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Summary

Development of selectively targeted therapeutimeggeould produce more effective
treatments for disease via improved efficacy anduced toxicity. This is of
particular importance in cardiovascular disease @mter where current therapies
often possess wide ranging and harmful adversetsffdBiological agents, including
peptides and gene delivery systems (here recombadanoviral vectors), can be
improved via targeting the system towards spedifid types, tissue beds and
organs. This has the potential to significantigr@ase the therapeutic index of these

agents.

In cardiovascular disease, oxidative stress is igafdd in disease pathogenesis.
Potential anti-oxidant therapies have shown limigdfiectiveness in clinical trials
partly due to diverse patient populations and diffiees in the type and strength of
the anti-oxidants used. Therefore, developmerd tdrgeted anti-oxidant therapy
may potentially improve efficacy. The reactive gey species superoxide (SO) is
produced by NAD(P)H oxidase in the vasculature esalices nitric oxide (NO)
bioavailability, leading to endothelial dysfunctioffhe anti-oxidant peptide gp91ds
selectively inhibits assembly of NAD(P)H oxidadeegrieby reducing SO production.
Vascular-targeting peptides CRPPR and CSGMARTKCewgeviously identified
by T7 phage display in mice. These peptides rethitmeir selectivity in another
species as determined in the normotensive Wistatd<sat (WKY) and in a model
of human essential hypertension, the stroke-prgantaneously hypertensive rat
(SHRSP). In the SHRSP, CRPPR targeted to the haidwria 17-fold increase over
insert-less control phage and had a 58-fold inerems targeting to the aorta.
Immunohistochemical analysis with an anti-T7 ardyposhowed that CRPPR-
inserted phage localised to both endothelial catid medial smooth muscle cells.
CSGMARTKC selectively homed to the heart (speciljctne coronary vasculature)
with a 26-fold increase over control phage. Thamefan efficacy study to assess
whether linkage of gp91ds to a vascular-targetiagtipe could increase the anti-

oxidant effect in the SHRSP was performed.
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Animals were subjected to radio-telemetry recordiglays before peptide infusion
to continuously monitor blood pressure (BP), heat¢ and activity. Peptides were
continuously administered at 10 mg/kg/day for 2ysday subcutaneous osmotic
mini-pumps. Systolic BP was determined for one kygeor to treatment, followed
by three weeks of study duration before sacrifigstolic BP showed a progressive
rise from 177.6 + 1.1 mmHg to 200.6 + 0.7 mmHg hode groups receiving
CSGMARTKC-gp91ds, HIV-tat-gp91ds (to allow entry &t cells), gp91ds alone
and the control animals. This systolic BP increaglich is characteristic of the
SHRSP animal model, was completely prevented imalsi receiving CRPPR-
gp91ds (systolic BP 187.5 mmHg = 5.2, * p < 0.081 ather treatment groups and
control group). CRPPR-gp91ds, CSGMARTKC-gp91ds gpélds alone showed
significantly improved NO bioavailability, detern@d by ex vivo large vessel
myography, whereas HIV-tat-gp91ds treated animalsticued to show impaired
endothelial function, characteristic of the SHRSHherefore, the anti-oxidant
therapy alone shows improvement in NO bioavailgbiliHowever, when the anti-
oxidant peptide was targeted with CRPPR, a sigmficimprovement in NO
bioavailability and attenuation of the time-depemdand progressive increase in
systolic BP in the SHRSP was observed. This detrates the potential of

targeting biologically active peptides to definedisin vivo.

A related but alternative approach to targeting wasitilise adenoviral vectors.
Recently, the interaction between adenovirus (Adh& the blood coagulation factor
X (FX) was shown to be pivotal for liver transdecti FX binds directly to the
hexon of Ad5 and this interaction leads to hepam¢sansductionn vivo. Vectors
based on the sub-species B Ads, including Ad35iradevelopment for cancer gene
therapy as the Ad35 fiber uses the membrane glgteipr CD46 as a high affinity
cellular receptor instead of the coxsackie and adems receptor (CAR), the
primary receptor for the Ad5 fiber. CD46 is upuged in many cancers.
Previously, it was shown that FX binds to Ad35 abdsed on this, the Ad35:FX
interaction was investigated in detail using Ad53& and a range of chimeric
Ad5/Ad35 vectors: the pseudotype Ad5/f35, whichtaeors the hexon and penton of
Ad5 with the Ad35 fiber (f), Ad5/p35/f35, which h#ise Ad5 hexon and the penton
(p) and fiber of Ad35, and Ad35/f5, the reverse yok#ype. By electron
cryomicroscopy at 31A resolution, FX was observedrid to the Ad35 hexon. The
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ability of the chimeric vectors and Ad35 to bind R¥as analysed by surface
plasmon resonance (SPR). SPR analysis revealeddda Ad35 and the chimeric
Ad5/Ad35 vectors all bound to FX. Both the Ad5 ahdi35 pseudotypes have FX
binding affinities akin to other vectors possessihg same hexon, with vectors
containing the Ad5 hexon having an approximatety-ftdd higher affinity for FX

than those vectors containing the Ad35 hexon.

In CHO-CD46 cells, the presence of FX had no sigaift effect on binding by
vectors containing Ad35 fibers (Ad5/f35, Ad5/p3%fand Ad35). However, the
presence of FX significantly inhibited transductibp Ad5/f35, Ad5/p35/f35 and
Ad35 by 2.7-, 1.9- and 2.2-fold, respectively, IH@-CD46 cells. This inhibition of
transduction by FX could be prevented by the aglditf the FX binding protein, X-
bp. This suggests that FX limits a post-bindingost-internalisation mechanism(s)

that leads to cellular transduction by vectors amig the Ad35 fiber.

Vectors were intravenously administered to CD4@dgenic mice in the presence
and absence of X-bp to assess vector targéatinyo. Localisation of the luciferase
expressing vectors was visualised by whole-bodyubmescence and transgene
expression was quantified by luciferase assay. toregenome (VG) accumulation
was also quantified by gPCR. Ad5 selectively teeddo the liver as expected in the
CD46 transgenic mice, an effect significantly inted by X-bp. Liver accumulation
by all other vectors was substantially lower thwet tfor Ad5 and X-bp significantly
further reduced liver vector accumulation by Ad5/f3Ad5/p35/f35, Ad35 and
Ad35/f5. This suggests that FX binding to both Axfsl Ad35 hexon mediates liver
accumulation and that this can be, at least pistisbduced by inhibition of the
virus:FX interaction by X-bp. In the absence ob- Ad5/f35 and Ad5/p35/f35
exhibited high levels of lung vector accumulatiorithw5.6x1G and 5.7x10
VG/50ng of total DNA isolated, respectively. Ad®mdonstrated very poor lung
targeting. Pre-administration of X-bp significgnteduced genome accumulation in
lung by Ad5/f35 and Ad5/p35/f35 1.9- and 6.6-fotdspectively. However, lung
transduction by Ad35 was significantly enhancedltf+fold in the presence of X-
bp. Additionally,in vivo Ad35 had an increased lung:liver ratio in the pree of
X-bp indicating accumulation of this vector in thug after the removal of the FX

interaction.  Therefore, due to its selective lutaygeting ability and low
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seroprevalence development of a vector based ob ,Adlich had been modified to
ablate the interaction with FX, would be a highlsetul tool to selectively target

CD46 and tumours vivo by intravascular administration.

In summary, selective targeting of an anti-oxidaeptide to the vasculature has led
to a significant enhancement in the efficacy of ainéi-oxidant peptide gp91ds. By
targeting defined cellm vivo, this anti-oxidant has increased potential efiestess
compared to alternative anti-oxidant therapies. di\ahally, administration of a
variety of Ad35-based vectors has led to increasekbrstanding of the requirements
needed for the generation of a successfully tadg@t35 vector. Together this
helps to identify the potential requirements fovelepment of more appropriate

treatments for cardiovascular disease and cancer.

XXV



CHAPTER 1

Introduction



Chapter 1 — Introduction

1.1 General introduction

There is a continual need for identification anstitey of new and more effective
treatments for many diseases due to the lack ofmapt pharmacological
interventions. This is of particular importancecardiovascular disease and cancer,
due to the sheer number of patients affected setleenditions and as the developed
therapies often have wide ranging and harmful es#veffects. Selective targeting
of therapeutic agents is a potential method of cedutheir delivery to non-target

cells and organs.

Biological agents, including peptides and gene veeji systems (recombinant
adenoviral vectors) have potential utility in diseatreatment. However, their
efficacy is limited. Therefore, optimisation bydating such agents to specific cell

types, tissue beds or organs may improve efficadyterapeutic indices.

1.2 Cardiovascular disease

Cardiovascular disease refers to all diseases wdffelct the heart and circulatory
system and includes hypertension, coronary heatade, angina, myocardial
infarction (MI) and stroke. Although there haveehanany significant advances in
treatment options and medications available to telpontrol symptoms and reduce
the risk of further problems, cardiovascular disessthe most common cause of
death in the UK (www.bhf.org.uk). 29% of men an8%® of women suffer a

premature death due to cardiovascular disease (eantstats.org.uk). This has led
to the need to develop more effective treatments dpecific aspects of

cardiovascular disease.

Hypertension is a chronic medical condition in whithe blood pressure (BP) is
elevated. Hypertension can be classified as e#hsential (primary) or secondary
hypertension. Essential hypertension has no siighe medical cause and accounts
for over 90% of hypertension cases (Carretero grari) 2000, Oparikt al., 2003).
However, there are several risk factors which Hasen shown to contribute to the
development of essential hypertension, includinglsny, obesity, high alcohol

consumption, lack of exercise and high salt intaecondary hypertension occurs
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due to another condition, such as kidney diseagamours of the adrenal medulla
and adrenal cortex, which produces hypertension tduéncreased secretion of
catecholamines or steroids, respectively. Pergistgpertension increases the risk
of stroke, MI and heart failure (Carretero and @pae00).

In the 2002 World Health Organisation (WHO) Worldedlth Report
(www.who.int/whr/2002/en/whr02_en.pdf), hypertemsiavas identified as the
second most important cause of death and disalilitdeveloped countries. In
Scotland, 33% of men have a BP over 140/90 mmHgaa88 mmHg increase in
systolic BP or 10 mmHg increase in diastolic BPpitients aged 40-69 years
doubles the risk of death (www.heartstats.org). pétiension causes the smooth
muscle cells (SMCs) in the media of resistanceriagedo proliferate, reducing the
lumen diameter and further increasing periphersistance. The rise in systolic BP
also increases the work load of the left ventricaigocytes in the heart and this can
lead to cardiac hypertrophy, where the cardiac ygscincrease in length and width
in order to thicken the wall of the heart to nonsalventricular wall tension. This
remodelling causes the ventricles of the heartetcome stiff, leading to impaired
filling and diastolic dysfunction. Over time théreormal reduction in myocardial
contractility caused by cardiac hypertrophy candmgose the individual to heart

failure.

The National Institute for Health and Clinical E#eace (NICE) guidelines for the

treatment of hypertension in the UK have been phbli (www.nice.org.uk/

nicemedia/pdf/HypertensionGuide.pdf). Hypertensipatients are commonly

treated with one or more of the following antihyieasive medicines: angiotensin
converting enzyme (ACE) inhibitors, angiotensinréceptor antagonists, calcium-
channel blockers, diuretics and beta-blockers. A@fbitors reduce the formation
of angiotensin 1l and aldosterone, which leads ¢duced vascular tone and
extracellular fluid volume and thus reduced BP.gitensin Il receptor antagonists
and calcium-channel blockers act as vasodilatorswiden resistance arteries,
reducing peripheral resistance. Diuretics increaater and salt excretion, thereby
reducing extracellular fluid, blood volume and BmBeta-blockers reduce cardiac
output and hence reduce BP. However, high dosemtilfiypertensive drugs are

often not effective during chronic administrationdacan cause side effects. The
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adverse effects produced by antihypertensives diecla dry cough produced in
response to ACE inhibitors, fatigue and cold pexns due to beta-blockers and,

headaches with treatment by calcium-channel blacker

The therapeutic benefit of the available agentstfeating cardiovascular disease
could be substantially enhanced by targeting thewatds specific areas of the
cardiovascular system. In addition, cardiovascdlaease has now been shown to
have a considerable genetic influence. Therefbrelogical agents capable of
delivering functional genes to correct mutationsiohhlead to cardiovascular
disorders could be highly effective tools at preirenthe morbidity and mortality

produced by cardiovascular diseases.

1.2.1 Oxidative stress

Oxidative stress is produced by an imbalance betwiee generation and removal of
reactive oxygen species (ROS), which leads to thegmce of excessive ROS. ROS
are reactive chemical entities and can be cladsde either free radicals or non-
radical derivatives. Free radicals possess omaase unpaired electrons and these
include the superoxide anion (SO of)Pthe hydroxyl radical (HQand nitric oxide
(NO). Hydrogen peroxide (D,) and peroxynitrite (ONOQ are not free radicals
but contribute to oxidative stress as they alsoehthe ability to oxidise other
molecules. The production of one ROS has the piatdn produce many others due
to radical chain reactions (Cai and Harrison, 2008) low concentrations, ROS act
as signalling molecules and are involved in marlulze processes, including cycle
regulation (Harris and Levine, 2005), proliferatigtarris and Levine, 2005, Kobori
et al., 2007), cell growth (Fraziest al., 2007), differentiation (Rioet al., 2001) and
apoptosis (Harris and Levine, 2005, St al., 2006). However, at high
concentrations, ROS elicit a plethora of harmfud #oxic effects, in particular, ROS
are key mediators that contribute to inflammatiown atheroma (Cai and Harrison,
2000).

Production of ROS at levels exceeding the handiaqacity of the endogenous anti-
oxidant defence mechanisms leads to oxidation olobgical macromolecules,

including DNA, protein, carbohydrates and lipidsa{Cand Harrison, 2000).
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Oxidative stress has been implicated in the pategje of many cardiovascular
diseases, including hypertension, atherosclerasahetes mellitus, Ml and heart
failure (Cai and Harrison, 2000, Griendlirety al., 2000, Neunteufkt al., 2000,
Schachingeet al., 2000, Berryet al., 2001, Heitzeet al., 2001, Gokcest al., 2002,
Madamanchet al., 2005a, Madamancikt al., 2005b).

Possibly the most important ROS in the vasculagi®O. The major source of SO
are the membrane-bound enzymes nicotinamide adefhimeleotide (phosphate)
(NADH/NAD(P)H) oxidases in vascular and cardiacstiss (Figure 1.1) (Cai and
Harrison, 2000). These enzymes are thought toebponsible for the excessive
generation of SO seen in many cardiovascular diseas they primarily control the
redox state of blood vessels and the myocardiumef@ling et al., 2000).
NAD(P)H oxidase catalyses the reduction of molecubaygen, using NADH or
NADPH as the electron donor, producing SO at thiesceface (Berryet al., 2001).

NAD(P)H + 20 — NAD(P)* + H' + 20,

Functional NAD(P)H oxidases have been shown to fesgnt in the endothelium
(Gorlachet al., 2000), vascular smooth muscle (Rajagopataal., 1996, Laursemst
al., 1997) and adventitia (Rey al., 2002). In the vasculature, several isoforms of

2% or Nox2 is

NAD(P)H oxidases are present. The membrane boubdnét gp9
expressed in endothelial cells (ECs) and the adiefGorlachet al., 2000, Reet
al., 2002), Nox1 is expressed in vascular smooth reusals (VSMCs) (Lasseguet
al., 2001) and Nox4 is expressed throughout the vesakl(Sorescet al., 2002)
(Figure 1.1). In the vasculature, NAD(P)H oxidaseactive during conventional
metabolism to produce SO, which is used by cellamsendogenous signalling
molecule at low levels. In response to endogenagenists, for example,
angiotensin Il and tumour necrosis factortTNF-o), activation of NAD(P)H
oxidase is sustained. This continuous productio8® has been shown in both rat

VSMCs (Griendlinget al., 1994) and in human tissues (Begtyal., 2000).
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Figure 1.1 — NAD(P)H oxidase-related ROS generation and ROS

degradation in the vasculature.

NAD(P)H, nicotinamide adenine dinucleotide phosphaROS, reactive oxygen
species; SOD, superoxide dismutase; NO, nitric@x@Px, glutathione peroxidase;
eNOS, endothelial NO synthase. Adapted from (Higesal., 2009).
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To maintain the redox balance, an endogenous amant defence system is also
present in the vasculature and this includes theyraas superoxide dismutase
(SOD), glutathione peroxidase (GPx) and catalasgufé 1.1). There are three
isoforms of SOD to scavenge any excess SO. Thesdweo intracellular forms,
manganese SOD (MnSOD) and copper/zinc SOD (CuznS@bixh are found in
the mitochondria and cytoplasm, respectively (Feglirl), with a third extracellular
form that is found in the extracellular space asdged with heparan sulphate
proteolycans (HSPGs). SOD rapidly dismutates S@ iR,O,, which is
subsequently eliminated by GPx and catalase torfigure 1.1).

