMV6-XL4. The MLC2v promoter was amplified by PGRO0
bp product) with flankingXbal sites and was cloned into tbxéal
sites of PCMV-XL4. This construct was then excistdm
PCMV6-XL4 using Notl restriction sites and cloned into the
corresponding sites in the pAAV-MCS vector.
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No B-galactosidase activity from pAAV-MCS-MLC2v was deted in ARLG,
NRK52E, L6 or A10 cell lines (Figure 4.13-galactosidase activity was observed in
HI9C2 cells. A low level off-galactosidase activity was observed in RGE cells.
Quantification off-galactosidase expression confirmed expressioomfal plasmid
pMV10 in all cell lines tested, but not of pAAV-MGE®8LC2v (Figure 4.12).
Expression from this plasmid was only detectablEl9C2 cells (Figure 4.12). Due to
time restraints, RGE, NRK52E and A10 cell lineseveot tested.

We next determined if the MLC2v promoter was active the liver in vivo.
Hydrodynamic injection of pAAV-MCS-MLC2v into theil vein of mice confirmed
thatin vivotransgene expression from this promoter was rtoteain the liver (Figure
4.13A). No X-gal staining was observed in the Isvef mice injected with pAAV-
MCS-MLC2v, whilst high levels of staining were obsgsd in mice injected with
control plasmid pMV10 (Figure 4.13A). Quantificatidoy p-galactosidase ELISA
confirmed the lack ofp-galactosidase activity in the livers of the mice
hydrodynamically infused with pAAV-MCS-MLC2v (Figer4.13B).

4.2.7 Transcriptional regulation in vivo

Our next aim was to assess the efficiency of thdi@a promoter in the SHRSR
vivo. We therefore injected male rats with increasioges of rAAV6:MLC2v vectors
at 6 weeks of age (2x 1.5x10% and 3x16° vp/rat). Unfortunately, X-gal staining
revealed nop-galactosidase activity in any organ at either 218r weeks post-
infusion, although quantification of vector genonbbgsTagman™ confirmed presence
of the vectornn vivo (Figure 4.14). A dose-dependent response was \aabén the
heart, tibialis anterior and triceps brachii. Higivels of vector accumulation in the
kidney at 12 weeks post-infusion can also be oleserwWhen compared to
rAAV6:CMV lacZ, levels of vector genomes present in the tissiee generally less
with rAAV6:MLC2vlacZ (Figure 4.15). In all tissues, there was an appnaie 2-
fold difference in vector genome accumulation. Thiemoter was therefore not
studied further.
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PAAV-MCS-MLC2v
Figure 4.11.p-gal staining of cells transfected with plasmid undr control of cardiac promoter.

Cells were transfected using lipofectamine with&itno DNA, control plasmid pMV10 or pAAV-MCS-MLC2w=3/group). Forty eight hours

later, cells were stained with X-gal stain to asal$-galactosidase expression amongst the differerittgpes. Scale bar = 100m,
magnification x 10.
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Figure 4.12.Quantification of p-gal expression mediated by pAAV-MCS-MLC2v.

Cells were transfected using lipofectamine witheitno DNA, control plasmid pMV10 or pAAV-MCS-MLC2n=3/group). Forty eight hours
later, cells were assayed to quanfifgalactosidase expression amongst the differehtygas. *p<0.01 H9C2 pAAV-MCS-MLC2v vs. ARL-6
and L6 pAAV-MCS-MLC2v by two way ANOVA and Bonferanposttest.
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Figure 4.13.Liver transduction following hydrodynamic delivery of plasmids.
Control plasmid pMV10 or rAAV6:MLC2v was hydrodynasally injected into the
tail vein of mice (n=2/group). (A) Representativegl staining of liver sections and

(B) Quantification of3-gal expression by Tropix Galacto-Light Plus assay.

132



H 1x1Ctvp

45- B 1x102vp
00 3x102vp
407 O 3x102vp 3 months

AAV DNA x 103 (arbitrary units)

Heart Kidney Tibialis Anterior Triceps Brachii

Figure 4.14.Biodistribution profile of rAAV6:MLC2v lacZ.
RAAV6:MLC2vlacZ vectors at three different doses (2 ¥'1@.5 x 16% and 3 x 1& vp/rat) were infused into 6 week old SHRSP rats

(n=1/group). DNA was extracted from the tissues @AEICR performed.
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Figure 4.15.Comparison of transduction of tissues by rAAV6 andAAV6:MLC2v lacZ.
SHRSP were infused with 3 different doses of rAAMEtVlacZ or rAAV6:MLC2vlacZ (1x10" vp, 1x167 vp or 3x10? vp). Total DNA was

extracted from heart, kidney, tibialis anterior andeps brachii and Q-PCR was performed. The thas for each tissue with each virus

represent the three different doses (left = lowlesk, right = highest dose). N=1/group.
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4.3 Discussion

Efficient myocardial transduction via the intravalsture has proven challenging in
the field of gene therapy. We demonstrate thatwgnous administration of rAAV6
and rAAV9 vectors can be used to efficiently deligad express genes in the heart of
a rat disease model. As such, this strategy reptese useful tool to integrate and
potentially treat a vast number of cardiovasculaeases. Transduction efficiency is
determined by administered dose of vector, withobserved increased intensity of
staining in the hearts of these animals as the ohwseased. Furthermore, both these
vector systems were not associated with any direxicity, with no observable
immunological responses at 3 months post-infudioithis study we report that gene
expression is maintained for 3 months. We did rsseas longer time points. Other
studies have reported long term gene expressiom fAAV vectors (Herzog, Yang et
al. 1999; Riviere, Danos et al. 2006; Stieger, LeuMet al. 2006) demonstrating the
longevity of this approach, particularly useful five treatment of chronic disease.
RAAV6 vector-mediated transduction was not foundb® dependent on vascular
permeabilisation with VEGF, contrary to that preasty reported in a mouse model
(Gregorevic, Blankinship et al. 2004). RAAV6 vedavere found to mediate higher
levels of transduction of the myocardium than rAAWXtors at all doses tested. The
use of rAAV6 over rAAV9 vectors is thus advantage@s higher doses of rAAV9

would have to be used to reach the same levelsg/otandial transduction as rAAV6.

The production of rAAV vectors has proven notorigudifficult, labour intensive and
a limiting factor in the utility of these vectorsligh titre stocks of rAAV were
unattainable by the initial methods applied in talroratory. Methods developed by
others have allowed increased production of higgk and high purity rAAV stocks,
with minimal contamination with adenoviral proteifidalbert, Allen et al. 2001)
(Blankinship, Gregorevic et al. 2004). These meshwedre employed to achieve high
titre stocks with which to completa vivo experimentsin vitro characterisation and
comparison of the two rAAV vectors could not berigat out as no suitable cell line
could be found that could be transduced by rAAV6tees. No previous studies have

carried outin vitro characterisation of rAAV9 vectors. Thus all opsation and
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characterisation of rAAV6 and rAAV9 was carried ooitvivo in a relevant disease
model, the SHRSP.

There is a 17.2% amino acid difference betweencHyesids of clade A (includes
AAV1 and AAV6) and clade F (AAV9) adeno-associatedruses (Gao,
Vandenberghe et al. 2004). These differences iratea of the virion responsible for
receptor binding may offer an explanation for theckpancies in tropism between
the two vectors. Single amino acid changes haveiqusly been reported to account
for the difference in liver transduction betweenWAand AAV6 (Wu, Asokan et al.
2006). Whilst there is still a lot to discover redjag the receptors for these vectors, it
is known that AAV6 uses2-3 linked ora2-6 linked sialic acid (Wu, Miller et al.
2006), whilst AAV9 uses the 37/67-kDa laminin retoep(Akache, Grimm et al.
2006). Different distribution of these two recegtas likely associated with the
differing biodistribution of these two vectors.vitas previously reported that direct
injection of rAAV6 vectors into the thoracic cavitf mice lead to high levels of
transduction of the diaphragm (Blankinship, Gregmret al. 2004). Although not a
direct comparison with this study, we found no sdurction of the diaphragm after
intravenous delivery of rAAV6 vectors. Interestipgintravenous delivery of rAAV9
vectors resulted in high transgene expressiondetnebughout the diaphragm. Thus,

the driving forces for transduction are differemt €ach virus.