1.2.2 Oxidative stress and endothelial dysfunction

Increased oxidative stress due to excessive primttuand reduced removal of ROS
is associated with the development of many vascdiaease states, such as
hypertension (Cai and Harrison, 2000, Griendiggl., 2000, Berryet al., 2001,
Madamanchiet al., 2005a, Madamanchét al., 2005b). SO is produced by
NAD(P)H oxidase in the vasculature in responsentgiaiensin Il or increased wall
stretch (Griendlinget al., 2000) (Figure 1.2). Under physiological condigp SO
can react with the vasodilator NO producing ONQ@&arrison, 1997) (Figure 1.2).
As the reaction between SO and NO is three timg®ifdhan the interaction of SO
with SOD (Thomsoret al., 1995), the balance between oxidative and antiaikie
systems can quickly change. Production of SO byDNAH oxidases has been
implicated in contributing to a condition called dethelial dysfunction, as the
combination of SO with NO leads to reduced NO b#kability (Rajagopalart al.,
1996, Laursemt al., 1997, Wangt al., 1998a, Di Wangt al., 1999, Gorlaclet al.,
2000, Mollnauet al., 2002, Reyet al., 2002) (Figure 1.2). Endothelial dysfunction
occurs when the native endothelium-dependent vias@tion to NO is significantly
impaired (Griendlinget al., 2000).

Endothelial dysfunction was first shown in hyperesterolemic rabbits (Minoet
al.,, 1990). Endothelium-dependent relaxation was redweémpaired (Minoret al.,
1990), suggesting a lack of endothelium-derivedaxiaely factor (EDRF, an
alternative name for NO). However, the levels @ Bnd NO oxidation products in

the vessels were increased 3-fold (Mirsbral., 1990). Additionally, endothelial
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nitric oxide synthase (eNOS) could be activatedalsgtylcholine (Minoret al.,
1990), indicating that the signalling pathway feogucing relaxation in the vessels
was intact. This effect on NO bioavailability wakown to be due to SO as
treatment of hypercholesterolemic rabbits with pthylene-glycolated-SOD
enhanced endothelium-dependent vascular relaxghmgge et al., 1991). No
effect of SOD treatment was seen in control rabdisggeet al., 1991). Therefore,
NO bioavailability is partly dependent on levelsS®, the hydroxyl radical has also
been shown to possibly interact with NO (Piegteal., 1997).

The effects of SO can also be increased due to elN@8upling in the vasculature
(Figure 1.2). In eNOS uncoupling, lack of the drdde L-arginine or the essential
cofactor and electron transfer molecule tetrahyidgierin (BH;), causes eNOS to
deviate from its coupled state where it produces. NiDstead, eNOS transfers
electrons to molecular oxygen, reducing it and pomy SO and bD..
Additionally, degradation of BiHby ROS (including ONOQ SO and HO,) can
down-regulate eNOS (Kuzka al., 2003). Oxidation of Bilby ONOO can also
initiate eNOS uncoupling, further increasing eneédithh dysfunction (Laursest al.,
2001) (Figure 1.2). Therefore, endothelial dystiorc leads to increased
endothelium-dependent vasoconstriction, increasastular peripheral resistance
and, ultimately, can lead to increased BP. If thesluction in endothelium-
dependent vasodilatation occurs in the coronarguldtion, it can lead to
cardiovascular remodelling, increased adverse @aadcular events and increased
cardiovascular mortality (Figure 1.2) (Cai and Hsom, 2000, Schachinget al.,
2000, Suwaidet al., 2000).

The generation of SO during reperfusion injury aftd exacerbates the damage
produced to ischaemic areas of the heart. Ml igsed by coronary artery
obstruction and the resultant ischaemia producesea of damaged or dead muscle,
an infarct. When blood flow is restored to theanet, the molecular oxygen
contained within the blood is converted to SO byINR)H oxidase (Bauersacks
al., 1999). This burst of SO produced during repésfusactivates many
intracellular signalling pathways, causing cellu@@mage/apoptosis and cardiac
hypertrophy (Griendlingt al., 2000).
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Figure 1.2 — Oxidative stress-induced endothelial d  ysfunction.

Adapted from Cai and Harrison (Cai and Harrisorf®0

1.3 Clinical trials of anti-oxidants

With evidence indicating towards increased oxidastress being responsible for a
variety of human cardiovascular diseases, therebbas a severe lack of effective

anti-oxidants in clinical trials with respect teetprimary outcomes and morbidity.

The anti-oxidant vitamin ascorbic acid (vitamin I&s been shown to increase NO
bioavailability and restore endothelium-dependeasodilatation in patients with
increased oxidative stress due to coronary artesgade, essential hypertension and
hypercholesterolaemia (Levire: al., 1996, Tinget al., 1997, Taddeet al., 1998,
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Gokceet al., 1999, Hornig, 2002). However, other clinicahlsi have had mixed
results. The Cambridge Heart Antioxidant Study ACQ¥6) randomly assigned
patients to 400 or 800 IU/day of a naturatocopherol (RRR-AT) or placebo
(Stephenst al., 1996). The RRR-AT-treated group showed a sigaifi reduction
in cardiovascular deaths and non-fatal M| (Stepretra., 1996). This study used
higher doses of vitamin E than other unsuccesslinical trials (reviewed in
(Heinecke, 2001)). In the Secondary Preventionhwiintioxidants of
Cardiovascular Disease in End Stage Renal Dis&&RACE) study, haemodialysis
patients with pre-existing cardiovascular diseaseevadministered with either 800
IlU/day of RRR-AT or a placebo (Boa al., 2000). The treated group had a
significant reduction in primary cardiovascularedise endpoints (Bo&rzal., 2000).
However, many other anti-oxidant clinical trialsvedailed for a variety of reasons,
including, perhaps, diverse patient populationappropriate clinical endpoints and
the variation in the type and dose of the anti-arid used. Natural RRR-AT is
more potent than synthetiall rac a-tocopherol and other natural forms of
tocopherol (Brigelius-Flohe and Traber, 1999), pt#dly altering the efficacy of
the trial. Additionally, the redox reactioms vivo are complex and occasionally
treatment with anti-oxidants and can lead to a gati@al increase in oxidant
generation. The anti-oxidarfi-carotene can act as an oxidant under certain
conditions (Burton and Ingold, 1984), leading toimereased risk of ischemic heart
disease (Rapolet al., 1997). Also, high doses of vitamin C increasee fradical-
induced DNA damage in healthy volunteers (Podnebra., 1998). However, this
does not contraindicate the role of ROS as a kegliat@ of vascular oxidative
stress. Therefore, it is important to further @age understanding of the basic
biology and pathology of ROS and develop more @éffecanti-oxidant therapies.
Increased efficacy of anti-oxidant therapies coplotentially be achieved by
selectively targeting anti-oxidanits vivo to particular sites which are relevant in the

pathogenesis of diseases related to oxidativesstres
1.4 Anti-oxidant peptide
Although there is evidence linking NAD(P)H oxideed oxidative stress, there is a

lack of effective inhibitors targeting this oxidaséich do not inhibit other flavin-
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containing enzymes (Rigantt al., 2004). The anti-oxidant peptide gp91ds
(sequence CSTRIRRQL) selectively inhibits NAD(P)kidase by preventing the
interactions of its subunits, specifically the natetion between the membrane bound
gp9P"™* subunit and the cytosolic oxidase subunit A7 reducing vascular SO
production (Reyet al., 2001). This competitive antagonist peptide ipaent
inhibitor of SO formation in cell-free human neythil assays with a half maximal
inhibitory concentration (1§z) of 3uM (DelLeo et al., 1995, DeLeo and Quinn,
1996).

The anti-oxidant peptide gp9l1ds was linked to atigepderived from human
immunodeficiency virus-1 transactivation tat protei(HIV-tat, sequence
RKKRRQRRR) (Frankel and Pabo, 1988, Green and Laoste&, 1988). The HIV-
tat peptide is derived from the viral coat of HIxdamediates cell entry of the anti-
oxidant peptide, allowing it to be internalisedoirdvery cell (Fawelkt al., 1994).
The HIV-tat system had been previously used to lenafficient delivery of
conjugated, biologically active peptides afterangnous delivery (Kinet al., 1997,
Cardarelliet al., 2007). Pre-incubation of aortic rings with theppde gp91ds-tat
(RKKRRQRRR-CSTRIRRQL) 30 minutes before angiotensin stimulation,
significantly prevented angiotensin ll-induced Sfaductionin vitro (Rey et al.,
2001). Additionally, co-infusion of angiotensin #dnd gp9lds-tat significantly
inhibited SO production i\ex vivo mouse aortic rings, compared to aortic rings from
angiotensin ll-infused animals (Reyal., 2001). Co-infusion of angiotensin Il and
gp91lds-tat significantly attenuated angiotensimdidced hypertension in mice (Rey
et al., 2001). In vivo administration of the gp9lds-tat peptide into -saduced
hypertensive rats has also been shown to redugaddection of aortic SO (Zhost
al., 2006). The reduced SO production in the presehap9lds-tat inhibited the
development of endothelial dysfunction in the aaftahese inducibly-hypertensive
animals but did not significantly reduce the syist8P in the treated group (Zhet
al., 2006). The gp9lds-tat peptide also did not redsgstolic BP in the
normotensive Sprague-Dawley rat (Jacobstat., 2003).

The importance of the influence of the gi¥1subunit-containing or Nox2 form of
NAD(P)H oxidase on BP has been shown as knockocg nhéficient in Nox2 have a
significantly reduced basal BP compared to wildetypice (Wanget al., 2001).

11



Chapter 1 — Introduction

Infusion of angiotensin Il produced similar increasn BP in both the knockout and
wild-type mice but angiotensin Il only increased $f@duction two-fold in aortic
rings from wild-type mice (Wangt al., 2001). This indicates an essential role
vivo of gp9F™* and NAD(P)H-derived SO in both regulation of bag&® and
angiotensin ll-induced hypertension (Wagtgal., 2001). However, targeted over-
expression of Nox2 in ECs did not alter the basBl & Nox2-transgenic mice
(Bendallet al., 2007). There was a significant increase in thlaD(P)H oxidase
activity in lysates from the left ventricle andant aorta but this did not result in any
effect on BP (Bendaht al., 2007). This suggests that there are other cosgpery
mechanisms involved which prevent the significactéase in SO production in the

endothelium from leading to a significant increasbasal BP level.

As significant evidence indicates that increaseidative stress is responsible for a
variety of human cardiovascular diseases, it ticatito develop more effective anti-
oxidant therapies. The gp91ds peptide has extqllatiential as a selective blocker
of SO formation and, thereby, oxidative str@swivo. An enhanced reduction of
oxidative stress could be achieved by targeting é&mi-oxidant treatments.

Therefore, a vascular targeting anti-oxidant pepiahs developed, the efficacy of
which was compared to the non-targeted gp91ldseptige in an animal model of

human essential hypertension and stroke, the spoka& spontaneously

hypertensive rat (SHRSP).

1.5 The stroke-prone spontaneously hypertensive
rat (SHRSP)

The spontaneously hypertensive rat (SHR) was gtetkerfrom Wistar Kyoto
(WKY) rats, selectively bred for high BP withoutyamlietary or environmental
stimuli (Okamoto and Aoki, 1963). A sub-straintbé SHR with exceptionally high
BP and increased susceptibility to stroke was syes#ly selectively bred and
designated as SHRSP. As in humans, BP in the SHRS$®ases with age whilst
the reference strain remains normotensive throughsuifespan (Davidsort al.,
1995, Clarket al., 1996). In line with human essential hypertenstbere is severe

concentric left ventricular hypertrophy (LVH, assed by echocardiography with
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post-mortem validation) with approximately 10-20% male SHRSP from
University of Glasgow colonies developing spontargestrokes, either ischaemic or

haemorrhagic in origin.

Research into the genetic basis of essential hymp&dn has been performed on the
SHRSP and quantitative trait loci (QTL) have bedaniified linked to BP (on
chromosomes 2 and 3), stroke (chromosome 5) and Il(sthfomosome 14).
Microarray gene expression profiling was perforfaathe QTLs on chromosome 2
and has identified oxidative stress related geMeB(ide et al., 2003, McBrideet

al., 2005). The SHRSP has an increased infarct volimth@ving middle cerebral
artery occlusion compared to the WKY, a trait witlery strong genetic
determination (Jeffst al., 1997, Grattoret al., 1998).

Importantly, endothelial dysfunction due to inceégeneration of SO and relative
NO deficiency can also be reversed using both d¢&sed and pharmacological
approaches (Alexandet al., 1999, Dowellet al., 1999, Alexandeget al., 2000,
Fennellet al., 2002, Miller et al., 2005), thus defining oxidative stress as a key
mediator of endothelial dysfunction in the SHRS&s in man, oxidative stress and
resulting endothelial dysfunction is acceleratethwaigeing in the SHRSP (Hamilton
etal., 2001).

Concentric LVH, both in the SHRSP and in human mssle hypertension, is
associated with increased susceptibility to MI. rétiver, it has been shown that the
progression of left ventricular dysfunction is m@@nounced, the greater the extent
of initial LVH (Dominiczaket al., 1996).

Therefore, the SHRSP is a well-characterised anestablished animal model of
essential hypertension and endothelial dysfunc{idieBride et al., 2005). The
SHRSP has greater than normal vascular SO produ¢Berry et al., 2001) and
increased levels of uncoupled eNOS. The resukaness of SO in the SHRSP
reduces NO bioavailability, impairing vascular selion and increasing BP (Kest
al., 1999). As the SHRSP exhibits increased SO pitamtuend hypertension, it has
been chosen as thevivo model for the investigation of effects of vascukngeting

anti-oxidant peptides on BP and endothelial fumctio
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1.6 Gene therapy

Gene therapy is best defined as the introductiom @éne into an organism in order
to treat an inherited disorder or other diseasesa@dy either a loss- or gain-of-
function mutation in a gene. The application ohgedherapy has been used in
monogenic diseases, such as cystic fibrosis anché@ue’s muscular dystrophy,
where replacement of a non-functional gene withwhd-type gene should restore a
normal phenotype. Additionally, the potential acdng therapy to provide novel
treatments for diseases currently lacking suit#tdeapies or cures has led to its use
for the treatment of cancer. However, before tiiedotential of gene therapy for
the treatment of wide ranging diseases and comditican be reached, there are
numerous limitations which need to be overcomee Véctor chosen for each gene
therapy application needs to be developed to adiffiwient and selective targeting to
the required cell types, to prevent gene transiendn-target tissues and organs,
thereby improving the therapeutic indices. Therapeutic gene must ideally be
expressed at the correct physiological level armqutessed for a suitable duration to
provide a benefit to the patient, which may vagnirlifelong expression to a short
burst of expression. The ability to provide loegat therapeutic effects by sustained
gene expression within relevant cell types hastdéichihe clinical efficacy of many

gene therapy trials performed to date.

Up to March 2009, there have been 1537 gene theragdy approved worldwide
with 12% of the trials being performed in the UKttgh/www.wiley.co.uk/
genetherapy/clinical/). The majority of clinicailbls (66.1%) have used viral vectors
(http://www.wiley.co.uk/genetherapy/clinical/). @ therapy clinical trials have
been performed for a variety of diseases, includidd% of trials for cancer gene
therapy, 8.9% for the treatment of cardiovascuisease, 8.1% for the treatment of
monogenic diseases, 7.9% for infectious diseas@8p Tfor neurological diseases
and 1.1% for the treatment of ocular diseases :(hWtpw.wiley.co.uk/
genetherapy/clinical/). The first disorder to beated by gene therapy was
adenosine deaminase-deficient (ADA) severe combimedunodeficiency (SCID).
This disease results in the accumulation of tox@taholites due to the inability to

metabolise purines. Patients were treated»byivo administration of a classical
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retroviral vector containing the wild-type ADA gerie T-lymphocytes removed
from the patient. The cells were transduced, s&teand expandeek vivo before
being returned to the patient and expression oiviltetype ADA gene could still be
detected in 20% of the lymphocytes from one patieote than 10 years later (Muul
etal., 2003). This demonstrates the potential of gheeapy at the clinical level.

There have also been several successful clinieds$ tior the treatment of X-linked
SCID (SCID-X1), an inherited disorder in which eatis have a loss-of-function
mutation in the common cytokine receptochain geneyc), leading to defective
cytokine signalling and resulting in dysfunctiorgdcells and lack of T-cells and
natural killer (NK) cells of the immune system. iFttondition is also known as
“boy in the bubble” syndrome as sufferers are emély vulnerable to infectious
diseases due to a crippled adaptive immune syst®ased on efficacious pre-
clinical data (Candottt al., 1996, Cavazzana-Calabal., 1996, Hacein-Begt al.,
1996, Stephast al., 1996, Taylort al., 1996, Hacein-Bewgt al., 1998, Whitwarnet
al., 1998, Loet al., 1999, Soudaist al., 2000), clinical studies were initiated. In
two clinical studies, CD34bone marrow stem cells were removed from patiants
transducedx vivo by a retroviral vector, the transgene of which wees wild-type
version of the mutateglc cytokine receptor gene (Cavazzana-Cadval., 2000,
Gasparet al., 2004, Cavazzana-Cahab al., 2005). After 4 months, the 18 treated
infants had newly developed functional NK and Tis;elvhich were present within
the normal ranges for the majority of the patienReconstitution of the immune
system was variable but apparent in all patiert®wever, 2-6 years after gene
therapy, four of the patients have developed treatrrelated leukaemia due to
insertional mutagenesis by the retroviral genedpyvector, leading to expression
of endogenous proto-oncogenes (Hacein-Bey-Abirah., 2003, Howeet al., 2008).
These studies demonstrated outstanding data bhlidtited the risk involved for the
patients. The risk/benefit ratio of retroviral getherapy for patients with no match
for a bone marrow donor requires careful ethicalsaderation until safer vectors are

developed and tested.