In the present study, rAAV9 vector genomes were &sind at high levels in the
kidney by quantitative PCR. However, further exaation by immunohistochemical
techniques revealed no detectable renal transggmession. This could either be as a
result of an inability of the rAAV9 vector to ackieetransduction, or as a result of the
phenomenon of the CMV promoter, which has beendhtiiebe silenced in several
organs (Loser, Jennings et al. 1998; GregorevianiBhship et al. 2004). However,
high p-galactosidase enzyme levels have previously bestactdéd in the kidney
following administration of rAAV9 vectors (Pacak,a\ et al. 2006; Bostick, Ghosh
et al. 2007), and the CMV promoter has been shawhet transcriptionally active
following the delivery of other gene transfer vest¢Wang, Li et al. 2004; Pacak,
Mah et al. 2006). Several approaches could be tékesstablish the cause of this.
Assays to determine the methylation status of tMy/CGpromoter would establish
whether the promoter had been shut down (Brookskiitaet al. 2004). RT-PCR on
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RNA extracted from the organ of interest could leefgrmed to investigate whether
there was a transgene translational block. Capbielling could also be carried out to
determine if nuclear trafficking was defective ahthere was a problem with capsid

uncoating.

The limitation of the AAV vector system with respdo intravenous delivery to
muscle is the lack of cell selectivity of non-mwsgromoters. Cardiac myocyte-
restricted gene transfer is highly desirable, aadessary as it already is in clinical
trials. The short version of the MLC2v cardiac pater was easily packaged into the
limited packaging capacity of the AAV vector. It svahown to drive a reporter gene
specifically in cardiomyocytes vitro. In a previous study, rAAV2 vectors driven by
the MLC2v promoter were shown to be taken up byyragans but only expressed
in the heart (Phillips, Tang et al. 2002). Howeverg¢ontrast to this study, we found
that intravenous injection of rAAV6 vectors undee ttontrol of the MLC2v promoter
led to uptake in the heart, but to no transgeneesgon. The lack of activity of this
promoterin vivo is surprising, as it was previously reported tcaki to the activity
of CMV promoters (Phillips, Tang et al. 2002). Tgresence of relatively high vector
genome copy numbers in the heart and the facQhBt driven transgene expression
was high, demonstrates that the problem lies nthentransduction efficiency of the
vector, but in the activity of the promoter. Inghtase, the activity of the CMV
promoter remains superior to that of the MLC2v poten. Comparison of a range of
cardiac-specific cassettes is required to find saiable that is functionah vivo
when packaged into rAAV6 vectors. Recently, rAAV&ctors under the control of a
CMV-enhanced 1.5 kb MLC2v promoter were found todrage cardiac-specific
transgene expression in a porcine model (RaakekeHigt al. 2007). Not only does
this highlight the potential of transcriptionallggulated rAAV6 vectors, it also
demonstrates that rAAV6 is effective in larger aailfmodels and is not species-
dependent.

Furthermore, rAAV6 vector-mediated transgene exgioesunder the control of a
cardiac-selective enhancer/promoter element has Is®wn to drive chronic
transgene expression in a rat heart failure mdelelger, Most et al. 2007). A 324-bp
fragment containing the-cardiac actin myocyte-enhancer factor-2 (MEF2) diom

was cloned in place of the CMV promoter to drivgmssion of the S100A1 gene,
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which expresses a €asensing protein that plays a vital role in cardiantractile

function. Robust expression of S100A1 was achighatl was localised to the heart
and led to the functional recovery of the failirg heart (Pleger, Most et al. 2007).
This demonstrates the potential of rAAV6 vectorsdiive stable cardiac-specific
transgene expression after intravenous deliverychwWwill enhance the development

of cardiac gene therapies.

In conclusion, rAAV6 and rAAV9 vectors were bothufald to possess cardiotropic
properties and as such, both will have implicationeardiovascular gene therapy. In
a direct comparison of the two vectors, rAAV6 destosmted a more favourable
cardiac delivery profile than rAAV9. These resuditow for the optimal choice of

vector for use in future studies, and for futuricednt clinical applications.
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Chapter 5

RAAV6-mediated overexpression of angiotensin
converting enzyme 2 (ACEZ2) in the myocardium of
Stroke Prone Spontaneously Hypertensive Rats

(SHRSP)
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5.1 Introduction

In addition to its role in cardiovascular and relnameostasis, overactivity of the RAS
is implicated in the pathophysiology of hypertemsand in the progression of heart
failure (Zaman, Oparil et al. 2002). Inhibitiontble RAS is now used as major target
in the treatment of hypertension and a plethoratbier cardiovascular diseases.
Angiotensin-converting enzyme (ACE) inhibitors aamgiotensin Il (Ang 1l) type 1
(AT1) receptor blockers are common treatments for fleviation of high blood
pressure in hypertensive patients (Stergiou and/&i2904). Exploration of other
arms of the RAS could potentially identify and deyemore specific and potentially

long lasting therapeutic targets.

In 2000, a new component of the RAS was identiffgtgiotensin converting enzyme
2 (ACE2) was isolated from a human heart failuratiele cDNA library and was
found to be capable of hydrolyzing circulating peées (Donoghue, Hsieh et al. 2000;
Tipnis, Hooper et al. 2000). ACE2 is known to praenAng Il degradation, and to a
lesser extent Ang | degradation (Tipnis, Hooperlet2000), which results in the
production of Ang 1-9 and Ang 1-7. Because Angdlknown to have potent
vasoconstrictor functions, its degradation couldutlein relaxation of the blood
vessels. This could occur through two main mecimasis(1) the reduction in
circulating levels of the vasoconstrictor Ang lldaf2) the increase in circulating
levels of the vasodilator Ang 1-7. Ang Il has besrtown to activate NAD(P)H
oxidases in cultured vascular smooth muscle ceild wascular endothelial cells,
resulting in the production of reactive oxygen segc particularly superoxide
(Griendling, Minieri et al. 1994; Zhang, Schmeisseal. 1999). Superoxide can react
with NO to inactivate it, thus inhibiting its vastadory effects. Ang 1-7 has been
shown to stimulate eNOS activation with a resuliasteased NO release (Heitsch,
Brovkovych et al. 2001), which causes endotheleggahdent vasodilation and an

improvement in endothelial function (Faria-Silvayddte et al. 2005).

There are currently opposing hypotheses regardiagoathophysiology of ACER

vivo. ACE2 may play a pivotal role in the RAS by redgcconcentrations of the pro-
fibrotic, pro-proliferative vasoconstrictor Angdhd raising levels of the anti-fibrotic,
anti-proliferative vasodilatory peptide Ang 1-7 (faio, Chappell et al. 1997;
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Ferrario 1998). As such, manipulation of ACE2 dtgihas potential utility in the
treatment of cardiovascular disease, although pusvstudies have been conflicting.
In particular, generation of ACE2 knockout mice bagn reported to lead to severe
contractile dysfunction and induction of hypoxiahiced genes (Crackower, Sarao et
al. 2002) or, in complete contrast, to no obsergfdcts on cardiac dimension or
function (Gurley, Allred et al. 2006). The reasar these discrepancies remains
unclear. In a direct assessment of genetic oveessmn of ACEZ2, lentiviral-
mediated localised overexpression of ACE2 in thertse of spontaneously
hypertensive rats (SHR) attenuated high blood pressand perivascular fibrosis,
reduced left ventricular wall thickness and inceshdeft ventricular end systolic
diameters (Diez-Freire, Vazquez et al. 2006). Agaim contrast, transgenic
overexpression of ACE2 in the myocardium of miceufied in mild interstitial
fibrosis and conduction disturbances leading tar@nar fibrillation with arrest and
sudden death (Donoghue, Wakimoto et al. 2003). Tabkgether, these findings
suggest that the role of ACE2 vivois complex and may be context-dependent. It is
therefore important to define the effect of ACEZmxpression in the long term in
animals predisposed to cardiovascular disease. 8HRE relevant model to define
the effect of ACE2 overexpression and we set odefne its effects on development
of LVH.

Here, the cardiac delivery profile of rAAV6 vectqeharacterised in chapter 4) was
exploited to overexpress ACE2 in the myocardiumSefRSP. Effects on cardiac
structure and function as well as on systemic blgodssure and peripheral

endothelial function were quantified.
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5.2 Results

5.2.1 Characterisation of AAV6-ACE2

We first confirmed the functionality of the AAV6-AE2 plasmid using cos celis
vitro. Expression of ACE2 was confirmed by Tagman™ Q-RPperformed on
cDNA, derived from control and pAAV6-ACE2 transfedt cells (Figure 5.1A).
Representative Tagman traces demonstrate the eipresf ACE2 (Figure 5.1B).
Overexpression of ACE2 was further observed by diiete of a band of the
appropriate size (90 kDa) by western blot analf@iswing transfection of pAAV6-
MCS-ACE2 into COS cells (Figure 5.1C). ACE2 funativas evaluated using a
fluorescence activity assay, which is based on ititeraction of ACE2 with
fluorogenic substrate VI. This fluorogenic substrabntains a hydrolysable group
that can be hydrolysed, resulting in the cleava¢éhe peptide bond between the
fluorophore and the quencher to produce an increafbgorescence that can easily be
detected. The ACE inhibitor captopril was usedtiolish any influence of ACE. In
the presence of the selective ACE2 inhibitor DX6@WE2-specific enzymatic
activity was abolished (Figure 5.2). Thus, transéecof pAAV-MCS-ACE?2 resulted

in efficient ACE2 production and functional activiof the enzyme.

5.2.2 Effect of ACE2 overexpression on in vivo card  iac function

Our principle aim was to document the effect of AC&verexpression on cardiac
function over the long term and during the esthinohient of hypertension and LVH in
the SHRSP, evident from 12 weeks of age (DavidSshork et al. 1995). We
therefore injected male rats with rAAV6:ACE2 ved@nd controls at 8 weeks of age
and monitored cardiac function by ECHO and BP higu#f over the following 11
weeks (Figure 5.3). Left ventricular M-mode ECHOmbmstrated a change in LV
diameter and reduction in wall thickness over tiwith reduced systolic function in
the rAAV6:ACE2 vector-infused animals, comparedetmlapril-treated and PBS and
rAAV6:hPLAP vector-infused rats (Figure 5.4). B-neoinages confirmed a reduced
systolic function in rAAV6:ACE2 treated animals cpamed to the control groups
(Figure 5.5). M-mode images were used to definel watknesses and internal
diameters at systole and diastole. Rats treateth WNAV6:ACE2 exhibited a
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Figure 5.1.Confirmation of expression of ACE2.

Cells were transfected with pAAV-ACE2. 48 hourseaflipofectamine transfection,
cells were harvested and lysed. (A) RNA extractednfthe cells was converted to
cDNA and Tagman carried out to detect ACE2. Corgeohples including dH20, no
reverse transcriptase and a control plasmid expiggss different protein were
included. (B) Representative Tagman traces. (C) @shtes were subjected to
western immunoblotting and detected with an antERCantibody on a 12% gel

under reducing conditions.
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Figure 5.2.Confirmation of functional activity of ACE2.
ACE2 activity was measured in the presence of gapptand DX600, confirming that
pAAV-ACE2 produces functional ACE2.
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Echo Echo Echo Echo

l l l l

BP BP BP BP BP BP BP BP BP BP BP BP

Week 0 1 2 3 4 5 6 7 8 9 10 11

Bleed Bleed Bleed Bleed Bleed Bleed
Groups :
PBS
*rAAV6:ACE2
orAAV6:hPLAP Figure 5.3.0Overview of experimental protocol.
*Enalapril SHRSP were infused with 3 x *Ovp/animal at week 0 (8 weeks of age). Blood pressuas
measured weekly by tail cuff plethsymography. Blaainples were taken every second week
(N:6/group) y by p ymograpny p y

and echocardioagraphy was carried out pre-infusimha weeks 4, 8 and 11 post-infusion. At

termination tissues were harvested for additionalysis.
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Figure 5.4.M-mode echocardiography.

Representative traces of M-mode echocardiograppyeainfusion, 4 weeks, 8 weeks
and 11 weeks post-infusion in the 4 experimentabugs — (A) PBS, (B)
rAAV6:hPLAP, (C) rAAV6:ACE2 and (D) Enalapril tread animals.
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Figure 5.5.B-mode echocardiography.
Representative traces of B-mode echocardiography ateeks post-infusion in the 4 experimental gsoudA) rAAV6:hPLAP, (B) PBS, (C)

rAAV6:ACE2 and (D) Enalapril treatment. Images &&en at end systole. Red arrow = papillary musgteow circle = outline of left
ventricle. N=6/group.
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significant (28%) reduction in ejection fractiomgnapared to controls (Table 5.1 and
Figure 5.6). Fractional shortening was also sigaiitly reduced compared to all
controls (Appendix 1 and Figure 5.7). As expectaddiac output increased with age
and body mass in control SHRSP (Appendix and Figu8g However, no change in
cardiac output occurred in rAAV6:ACE2-infused rgtsigure 5.8). Furthermore,

systolic blood pressure/end systolic volume raB8F: ESV) demonstrated that the
rAAV6:ACE2-infused SHRSP showed decreased leftneular performance (Figure

5.9).

Interventricular septal wall thickness decreasedl#¥6 in the rAAV6:ACE2 group.
There was minimal effect on wall thickness in thaBpril, rAAV6:hPLAP and PBS
groups (Figure 5.10). LV mass index did not siguaifitly differ between groups
(Appendix 1). Pulse-wave and colour Doppler weredu> measurthe velocity of
blood through the mitral valve amal qualitatively examine the valve for evidence of
mitral regurgitation from the apical four-chamb@olour doppler indicated that the
blood flow through the heart of the rAAV6:ACE2 iisied animals was more turbulent
than in the Enalapril treated animals (Figure 5.1)is suggested a mitral valve
insufficiency at systole resulting in a backflow bfood through the valves. In
conclusion, ECHO studies revealed that ACE2 oveesgion leads to a significant
reduction in cardiac function compared to controlugps.

5.2.3 Effect on blood pressure and basal NO bioavai lability

A previous study has indicated a potentially benafieffect of ACE2 overexpression
on blood pressure (Diez-Freire, Vazquez et al. 2006 therefore analysed blood
pressure weekly by tail cuff. Since any blood puesseffect may also be due to
potential hydrolysis of Ang Il by ACE2, we also auidied endothelial function in

peripheral resistance vessels (mesentery) by wy@graphy. Enalapril treatment was
included as a positive control for BP measuremdPBS and rAAV6:hPLAP control

animals show an equivalent increase in BP over,taharacteristic of SHRSP (Figure
5.12). This rise in systolic BP was significantlyeauated by enalapril and by ACE2
overexpression (p<0.001). The effects of ACE2 oxaression were especially
evident at later time points following injection igbre 5.12). Myography

demonstrated increased basal nitric oxide (NOhevessels from animals that had
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Figure 5.6.Assessment of ejection fraction.
Echocardiography was carried out pre-infusion andlaweeks post-infusion on rAAV6:hPLAP, PBS, rAAYE&E2 and Enalapril treated

animals. % change in ejection fraction was calealatp<0.05 for rAAV6:ACE2 vs. PBS, Enalapril andlAV6:ACE2 by one way ANOVA
and Tukey’s post test. N=3/group.
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Figure 5.7.Assessment of fractional shortening.