Adenoviral-based gene therapy systems are the owsmonly used vector for
clinical trials with viral vectors, representing%4of all clinical trials approved to

date (http://www.wiley.co.uk/genetherapy/clinical/\These gene therapy advances
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have been broadly overshadowed by the death 1@ wyggr of a patient in a clinical
trial to treat ornithine transcarbamylase (OTC)dehcy (Rapekt al., 2003). OTC
deficiency is an inborn error of urea synthesisicWhaffects the ability of the body
to excrete ammonia and results in seizures andahesthrdation in sufferers. A
first generation adenovirus was generated carryirg functional OTC gene, a
similar vector to one which corrected the metabdifect in OTC deficient sparse
fur mice (Morsyet al., 1996, Yeet al., 1996) and had “an acceptable safety profile”
in mice and non-human primates (Yagtcal., 1994, Yeet al., 1997, Nune&t al.,
1999, Rapeet al., 2003). The vector was administered by infusiato ithe right
hepatic artery in a dose escalation study. Jesdsin@er was the most severely
affected subject and was the second patient tavee¢le highest dose used in the
clinical trial. He suffered jaundice and an alteneental status approximately 18 hrs
after administration of the vector and died 98 koafter administration due to a
profound and uncontrollable systemic inflammatoryesponse syndrome,
disseminated intravascular coagulation and multypdgmn system failure. In fact, all
11 patients in the trial had immune responses & wictor and there was no
therapeutic benefit demonstrated (Ragieal., 2002).

Subsequent discussions into this trial have poirteedleaths in monkeys after
administration of the vector, inadequate informatgven to the patients regarding
the risks and benefits of the treatment and thksien criteria of the trial, as Jesse
Gelsinger was included when he displayed high anenlerels, as potential reasons
for the unsuccessful outcome (www.fda.gov). THisical trial highlighted the

fundamental lack of understanding surrounding basigects of adenovirology at
that point. The host:vector interaction, whichedetined adenoviral fate in terms of
biodistribution and transduction profiles, and alf® host immune response
generated to adenoviral vectors required greaténitien. In addition, there are

significant difficulties in conducting clinical @ls due to variation in patient
response to new agents, relevance of animal spétigse-clinical studies and

variation in levels of pre-existing immunity to Adf the human population.

Therefore, much of the research produced in therratith of the death of Jesse
Gelsinger has been to increase the understandintheofgene therapy vectors

themselves.
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1.7 Adenoviruses

Adenoviruses (Ads) are common human pathogens adhwifiere are 51 human
serotypes divided into six sub-species (A to F)edasn their phylogenic origin,
haeagglutination properties in a variety of speeied their oncogenicity in rodents
(Figure 1.3). The sub-species are characterisedlitbgrences in their capsid
structure and the primary receptor usedvitro (Table 1) (Wadellet al., 1980,
Crawford-Miksza and Schnurr, 1996, Madisttal., 2005). The sub-species B Ads
can be further sub-divided into sub-species B1B2d\ds (Table 1 and Figure 1.3)
(Wadell et al., 1980, Segermast al., 2003a). Additionally, there is a degree of
correlation between the sub-species of Ad and #tieantissue tropism of the vector,
leading to its clinical properties. Sub-species@Band E Ads cause respiratory
disease and ocular infections, sub-species B2 #fdstithe kidneys and urinary tract
and sub-species F Ads produce gastroenteritis @Ru2609). In general, infection
with Ads does not lead to severe diseases (Ru28€l9). However, Ad infection in
an immune-compromised patient (for example, argaléc bone marrow recipient)
tends to be invasive and can lead to increased alitgrt(Hierholzer, 1992,
Flomenberget al., 1994, Ljungman, 1997, Chakrabasttial., 2000, Echavarriat al.,
2001, La Rosat al., 2001, Legraneét al., 2001, Rundet al., 2001, Lankestesat al.,
2002). There is a particularly high incidence af ikfection in immuno-suppressed
children (Hierholzer, 1992, Flomenbeegal., 1994, Chakrabartt al., 2000). In
one study, the peripheral blood of 132 paediatsittemts undergoing allogenic stem
cell transplantation for a variety of conditionssaested for the presence of Ads
(Lion et al., 2003). Ads were detected in the peripheral blobd1 children, with
the most prevalent being the sub-species C Adshwligre detected in 78% of those
infected (Lionet al., 2003). There was a highly significant associatietween Ad
infection and transplant-related mortality in th228 of patients who died (relative
risk 5.8, p < 0.001) (Liomt al., 2003). Also, there are many Ads from other sgeci
(Jager and Ehrhardt, 2007), which are relevantumdn gene therapy, especially

vaccines.

Ads can infect most but not all cell types and ddrslependently of cell division,

having evolved sophisticated mechanisms to detiveir genome to the nucleus of
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host cells in the absence of cell division (Rus&€D0). Ads are under development
for diverse gene therapy applications, especialfyttie treatment of cardiovascular
disease and cancer, and for vaccination. The wadge of applications for Ads

reflects the ease with which they can be geneficalanipulated to produce

replication deficient adenoviral vectors and thsirbstantial tolerance to the
incorporation of novel targeting ligands. The mi&joof gene therapy vectors used
to date are based on Ad5 (a sub-species C Ad)cas ibe grown to high titres and is

highly efficient at transducing non-dividing cells.

| C+E I 46
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40-L, 41-L
40-S, 41-S
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77.6 T T T T T T T |
70 60 50 40 30 20 10 0

Figure 1.3 — Phylogenetic tree for human Ads.

Phylogenetic depiction of human Ads generated bgipony analysis of fiber knob
amino acid sequences. Number of each Ad is inglicah the right with sub-species
designations A, BBy, C, D, E, k (long fiber of sub-species F virus) ang (Bhort
fiber of sub-species F virus). Amino acid diversis shown below the tree.
Adapted from Havenget al. (Havengaet al., 2002).
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Sub-species Berotype

A 12,18, 31

B1 3,7,16, 17

B2 11, 14, 34, 35, 50

C 1,2,5,6

D 8,9, 10, 13, 15, 17, 19, 20, 22-30, 32, 33, 36-39, 42-49, 51
E 4

F 40, 41

Table 1 — Sub-species of human Ads.

1.7.1 Structure of adenoviruses

Ads are non-enveloped viruses which are 70-90 naiameter and have a double-
stranded linear 36 kb DNA genome. The genomedtsad within the icosahedral
virion capsid which consists of three major expopeatein components — hexon,
penton and fiber proteins (Figure 1.4A). The migjoof the capsid consists of 240
trimeric hexon capsomers, which form 20 triangudkges, and associate with 12
pentameric penton bases. The structure of eachlgacontains 12 fiber proteins,
which consists of the fiber shaft and knob. Tl project away from the virion
surface and are attached to the capsid by the pdiase (Figure 1.4A). The fiber
shaft of all human Ad serotypes has an N-termiadlwtith a variable number of
repeating sequences before the large C-terminautio knob domain. Each repeat
of the repeating sequence is encoded by 15-20 aacids and is one of the defining
characteristics between the sub-species with thespacies B Ads having the
shortest fibers (consisting of 5.5 repeats) whethassub-species C Ads have 22

repeats in their fibers.

The hexon proteins of the Ad capsid form into métic structure and are the major
site of Ad antigenicity (Norrby, 1969, Gadt al., 1996). Hypervariable regions
(HVRs) are present within the surface exposed afdhe hexon protein and these
HVRs differ between Ad sub-species and serotypeawford-Miksza and Schnurr,
1996). In some, but not all, Ads the penton bésthe Ad capsid contain a triple
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amino acid motif (arginine-glycine-aspartic acidRGD) on a surface exposed loop
(Wickhamet al., 1993). The RGD motif binds to and activates setface integrins
leading to virus uptake via clathrin-coated endosig, in the case of Ad5 (Wickham
etal., 1993, Wangt al., 1998b).

1.7.2 Mechanism of human adenoviral infection in vitro

The mechanism of Ad5 infectidn vitro is well characterised. The fiber protein of
Ad5 binds to the coxsackie virus and adenovirugptwr (CAR) as its primary
attachment receptor to infect cells vitro (Figure 1.4B) (Bergelsomt al., 1997,
Tomko et al., 1997). CAR is a 46 kDa transmembrane glycopmoteith two
extracellular immunoglobulin-like domains (D1 an®)D CAR is ubiquitously
expressed (Defet al., 1990) and is a component of tight junctions. Diedomain

of CAR forms trans homodimers between molecules of the protein lacaie
adjacent cells (van Raag al., 2000) and it is through this interaction that CAR
serves as a cell-cell adhesion molecule (Hat@dh, 2000). The mouse homologue

of CAR also functions as a receptor for Ads (Besgrékt al., 1998).

To investigate the interaction between sub-spetiésls and CAR, CAR-expressing
cell lines were developed (Bergelsenal., 1997, Tomkoet al., 1997). One study
used CAR-negative NIH 3T3 cells for transfectiorthna plasmid expressing CAR
(Tomko et al., 1997). Ad5 transgene expression was only seaéllih3T3 cells
transfected with CAR cDNA as control NIH 3T3 cellere completely refractory to
transduction by Ad5 (Tomket al., 1997). CHO cells were also transfected with
CAR cDNA and cell surface expression of CAR waseditd by the anti-CAR
antibody RmcB and immunoprecipitation (Bergelgbal., 1997). Ad2 and isolated
Ad2 fibers bound specifically to CHO-CAR cells witthe same affinity and cellular
attachment by the Ad2 virus was prevented in thesqmce of Ad2 fibers and
recombinant Ad5 knob domains (Bergelsaral., 1997). Transgene expression by
Ad5 was increased 100-fold in CHO-CAR cells, coneparto control cells
(Bergelsonet al., 1997). These studies demonstrated that CARsigoresible for
fiber-mediated attachment to cells by Ad2 and Ad&d5 can also use the CAR
receptor for interaction with red blood cells ofrrs species (Nicokt al., 2004,
Carlisleet al., 2009, Subet al., 2009).
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Figure 1.4 — Model of Ad5 infectivity  in vitro .

(A) Major capsid proteins of adenovirus. (B)vitro Ad5 uses the coxsackie virus
and adenovirus receptor (CAR) as its primary atraaft receptor to infect cells and
this promotes interaction between the penton basd Btegrins for cell

internalisation.
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Ad5 binds to CAR by the knob domain as transducbgnrAd5 can be efficiently
inhibited by ablation of the CAR interaction by ratibn of the knob, addition of
anti-knob antibodies or the presence of recombitkaatb protein (Henryet al.,
1994, Nicklinet al., 2005). The interaction between the Ad5 fibertkaad soluble
CAR has been shown to be a high affinity interactith a dissociation constant of
14.8 nM (Kirbyet al., 2000, Kirbyet al., 2001). Resolution of the crystal structure
of the Ad5 fiber knob bound to CAR revealed that ithterface involved in the fiber
knob:CAR interaction overlapped with the areas oARCinvolved in CAR
homodimer formation (van Raag al., 2000). The Ad5 fiber knob binds to CAR
with almost 100-fold higher affinity than the indéetion between CAR molecules to
form homodimers, which has a dissociation constnt6 uM (Freimuthet al.,
1999, van Raatt al., 2000).

The interaction between the Ad5 fiber knob and CAfken promotes cell
internalisation of the vector through engagement.8§s integrins with the RGD
motif in the penton base (Figure 1.4B) (Wickhamal., 1993). Binding of the
penton base to the integrin receptors occurs dadflaxible hinge region in the Ad5
fiber (Chiuet al., 2001). Modification of the Ad5 fiber shaft tashort-shafted fiber
from the sub-species B Ads hindered infection ®séhvectors (Shayakhmetov and
Lieber, 2000), indicating that the presence ofttimge region in the Ad5 fiber shaft

is crucial for cellular transduction.

CAR is a transmembrane protein with a C-terminabphasmic domain and this
cytoplasmic domain of the receptor contains putagiiosphorylation sites, possibly
indicating the potential of CAR to produce intrdoklr signalling. However,
deletion of this cytoplasmic domain does not effiaééction by Ads (Wang and
Bergelson, 1999, Kirbt al., 2000). Recently, the cytoplasmic tail of CAR has
been shown to activate p44/42 mitogen-activateteprkinase (MAPK) (Farmest
al., 2009). Activation of p44/42 MAPK was required ffficient infection by Ad5
through the CAR infection pathway as activationtlnf kinase enzyme, by Ad5
binding to CAR, induces CAR:CAR interactiondrs (in comparison to native CAR
dimerisation interaction which occurstirans (van Raaijet al., 2000)) and clustering
of CAR at the cell membrane (Farmatral., 2009). p44/42 MAPK activation also
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promotes integrin activation, resulting in increhseell adhesion (Farmest al.,
2009).

Following integrin engagement, the virion is intdised into endosomes by
receptor-mediated endocytosis (Maxfield and McGraaQ4). Ad5 infection was
shown to be mediated by endocytosis via clathrised pits by using dynamin to
prevent the formation of clathrin-coated vesicl&gatg et al., 1998b). Once
internalised, acidification of the endocytic vesseturs due to vacuolar'HATPase
activity. At pH 6.0, dissociation of the pentorsbaand fiber from the virion occurs.
Disassembly of the fiber occurs first, possibly méetl through interaction between
the RGD motif in the penton andpss integrins (Wickhamet al., 1993). At low
pH, a change in the conformation of the pentonginodccurs exposing hydrophobic
regions (Medina-Kauwe, 2003). Binding of the pento integrins inside the
acidified endomome (Baat al., 1993) causes dissociation of the penton base from
the viral capsid to occur (Greber al., 1993, Seth, 1994a) and signals endosomal
lysis by protein kinase C and a viral protease (M&dauwe, 2003). This lysis of
the endosomal membrane results in escape of vimimnthe cytosol (Seth, 1994b,
Miyazawaet al., 2001). Ad5 rapidly escapes into the cytosol initthree to 15
minutes after internalisation (Grebstral., 1993, Grebeet al., 1996, Leopoldt al.,
1998, Miyazawaet al., 1999). Inhibition of endosome acidification rksuin
retention of Ad in endosomes and decreased transggpression (Grebest al.,
1993, Leopoldtt al., 1998).

Following escape from the endosome, the virion sitadmicrotubules for migration
through the cytosol (Leopolet al., 1998, Suomalainee al., 1999, Leopoldt al.,
2000, Suomalainest al., 2001, Mabitet al., 2002). Ads interact with cytoplasmic
dynein, a molecular motor which drives motility aép microtubule filaments
towards the nucleus of the cell (Kellatral., 2004). During this period protein IX (a
capsid stabilisation protein) dissociates fromvthi®mn capsid (Grebeet al., 1993).
Ads dissemble from the microtubles before arrivaighe microtubule organising
centre (Suomalained al., 2001, Baileyet al., 2003). At the nuclear membrane,
interaction of the virus with nuclear pore compkexeads to hexon dissociation
(Greberet al., 1993, Grebeet al., 1997, Martin-Fernandea al., 2004). The viral

genome then enters the nucleus through bindinghto ruclear pore protein
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CAN/Nup214 (Trotmaret al., 2001). Ad DNA is imported using the nuclear pore
complex receptor CAN/Nup214 and histone H1 (Trotneanal., 2001). The
genomes of Ads do not integrate into the cellulddADand are maintained
episomally. Most Ad gene therapy vectors havetddlgenes encoding early phase
proteins required for the replication of viral DN@ ensure that they are replication-
deficient.

1.7.3 Mechanism of human adenoviral infection after

systemic administration in vivo

The basic mechanism of Ad5 infectiom vitro is well established. However, the
mechanism of Ad5 infectiom vivo after systemic delivery is less clear. Following
intravascular administration, a substantial praparof the vector is rapidly cleared
by Kupffer cells, resident phagocytotic macrophaghs in the liver and part of the
innate (non-antigen-specific) immune system (Figarb) (Lieberet al., 1997,
Worgall et al., 1997). This interaction does not contribute td5Anediated
transduction (Mullbachest al., 1989, Yanget al., 1994). Accumulation of Ad5 in
Kupffer cells leads to rapid Kupffer cell death,thim ten minutes of vector
administration in mice, due to loss of membranegrity (Manickanet al., 2006).
The dead Kupffer cells gradually disappear from lther (Schiednet al., 2003,
Manickanet al., 2006), which results in increased transductiothefliver and other
organs. The remaining Ad5 selectively accumulatghin and transduces the
hepatocytes of the liver (Huame al., 1995, Connelly, 1999, Parket al., 2006,
Waddingtoret al., 2007, Kalyuzhniyet al., 2008, Waddingtoet al., 2008).

Many attempts have been made to retarget Ad vetdarsduce uptake by the liver
and spleen and selectively target alternative diteallow treatment of diseased
tissues. The ability to selectively target treattgtes could increase the safety and
efficiency of the vectors and also increase theagheutic index, as a reduced dose of
the vector would be required. As Ads use an airbomnfection mechanism
naturally, the cellular interactions with the capand subsequent entry pathways by
modified Ad vectors in the artificial blood-borneéronment needs to be fully

elucidated before Ads can be effectively used ag gieerapy vectors.
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Figure 1.5 — Interactions of Ad5 after intravascula  r administration.

Following intravascular administration, Ad5 inteisaevith red blood cells (RBC),
platelets, complement proteins, blood coagulatiastdrs (including FX) and
antibodies. Some of these interactions lead t@semlent binding to a variety of
receptors, including HSPGs and LRP. A substaptiagbortion of the Ad5 is rapidly

cleared by Kupffer cells. Generated by Dr. S.Acklin, University of Glasgow,
UK.
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1.7.4  Adaptive tropism by fiber modification

The majority of attempts to retarget Ad5 away frtme liver and spleen involved
modification of the fiber and/or penton proteinstio¢ viral capsid. The alterations
to the fiber broadly included either mutation ok tiAd5 fiber or pseudotyping
(replacement of the Ad5 fiber protein with a fidesm another Ad) (reviewed by
Nicklin et al. (Nicklin et al., 2005)). Initial studies focused on residueshia fiber
knob domain which had been identified as criticalldinding to CAR (Bergelsoet
al., 1997, Roelvinket al., 1999). In vitro, a CAR-binding ablated vector (AdKO1)
reduced infectivity by 99% relative to non-modifiédl5 (Jakubczalet al., 2001).
Modification of these residues to ablate the inteom between the fiber knob and
CAR, either singularly or in combination with detet of the RGD motif in the
penton base, ablated threvitro tropism of the vectors but there was no differeince
liver transduction in C57BL/6 mice (Alemany and @4r2001, Smithet al., 2002,
Martin et al., 2003). There was also no difference in liverugsgration by AdKO1,
AdPD1 (ablated o-integrin interaction) and Ad5 one hour after syute
administration of the vectors in mice (Di Padbal., 2009b). However, other
studies have shown that CAR ablation in combinatioth deletion of the RGD
motif results in a significant reduction in liverrgeting in mice (Einfeldt al., 2001,
Koizumi et al., 2003).