Echocardiography was carried out pre-infusion andlaweeks post-infusion on rAAV6:hPLAP, PBS, rAAYE&E2 and Enalapril treated
animals. Change in % fractional shortening wasutated. *p<0.05 for rAAV6:ACE2 vs. PBS, EnalaprihdarAAV6:ACE2 by one way
ANOVA and Tukey'’s post test. N=3/group.

150



100 -

% Change in Cardiac output

I PBS *
3 Enalapril
I 'AAV6:hPLAP

-50 -

—a rAAV6:ACE2

Figure 5.8.Assessment of cardiac output.

Echocardiography was carried out pre-infusion andlaweeks post-infusion on rAAV6:hPLAP, PBS, rAAYE&EE2 and Enalapril treated
animals. % Change in cardiac output was calcul&fed.05 for rAAV6:ACE2 vs. PBS, Enalapril and rABVACE?2 by one way ANOVA and
Tukey’s post test. N=3/group.
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Figure 5.9 Assessment of systolic blood pressure/ end systal@lume ratio.
Echocardiography was carried out pre-infusion andlaweeks post-infusion on rAAV6:hPLAP, PBS, rAAYWCE2 and Enalapril treated

animals. Change % in systolic blood pressure/ gstbbc volume ratio was calculated. *p<0.05 forA¥6:ACE2 vs. PBS, Enalapril and
rAAV6:ACE2 by one way ANOVA and Tukey’s post telsi=3/group.
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Figure 5.10.Assessment of interventricular septal wall thicknes.
Echocardiography was carried out pre-infusion andlaweeks post-infusion on rAAV6:hPLAP, PBS, rAAYE&E2 and Enalapril treated

animals. % change in interventricular septal waitkness was calculated. *p<0.05 for rAAV6:ACE2 ?8S, Enalapril and rAAV6:ACE2 by
one way ANOVA and Tukey’s post test. N=3/group.
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Figure 5.11.Evaluation of blood flow.

Colour doppler sonography carried out 11 weeks-pdgsion on (A) rAAV6:ACE?2 infused and (B) Enaldpreated animals. 4 chamber view
of the heart showing left venticle (yellow arrowight ventricle (white arrow), left atria (yellowraw head), right atria (white arrow head) and
mitral valve (green arrow). Colours are represerdgadf blood flow direction; blue represents blobolv away from the transducer and red

represents blood flow towards the transducer. A@hizolour (yellow/orange) indicates a mixed direetof blood flow, seen at the mitral valve

level in systole is recognised as mitral valve rggation. N=1/group.
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Figure 5.12 Effect of overexpression of ACE2 on systolic bloopressure.

Animals were infused with either rAAV6:hPLAP, rAAVACE2, PBS or treated with Enalapril (n=6/groupystlic blood pressure was
measured weekly by tail cuff. Data are presentednean + SE. * p<0.001 rAAV6:ACE2 and Enalapril VBS and rAAV6:hPLAP, as
determined by two way ANOVA analysis and Bonferrtast.
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received rAAV6:ACE2 compared to the rAAV6:hPLAP gpm as determined by the
area under the curve of concentration-responseesuity contractile agonists in the
presence and absence of L-NAME (Figure 5.13). Thuslst ACE2 had a severe
effect on cardiac function, overexpression alsoulted in improved peripheral

endothelial function.

5.2.4 Histological evaluation of cardiac structure

We first confirmed sustained overexpression of AQEPAAV6:ACE?2 injected rats

at 11 weeks post-injection (Figure 5.14A). Cleademce of cardiac dysregulation in
rAAV6:ACE?2 transduced hearts can be seen with ul@gmyocyte shape and cell
infiltration (Figure 5.14A & 5.14B). The effect &ACE2 on cardiac fibrosis was
assessed by picrosirius red (Figure 5.15A) and btdsstrichrome stain (Figure
5.15B). Severe myocardial interstitial fibrosis veasy observed in the rAAV6:ACE2
transduced SHRSP (Figure 5.15).

5.2.5 Histological evaluation of other tissues

The kidney and skeletal muscle were examined tesassny effects of ACE2
overexpression in non-target areas. No abnormahekidstructure was observed
(Figure 5.16A), and no signs of renal fibrosis weyand (Figure 5.16B). We also
confirmed that overexpression of ACE2 was not presm the kidney of
rAAV6:ACE2 injected rats (Figure 5.16C). To chedkat the effects of ACE2
overexpression were limited to the heart, musdsug was examined for structure
(Figure 5.17A) and fibrosis (Figure 4.17B). Thiswtomed that the negative effects of
ACE2 overexpression were not seen in either nayetad areas, such as the kidney,

nor in other muscle beds which are known to besttened by rAAV6 vectors.
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Figure 5.13Effect of overexpression of ACE2 on basal NO bioavability.
Small vessel myography was carried out on mesentateries from rAAV6:ACE2 and rAAV6:hPLAP infuseahimals at termination

(n=4/group). Basal NO bioavailability was deterntireess the magnitude of augmentation of contractigponses in presence of NOS inhibitor,
L-NAME (1 x 10-4M). *P<0.05 at EC50 by studentgstt
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Figure 5.14.Histological analysis of cardiac structure.
Histological analysis was carried out on sectiohkeart from animals in all 4 groups at terminat{or4/group). (A) Immunohistochemistry
with an anti-ACE2 antibody. Scale bar = 100 um, niggation x 40. (B) H&E staining in all groups. &e bar = 30 um, magnification x 20.
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Figure 5.15.Assessment of cardiac fibrosis.
Heart sections from rAAV6:ACE2, rAAV6:hPLAP, PBS darknalapril treated animals were analysed for Slsroand collagen content

(n=4/group). (A) Picrosirius red staining. Scale bal00 pm, magnification x 25. (B) Masson’s triohre staining. Scale bar = 100 pum,
magnification x 40.
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Figure 5.16.Histological analysis of kidney structure.
Histological analysis was carried out on sectioh&ioneys from animals in all 4 groups at 3
termination (n=4). (A) H&E staining in all groupScale bar = 30 um, magnification x 20 (B} '
Masson’s trichrome staining. Scale bar = 100 pm,gmigation x 10. (C)

Immunohistochemistry with an anti-ACE2 antibodyatedbar = 30 um, magnification x 20.
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Figure 5.17.Histological assessment of muscle.
Muscle sections from rAAV6:ACE2, rAAV6:AP, PBS afthalapril treated animals were analysed for fitwogh) H&E staining in all groups.
Scale bar = 100 um, magnification x 40. (B) Massdrithrome staining. Scale bar = 30 pum, magnificex 20.
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5.3 Discussion

ACE2 has been proposed as a critical componeriteoRAS, acting in opposition to
ACE by hydrolysis of Ang Il. In the present stuaye demonstrated that sustained (11
week) rAAV6-mediated ACE2 overexpression in the SPRexerts detrimental
effects on cardiac structure and function whilstréasing basal NO bioavailability,
suggesting both positive and negative effects @roMCE2 overexpressioin vivo.
Myocardial changes were characterised by morphcébgadaptations including
severe myocardial interstitial and perivascularddis, an increase in collagen content
and abnormal myocardial organisation. We also destnate, for the first time, that
intravenous administration of rAAV6 vectors can used to efficiently deliver and
express genes in the heart of a rat cardiovasdidgaase model. Importantly, rAAV6
expressing the reporter gene hPLAP was found te hev deleterious effects on
cardiac structure, function or any significant effen BP — potentially important

findings for clinical trials using rAAV6 vectors.