Investigation into the differences betwe@rvitro andin vivo transduction profiles
by modified vectors has also been performed in rdt&ve days after infusion of
vectors into WKY rats pre-treated with a protoambtock Ad clearance by Kupffer
cells, AdKO1 or AdPD1 did not produce different éév of liver transduction in
comparison to control Ad5 (Nicadt al., 2004). However, WKY rats infused with
AdKO1PD1, an Ad5 vector with ablated CAR amgdintegrin binding sites, showed
a 99% reduction in liver transduction compared @6ANicol et al., 2004). In
addition to the clear species differences for thesgtors between mice and rats,
there was also a difference between rat straims.Brbwn Norway and Sprague-
Dawley rats, AKO1PD1 mediated a modest 30% redndi liver transduction,
indicating an important strain-strain variation s¢i(Nicolet al., 2004). Although

AdPD1 vectors show reduced liver targeting in soshalies, the further use of
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vectors witho,-integrin binding ablated vectors (AdPD1 or AdSGD) as a gene
therapy vector is probably limited.

In vitro, AASARGD showed a 60% reduction in internalisation & fininutes and
overall significantly slower internalisation kinesicompared to Ad5 (Shayakhmetov
et al., 2005a). The kinetics of endosomal escape byMR{ED was also shown to
be significantly slower compared to Ad5 (Shayaklonet al., 2005a). Therefore,
Ad5 requires the ability to bind integrins for eféint internalisation and endosomal
escape to produce efficient cellular transductio@onsequently, low levels of
transduction are likely with APD1/AdRGD and the use of this vector for gene
therapy applications is limited. However, the R@Dtif has been shown to partly
mediate liver sequestration of intravenously adstéred Ad5 (Di Paolat al.,
2009b). Interactions of the RGD motif and livenusoidal ECs and hepatocytes
leads to virus retention in the space of DisseR&wloet al., 2009b). Recently, the
RGD motif of Ad5 was also shown to be partly respble for activation of the
innate immune system in mice (Di Paokt al., 2009a). After systemic
administration, Ad5 binds t@s integrins on splenic macrophages triggering
production of interleukin-d (IL-1a) (Di Paoloet al., 2009a). Production of ILel
was significantly reduced in mice administered WRt5ARGD (Di Paoloet al.,
2009a). Therefore, to prevent certain aspecthetiver sequestration and the anti-
viral responsen vivo, RGD maotif-deleted vectors are required but these will

reduce viral uptake and activity.

The inconsistencies in the data involving ablatainthe CAR and/or,-integrin
interaction with Ad5 outlined above led to inveatign into a putative HSPG
binding site in the Ad5 fiber shaft as identifiegl dtbmpetition analysis with heparin
(Dechecchiet al., 2000, Dechecchet al., 2001). The HSPG-binding motif,
designated by four consecutive amino acids lysysee-threonine-lysine (KKTK)
in position 91-94 amino acids in the fiber shaftpnly present in the sub-species C
Ads. Mutation of this KKTK sequence to glycineqalze-glycine-alanine (GAGA)
significantly reduced liver transduction by 1000dfén mice (Smithet al., 2003b)
and 57% in rats (Nicokt al., 2004). Additionally, the mutation of the HSPG
interaction significantly reduced liver infectivityy non-human primateg vivo

(Smith et al., 2003a). Moreover, liver transgene expressiora bsectors with the
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KKTK mutation (designated AdS*) could be signifitign reduced further in
combination with KO1 and KO1PD1, producing a 99%duction in liver
transduction (Nicokt al., 2004). Further research into the AdS* mutantttedhe
conclusion that AdS* had a reduced ability to intdise and traffic to the nucleus of
the infected cell (Bayo-Puxaat al., 2006, Kritzet al., 2007). This was due to the
KKTK motif occurring in the hinge region of the Adfer and mutation of this
produced an inflexible fiber. Although, the vectamuld still efficiently bind to the
cell surface, it was unable to interact with integras is necessary to mediate
cellular transduction and, as a result, is non-orgpnsidered a viable gene therapy
vector candidate (Bayo-Puxahal., 2006, Kritzet al., 2007).

1.7.5  Adaptive tropism by modification of the HIlo  op

As CAR- and integrin-binding ablated vectors stiitplayed high levels of liver
tropism, an alternative site for mutagenesis, toréase the selective targeting
capacity of Ad vectors, was sought. Many vectogdting studies focussed on
exosites of the knob domain, of which the HI lodgle knob domain is the most
exposed. Insertion of peptide sequences into thiodp appear not to effect the
overall structure of the fiber shaft or knob domaimd, as the HI loop is on the
surface of the viral capsid, the inserted peptigusnce is accessible. Insertion of
the integrin-binding RGD sequence into the HI lodgveloped a vector which
transduced cells by a CAR-independent mechanismit({i2met al., 1998).

The combination of insertion of a targeting pepiitte the HI loop of the vector and
ablation of CAR binding led to the development @vesal Ad vectors which
selectively targeted ECs (Nickliat al., 2001, Nicklinet al., 2004) and VSMCs

(Work et al., 2004)in vitro. After identification of a novel human EC-binding
peptide by phage display (Nickliet al., 2000), a mutant AdJKO1 vector was
developed with the EC targeting peptide sequen€YBLP inserted into the HI
loop (Nicklin et al., 2001). Inclusion of the SIGYPLP peptide sequeincehe

AdKOL1 vector (AdKO1SIG), increased transduction lmiman umbilical vein

endothelial cells (HUVECs) and human aortic endaheells (HAECs) by 4.7- and
8.0-fold, respectively, compared to AdKO1 (Nickénhal., 2001). Transduction by
AdKO1SIG was not significantly different from AdKOf VSMCs and a hepatocyte
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carcinoma cell line, HepG2 (Nickligt al., 2001). Therefore, SIGYPLP-mediated
selective gene transfer to ECs from different vischeds, with little tropism for
other cell types. However, when AdKO1l vectors aonihg peptide sequences
selectively targeted for HUVECs, and which produsgdilar levels of transduction
of HUVECs as control Ad5, were administered systafhy in vivo into mice it
resulted in high levels of liver transduction e@lént to control Ad5 (Nickliret al.,
2001). For one of the peptide-modified ADKOL1 vestthere was a modest increase
in transduction of abdominal aorta/vena cava (Nicldt al., 2001), suggesting

improved (but not efficient) retargeting of the tac

Identification of peptides which selectively targgtVSMCs could lead to the
targeting of therapeutic genes chosen to prevdat\Jain graft failure, which is
caused by restenosis or reocclusion of the artaneh and is a common side effect
following coronary artery bypass grafting and apipasty. VSMCs require high
viral titres to achieve transduction by Ad5 duethe low expression of CAR by
these cells (Havenge al., 2001). To improve the transduction efficacy bg A
vectors in VSMCs, the peptide sequence EYHHYNK waerted into the HI loop
of AdKO1 (AdEYH) (Worket al., 2004). EYHHYNK selectively targets VSMCs,
as identified by phage biopanning on human saprerein (HSV) SMCs, but did
not target HSVECs (Worket al., 2004). AdEYH significantly enhanced
transduction of HSVSMCs and with a significant retilon in transgene expression
in HSVECs compared to control Ad5 (Waekal., 2004).

1.7.6  Adaptive tropism by pseudotyping

Identification of different primary cellular receps used by Ad viruses and the
variation in tropism compared to Ad5 led to the elepment of pseudotype Ad
vectors. Fiber-pseudotype vectors have the herdrpanton from Ad5 with either
the full fiber protein or only the fiber knob domarom another Ad. The fibers of
the alternative serotypes showed differences to iAdBeir lack of a CAR binding
site but also had differences in the rigidity oé thiber, the length of the fiber shaft
and/or the presence of the putative HSPG bindingnadin. It was hoped that
development of pseudotype vectors with a differefection profilein vitro to Ad5

would display an alternative tropismvivo.

29



Chapter 1 — Introduction

The majority of research into pseudotype vectossdemtred on use of the fiber from
sub-species B Ads. The sub-species B Ads use énebnmane glycoprotein CD46 as
their cellular receptor and not CAR (Gagehal., 2003). Therefore, cells which are
relatively refractive to infection by Ad5 due towoor no CAR expression, for
example SMCs, ECs and many cancer cells, shouleffi@ently transduced by a
sub-species B pseudotype vector via CD46 engagemdrtis has led to the
development of many novel vectors including Ad5/f3 pseudotype vector
consisting of the entire Ad5 virion but with the Zgifiber. This vector efficiently
transduced haematopoietic cells, which are refractm Ad5 transduction
(Shayakhmetoet al., 2000), thereby providing proof of principle ofgliechnology.
“Pseudotype libraries” were subsequently develdpeallow screening on cell lines
to determine the most efficient fiber for transdoict(Havengaet al., 2001, Havenga
etal., 2002).

Pseudotype vectors Ad5/f19p and Ad5/f37 demongtratestriking reduction in
hepatic transduction in mouse, rat and human hep@®in vitro (Denbyet al.,
2004). These vectors which contain fibers from sbb-species D Ads Ad19p and
Ad37, demonstrated less than 1% of the transgepeession achieved by Ad5
(Denbyet al., 2004). Both Ad5/f19p and Ad5/f37 vectors prodlieguivalent and
significantly enhanced transduction in HUVECs an®&M3MCs, respectively,
compared to Ad5 (Denbgt al., 2004). At one hour after systemic delivery of
Ad5/f19p and Ad5/f37 in WKY rats, there was 63% &tPo reduction in liver
accumulation by the vectors compared to AdS5, rdspmdg, with no detectable
vector genomes present five days post-infusion (@enal., 2004). Ad5 genomic
DNA was still present five days after delivery dietvector (Denbyet al., 2004).
Importantly, Ad5/f19p and Ad5/f37 produced sigrditly less liver transduction
than Ad5 (Denbyet al., 2004). Therefore, the markedly reduced tropism f
hepatocytes demonstratadvitro by Ad5/f19p and Ad5/f37 vectors remained after
systemic deliveryn vivo.

As the pseudotype Ad5/f19p demonstrated signifigargduced liver transduction
(Denbyet al., 2004), it has been further developed to seldgtiratarget this vector
to specific cell types. Phage display in WKY ratentified two peptides,
HTTHREP (HTT) and HITSLLS (HIT), which selectiveliarget to the kidney
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(Denbyet al., 2007). Each of these peptides was then insémtedthe HI loop of
the Ad5/f19p fiber and the vectors were administeiee WKY rats. The peptide-
modified vectors produced a significantly highewdke of kidney transduction
compared to both Ad5 and the control Ad5/f19p vectehich had no peptide
insertion (Denbyet al., 2007). Moreover, the peptide-modified vectoensduced
different groups of cells within the kidney; theoglerulus was transduced by
Ad5/f19p-HIT, whereas Ad5/f19p-HTT selectively tsmluced tubular epithelial
cells (Denbyet al., 2007). Transduction by either vector was noecked in any
non-target organ, including the liver (Denl®y al., 2007). Therefore, after
intravenous administration, the peptide-modified 5SAt9p vectors produced
efficient and selective transduction of the kidneyslowever, most pseudotype
vectors showed liver transduction after systemiliveley in vivo, consistent with
Ad5.

1.7.7 Interaction of adenoviruses with other blood

components and blood cells

Human complement component C3 from plasma has beewn to bind to Ad5
(Jianget al., 2004) (Figure 1.5). In complement C3 knockoutenia low dose Ad5
(2.3x10 virus particles(VP)/mouse) produced a 99-fold mitm in hepatocyte
transduction three days after administration of\thetor, in comparison to transgene
expression in non-transgenic control mice (Z&hal., 2004). However, this was not
reproducible at higher doses of Ad5. A dose ok108' VP/mouse produced no
significant difference in liver transduction betweeomplement C3 knockout mice
and wild-type mice (Kianget al., 2006). The acute inflammatory response to
systemic delivery of Ad was significantly reducedcomplement C3 knockout mice
(Kianget al., 2006). The toxicity resulting from injection Atl5 is characterised by
complement activation, cytokine release with thenseguent vascular damage
leading to a systemic inflammatory response whah lge fatal to the host (Schnell
etal., 2001, Lozieet al., 2002, Morrakt al., 2002, Rapeet al., 2003).

The Ad5 fiber has also been shown to interact Witthan erythrocytes (Nicet al.,
2004, Carlisleet al., 2009, Subret al., 2009) and platelets (Hofheet al., 2007,
Othmanet al., 2007, Stoneet al., 2007b) (Figure 1.5). Ad5 agglutinates rat and
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human but not mouse erythrocytes, an effect whadschot occur in CAR binding
ablated vectors indicating involvement of the kradomain (Nicolet al., 2004).
Human erythrocytes were shown to express CAR andl Balind to 90% of red
blood cells suspended in phosphate buffered sd®BS) (Carlisleet al., 2009).
Binding by Ad5 was prevented in the presence okesxcAd5 fiber protein or an
anti-CAR antibody (Carlisleet al., 2009), indicating that the interaction between
erythrocytes and Ad5 is CAR-dependent. In plasaddition of the anti-CAR
antibody reduced binding of Ad5 to erythrocytesléss than 25% (Carlislet al.,
2009), indicating other mechanisms of Ad5 bindingcw in plasma. The
complement receptor (CR1) is also present on huengihrocytes and binds Ad5 in
the presence of complement and antibodies (Casisk., 2009). In transgenic
mice which express CAR on their erythrocytes, tireutation time of Ad5 was
extended and liver transduction was significantygluced (Carlislest al., 2009).
Therefore, sequestration of Ad5 by erythrocytedrictgs Ad5 infection, an effect
which could be seen in humans after either naexpbsure to Ad5 or during its use
as a gene therapy vector. Coating the Ad5 capdiu ydrophilic polymers has
been shown to decrease the interaction betweenahd5erythrocytes from 95%
binding by Ad5 to 25% by Ad5 coated with the polyni®ubret al., 2009).

After intravenous delivery, Ad5 activated plateletsd induced platelet-leukocyte
aggregation formation in mice (Othmas al., 2007). This suggests a direct
interplay between Ad-platelet interaction in blat subsequent thrombocytopenia,
activation of coagulation, endothelial activationdaleukocyte infiltration. In
humans, 78% of platelets express CAR (Othmtaah., 2007), suggesting that human
platelets would sequester a large number of CARibm Ad vector particles after
systemic administration. Additionally, the intetian of Ad vectors and platelets
results in vector sequestration by the hepaticuktendothelial system (Stoeeal.,
2007b). Ad5 bound to over 95% of platelets in migth subsequent accumulation
in the liver sinusoids and interaction with Kupftaglls for degradation (Storetal.,
2007b). This would lead to an overall reductiontie concentration of Ad5
reaching its intended target, decreased transducifotarget cells and reduced
circulation time (Lyonset al., 2006). As higher doses may be required to preduc
efficacy, dose limiting toxicities would become eehnt. Additionally, as Ad5

interacts with human but not murine erythrocyteg@Net al., 2004) and 98% of Ad
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genomes associated with erythrocytes taken fromicali trial patients (Lyonst al.,
2006), this highlights the need for utilisation agpropriate animal models which

accurately and reliably predict the interactiorAdfvectors in humans.

1.7.8 Role of blood factors in liver tropism

For gene therapy applications, the goal has belredeof the vector by minimally
invasive intravenous administration with selectyene transfer to the required cell
type. However, after intravenous administration5Asklectively transduces the
liver, as discussed in Section 1.7.3. This tigsogism does not appear to correlate
with CAR expression levels and cellular localisatand cannot be redirected by the
ablation of CAR binding (Smithkt al., 2003a, Smittet al., 2003b, Nicokt al., 2004,
Nicklin et al., 2005), indicating that the presence of or bindingCAR is not
necessary for tissue transductiornvivo. CAR expression is also restricted to tight
junctions between cells (Cohen al., 2001), which makes it difficult to correlate
selective hepatocyte transduction after systemlivatg of Ad vectorsin vivo if
CAR is used as the primary receptor. Additionadliglation of the integrin-binding
RGD motif in the penton base was also largely ucsssful (Nicklinet al., 2005).

This suggested that alternative pathways existwvtiefine liver tropismn vivo.

The first convincing study to further investigate tmechanism of Ad5 infectian
vivo demonstrated that factors in the blood were capabinfluencing hepatocyte
transduction (Shayakhmetetal., 2005b). Ad5 and a CAR-binding ablated vector,
Ad*F, produced equivalent levels of liver transdootin the presence of bload
vivo (Shayakhmetoet al., 2005b). However, when the liver was excludednftbe
circulation using ann situ perfusion model (to allow delivery of the vectarthe
absence of blood), there was a significant redodimliver transduction by Ad*F
but not by Ad5 (Shayakhmet@t al., 2005b). This indicated that liver transduction
in vivo was mediated by two mechanisms, one which was @wRiated and
another CAR-independent mechanism mediated by Hiacidrs. After injection of
competing ligands (which included polymerised bevserum albumin (BSA) to
saturate the scavenger receptor SR-BI, asialofédusaturate the asialoglycoprotein
receptor, human low density lipoprotein (LDL) totwgate the LDL receptor and
lactoferrin to saturate LDL receptor-related pnot@iRP) as well as HSPGs) for
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cellular receptors present in the liver, it wasedgined that Ad vectors could use
either HSPGs or LRP as receptors in the presenddoofd factors as transgene
expression by Ad*F was reduced 50-fold (Shayakhmetal., 2005b) (Figure 1.5).
Additionally, infusion of heparinase | (an enzymabieh selectively cleaves highly
sulphated polysaccharide chains preventing cellasarexpression of functional
HSPGs) into wild-type mice before administration the vectors significantly
reduced liver transduction by both Ad5 and Ad*F gfikhmetovet al., 2005b).
This indicates that, in the presence of blood fatihvese vectors use HSPGs as their
cellular receptors. Tandem mass spectrometry &otdbkt assays were used to
identify blood factors which bind to the fiber knalbmain of Ad5. Human
coagulation factor IX (FIX) and complement bindipgotein (C4BP) bind to the
Ad5 fiber knob and addition of the physiologicalncentration of these proteins
returns Ad*F transduction levels in cultured hepgtes to that of Ad5
(Shayakhmetoet al., 2005b). Mouse livers perfused with Ad*F in thegence of
FIX, increased transduction by Ad*F to levels conaide with Ad5 and addition of
coagulation factor X (FX) did not improve transgeeapression by Ad*F
(Shayakhmetoet al., 2005b). However, there was no significant ddfeze in liver
transduction by Ad*F in wild type and FIX knockontice (Shayakhmetoet al.,
2005b). This suggests that there is some influemceother blood factors for
transduction by Ad5 vectorg vivo or possible compensatory mechanisms are

activated due to the deficiency of FIX.

1.7.9 FX is responsible for liver transduction

Further work investigating the influence of the awitin K-dependent blood
coagulation factors (FVII, FIX, FX and protein CgP on Ad5 liver transduction
led to the finding of a direct, calcium-dependarteiaction between Ad5 and FX
(Parkeret al., 2006). FVII, FIX, FX and PC are homologous senmoteases which
are synthesised in the liver and circulate in tlasma as inactive zymogens. They
are activated by proteolytic cleavage as part efdbagulation cascade (Gomez and
McVey, 2006). Addition of physiological concentoat of FIX (5 pg/ml) or FX (8
ug/ml) significantly enhanced transduction of a tepgte cell line by AdKO1, a
CAR-binding ablated mutant Ad5 (Parketral., 2006). However, FX was more

efficient at enhancing transduction by AdKO1 asé¢heas a substantial difference
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in cellular transduction levels, particularly afeeshort exposure time with the vector
(Parkeret al., 2006). Importantly, activation of FX was not végd to mediate the
enhancement in hepatocyte transduction since tuatisd was equivalent in the
presence of both the latent and activated formXoffrarkeret al., 2006).

Coagulation factors FVII, FIX, FX and PC all conga&iof a four domain structure: a
y-carboxylated glutamic acid (Gla) domain, an epitirgrowth factor-like (EGF1)
domain, an EGF2 domain and a globular active sitegaining a serine protease (SP)
domain (Gla-EGF1-EGF2-SP) (Figure 1.6). Additidrpbysiological concentration
of FVII, FIX, FX and PC significantly enhanced tsaluction by AdKO1 in a
hepatocyte cell line, whereas the non-homologoag@ation factors FXI and FXII
did not (Parkeet al., 2006). This suggests a common approach is reggerfor
the enhancement of hepatocyte transduction in thsepce of FVII, FIX, FX and
PC.

Serine protease
domain

EGF2 domain

EGF1 domain
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Figure 1.6 — Structure of FX.

FX shares homology with FVII, FIX, FX and PC as @imprise of a four domain
structure: ay-carboxylated glutamic acid (Gla) domain, an epitsErgrowth factor-
like (EGF1) domain, an EGF2 domain and a seringepse (SP) domain (Gla-
EGF1-EGF2-SP). Green balls indicate calcium ioAgapted from Waddingtost
al. (Waddingtoret al., 2008).
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Surface plasmon resonance (SPR) analysis was wsetktérmine whether FX
interacts directly with the vectors Ad5 and AdKOAdS5 and AdKO1 were injected
over a biosensor chip to which FX was covalentiurmh Association and
dissociation of the vectors can then be determarad kinetic analysis performed.
Both Ad5 and AdKO1 bound strongly to FX and witmaar affinity constants in a
calcium-dependent manner as addition of 3 mM etlgde&amine tetra-acetic acid
(EDTA) was required for vector dissociation (Parieal., 2006).

In an ex vivo liver perfusion model, designed to investigateeditransduction by
vectors in the absence of blood, addition of pHggiical concentrations of human
FX significantly increased transduction by Ad5 ahdKO1 by 25- and 250-fold,
respectively, to equivalent levels of liver transgesxpression (Parket al., 2006).
This finding was contrary to previous reports usingimilarin situ perfusion model
(Shayakhmetowt al., 2005b). To assess the effect of FXvivo, a warfarin pre-
treatment model was developed. Warfarin prevdmsnaturation and secretion of
functional vitamin K-dependent coagulation factospecifically by blocking the
post-translation modification of the Gla domain Iy vitamin K-dependent
carboxylase enzyme. The Gla domain will then ot properly, reducing the level
of functional FX circulating in the bloodstream Vglin et al., 1993). In mice,
injection of Ad5 and AdKOL1 results in highly effesit liver transduction but pre-
treatment of these animals with warfarin, reduceer|transduction by several
orders of magnitude due to blockade of the inteadietween vitamin K-dependent
coagulation factors and Ad (Parker al., 2006, Waddingtoret al., 2007). Pre-
infusion of FX into warfarin-treated mice rescuat transduction by both Ad5 and
AdKO1, thus unveiling a novel non-CAR-dependenthpaty that regulates Ad5-
mediated gene transfeén vivo (Parkeret al., 2006, Waddingtoret al., 2007).
However, coagulation factors do not affect Kupffegll uptake or early Ad
accumulation (Waddingtost al., 2007, Di Paolcet al., 2009b) and warfarin pre-
treatment also does not ablate Kupffer cell capdoittrap blood-borne Ad vectors
(Waddingtonet al., 2007, Di Paolet al., 2009b), indicating that coagulation factors
play a pivotal role in the selective transductiémepatocytes but are not involved in

sequestration of Ad vectors by Kupffer cells.
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SPR was also used to show that FX can bind dir¢otlxd5 vectors pseudotyped
with the fibers from various sub-species D Ads kEaet al., 2007). The addition of
physiological concentrations of FX significantly creased both binding and
transduction by Ad5/f17, Ad5/f24, Ad5/f30, Ad5/f33d5/f45 and Ad5/f47, all
fibers from sub-group D Ads, in a hepatocyte dek| HepG2 (Parkeat al., 2007).
Transduction by these sub-species D pseudotypeorgestas not significantly
effected by the addition of FVII and FIX, in corgtao Ad5 and AdKO1/Ad*F,
suggesting potential differences in the fiber-cdafjon factor interactions
(Shayakhmetowet al., 2005b, Parkeet al., 2006, Parkeet al., 2007). However,
consistent with Ad5 and AdKO1/Ad*F, the additioneX seems to direct the sub-
species D pseudotype vectors through HSPGs fosdrantionin vitro (Parkeret al.,
2007). FX-mediated transduction by Ad5/f17, Ad8/fAd5/f30, Ad5/f33, Ad5/f45
and Ad5/f47 was significantly reduced in the CHGA®@45 cell line, compared to
CHO-K1 cells (wild-type CHO cells) (Parket al., 2007). CHO-pgsA745 cells
have been genetically modified to be deficient iISR& polymerisation and,
therefore, have no cell surface HSPG expressiohis provides further evidence
that after interaction with FX, Ad5 and sub-spediepseudotyped Ads use HSPGs
as their predominant cellular receptor system. elaw, this interaction probably
does not occur using the putative HSPG binding inkd€iTK (identified in the Ad5
fiber shaft), as this is not present in fibers frme sub-species D Ads and AdS*
vectors, which have a mutated KKTK motif, and btitase groups of vectors bind
FX (Kritz et al., 2007). Taken together, these data suggest thgempce of a
common FX binding site on the fibers from sub-spedC and D Ads or the fiber

protein is not responsible for binding FX.

In vivo experiments in mice also demonstrated that liv@nsduction by Ad5/f47
was substantially reduced by warfarin pre-treatm@iaddingtonet al., 2007).
Therefore,in vivo coagulation factors affect Ad vectors with subesge D fibers
(Ad5/f47) as well as those with sub-species C §il{@&d5). These studies indicated
that CAR plays little or no role in hepatocyte sduaction after systemic delivery of
Ad vectors (Shayakhmetost al., 2005b, Parkeet al., 2006, Kritzet al., 2007,
Parkeret al., 2007, Waddingtoret al., 2007). Additionally, as coagulation factors

are not responsible for the early sequestratioveofors by Kupffer cells, strategies
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which deplete Kupffer cells may be required to @ase the bioavailability of the

vector.

1.7.10 Determination of FX binding site on adenovir al

vectors

SPR analysis determined that FX did not bind tofther of Ad5 as Ad5 vectors
with the knob domain deleted, fiber shaft deletifliset al., 2006) or a completely
fiberless Ad5 vector (Von Seggeenal., 1999) all bound FX (Waddingtoet al.,
2008). Cell binding by these fiber mutant Ad5 westwas significantly enhanced in
the presence of FX (Waddingtat al., 2008), suggesting that FX binds to an

alternative Ad5 capsid protein and not the fiber.

By use of purified Ad5 hexon protein, it was detarad by SPR that FX bound to
the Ad5 hexon in a direct calcium-dependent, hiffimity manner (Waddingtoret
al., 2008). SPR analysis of FX mutants containinfed#nt components of the FX
four domain structure (Gla-EGF1-EGF2-SP) demorstrdhat the Gla domain of
FX was required for binding to Ad5 (Waddingtet al., 2008). This was also
confirmedin vivo as a Gla-domainless FX variant failed to rescué-Artdiated
liver transduction in the vitamin K-dependent cdagian factor-ablated warfarin
mouse model (Waddingtaet al., 2008).

By electron cryomicroscopy (cryo-EM), it was possibo determine that FX binds
within a central cavity formed by the trimeric hexproteins of Ad5 and involves
interaction with the Ad5 hexon HVRs (Kalyuzhrayal., 2008, Waddingtoret al.,
2008). A novel mutant Ad5 vector Ad5HVR48 (Robestsl., 2006), which is the
complete Ad5 vector with only the amino acids ie #ll the HVRs swapped from
Ad5 to those from Ad48, was used to ascertainiiy@itance and relevance of this
putative hexon:FX interaction. By SPR, Ad48 andbA¥R48 did not bind FX and
FX did not enhance cellular binding or transductigreither Ad48 or AA5SHVR48 in
a number of cell lines (Waddingta al., 2008). In vivo, AD5SHVR48 produced a
600-fold reduction in liver transduction in compam to Ad5 after systemic
administration of the vectors (Waddingtenal., 2008). In vivo, fiber-dependent

transduction of the Ad5HVRA48 vector and Ad5 wasetg$y intramuscular injection
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into the mouse hind limb to confirm that the Ad5SHA®&Rvector was viablén vivo
(Waddington et al., 2008). Transgene expression by Ad5HVR48 was not
significantly different to Ad5 (Waddingtoet al., 2008), thereby demonstrating that
Ad5 can utilise alternate virion proteins for trdastion when placed into different
environments. This also suggests that fiber hasra@ in binding to FX as
Ad5HVRA48 has the Ad5 fiber and does not bind FXhvétsubstantial reduction in

liver tropism.

To further assess the interaction of Ad5 and FXipaibitor was utilised. X-bp is a
29 kDa protein isolated fronDeinagkistrodon acutus (the hundred pace snake)
which binds with high affinity to human and muriRX (Atodaet al., 1998). X-bp
blocks the FX-Gla domain-Ad5 interaction and predimation of X-bp with FXin
vitro totally abolished the FX-mediated enhancement id5 Atransduction
(Waddington et al., 2008). Furthermore, X-bp pre-incubated with FXfdve
administration to warfarinised mice, prevented FE$aue of liver transduction by
Ad5 (Waddingtoret al., 2008). Additionally, in non-warfarinised micestpresence
of X-bp substantially reduced Ad5 liver transdust{®/addingtoret al., 2008). The
binding of FX to the Ad5 hexon proteinsvivo promotes the interaction of the Ad5-
FX complex with cellular HSPGs via the serine pastedomain of FX (Waddington
et al.,, 2008). Therefore, it is the use of HSPGs asptece for the Ad5-FX
complex, and not CAR via a direct engagement, wheelts to liver transduction

after systemic administratian vivo (Waddingtoret al., 2008).

Investigation of the other Ad serotypes found théhough the sub-species D
pseudotype Ads bind FX (Parket al., 2007), the sub-species D Ads did not
(Waddingtonet al., 2008). The sub-species D pseudotype Ad5/f47 walas
sensitive to warfarin pre-treatmantvivo (Waddingtonet al., 2007), suggesting that
binding of FX to the Ad5 hexon leads to efficieivel targeting and is dominant
over any other effects produced by the fiber. Tegority of previous studies to
retarget the virus to alternate cells and organe acused on fiber by creating and
using pseudotype vectors (Haverajal., 2002, Parkeet al., 2007). However, the
role of hexon in dictating Ad biodistribution is woclear and is an increasingly

relevant target for Ad modification.

39



Chapter 1 — Introduction

1.7.11 Hexon modification to prevent FX binding

Previous research into retargeting of Ad5 livepison by modification of the hexon
protein focussed on hexon HVR 5 (HVR5) as there Masstructural constraint on
the insertion of proteins into this area of thesiapVigne et al., 1999). Hexon

modification to include a ligand specific faf, integrins in HVR5 (AdHRGD)

increased transduction of human VSMCs, which ataraby refractory to infection

by Ad5 as they do not express CAR (Vigeeal., 1999). In mice, AdHRGD

produced a 98% reduction in liver transductionradestemic administration of the
vector, compared to control Ad5 (Vigasttal., 2008).

Ad vectors have also been generated with hexoreipotfrom other Ad serotypes
(Ostapchuk and Hearing, 2001, Al&tzal., 2009). The HVR5 of Ad5 was swapped
for the HVR5 of Ad2 (another sub-species C Ad, picdg AdHAd?2) and the sub-
species D Ads Ad19 (AdHAd19) and Ad30 (AdHAd30) g&ntet al., 2008). After
intravenous delivery to mice, these three HVR5 miutaectors produced
significantly reduced liver transgene expressioggytet al., 2008). Importantly,
the HVR5 swap from Ad5 to Ad2, a sub-species C areathich has strong liver
tropism as a full serotype vector, did not resdue reduction in liver transduction
compared to control Ad5. AdHRGD and AdHAdZ2 bourX Bnd FX as efficiently
as control Ad5 (Vigantt al., 2008). Whereas, AdHAd19 and AdHAd30 had
strongly impaired binding of FIX and binding to f¥as also decreased, although to
a lesser degree (Vigardt al., 2008). However, the addition of FX did not
significantly enhance transduction vitro by any of the HVR5 modified vectors
(Vigantet al., 2008). This suggests that HVR5 of the hexongmnois responsible
for binding to FX.

Therefore, it was known that the HVRs were impdrtemFX binding as hexon
modified vectors, including Ad5HVR48 and AdHRGD psled reduced FX binding
(Vigantet al., 2008, Waddingtoret al., 2008). However, it was not known exactly
which of the seven HVRs present in the hexon pmotgere required for the
interaction with FX. Cryo-EM images at 40 A redan suggested that the FX
density was in close proximity to HVR3, HVR5 and R¥ of Ad5 (Kalyuzhniyet
al., 2008). High resolution cryo-EM images at lesanti26 A identified the HVR5
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and HVR7 domains as areas potentially key for FXdisig (Waddingtoret al.,
2008). Putative contact residues involved in FXdbig were determined in the
hexon protein and the amino acid residue glutamiit ¢£) in position 451, which is
conserved in all Ad serotypes that bind FX buteiglaced by glutamine (Q) in Ads
that do not bind to FX (Waddingtanal., 2008, Albaet al., 2009).

For further interrogation into the precise HVRsalwed in binding FX, Ad5 vectors
were engineered which contained the HVRs of Ad5harged for the HVRs of
Ad26, a sub-species D Ad which does not bind FX{@agtonet al., 2008, Albaet
al., 2009). Ad5 vectors were produced with the HVR@gped [Ad5SHVR5(Ad26)],
HVR7 swapped [Ad5HVR7(Ad26)] and both HVR5 and HVRSwapped
[Ad5HVR5+7(Ad26)] for that of Ad26 (Albat al., 2009). SPR analysis showed
that AASHVR5(Ad26) had substantially reduced FXdimng, whereas FX binding to
Ad5HVR7(Ad26) and Ad5HVR5+7(Ad26) was completelyoiibhed, equivalent to
Ad26 (Albaet al., 2009). In vitro, binding and transduction of SKOV-3 cells was
significantly reduced by all three vectors (Aleaal., 2009). The addition of
physiological concentrations of FX did not affeahding and transduction by
Ad5HVR7(Ad26) and Ad5HVR5+7(Ad26), whereas Ad5SHVREBR6) was affected
by the presence of FX but this was reduced comptredntrol Ad5 (Albaet al.,
2009). In vivo, all vectors showed substantially reduced livems$duction in
comparison to Ad5 after intravenous administrationmice (Albaet al., 2009).
Therefore, HVR5 and HVR7 of Ad5 are essential f&rifnding. However, it was
found that the Ad5HVR5(Ad26) and AdS5HVR5+7(Ad26) taions prevented
maturation of the vectors as they showed reducpdaity to transduce cells via the
fiber-dependent CAR-binding pathwayvitro (Alba et al., 2009).