At present, the role of ACE2 in the RAS remains mubus. Previous ACE2
intervention studies either in mice (Donoghue, Hgeal. 2000; Crackower, Sarao et
al. 2002; Gurley, Allred et al. 2006), or rats (Piereire, Vazquez et al. 2006), have
shown conflicting results. Crackower et al (CrackowSarao et al. 2002) proposed
ACE2 as an essential regulator of heart functioouph work with ACE2 knockout
mice. The loss of ACE2 resulted in severe card@mtractility defects and also an
increase in Ang Il levels, indicating that ACE2 tofs levels of Ang Ilin vivo
(Crackower, Sarao et al. 2002). The same studyaledéACE2 as a strong candidate
gene linked to a hypertensive quantitative traduk on the X chromosome. In a
separate study, ACE2 gene transfer resulted infignt attenuation of high BP and
cardiac fibrosis in the SHR (Diez-Freire, Vazqueale2006). However, Donoghue et
al (Donoghue, Wakimoto et al. 2003) showed thatsganic mice with increased
cardiac ACE2 expression displayed high incidencsuolden death, showing that the

role of ACE2 is more complex than originally thotigh

Ang Il is well documented in playing a role in hymssion and LVH. Studies in
ACE2-deficient mice (Gurley, Allred et al. 2006)ufd that these mice showed an
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increase in systolic blood pressure and elevatadnph levels of Ang Il, indicating

that ACE2 is a key pathway for the metabolism ofjAn

The blood pressure data in this present study ledeewith that published in another
study using lentiviral overexpression of ACE2 fa@liag intracardiac injection (Diez-
Freire, Vazquez et al. 2006). However, it is uncksto whether this occurs via the
same mechanism. In the lentiviral study (Diez-Faeivazquez et al. 2006),
expression of ACE2 after intracardiac injection a0 shown to occur in the kidney
through systemic leakage of the vector, whilst bhedistribution patterns of our
vector shows no evidence of substantial expressidine kidney. We also confirmed
by immunohistochemical techniques that there wasvwewsexpression of ACE2 in the
kidneys. Therefore attenuation of high blood pressa the SHR study (Diez-Freire,
Vazquez et al. 2006) could be due to beneficiadatéf of ACE2 acting directly to
metabolise Ang Il into Ang 1-7 in the kidney. Thighh blood pressure attenuation in
the present study could be explained by a benkfeffact of ACE2 acting on the
peripheral circulation, as the expression of ACE2ur study is not limited to the
myocardium. Accordingly, here we have demonstratgebater basal NO
bioavailability in the mesenteric arteries in rAAM&E?2 infused animals at 3 months
post gene delivery than in rAAV6:hPLAP controls, ggasting that ACE2
overexpression directly improves endothelial fumttiSHRSP have been shown to
have reduced NO bioavailability in comparison tce thVKY reference strain
(Mcintyre, Hamilton et al. 1997). ACE2 overexpressimay have a beneficial
peripheral action and detrimental effects in theooaydium. Indeed evidence of a
tissue-localized RAS is well established (CampkéB7; Paul, Wagner et al. 1993)
including a cardiac RAS (Dzau 1988), with everynpmnent of the RAS having been
identified in cardiac and vascular myocytes androfitasts. Although the
improvement in endothelial function may have redusgstolic blood pressure, the
severe cardiac dysfunction and fibrosis may haweted blood pressure as a result of
the development of diastolic and systolic abnortiesli generating cardiac

decompensation.

In the study most akin to that described here,|ldedivery of a lentiviral vector
overexpressing ACE2 into the heart resulted inslation levels of >50% in some

areas of the myocardium but to <5% in other arBéez(Freire, Vazquez et al. 2006).
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Whilst the lentivirus study reported reduced blgudssure and beneficial effects on
cardiac fibrosis, it is plausible that ACE2 expresdevels were not as high as in the
present study. Thus lower ACE2 levels may prodwaelioprotective effects whilst
avoiding the induction of the detrimental effects the heart.The hearts of the
rAAV6:ACE2 treated animals in the present studyvet a reduction in ejection
fraction and fractional shortening, a decreasenterventricular wall thickness, a
decrease in SBP: LV ratio and no increase in cardigput overtime along with
histological evidence of heart failure. All theses aonsistent with severe cardiac
dysfunction progressing towards heart failure. This agreement witthe transgenic
mouse study, which also found traterexpression of ACE2 resulted in profound
cardiac dysfunction and mild cardiac fibrosis (Dghoe, Wakimoto et al. 2003).
Cardiac fibrosis is a marker of cardiac failure amahtributes to ventricular wall
stiffness, impairing cardiac relaxation so that Weatricles do not fill properly thus
resulting in abnormal diastolic function (Doeridglil et al. 1988; Jalil, Doering et al.
1989; Brilla, Janicki et al. 1991). The pathogese@diheart failure inevitably proceeds
to dilated cardiomyopathy, in which heart chambdssome markedly enlarged and
contractile function deteriorates. In early stagesdiac enlargement is an adaptive
process to help the heart maintain cardiac oufpast a certain point, however, the
heart overcompensates for declining systolic paréorce, and dilation becomes a
pathologic process. Dilation in the present stuldy@ with decreased wall thickness
would account for the lack of change in LVMI in tA€E2 transduced SHRSP. The
mechanisms behind this are poorly understood, adfhoecently a causal relationship
between myocyte death and cardiomyopathy has stehlished (Wencker, Chandra
et al. 2003). Wall thinning is consistent with lafsmyocytes, which in heart failure

is known to be associated with fibrosis and apagtos

It is plausible that although Ang Il has deletesaffects, it may have a necessary
function in a signalling pathway to enable the hearproceed through adaptive
remodelling and progressing to failure. For examplRK1/2 activation is stimulated
by Ang Il and in experimental models, blocking ERKa&ctivation rendered the heart
more susceptible to failure, suggesting that ERKEHA a role in protecting the heart
from cell death and failure (Purcell, Wilkins et 2007).
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Additionally, increased ACE2 overexpression withoworresponding ACE
upregulation could shift the balance from the puiidun of Ang 1-7 into Ang 1-9, as
ACE is required to convert Ang 1-9 into Ang 1-7. yet, a role for Ang 1-9 remains
unidentified and so further study into the funct@mrAng 1-9 could clarify whether it
is having any deleterious effect on cardiac functibo ascertain if Ang 1-9 has any
activity, stimulation of cardaic cells with Ang tb induce hypetrophy could be
carried out in the presence of Ang 1-9 peptide andACE inhibitor. The ACE
inhibitor would ensure that any blocking of hypgtiac effects were as a result of the
activity of Ang 1-9 and not as a result of the cened product, Ang 1-7.

It is also important to consider the role of ACEBZhiydrolysing several other peptides,
most notably apelin-13 (Vickers, Hales et al. 20@)elins have been implicated as
regulators of cardiovascular function (Lee, Chengl.e2000) and have been shown to
exert cardioprotective effects through the actomtof pathways that are associated
with myocardial preservation (Simpkin, Yellon et2007). Apelin has been shown to
cause vasodilatation, reduced ventricular preloabladterload, and increased cardiac
contractility (Japp and Newby 2008). Thus the hiydration of apelins-13 may prove

to be physiologically relevant. To test whether #geelins played a role in the

pathophysiology of our model, an assay to measwwdetvels of apelin present in the
hearts of our animals at termination could be edrout. The downregulation of

apelins may have had adverse effects on our model.