To prevent alteration of the integrity of the vircepsid proteins, point mutations of
the amino acid residues in HVR5 and HVR7 of the Adon, thought to be
directly involved in binding to FX, were performedin combination with the point
mutations to the HVRs and alone, the amino acidlE&thich is in HVR7) was
changed to Q, the residue present in all non-FXdibm serotypes (Albat al.,
2009). Modification of key amino acids in HVR7 cpletely ablated FX binding
and the E451Q mutation showed decreased bindifgXt@Alba et al., 2009). All

point mutations demonstrated redudedvitro cell binding and transduction, and
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liver transductionin vivo was also markedly reduced compared to Ad5 (Atbal.,
2009). Therefore, this study ascertained not d@hé regions of the Ad5 hexon
which bound FX but determined specific amino a@didues responsible for this
interaction.

1.7.12 Host immune reactions

After administration of Ad vectors, a variety oftiaviral host immune reactions are
produced. Recognition of viral components by huettern-recognition receptors
(PRRs) induces the anti-viral innate immune respof@&neway and Medzhitov,
2002). Kupffer cells in the liver and other madrages rapidly sequester the vectors
(Lieberet al., 1997, Worgallet al., 1997) (Figure 1.5). Additionally, macrophages
in the spleen can trigger an lle-Imediated response to vectors containing the RGD
motif (Di Paoloet al., 2009a).

There is a broad prevalence of Ad5-specific neigiraj antibodies in the population
(Christet al., 1997, Sprangerst al., 2003, Vogelst al., 2003, Sumidat al., 2005,
Abbink et al., 2007, Parkeet al., 2009). These are naturally occurring antibodies
associate with the virus capsid and prevent trartgzuin vivo (Kuriyamaet al.,
1998, Stallwoockt al., 2000, Sprangerst al., 2003). Interaction with neutralising
antibodies then leads to rapid clearance of thesiChristet al., 1997). Therefore,
the adaptive immune system poses a barrier to seeofi gene therapy vectors.
Polyethylene glycol (PEG) and the hydrophilic pogmHPMA have been used to
coat the adenoviral capsid to physically shieldwbetor from being recognised by
both antibody-mediated and innate immune systenthisithas led to a reduction in
the efficiency of transduction by the vector (Ceowt al., 2005, Etoet al., 2005,
Mok et al., 2005, Carlislest al., 2009). However, one study has shown that PEG
modification of Ad5 prevented interaction of thecie with platelets and blood
cells, attenuating the threat of thrombocytopeoimgulation and spenomegaly seen
with control Ad5, and did not show a reduction imef transduction in mice
(Hofherret al., 2007).

Ad5 also can produce an overall toxicity profilehagh doses which has led to a well

publicised fatality (Rapeet al., 2003). Activation of the immune system due to
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interaction of Ad5 with both antibodies and the pbement system can lead to
cytokine release, resulting systemic inflammat@gponse syndrome which can be
fatal to the host (Schnedt al., 2001, Loziert al., 2002, Morralet al., 2002, Raper
et al., 2003). Additionally, the recently terminated $THrial, which was a
vaccination study in the clinic for HIV, suggestdtht Ad5-based strategies may
enhance infection rates in subjects with pre-engstintibodies (Perreatal., 2008).
However, this has been recently refuted (Hutreickl., 2009, O'Brieret al., 2009).

A better understanding of the basic virus:hostrattéons will enable the generation
of safer vectors more suited to intravenous adrmatisn with greatly improved

targeting capacity and dose limiting toxicities.

1.7.13 Future of gene therapy with adenoviruses

Although the mechanism of infection by Adbvitro andin vivo is now known, the
effective use of Ad5 vectors is, however, severempered by a number of
problems. Local delivery of Ad vectors often eliraie or substantially restrict the
dissemination of the vector to distant, non-targiggs as the vector has not been
exposed to the bloodstream. However, leakage caorocand accumulation of
vectors in other non-target organs, especiallyitte, is an important constraint on
safety (Wanget al., 2003).

Therefore, the future of systemic, non-hepatic gieeapy should be based on Ad5
vectors designed to block the hexon-FX interactiofocus on Ads that offer no FX
interaction and have a low seroprevalance withaesfp pre-existing antibodies in
the human population (Robessal., 2006, Abbinket al., 2007). This would allow
intravenous administration of gene therapy vectatsout liver tropism, due to the
FX interaction, and with possibly reduced toxiceets. Additionally, the liver de-
targeted vectors could be retargeted to selectésiared tissues, potentially realising
one of the goals of gene therapy; the targetedsatettive use of oncolytic Ads to

eliminate metastatic disease.
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1.8 Aims of thesis

The principle aim of this thesis was to investigateans of producing targeted
delivery of biological agents, which includes baqtleptides and gene delivery
systems (recombinant adenoviral vectors). This datded into two separate
studies: targeting an anti-oxidant to the vascuéata improve its potential and the
investigation of the influence of blood coagulati®X onin vivo targeting by Ad35
and chimeric Ad5/Ad35 vectors. This was achievédough the following

techniques:

* Invitro andin vivo evaluation of candidate vascular and cardiac tenge
peptides through phage display for cardiac-speeiffidothelial markers in the

stroke prone spontaneously hypertensive rat (SHRSP)

» Comparison of the benefit of vascular targeting #rgi-oxidant peptide
gp91dsinvivo in the SHRSP.

» Evaluation of the interaction between Ad35 and dlooagulation FX.

« Evaluation of the influence of FX on binding, imalisation, trafficking and
transduction of Ad35 and chimeric Ad5/Ad35 vectarsitro.

» Evaluation of the influence of FX on specific orgamgeting by Ad35 and

chimeric Ad5/Ad35 vectorm vivo in CD46 transgenic mice.
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2.1 Materials

2.1.1 Chemicals

All chemicals, unless otherwise stated, were obthiftom Sigma-Aldrich (Poole,
UK) and were of the highest grade obtainable. @&ll culture reagents were
obtained from Gibco (Paisley, UK) unless othervat#ed. Dulbecco’s calcium and
magnesium free phosphate buffered saline (PBS)abtsined from Lonza (Basal,
Switzerland). Peptides were synthesised by andhirdd from Peptide 2.0
(Chantilly, VA, USA).

2.2 Methods

2.2.1 Tissue culture

All tissue culture was performed in sterile coratis using biological safety class Il
vertical laminar flow cabinets. Cells were grown37°C incubators maintained at
5% CQ, 95% air. Cell lines and media used are detailéchble 2.

2.2.2 Maintenance of established cell lines

Cells were grown as a monolayer and media wasnispied every 3-4 days. Cells
were routinely passaged at approximately 80% cenfie to prevent overgrowth
and loss of surface contact. To passage, celle wershed twice in PBS and
incubated in 3 ml of trypsin-ethylenediamine tedratic acid (trypsin-EDTA,

Gibco, Paisley, UK) for approximately 5 minutes3@fC or until the majority of the

cells had detached from the flask. The actiomygdsin-EDTA was then prevented
by the addition of 5 ml complete media. Cells wpedleted by configuration at
1500 rpm for 5 minutes and resuspended in compiettia for passaging or plating.
Before plating cells were counted using a haemaogter to ensure the required

seeding density.
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Cell Type Description Gomposition of Cell Culture Med ia Used

Chinese hamster ovary cells
CHO-BC1 stably transfected with an isoform Dulbecco's Modified Eagle Medium (DMEM)/F-12 media supplemented
CHO-BC2 of human CD46 or control . : :

o with 10% (v/v) fetal calf serum (FCSPAA Laboratories, Yeovil, UK), 2
CHO-C1 plasmid (gift from Prof. J. : - )
. . . .. |mM L-glutamine, 1% (v/v) penicillin, 100 pg/ml streptomycin and 500

CHO-C2 Atkinson, Washington University /mi geneticin (G-418)
CHO-WTR School of Medicine, St Louis, Hgimtg '

MO, USA)

Human breast ductal carcinoma [|RPMI 1640 media supplemented with 10% (v/v) fetal calf serum, 2 mM
MDA-MB-435 |cell line (National Institutes of L-glutamine, 1% (v/v) penicillin, 100 pug/ml streptomycin, 250 pg/ml

Health [NIH]) amphotericin B (fungizone) and 0.01 mg/ml gentamicin.

Rat glomerular endothelial cell

Iln_e (Deuts_che Sammiung von DMEM supplemented with 10% (v/v) fetal calf serum, 2 mM L-
RGE Mikrooganismen and Zellkulluren lutamine, 1% (v/v) penicillin and 100 pg/ml streptomycin

GmbH [DSMZ, Braunschweig, 9 » =70 P H9 P yein.

Germanyy])

Human ovarv adenocarcinoma RPMI 1640 media supplemented with 10% (v/v) fetal calf serum, 2 mM
SKOV-3 : y L-glutamine, 1% (v/v) penicillin, 100 pug/ml streptomycin, 250 pg/ml

cell line (NIH) - : -

amphotericin B (fungizone) and 0.01 mg/ml gentamicin.

Human breast ductal carcinoma RPMI 1640 media supplemented with 10% (v/v) fetal calf serum, 2 mM

T-47D L-glutamine, 1% (v/v) penicillin, 200 pug/ml streptomycin, 250 pg/ml

cell line (NIH)

amphotericin B (fungizone) and 0.01 mg/ml gentamicin.
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2.2.3 Cryo-preservation and recovery of cultured ce Il lines

Cells were harvested as described above and resileghén 2 ml complete media
supplemented with 10% dimethyl sulphoxide (DMSQO) pel50 cell culture flask of
cells (5% DMSO for cancer cell lines). 1 ml of tbell suspensions was aliquoted
into cryo-preservation vials and cooled at a cortstd°C/minute to -80°C using
isopropanol. Vials were then stored indefiniteiyliquid nitrogen. Cryo-preserved
cells were recovered by thawing at 37°C and thetinadthem drop-wise to 10 ml
complete media. Cells were then pelleted by caoméiton at 1500 rpm for 5
minutes and resuspended in complete media and a@dded-25 cell culture flask.

Cells were incubated overnight at 37°C and the eneddanged the following day.

2.3 Determination CAR and CD46 level of cell

lines

The three cancer cell lines used in this study, MB-435, SKOV-3 and T-47D,
were identified and obtained from the NCI60 datab@mtp://dtp.nci.nih.gov). This
database also provides information on the relatexels of molecular targets
expressed by these cancer cell lines. CAR and QRMA and protein expression
levels were confirmed by TagMan gquantitative PCRGR) and western blotting,

respectively.

2.3.1 RNA extraction

Total RNA was extracted from the cancer cell linesng the RNeasy Mini Kit
(QIAGEN, Crawley, UK) as per manufacture’s instians. Briefly, one T-150 cell
culture flask of cells was trypsinised as descrilzadl cells were pelleted by
configuration at 1500 rpm for 5 minutes. 6@Gbuffer RLT was added to the cell
pellet and vortexed to disrupt the cells. BuffelLTR contains guanidine
isothiocyanate which immediately inactivates RNategnsure isolation of intact
RNA. To ensure complete homogenisation of the $anitpvas also passed through
a blunt 20-gauge needle five times. @000% ethanol was added to the lysates to

ensure ideal binding conditions. 7QDof the lysate was loaded onto the RNeasy
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Spin Column. Samples were centrifuged at 8000 forgl5 seconds at room
temperature to allow the RNA to bind to the silgel-membrane of the spin column.
This was repeated until the entire lysate had lzekted to the spin column. The
spin column was then washed with 7dMuffer RWT and centrifuged at 8000 x g
for 15 seconds at room temperature. This wasvi@tbby two wash steps with 500
ul buffer RPE, the first wash centrifuged at 8000y Xor 15 seconds at room
temperature and the second wash centrifuged at 80@0or 2 minutes at room
temperature.  Finally the RNA was eluted in 30 RNase-free water by
centrifugation at 8000 x g for 1 minute. The etuRNA was then passed through
the spin column again to increase the RNA yielche fuantity of RNA in each
sample was quantified by NanoDrop (ND-1000 spetiopmeter [Labtech

International, Ringmer, UK]).

2.3.2 DNase treatment of RNA

DNase digestion is required for RNA applicationsickhare sensitive to DNA
contamination (e.g. qPCR analysis). DNase treatn®@nRNA samples was
performed using the TURBO DNA-free™ (Ambion, TX, A)S For a 40ul RNA
sample, 4.511 10 x TURBO DNase Buffer and @l TURBO DNase (2 Uil) was
added. After incubation at 37°C for 30 minuteg) BNase inactivation reagent was
added and incubated for 2 minutes at room temperatirhe sample was then
centrifuged at 13000 rpm for 2 minutes at room terafure and supernatant kept as
a DNA-free RNA sample, stored at - 80°C.

2.3.3 cDNA synthesis

One pg RNA was used to synthesis cDNA using Advantagef®IPCR Kit
(Clontech, CA, USA) as per manufacture’s instrutsio Briefly, 1ug RNA samples
were diluted to a total volume of 12\6 and 1ul random hexamer primer was
added. Samples were then incubated at 70°C forirites before placing the
samples on ice. To each RNA sampleyl & x reaction buffer, ul dNTP mix (10
mM each), 0.5 recombinant RNase inhibitor andulLMMLYV reverse transcriptase

was added and mixed by pipetting. The samples wereated at 42°C for 1 hour
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to allow cDNA synthesis to occur and then heate84C for 5 minutes to stop the

cDNA synthesis reaction and to destroy any DNasgigc

2.34 TagMan gPCR

TagMan gPCR was used to quantify the relative coimagon of CAR and CD46
RNA present in each of the cancer and CHO cellslineThis quantitative
measurement is based on the detection of a flueméssignal produced
proportionally during amplification of a PCR producThe amount of fluorescence
released during the amplification cycle is proporél to the amount of product
generated in each cycle and can be measured direattquisition of data occurs
when PCR amplification is in the exponential phasthe Power SYBR Green
detection system (Applied Biosystems, Warringtoik) Was used. Power SYBR
Green PCR master mix with 300 nM CAR or CD46 presnéCAR: forward 5'-
CTCCAAAGAGCCGTACGTCC-3' and reverse 5-AGTCTTGGAATIACTTC-
CATGTTG-3, CD46: forward 5-TTGCTGTTGATTGTACCAAGGE' and
reverse 5-ACTGCTTGGCTAAGGGACTCAG-3’) were used amplify CAR or
CD46 cDNA. The following conditions were used: demation — 95°C for 10
minutes; amplification — 95°C for 15 seconds; afinga— 60°C for 1 minute
(repeated for 50 cycles); dissociation — 95°C férskconds, 60°C for 15 seconds
and 95°C for 15 seconds. CT values were usedcertas the levels of CAR and

CD46 present in the cell lines relative to eactenth

2.3.5  Western blotting

To determine the relative expression levels of C&il CD46 in the cancer cell
lines, sodium dodecyl sulphate polyacrylamide d¢edteophoresis (SDS-PAGE) and
western blotting were performed. To separateweisoforms of CD46, which are
56 and 66 kDa, respectively, and CAR, which is akiia protein, reducing
conditions and a 12% polyacrylamide gel (containd@o (v/v) polyacrylamide
(30%), 11.25 mM Tris pH 8.8, 0.1% (v/v) SDS, 3(@0ammonium persulphate
(APS) and 3Qu N,N,N’,N'-tetramethylethylenediamine (TEMED)) were used.
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Cells were harvested and lysed in 0.2% triton X:10®Bamples were also
freeze/thawed and passed through a blunt 20-gaegdlen five times to produce
complete lysis of the cells. Protein concentraticas determined by bicinchoninic
acid (BCA) assay (Perbio Science, Cramlington, @K)described below (Section
2.3.5.1). Protein samples were diluted to the semneentration in a total volume of
50 pl and mixed with 2 x reducing loading dye (125 mMsTpH 6.8, 4% (v/v) SDS,
10% (v/v) glycerol, 0.006% (w/v) bromophenol bluenda 2% (v/v) B-
mercaptoethanol). The samples were then heat€db1G for 5 minutes before
loading onto the gel. 4Ql rainbow ladder (Amersham Bioscience UK Ltd,
Buckingham, UK) was also added to the gel as a emagk protein size. Samples
were electrophoresed at 200 V in running buffe@Z6.M Tris-HCI, 0.2 M glycine,
0.001 M SDS) for approximately 6 hours to achiexgasation of the CD46 isoforms

on the gel.