In conclusion, the data in this chapter demondrtte development of severe cardiac
abnormalities associated with sustained ACE2 oyeessionin vivo. Further work
should address the extent to which these effeets@related to the ACE2 expression
levels to determine if beneficial effects can bdaoted with reduced expression
levels, or if the increased expression of ACE2rat kevel is deleterious for cardiac
morphology and function.
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Chapter 6

General Discussion
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This thesis has focused on the development anafugieal vectors that are targeted
to the heart, in order to achieve efficient cardiserexpression of ACE2. As the
renin angiotensin system is pivotal in the contadl sodium balance, volume
homeostasis and therefore long-term blood pressui®,targeted clinically to treat
hypertension and heart failure. Overactivity of fRAS plays a fundamental role in
the pathophysiology of hypertension and progreseioneart failure (Zaman, Oparil
et al. 2002). However, this pathway can be mantpdland blocked at several levels.
In hypertension, the reduction of blood pressussideto a sequence of events that
ultimately results in a reduced ventricular aftadaand preload, a reduction in blood
volume and even in the inhibition and reversal afd@ac and vascular hypertrophy.
This highlights that the RAS is an important patiiwia be targeted in achieving
therapeutically beneficial outcomes. The relativelgent discovery of new enzymes,
such as ACEZ2, has brought into question the curctagsical view of the RAS.
Currently, the role of ACE2 in the RAS remains aguioius. It is undetermined as to
whether ACE2 contributes to the regulation of cacditructure and function and
whether, through its actions to metabolize Angitlhas a role in the regulatiayf
blood pressure by attenuation of the hypertensitieras of Ang Il. This added level
of complexity to the RAS has provided a novel oppaity to modulate ACE2

expression.

A major hurdle in the development of cardiovascujane therapy is the limited
availability of vectors that are tissue or cellestive and that can be delivered
intravenously. Another issue to be addressed isngwx for long-term transgene
expression, depending on the application. Non-wieators tend to be limited by their
low transfection efficiencies and transient generession. Viral vectors are more
promising vectors as they can mediate higher leoklsansgene expression and are
being developed to be more selective for theirdaoggan or cell type. Strategies to
improve targeting and reduce immunogenicity havenbapplied to adenovirus and
adeno-associated viral vectors, which is very apple to cardiovascular gene
therapy. The discovery of new serotypes of AAV thave a natural tropism for
muscle, including cardiac muscle, has greatly attheddevelopment of non-invasive
cardiac gene delivery. This thesis investigateduge of targeted viral vectors and of
the development of novel vectors, with the aim ofdoicing a viral vector that is

highly efficient and selective at transducing celfsthe cardiovascular system. The
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primary focuses were on myocyte targeting with rAAWectors and vascular
endothelial cell targeting by vector engineeringateigies. Whilst the initial results
from the heart targeting peptides were encouragimgse peptides were unable to
succesfully retarget the vectors that they wereetes. Finding a suitable vector for
these peptides may not be possible or could proveettime consuming. In light of
this, rAAV6 represents a far more useful vector fisture developments, provided

that an efficient element of transcriptional regola can be accomodated.

For targeting the cardiac vasculature, | evaluabethin vitro andin vivo, candidate
heart targeting peptides identified through phadspldy in which the heart
vasculature was probed for heart-specific endaheharkers. Limitations of phage
display for the isolation of targeting peptides guaially include high non-specific
binding of phage and lower levels of phage avadabl interact with the target, as
much phage will be taken up by the liver and splémmediately proceeding
intravascular injection (Balestrieri and Napoli ZpO However, despite these
challenges, four potential vascular targeting cdaidis were identified as CRPPR,
CSGMARTKC, CRSTRANPC and CPKTRRVPC. All four showad increase in
ability to home to the heart when compared to itesss phage. Once shown to be
selective for the heart tissues, these four peptwdere used to modify Ad5, Ad19p
and AAV2 vectors to assess if they increased thectaty of these vectors to
endothelial cells of the vasculature. Whilst AdK@é&ptide-modified vectors were
promising in vitro, phage-display derived targeting peptides generalioved
disappointing in the context of Ad19p and AAV2 regeting, with the tropism of
peptide modified vectors remaining unchanged. Itmportant to note thahe high
specificity of these peptides for the heart carekploited not only for viral vector
retargeting, but potentially also for the conjugatiof therapeutic agents to the
peptides. Most work in this area so far has focusethe delivery of cancer therapies
(Ellerby, Arap et al. 1999), but this applicatiooutd be translated to the delivery of

cardiovascular therapies.

Sequestration in the liver is a major limitationAaf vectors (Huard, Lochmuller et al.
1995). To enable Ad vectors to mediate transductébralternative organs, the
abolition of binding to CAR and the incorporatiointargeting peptides into the capsid

of the vector were proposed to re-route the ve@&R-binding ablated vectors were
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generated after the discovery of the key sitesh@nvectors that mediate binding
(Roelvink, Mi Lee et al. 1999). However, it was sadiscovered that ablating CAR
binding alone did not change the hepatic tropisnthese vectorsn vivo, despite
promising resulté vitro (Alemany and Curiel 2001; Mizuguchi, Koizumi et 2002;
Smith, Idamakanti et al. 2003), suggesting the afsalternate receptor pathwais
vivo by Ad5 vectors. Ad5 vectors harbouring mutationsboth CAR and HSPG
binding regions have demonstrated reduced hepatpism in vivo (Smith,
Idamakanti et al. 2003; Nicol, Graham et al. 20(Rggardless of this fact, the
incorporation of targeting peptides into the capdithese vectors did not lead to the
transduction of the target tissue (Kritz, Nicolakt 2007). Triple mutant Ad vectors
that are ablated of CAR, integrin and HSPG bindhaye been generated, and
mediate lower levels of liver transduction than wwlified vectors (Koizumi,
Mizuguchi et al. 2003; Koizumi, Kawabata et al. @00Nhilst AdKO1 vectors may
not be effectiven vivo, they are usefuh vitro tools to assess the targeting capacity of
the selected peptides in the context of a viratargdlizuguchi, Koizumi et al. 2002).
Clearly, the four identified peptides are highlyestive, and have demonstrated that
they can be incorporated into viral vectors wittccassful retargeting. With the
selection of an appropriate vector, the incorporatf these peptides could result in

the generation of highly selective vectors, bus tleimains to be tested.

It has recently been documented that blood coaguldiactors, especially factor X,
play a major role in targeting Ad5 vectors to hepgtesin vivo (Shayakhmetov,
Gaggar et al. 2005; Parker, Waddington et al. 2086¢gesting that coagulation
factors in the blood would need to be eliminateddfficient retargeting of vectors
based on this serotype. It has been shown thaorfat binds directly to the
adenovirus, resulting in high levels of liver trdostion mediated through HSPGs
(Parker, Waddington et al. 2006; Waddington, Pasteal. 2007). Recently, it has
been discovered that interaction between the viamd factor X is not mediated
through the fiber protein as originally suggest8tgyakhmetov, Gaggar et al. 2005),
but is instead mediated through the hexon proMiaddington, McVey et al. 2008).
This finding has major implications on both vecioiectivity biology and on vector
design. By disrupting the interaction between fa@nd Ad5 hexon using a snake-
venom derived factor X blocking protein (X-bp),divtransduction was significantly

reduced in mice and rats (Waddington, McVey e2@08). Pre-treatment with X-bp
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used in combination with our peptide-modified AdK®é&ctors may allow for the

efficient retargeting of these vectors.