Proteins were transferred onto Hybond-P membraneeg8ham Bioscience UK Ltd,
Buckingham, UK) overnight at 0.9 mAmps at 4°C iansfer buffer (0.025 M Tris,
0.2 M glycine, 20% (v/v) methanol, 0.01% (v/v) SDSThe membrane was then
blocked in 10% (w/v) fat-free milk powder in TBS{I50 mM NaCl, 50 mM Tris,
0.1% (v/v) Tween-20) for 2 hours with shaking. TThembrane was incubated for 1
hour at room temperature with a 1:500 dilution Iocking solution of either the
anti-CD46 antibody (H-294 clone; Santa Cruz Biotealbgy Inc., Santa Cruz, CA,
USA) or the anti-CAR antibody (RmcB clone; Upstdteke Placid, NY, USA).
The membrane was washed by two 5 minute washesoakibg solution before
addition of the secondary antibodies. A 1:200Qutdih of swine anti-rabbit
horseradish peroxidase (HRP) antibody (Dako, Dek)riarblocking solution was
used for the anti-CD46 membrane and a 1:1000 diiudif rabbit anti-mouse HRP
antibody (Dako, Denmark) was used for the anti-OABmbrane. Both secondary
antibodies were incubated with the membrane foodr fat room temperature. The
membrane was then washed with four 15 minute washiglecking solution with an
addition two 15 minute washes with TBS-T. Proteinsre visualised using
enhanced luminol-based chemiluminescent (ECL) tietecsystem (Amersham
Bioscience UK Ltd, Buckingham, UK) as per the maoctdire’s instructions.
Briefly, equal quantities of the two solutions fratme ECL kit were mixed and

poured onto the membrane. After one minute, tlteeex ECL was drained off and
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films were exposed for overnight to determine thespnce of the CD46 or CAR

proteins.
2.3.5.1 Determination of protein concentration

Protein concentrations of the cell lysates werentified by BCA assay (Perbio
Science, Cramlington, UK) as per the manufacturessuctions. A standard curve
was generated using dilution of bovine serum allu(BSA) ranging from 2000
ug/ml to 25ug/ml. PBS was used as the blank control. glb6f BCA working
reagent was added to 25 of the cell lysate or standard in duplicate i9&well
plate. The plate was then incubated at 37°C fom@tutes. The absorbance was
measured at 570 nm using a Wallac VICTFQRite reader (Wallac, Turku, Finland).

2.4 Administration of fluorescently-labelled

peptides to RGE cells

RGE cells were seeded in 96-well plates at a sgetbnsity of 1x18cells/well and
incubated overnight at 37°C to produce 70-80% cmmite. Peptides were added to
the cells in concentrations ranging from 1 — 1@@ol/I in 300ul of complete media.
Peptides were allowed to incubate with the cell87&C for 10 minutes. The cells
were washed with PBS and complete media was add#thsimages could be taken

using a fluorescence microscope.
2.5 Preparation of plasmid DNA

An ampicillin containing agar plate was streakedhwbacteria containing the

plasmid DNA to be amplified from a glycerol stoakdaincubated overnight at 37°C.
A single colony was then picked from the plate asdd to inoculate a starter culture
of 10 ml luria broth (LB) containing ampicillin. HE starter culture was incubated in
an orbital shaker for 8 hours at 37°C and 180 rprhe cloudy starter culture was
then added to 500 ml LB in a 2 | flask and incudatean orbital shaker overnight at
37°C and 180 rpm. The bacterial cells were haeeeby centrifugation at 6000 x g

for 15 minutes at 4°C.
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The plasmid DNA was extracted from the bacteringighe Plasmid Maxi Kit
(QIAGEN, Crawley, UK) as per manufacture’s instrans. Briefly, the bacterial
pellet was re-suspended in 10 ml of the lysis Bufgé. Buffer P1 contains Tris and
EDTA. EDTA chelates divalent metals (primarily magium and calcium).
Removal of these cations destabilises the cell mang) producing lysis of the
bacterial cells, and also inhibits DNases. In @oldj Buffer P1 also contained
RNase A (a ribonuclease to degrade RNA). 10 mBuoffer P2 was added, the
solution mixed thoroughly by inverting 4-6 timesdancubated at room temperature
for 5 minutes. Buffer P2 contains sodium hydroxael SDS. SDS is a detergent
which produces holes in the cell membranes andusotiiydroxide loosens the cell
walls. This results in release of plasmid DNA afteared cellular DNA from the
cells. Sodium hydroxide also denatures the DNAdpcing linearisation of cellular
DNA and separation and the strands are separatsdplasmid DNA is circular, it
remains topologically constrained. 10 ml of Buffe3 was added (chilled to 4°C),
the solution mixed thoroughly by inverting 4-6 tisnand incubated on ice for 20
minutes. Buffer P3 was a neutralisation buffertaonng potassium acetate and
allows precipitation of genomic DNA, proteins, caédibris and KDS (combination of
acetate and SDS). The circular plasmid DNA is afowed to renature. The
solution was then centrifuged at 20000 x g for 30utes at 4°C and the supernatant
containing the plasmid DNA was removed. A QIAGHpPI400 was equilibrated by
addition of 10 ml Buffer QBT. The column was alledvto empty by gravity flow.
The supernatant was applied to the anion-exchang&EN-tip and allowed to
enter the resin by gravity flow where the plasmidMselectively binds under low-
salt and pH conditions. The QIAGEN-tip was thershed twice with 30 ml Buffer
QC, which was a medium-salt wash to remove RNAtgins, metabolites and other
low-molecular-weight impurities. The plasmid DNAaw then eluted from the
QIAGEN-tip by addition of 15 ml Buffer QF, a higlas buffer. As DNA is
negatively charged, the addition of salt masks ¢harges and allows DNA to
precipitate. The plasmid DNA was then concentrated desalted by isopropanol
precipitation. 10.5 ml of isopropanol was added the plasmid DNA and
centrifuged immediately at 15000 x g for 30 minuast°C. The supernatant was
then removed, the pellet washed by addition of 5 #0% (v/v) ethanol and
centrifuged at 15000 x g for 10 minutes. The soant was removed and the
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pellet air-dried for 5-10 minutes. The plasmid DMAs then re-dissolved in 2Q0
TE buffer before quantification of yield by Nanopro

2.6 Transfection methods

Transfection of peptide receptor plasmids into R@ls was performed using either
Lipofectamine™ 2000 Transfection Reagent (Invitrpg€arlsbad, CA, USA) or
FUGENE® 6 Transfection Reagent (Roche Applied Smeindianapolis, IN, USA)
as per the manufacture’s instructions and briefygatdibed below. Transfection
procedures were optimised in RGE cells using amecdd green fluorescent protein
(eGFP) expression plasmid, which would allow deteation of transfected cells

after viewing with a fluorescence microscope.

2.6.1 Transfection optimisation using Lipofectamine ™
2000

Lipofectamine™ 2000 reaction complexes were geadratith a DNA (ig) to
Lipofectamine™ 2000y() ratio of 1:1, 1:2, 1:3 and 1:4 in Opti-MEM® | 1gan free
media. 2ug DNA was diluted in 5Qu of Opti-MEM® | serum free media and
mixed gently by pipetting. In a separate Eppenddr#i, 6 or 8 Lipofectamine™
2000 was diluted in 501 of Opti-MEM® | serum free media and incubated@im
temperature for 5 minutes. The diluted DNA andutéitl Lipofectamine™ 2000
were combined and incubated at room temperaturddfaninutes. Lipofectamine™

2000 only, DNA only and no transfection complex trols were also performed.

2.6.2 Transfection optimisation using FUGENE® 6

FUGENE® 6 reaction complexes were generated wiliNA (ug) to FUGENE® 6
(ul) ratio of 1:1, 2:3, 1:2 and 2:9 in Opti-MEM® | sen free media. Ag DNA was
diluted in 20ul of Opti-MEM® | serum free media and mixed genily pipetting.
In an Eppendorf, 2, 3, 6 ori® FUGENE® 6 was diluted in 1040 of Opti-MEM® |
serum free media and incubated at room temper&dugeminutes. The media must
be added to the tubes first to prevent interactietween the plastic tube and
FUGENE® 6. The diluted DNA and diluted FUGENE® @re combined and
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incubated at room temperature for 45 minutes. FANEB& 6 only, DNA only and no

transfection complex controls were also performed.
2.6.3  Transfection of RGE cells

RGE cells were seeded in 12-well plates at a sgedémsity of 1.5x1Dcells/well
and incubated overnight at 37°C to produce 70%laente. Transfection protocol
was performed with receptor expression plasmidslis@vere washed with PBS and
500 pl Opti-MEM® | serum free media was added to eachi.w&he transfection
reagent and plasmid DNA reaction mixtures were ddabeindividual wells and
mixed by gently by rocking the plate back and for&fter 4-6 hours, 2 ml complete
media was added to the cells. The cells were kbigrovernight before the media
was changed and 48 hours after addition of tratisfeceagent reaction mixture the
presence of transgene expression was determinedibse§uent transfection

experiments were performed with a 1:1 ratio of DtéA.ipofectamine™ 2000.

2.6.3.1 Administration of fluorescent-labelled pept ides to transfected
RGE cells

RGE cells were seeded in 96-well plates at a sgattnsity of 1x1bcells/well and
incubated overnight at 37°C to produce 70-80% cmmite. 5QuM peptides were
added to the cells in 300 of complete media. Peptides were allowed to lrate
with the cells at 37°C for 10 minutes. The cellsrev washed with PBS and
complete media was added so that images could Ken tasing a fluorescence

microscope.

2.7 Production of adenoviruses

2.7.1 Production of full serotype adenoviruses

Full serotype recombinant adenoviral vectors Ad8 &a35 were obtained from
Crucell (Leiden, Netherlands) as part of a matsrighnsfer agreement and were
used to produce high titre stocks in house (Tahle lDw passage 293 cells were

grown to 80-90% confluence before infection witmaltiplicity of infection (MOI)
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of approximately 1 plaque forming unit (pfu)/cellAfter 3-4 days the cytopathic
effect of the vector caused the cells to detacinftbe tissue culture flask. The
media containing the cells was collected and thés ceere harvested by
centrifugation at 2000 rpm for 10 minutes at roemperature. The supernatant was
discarded and the pellet resuspended in 8 ml of PESequal volume of Arklone P
(trichlorotrifluoroethane) was added and after mi@n of the falcon tube for 10
seconds and gentle shaking for 5 seconds, the@olwas centrifuged at 3000 rpm
for 10 minutes at room temperature. The top agsiderer was removed and stored

at -80°C until purification by CsCI gradient

2.7.2 Production of pseudotype adenoviruses

Pseudotype recombinant adenoviral vectors Ad5/f&@bAd5/p35/f35 were obtained
from Crucell as part of a materials transfer age@nand were used to produce high
titre stocks in house in the same way as aboveebenywith the addition of gg/ml
polybrene in the media (Table 3). Ad35/f5 was picatl in PER.C6 cells and was

obtained from Crucell as part of a materials tranafjreement (Table 3).

Virus Transgene Cell type and cor_]dmons for Original production
production

Ad5 Luciferase 293 cells Crucell (Leiden, Netherlands)
Ad5.eGFP FE)POT:;C(E}:GQ;?E}” fluorescent 1,93 cells Crucell

Ad5/f35 Luciferase 293 cells + 4 pug/ml polybrene |Crucell

Ad5/f35.eGFP |eGFP 293 cells + 4 pug/ml polybrene |Crucell

Ad5/p35/f35 Luciferase 293 cells + 4 pug/ml polybrene |Crucell

Ad35 Luciferase 293 cells Crucell

Ad35.eGFP eGFP 293 cells Crucell

Ad35/f5 Luciferase PER.C6 cells Crucell

Table 3 — Virus transgene and production conditions

All viruses were originally obtained from Crucelleiden, Netherlands) as part of a

materials transfer agreement and were used to pedaigh titer stocks in house.
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2.8 Adenovirus purification

Centrifugation on CsCI density gradients was usegurify and concentrate crude
adenoviral stocks. Ultra-clear centrifuge tubesedBnan Coulter Ltd,
Buckinghamshire, UK) were sterilised with 70% ethlaand then washed with
sterile water. A CsCI gradient was produced byuseatjally layering 2 ml of CsCl
with a density of 1.45 g/cin3 ml of CsCl with a density of 1.32 g/2rand 2 ml
40% glycerol. The crude adenoviral supernatant thaa added to the top of the
gradient and the remaining space was filled wittSPB'he tube was loaded into a
rotor and centrifuged at 25000 rpm for 1.5 hourd°& with maximum acceleration
and zero deceleration. Following centrifugationband containing the complete
adenovirus can be seen between the two CsCl layiéhis. was removed by piercing
the tube below the virus band using a 21 gaugeleesd removing the band in the
minimum volume and taking care to prevent disruptbthe other bands. Extracted
virus was transferred to a Slide-A-Lyzer DialysiasSette (molecular weight cut-off
of 10000) (Perbio Science UK Ltd., NorthumberlandK) for dialysis after
hydration of the cassette for 1 minute in dialygition. The virus was dialysed in
21 0of 0.01 M Tris pH 8 / 0.001 M EDTA for 2 hourafter which the buffer was
replaced and dialysis repeated overnight. Theebwifis changed and supplemented
with 10% (v/v) glycerol and dialysis was continued a further 2 hours. The virus

was then removed from the cassette, aliquoted @neldsat -80°C.
2.9 Determination of adenoviral particle titres

Particle titre of all adenoviral vectors was cadtatl based on the protein content of
the virus stock using a Micro BCA assay kit (Piefeeckford, IL, USA). Briefly,
eight BSA standards ranging from 20§/ml to 0.5ug/ml were prepared in PBS and
150 ul of each and 15@l of PBS as the blank was pipetted in duplicate at96-
well plate. 1, 3 and pl of virus were added in duplicate and each wel weade up
to a total volume of 150! with PBS. 15Qul of BCA working reagent was added to
each well and the plate incubated at 37°C for 2rdouThe absorbance was
measured at 570 nm using a Wallac VICTQiate reader (Wallac, Turku, Finland).

Background absorbance was subtracted from the sammpdl standards and the
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amount of protein present in each virus was thécutted from the standard curve.
The virus particle titre was then calculated usihg established formula: g
protein = 1x18viral particles (VP) (Von Seggest al., 1998).

2.10 Infection of cells with adenovirus

2.10.1 Adenovirus binding

Cells were seeded in 24-well plates at a seedimgigeof 2x16 cells/well and
incubated overnight at 37°C to produce 90-100%laente. Cells were transferred
to ice-cold serum-free media + @/ml FX (1 IU/ml, Cambridge Biosciences,
Cambridge, UK) or serum-free media + FX and FX bigdprotein, X-bp (15
ug/ml). X-bp was pre-incubated with FX for 30 miaftre adding to cells. Virus
was diluted in PBS and added at 1000 VP/cell plitéte and cells were incubated
at 4°C for 1 hour. The cells were then washed:@dold PBS and the wells were
scraped to remove the cells in 50D PBS into a 1.5 ml Eppendorf. The cell
suspension was then centrifuged at 13000 rpm faoirutes at room temperature to
allow the cells to pellet. Supernatant was themawed and the pellet was
resuspended in 2Q0 PBS.

2.10.1.1 DNA extractions

Viral and total genomic DNA was isolated from eagtll of the adenoviral cell
binding experiment using the QIAamp DNA Mini Kit QGEN, Crawley, UK) as
per manufacturer’s instructions. Briefly, 20 proteinase K and 200l buffer AL
was added to each of the 20l0resuspended cell samples and vortexed. Buffer AL
contains chaotropic salts which allow the nucletida to be adsorbed onto the
silica-gel membrane of the QIAamp Spin Column as ¢haotropic salts remove
water from hydrated molecules in solution. Polgsecides and proteins do not
adsorb and are removed. Samples were incubat&@°@t for 10 minutes. 200l
100% ethanol was added to the samples, mixed ardttte complete sample was
loaded onto a QIAamp Spin Column. Samples weréribeged at 6000 x g for 1
minute at room temperature to allow the DNA to addsonto the silica-gel

membrane of the spin column. The spin column Wweas tvashed with 500 buffer
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AW1 and centrifuged at 6000 x g for 1 minute atmotemperature, followed by a
second wash step with 500 buffer AW2 and centrifuged at 16000 x g for 3
minutes at room temperature. Finally the DNA whsdeel in 50ul nuclease-free
deionised water by centrifugation at 6000 x g fanibute. The quantity of DNA in
each sample was quantified by NanoDrop (ND-100Qtspghotometer [Labtech
International, Ringmer, UK]).

2.10.1.2 TagMan gPCR

TagMan gPCR was used to quantify the number okwjjenome particles remaining
bound to the cells from the cell-binding experimenthe Power SYBR Green
detection system (Applied Biosystems, Warringtoi) Wwas used. Power SYBR
Green PCR master mix with 300 nM luciferase primefserward (5'-
GCCCGCGAACGACATTTATAAS) and reverse (5-
CGCAGTATCCGGAATGATTTG-3’), were used to amplify lierase DNA. The
conditions used were described previously (SectdB.4). A luciferase
quantification standard curve was produced froniakefilutions of Ad5 (16-10
VP). 50 or 100 nanograms (ng) total DNA was ugsecach reaction and total

adenoviral genomes were calculated using the SBSdttware.
2.10.2 Adenovirus internalisation

Cells were seeded in 24-well plates at a seedimgigeof 2x16 cells/well and
incubated overnight at 37°C to produce 90-100%loente. Cells were transferred
to ice-cold serum-free media + FX. Virus was ditliin PBS and added at 1000
VPI/cell in triplicate and cells were incubated &C4or 1 hour. Cells were then
incubated at 37°C for 1 hour to allow internalisatof the vectors. The cells were
then washed in glycine (0.2 M glycine, pH 2.2) fit®d min of ice, which was
neutralised with 1 M Tris, pH 8. The cells werentwashed in ice-cold PBS and the
wells were scraped to remove the cells in pOPBS into a 1.5 ml Eppendorf. The
cell suspension was then centrifuged at 13000 rm 5 minutes at room
temperature to allow the cells to pellet. Supemiatvas then removed and the pellet
was resuspended in 2Q0 PBS. Viral and total genomic DNA was isolated as

described above and gPCR was preformed.
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2.10.3 Adenovirus transduction

Cells were seeded in 96-well plates at a seedimgitjeof 4x1d cells/well and
incubated overnight at 37°C to produce 70-80% cmmite. Cells were transferred
to serum-free media +@/ml FX or serum-free media + FX and d&§/ml X-bp. X-
bp was pre-incubated with FX for 30 min before addio cells. Virus was diluted
in PBS and added at 1000 VP/cell in triplicate aells were incubated at 37°C for 3
hours. The cells were washed with PBS and compietgia was added. Cells were
incubated at 37°C for 72 hours.