Alternative serotypes of Ad vectors that differthreir fibers are being explored as
potential gene delivery vectors to identify thoséhweduced coagulation factor
binding (Denby, Work et al. 2004). When pseudotypetb Ad5 vectors, the fiber of
serotype 19p was shown to mediate greatly redused tropismin vivo and to

display a reduced capacity for the binding of bleodgulation factors (Denby, Work
et al. 2004). However, despite the great potewtiahd19p vectors, the insertion of
heart targeting peptides into the HI loop on tHeefidid not retarget the vectors
accordingly. A reduced liver tropism was maintaitedvever, confirming the natural
lack of hepatic tropism previously reported (DenWiork et al. 2004). The screening
of a panel of vectors, including alternative vityges may lead to the identification of

a suitable platform vector into which targeting fegs can be inserted.

AAV vectors have emerged as promising alternateetars to adenoviral vectors for
cardiovascular gene therapy, as a result of thmability to mediate sustained
transgene expression in non-dividing cells. HoweRéVV2 exhibits poor tropism for
human vascular endothelial cells (Nicklin, Buenieg al. 2001) and so the
development of rAAV2 vectors requires either regdirgg, or the use of alternate
serotypes. Recently, it has been shown that rAAWd BAAV5 vectors are more
efficient than rAAV2 vectors at transducing endditieellsin vitro andin vivowhen
used at low titres (Sen, Conroy et al. 2007). Haveprevious studies have
demonstrated that AAV serotypes -2 through -8 #reaor transducers of vascular
cells (Dishart, Denby et al. 2003; Denby, Nicklinat. 2005), and our present data
with rAAV6 and rAAV9 vectors would agree with thesindings. Genetic
engineering of rAAV2 vectors through the insertioh a targeting peptide has
previously been shown to be a viable retargetimiprimjue, with rAAV2 vectors
being retargeted to the human luteinizing hormaoeptor (Shi, Arnold et al. 2001),
the vasculature the lung and bram vivo (Work, Buening et al. 2006) and to
atherosclerotic lesions (White, Buening et al. 200his study characterised AAV2
based vectors containing the heart targeting pept@PKTRRVPC, CRPPR and
CSGMARTKC and found no evidence of retargeting. fieé charge of the peptides
is thought to be important in determining wheth&R& binding will be ablated by
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the insertion of the peptide into the HSPG bindsitg (Opie, Warrington et al. 2003;
Perabo, Goldnau et al. 2006). Positively charggddiges are thought to maintain the
HSPG binding abilities of the vectors (Perabo, Galdet al. 2006). As the net charge
of all three peptides is positive, this could explthe lack of retargeting observed
from the peptide-modified vectors, although the dtigpcell line HepG2 remained
untransduced, suggesting a contributory rather thaausative role. Potentially the
insertion of these peptides into the rAAV2 capsids hresulted in impaired
intracellular trafficking of AAV to the nucleus.

Whilst alternate AAV serotypes may not have impubwendothelial transduction
(Denby, Nicklin et al. 2005), they have been shawvefficiently target other organs,
including the myocardium, liver and brain (WanguZét al. 2005; Inagaki, Fuess et
al. 2006; Pacak, Mah et al. 2006). In particulacombinant vectors derived using the
capsid genes of AAV serotypes including AAV6, -8dar® have demonstrated
powerful tropism for skeletal and cardiac muscla&moto, Shi et al. 2005; Wang,
Zhu et al. 2005; Inagaki, Fuess et al. 2006; Pakt et al. 2006), achieving high
cardiac transduction rates following systemic iti@mt (Wang, Zhu et al. 2005;
Inagaki, Fuess et al. 2006; Pacak, Mah et al. 20663 direct comparison of AAV
serotypes 1-8, direct injection into the myocardmll lead to high levels of
myocardial transduction mediated by AAV-1, -6 aBd(Palomeque, Chemaly et al.
2007). Prior studies have shown the efficiency athbrAAV6 (Blankinship,
Gregorevic et al. 2004; Gregorevic, Blankinshipakt2004) and rAAV9 (Inagaki,
Fuess et al. 2006; Pacak, Mah et al. 2006) vectogchieving myocardial gene
transfer. It is difficult to compare the seroty@esoss studies; route of administration,
virus dose administered, ages of animals and useasfular permeablising agents
have differed between studies. We demonstrate itttigtvenous administration of
rAAV6 and rAAV9 vectors can be used to efficientlgliver and express genes in the
heart of SHRSP, a relevant rodent CVD model. Funibee, we show that rAAV6
vectors posses a more favourable cardiac geneedglprofile and as such are used
for the ultimate aim of this thesis — to overexprésCE?2 in the myocardium of the
SHRSP. The low numbers of animals used in the casigaof these two vectors is a
limitation of this study, but was necessary dua tack of virus which has a laborious
production method. The repetition of these rescétisnot be assured; however, the

dose dependent results that were seen from bottorgedemonstrate that these
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vectors behave as expected in the SHRSP. RAAV®k&etre a useful tool to study
the molecular mechanisms of cardiovascular disesskhave recently been approved
for use in patient clinical trials. RAAV6 vectorsxgessing sarco-endoplasmic
reticulum calcium ATPase pump (SERCAZ2a), driventlhhy CMV promoter, have
been approved for a human clinical trial to pasentchronic heart failure in the UK
(www.clinicaltrials.gov) and USA (www.wiley.co.ukégetherapy). SERCA2a plays a
fundamental role in lowering cytoplasmic calciunvdks during relaxation and the
observed decline in contractile function in faililngarts is often associated with
lowered protein levels of SERCA2a (Del Monte, Dadalal. 2004). This vector has
been developed to improve systolic and diastoliocfion of the failing ventricle
through restoration of SERCAZ2a levels, as it hanlshown that levels of SERCA2a
are reduced in the failing ventricle (Pleger, Metsal. 2007).

Wide spread dissemination of vectors followingangnous administration raises the
issue of potential transduction of non-target &ssulo increase specificity of the
vector, an element of transcriptional control wasorporated into rAAV6 vectors.
This approach has been successful in achieving Imspecific transgene expression
(Sun, Zhang et al. 2005; Salva, Himeda et al. 208@) has been used to develop
tissue-specific regulatory cassettes that medigte levels of transgene expression in
both skeletal and cardiac muscle (Salva, Himedd. &007). Despite being shown to
successfully drive myocardial specific expressiamf rAAV2 vectors (Phillips, Tang
et al. 2002), the incorporation of the rat cardspecific promoter MLC2v into our
rAAV6 vectors was unsuccessfil vivo. The activity of the MLC2v promoter was
clearly not strong enough to induce the expressioreporter gendacZ following
intravenous administration, despite evidence oicieficy and selectivityin vitro.
This does not rule out the possibility of achieviranscriptional control with rAAV6
vectors however. To increase the strength of tikenpter, a CMV element could be
fused to the MLC2v promoter, as has recently besnahstrated with the longer 1.5
kb version of the promoter (Muller, Leuchs et @08; Raake, Hinkel et al. 2007).
Alternative cardiac-specific enhancer/promoter @esta could be investigated further
to identify one that successfully drives myocardiaécific transgene expression. The
a-cardiacactin enhancer/elongation factar (EFlo) promoter has recently been used

to drive cardiac-specific expression of the trangg&100A1 from rAAV6 vectors
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(Pleger, Most et al. 2007). It is important thag tlegulatory element is small enough

S0 as to maximise the capacity available for tiserition of the transgene.

We have used cardiac gene delivery, mediated bgmbmant AAV6 vectors, to
examine the physiological role of ACH2 vivo in established cardiovascular disease
model, the SHRSP, which is a model of genetic hgmsion with susceptibility to
concentric left ventricular hypertrophy (LVH). Preus studies into the actions of
ACE2 have generated conflicting results (Crackovarao et al. 2002; Donoghue,
Wakimoto et al. 2003; Diez-Freire, Vazquez et 80& Gurley, Allred et al. 2006).
Because ACE2 is known to hydrolyse Ang | and An{Tipnis, Hooper et al. 2000),
it was considered that ACE2 may play a pivotal rolethe RAS by reducing
concentrations of the pro-fibrotic, pro-prolifesagivasoconstrictor Ang Il and raising
levels of the anti-fibrotic, anti-proliferative vadilatory peptide Ang 1-7. Ang 1-7 has
been found to exert beneficial effects on CVD med@&antos, Ferreira et al. 2004;
Benter, Yousif et al. 2007), establishing a potdhticardioprotective role for this
circulating peptide. Thus ACE2 would be deemed asgative regulator of the RAS.
However, our findings are contrary to the expedbggothesis that ACE2 could
function to improve cardiac function in hypertergsanimals. We found that sustained
and high-level ACE2 overexpression exerts detrimegifects on cardiac structure as
characterised by severe myocardial interstitiakoléiis and abnormal myocardial
organisation. Severe cardiac dysfunction was cheniaed by a marked and
significant reduction in ejection fraction and fiiaoal shortening. We also found that
basal NO bioavailability was increased, suggesioty positive and negative effects

of ACE2 overexpressiom Vivo.

Clearly there are limitations with our approactiite assessment of overexpression of
ACE2. One of the most interesting aspects of tlagkvis that in a study that was very
similar in design to our own, differing in choicé wector and in delivery method,
very different results were attained (Diez-Frei@zquez et al. 2006). Potentially
there is a dose-dependent response occurring, ggestied by Donoghue et al
(Donoghue, Wakimoto et al. 2003), who found thaghlber ACE2 expressing
transgenic mice had a higher severity of symptometuding a higher incidence of
death than the lower expressing line (Donoghue, ilWado et al. 2003). Thus in the

study by Diez-Freire et al (Diez-Freire, Vazquezakt2006), the lentiviral vector
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potentially expressed ACE2 at low enough levelsligplay cardioprotective effects
whilst avoiding the induction of the detrimentafeets on the heart (Diez-Freire,
Vazquez et al. 2006). Further investigation inte ttosing effects of ACE2 could
establish such a correlation, enhance our knowleafgthe RAS and enable the

development of improved therapeutic strategies.

It is also important to consider that ACE2 funciaas a multifunctional enzyme. In
particularly, it has been shown that ACE2 efficigrleaves apelin (Vickers, Hales et
al. 2002). There is increasing evidence that apelphay crucial roles in the
maintenance of cardiac function (Berry, Pirolla¢t2004). In myocardial I/R models,
apelin administered at pharmacological doses prxiwcardioprotective effects as
evidenced by reduced infarct sizes (Simpkin, Yellenal. 2007). Aged apelin
knockout mice were found to develop impaired card@ontractility, systolic
dysfunction and progressive heart failure (Kubaargh et al. 2007). Through the
cleavage of apelins, it would appear that ACE2 ipaable to potentially knock out
crucial cardioprotective functions of other systestiger than the RAS.

No studies to date have identified a mechanistibvpay of the interactions of ACE2.
It is unclear as to exactly which peptides ACE2iatts with to mediate its effedts
vivo. It also remains ambiguous as to whether ACEZtim@ locally or systemically.
Based on the findings of this study, we have peréal global gene expression
profiling to examine potential pathways that aretymbed upon the onset of the
actions of ACE2 (assessed at 4 weeks post-infusilomina gene expression
analysis revealed the upregulation of several §iisrassociated genes including
collagen type 1l alpha 1 (COL3A1), fibronectin EN1) and lysyl oxidase (LOX).
Furthermore, genes including apelin, myosin hedwirc 11 (MYH11) and GATA
binding protein 6 (GATAG) genes were downregulgi@gpublished data). Thus gene
expression analysis revealed activation of a pmfic phenotype at the
transcriptional level. Further investigation of $kepathways is required to fully

understand the mechanistic basis of these findings.
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Appendix 1 Echocardiography findings

Group

PBS

rAAV6:hPLAP

rAAV6:ACE2

Enalapril

Weeks Post-

infusion

0

11

0

11

0

11

0

11

%EF

88.0+1.5
81.3+1.1
84.5+1.3
82.3+1.3
89.0+1.7
62.0 £ 2.7*
84.3+1.3

80.5+2.1

%FS

53.0+2.3

50.8+4.1

49.0+1.7

51.3+25

55.0+3.2

34.3 £4.9*

51.5+0.3

56.0+1.5

CO (ml/min)  LVMI RWT % IVSWT  SBP:ESV  HR (b/min)
(mg/g)
168.6+1.6  2.48+0054+0.02 450+19 2314+433 4058+1.9
2345+185 296+0060+0.01 443+3.1 3600+382 375.7+4.0
1835+7.8 5R+0.1 055+0.02 415+35 1965+126 4281DH
233.2+17.8 2.86+0060+0.03 433+35 2842+458 377.2+7.5
2256+22  288.3 049+0.01 48.7+18 2277 +341 393.46- 2.
204.9+17.6* 2.62+02 049+001 .BR44* 582 +57* 372.2+9.2
179.1+6.7 2371 052+0.02 475+1.9 2343 +159 385+8.7
231.3+ 10.1 2.31+0Q57 £0.01 4225+1.3 3003+257 411+4.0

EF, ejection fraction; FS, fractional shortenin@),&ardiac output; LVMI, left ventricular mass ing®&WT, relative wall thickness; IVSWT,

interventricular septal wall thickness; SBP:ESVioaf systolic blood pressure to end systolic woéy HR, heart rate.*p<0.05 rAAV6:ACE2

vs. PBS, Enalapril and rAAV6:hPLAP.
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Peptide Tissue Recovery (PFU)/ mg tissuge
INSERTLESS Liver 1.0x10 +2.3x 16
Spleen 32x10+7.4x%x10
Brain 41 +8
Kidney 60 + 20
Lung 2.3x10 +44
Heart 34038
CRPPR Liver 8.2 x10 +2.0x 10
Spleen 2.7 x 10+8.1x 10
Brain 42 %16 +2.7x 10
Kidney 79%x16 +1.2 x 16
Lung 3.2x16 +6.8 x 16
Heart 1.5%x 10 +6.1 x 16
CPKTRRVPC Liver 23x10 +1.0x 10
Spleen 3.0x 10+9.5x 10
Brain 23+4
Kidney 16 +2
Lung 3.3x10 +1.4x10
Heart 439
CRSTRANPC Liver 1.5x 10 +3.0x 10
Spleen 21x10+2.2x%x10
Brain 8.0x 16 +2.9 x 16
Kidney 3.7x10 +5.0 x 10
Lung 1.2x10 +6.1 x 10
Heart 7.4%x 10 +1.0x 10
CSGMARTKC Liver 83x 10 +2.2x10
Spleen 4.1x10+1.0x 10
Brain 37+15
Kidney 2.1x16 +21
Lung 1.2 x 16+ 76
Heart 2.8 x 10 + 83
CPKRPR Liver 4.0x10 +£+5.3x10
Spleen 7.6 x10+3.8x% 10
Brain 97 + 48
Kidney 83 +81
Lung 1.8x 16 +1.5 x 10
Heart 29+14
CGRSKTVC Liver 6.3x10+1.7 x 10
Spleen 1.3 x 10+ 3.9 x 10
Brain 1.7 x 16 + 99
Kidney 1.4x10 +7.2 x 10
Lung 23x16 +1.6x10
Heart 81+7.6

Appendix 2 Phage recovery data.

Phage recovery data shown as mean recovery (PRfissue £+ SEM (n=3/group).
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