2.10.3.1 Transgene quantification

Expression of luciferase transgene was quantifi@dgulLuciferase Assay System
(Promega, Madison, WI, USA) and recombinant lueier protein (Promega,
Madison, WI, USA) was used a standard. Briefljllsc&ere washed with PBS and
50 ul 1 x Reporter Lysis Buffer (5 x Reporter Lysis Barfstock solution, Promega,
Madison, WI, USA) was added. To ensure compleses lgf the cells, the plate was
also freeze/thawed. 1@ of each sample was transferred to a white 96-plalte
and 90ul 1 x Reporter Lysis Buffer was added to each wedtandard curves of
recombinant luciferase ranging from 0-100 pg/ml &nt pg/ml were produced and
100l of each dilution was added in duplicate. Luafsr Assay Buffer was added
to Luciferase Assay substrate and 10D was then added to each well
Luminescence was measured using a Wallac VICTPRte reader. Luciferase
activity was then normalised to total protein comtef the samples determined by

BCA assay producing relative light units per milfigh protein (RLU/mg protein).
2.10.3.2 Transduction in the presence of anti-CD46  antibody

Cells were seeded in 96-well plates at a seedimgityeof 4x1d cells/well and
incubated overnight at 37°C to produce 70-80% cmmite. Cells were transferred
to serum-free media + eithery/ml MEM258 mouse anti-human CD46 antibody
(AbD Serotec, Oxford, UK) or 100g/ml mouse immunoglobulin G (IgG) 1 control
(Dako, Denmark) 30 min before addition of the vird4rus was diluted in PBS and
added at 1000 VP/cell in triplicate and cells wierzibated at 37°C for 3 hours. The
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cells were washed with PBS and complete media wdeda Cells were incubated
at 37°C for 72 hours. Expression of the lucifermaasgene was then quantified and

normalised to total protein content.

2.10.4 Labelled vectors

Labelled adenoviral vectors were produced usingAlesa Fluor® 488 Microscale
Protein Labeling Kit (Invitrogen, Carlsbad, CA, UBAs per manufacture’s
instructions.  Briefly, the quantity of vector recpd was determined by the

following calculation, where MW is the molecular igfet:

([(ung protein/protein MW) x 1000] x dye:protein molatio) = ul of dye required
Concentration of the dye provided in the kit (1ArBol/juL)

The molecular weight of an Ad is 150X1Da and the volume of the dye provided in
the kit was 9ul. To produce a sufficient percentage of labeliedhon-labelled
vectors, the dye:protein molar ratio attempted W86%. After calculation, this
meant that 15255Qg of protein was required for the labelling reactioAs 1ug
protein = 1x10 VP using the established formula (Von Seggetral., 1998), this
meant that 6.1x10 VP were required for each labelling reaction. Ttume of

each vector required for addition to the labelliagction was then calculated by:
6.1x10%viral titre peryl

The calculated volume of vector, including a 20%ess, was transferred to a Slide-
A-Lyzer Dialysis Cassette (molecular weight cut-off10000) (Perbio Science UK

Ltd., Northumberland, UK) for dialysis after hydaat of the cassette for 1 minute in
dialysis solution. The virus was dialysed in X IRBS pH 7.4 overnight to remove

the glycerol in which the vector was stored. Tleetar was removed from the

cassette and the calculated volume of vector waledido the reaction tube

(Component C) supplied by the kit. A 1 M sodiuncasbonate solution (pH 8.3)

was prepared by addition of 1 ml of deionised watas added to the vial of sodium
bicarbonate (Component B). A 1/10 volume of 1 Mism bicarbonate was added
to the reaction tube and mixed by pipetting up don several times. Immediately
before use, 1QI of deionised water was added to one vial of Alekaor® 488 TFP
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ester (Component A) and pipetted up and down tarrenthe contents of the vial
were completely dissolved. @ of the reactive dye solution was added to the
reaction tube and was mixed thoroughly by pipettipgand down several times.

The reaction mixture was incubated at room tempegdor 15 minutes in the dark.

The labelled vector was then transferred to a nielysis cassette (molecular weight
cut-off of 10000) for dialysis after hydration dfet cassette for 1 minute in dialysis
solution. The virus was dialysed in 2 | of 0.01Tvs pH 8 / 0.001 M EDTA for 2
hours, then the buffer was changed and supplemavitadl0% (v/v) glycerol and
dialysis was continued for a further 2 hours. dradysis was performed in the dark.
The virus was then removed from the cassette, @tiégliand stored at - 80°C

wrapped in tin foil to protect from the light.
2.10.4.1 Cell trafficking with labelled vectors

SKOV-3 cells were seeded in 6 well plates at 5xdélis/well on coverslips and
incubated overnight at 37°C to produce approxingad@P6 confluence. Cells were
transferred to serum-free media 1@§ml FX. Virus was diluted in PBS and added
at 10000 VP/cell in duplicate and cells were indatdaat 4°C for one hour. The cells
were then either immediately washed in PBS andifire4% paraformaldehyde for
5 minutes at room temperature or fixed after intiolbaat 37°C for 15 minutes, one
hour or three hours. The coverslips were then weadrom the plates and mounted
cell side down on slides in ProLong® Gold Antifatkeagent with DAPI to
counterstain the nuclei of the cells. The mountagent was allowed to set

overnight before viewing on the confocal microscope
2.11  Surface plasmon resonance (SPR)

SPR analysis was performed using a Biacore T100H&&thcare, Little Chalfont,
UK) as described (Parket al., 2006). Briefly, virus was biotinylated using feul
NHS-LC-biotin (Pierce, Rockford IL) according toetimanufacturer’s instructions.
Virus was covalently immobilized onto the flowcelfl a streptavidin biosensor chip
(SA, Biacore) according to the manufacturer’s mstions. Immobilisation of the
virus by biotinylation was chosen as it can be kaletd to give a very low
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incorporation of biotin, with hopefully only 1-2 rexules per virus particle. The
immobilisation densities of the viruses were: Ad5460 response units (RU),
Ad5/f35 — 132 RU, Ad5/p35/f35 — 198 RU, Ad35 — 1R8 and Ad35/f5 — 310 RU.

FXin 10 mM HEPES pH 7.4; 150 mM NacCl; 5 mM Cg@.005% Tween 20 was
passed over the chip at a flow rate of 30 pl/mi®ensorchips were regenerated
between FX application by injection of 10 mM HEPRES 7.4; 150 mM NaCl; 3
mM EDTA; 0.005% Tween 20. Kinetic analysis wasfpened in triplicate using
FX concentrations in the range 108 to 0.05 pg/md. amalysed using Biacore T100
Evaluation software using either a 1:1 or heterogeriigand model. Non-specific
binding was determined by examination of FX bindiaga flow cell with no virus
immobilised. FX showed no non-specific bindinghe flow cell over the range of

FX concentrations used.

Immobilisation of FX on the chip, instead of immiidation of the virus, was
attempted but this method only yielded binding dhuie to the 240 binding sites for
FX on the virus particle. The avidity of this irdetion is so tight that no
dissociation of FX from the virus particle was a¢é¢el. Therefore, for determination
of association rate, dissociation rate and equilibrdissociation constants the virus

particle was immobilised on the chip.
2.12 Phage methods

Phage experiments were carried out using T7Selgdi4phage display system
(Novagen, EMD Biosciences, Darmstadl, Germany),ctvhiused the T7 capsid
protein to display peptides on the surface of thage. All candidate peptide-phage
and a non-recombinant control phage (with no peptidertion) were obtained as a
gift from Professor E. Ruoslahti (Burnham Instifufanta Barbara, CA, USA).
Candidate peptides had been isolated by three sooiskelection ox vivo murine
heart cells, followed by three rounds of seleciiowivo (Zhanget al., 2005). All
phage amplification and titration was performechgdtscherichia coli strain BL21

(Novagen, EMD Biosciences, Darmstad|, Germany).
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2.12.1 Amplification of phage

Phage were amplified using the liquid lysate angaifon protocol as described in
the Novagen T7 Select system manual. Briefly,n@lei BL21 colony was picked
from a freshly streaked plate and amplified ovdrhig 25 ml MOLB (1.25 ml 20x
M9 salts [20 g/l NHCI, 60 g/l KH,PO,, 120 g/l NaHPO,.7H,QO], 0.5 ml 20%
glucose, 251 1M MgSQ,, 25 ml LB) in an orbital shaker at 37°C and 18thrp5
ml of the overnight culture was added to 500 mlibB 2 | flask and incubated for
approximately 3 hours at 37°C in an orbital shaket80 rpm. The absorbance of
the culture was read at intervals until the optidahsity reached 600 nm (@49
0.5-1.0. Separately, 51 phage was added to 5 ml of the overnight culiame
grown until lysis had occurred. This was then aldtbethe 500 ml culture and was
incubated with shaking at 37°C for 1-3 hours um#ll lysis had occurred as
determined by an QOfy of less than 0.5. 10% (v/v) 5 M NaCl was addedh®
culture, which was then centrifuged at 8000 x glfdrminutes to remove cell debris.
The supernatant was transferred to a sterile bétigpolyethylene glycol (PEG-

8000) precipitation.
2.12.2 Purification of phage

1/6" volume of 50% (v/iv) PEG-8000 was added to the swgiant and thoroughly
mixed before incubating at 4°C overnight. The soptant was then centrifuged at
3185 x g for 30 minutes at 4°C. The pellet wasuspended in 2 ml TBS and
transferred to microcentrifuge tubes where™y®lume of 20% PEG-8000/2.5M
NaCl was added to the phage and left overnighf@t 4rhe phage was centrifuged
for 30 minutes at 12600 x g and 4°C and the pefletispended in 1 ml TBS and left
on ice for 1 hour prior to centrifugation for 10mates at 12600 x g and 4°C. The
pellet was resuspended in 1 ml 0.02% MaMd left at room temperature for 20
minutes before a further centrifugation of 10 mewtat 12600 x g and 4°C.

Supernatants were then pulled and stored at 4°C.

64



Chapter 2 — Materials and Methods

2.12.3 Determination of phage titre

To determine the titre of the phage stocks produeedingle BL21 colony was
picked from a freshly streaked plate and amplifiedernight in 25 ml LB
supplemented with 5 ml M9 salts, 2 ml 20% glucosé @.1 ml 1 M MgSQ@ in an
orbital shaker at 37°C and 180 rpm. The cultures widuted to an OEyo of
approximately 1. LB plates were pre-warmed in &C37ncubator and serial
dilutions of phage were made in LB (i 10°%). Agar tops (10 g/l bactrotyptone, 5
g/l yeast extract, 1 g/l MgCL.6}®, 7 g/l agarose) were melted and 3 ml aliquots
made and placed in a 50°C water bath. @56f culture was added to 20 of each
dilution of phage and incubated together for 10utes at room temperature. This
was then added to an aliquot of agar top and poargéd an LB plate. Once set
plates were inverted and left at room temperatusgroght. The number of plaques
at each dilution were counted and used to calcwat@average titre for the phage

stock using the formula:

Phage titer (pfu/ml) = Number of plagues x dilutfactor x 50
2.12.4  Extraction of phage from tissues

Phage was also extracted from approximately 25 friggsue from selected organs.
Tissues were placed into 2 ml microcentrifuge tubesataining 1 ml ice cold
DMEM-PI (DMEM  supplemented with 1% (w/v) BSA, 1 mM
phenylmethanesulfonyl fluoride (PMSF), |{lg/ml leupeptin, 2ug/ml aprotinin).
Tissues were homogenised in a Tissuelyser (QIAGEIdwley, UK) by performing
two 3 minutes runs at 25 Hz. Leupeptin, PMSF apobtiin inhibit proteases,
serine proteases and trypsin, respectively, prevgmkegradation of proteins in the
homogenate. 66l of 1% non-ident P40 (NP40) was added to each lyemate and
incubated on ice for 5 minutes to disrupt the clasmic membrane of the cells.
This was followed by the addition of 201% NaN; and samples were stored at 4°C

for up to 5 days before titration.

65



Chapter 2 — Materials and Methods

2.13  Preparation of osmotic mini-pumps

The 2ML4 osmotic mini-pumps (Alzet, CA, USA) welileld as per manufacture’s
instructions. Briefly, the reservoir of the minikpps was required to be 90% filled
to ensure optimum operating efficiency and the eotration of the peptide solution
depended on the weight of the rat and the relestseof the mini-pump. Animals
were administered 10 mg/kg/day peptide and the gumgxe filled with enough
peptide for 29 days of administration to ensurer 3@% filling. Peptides were
diluted to a 350 mg/ml stock solution in DMSO feoraige and the required further

dilution with deionised water was calculated frdm formula:

Mass delivery ratep@/hour) = concentration of peptideg{ul) x volume delivery
rate {u/hour)

Therefore, for a 225 g rat, required administratae = 2.25 mg/day
(2.25 mg/day x 29 days) / 350 mg/ml = 18gl4peptide + 1658l dH,0

Mini-pumps were filled the day before implantati@nd incubated overnight at 37°C
in isotonic saline to ensure that the pumping tetd reached a steady state before

implantation.
2.14  Animal models

All animals were housed under controlled environtakoonditions. Temperature
was maintained at ambient temperature with 12 hbgh$/dark cycles. Mice and
rats were fed standard chow (rat and mouse No.hter@nce diet, Special Diet
Services) and water was provided libitum. All experiments were carried out in
accordance with the Animals (Scientific Proceduke}, 1986. Administration of
Ad vectors into mice was performed under the ptojeense held by Dr. S.N.
Waddington (Royal Free and University College Matli§chool, London, UK),
Licence No. 70/6906. Administration of phage aegtfes into rats was performed
under the project license held by Prof. A.F. Doraak (University of Glasgow,
UK), Licence No. 60/2874. CDA46 transgenic miceevgenerated by back-crossing
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an established CD46 transgenic line onto white Mide. Both CD46 transgenic
mice and control MF1 mice were used for thevivo experiments. Male SHRSP
were obtained from the Glasgow colony by brothstesimating (Dominiczakt al.,
1993)

2.14.1 Administration of adenovirus

In vivo adenoviral work was performed in CD46 transgenicen25-30 g. Mice
were anaesthetised and injected with 8%MP/mouse via lateral tail vein injection.
X-bp treated animals were injected with 4.8 mg/kppX30 minutes before injection
of Ad.

2.14.1.1 Quantification of adenoviral accumulation and transgene

expression

Mice were subject to whole body bioluminescencentjtiaation (IVIS Spectrum;
Caliper Life Sciences, Hopkinton, MA, USA) 48 housst-Ad administration and
were sacrificed after 72 hours for tissue analysi§issue homogenates were
produced from 25 mg tissue (10 mg spleen) usinguBkyser 1l (QIAGEN,
Crawley, UK). Luciferase expression analysis wasntperformed on the tissue
homogenates and normalised to total protein cont®NA was also isolated from
tissue homogenates using QlAamp DNA mini kit (QIAGECrawley, UK). 50 ng
of total DNA was subject to gPCR analysis as descdriabove.

2.14.2 Administration of phage

In vivo phage work was performed in 12-week male SHRSP. raRats were
anaesthetised by isofluorane (3%). All rats rezei®x13° pfu phage via femoral
vein injection which was left to circulate for 5maies. Blood samples were taken
by cardiac puncture before rats were perfused girahe heart with heparinised

saline and organs were removed and snap frozen.
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2.14.3 Administration of peptides

For thein vivo anti-oxidant study, rats were implanted with ratditemetry probes
under isofluorane anaesthesia at 10 weeks of agreder isofluorane anaesthesia,
animals were implanted with 2ML4 osmotic mini-pumgis 12 weeks of age to
deliver the peptides continuously for 3 weeks.1Btweeks of age, the animals were
sacrificed under terminal isofluorane anaesthelsiapd was immediately drawn
from the heart and stored in EDTA before being sinapen in liquid NQ for SO
measurement by EPR. The descending thoracic a@sasolated and removed to
study endothelial function. Internal carotid agerand selected organs were taken
for further study. Throughout procedures and sgibset analysis, animal breeding
numbers were used to identify SHRSP, and not tresttigroups, to ensure a blinded

study.
2.15 Determination of blood pressure changes

Radio-Telemetry Monitoring of Blood Pressure andaidRate The Dataquest IV
telemetry system (Data Sciences International) weasl for measurement of systolic
pressure, diastolic pressure, mean arterial preskeart rate, and motor activity, as
previously described (Davidsoat al., 1995). Briefly, the monitoring system
consists of a transmitter (radio frequency transdumodel TA11PA), receiver
panel, consolidation matrix, and personal comput#éh accompanying software.
Before the device was implanted, calibrations wegfied to be accurate within 3
mm Hg. SHRSP rats at 10 weeks of age were anestfietith isofluorane and the
flexible catheter of the transmitter was surgicalured in the abdominal aorta just
below the renal arteries and pointing upstreamigagahe flow). The transmitter
was sutured to the abdominal wall. Rats were hbuséndividual cages after the
operation. Each cage was placed over the recpamel which was connected to the
computer for data acquisition. The rats were uraesed and free to move within
their cages. Haemodynamic data were sampled évamnynutes for 10 seconds.
Blood pressure and heart rate takes up to 7 daystabilise post-operatively

(Davidsonet al., 1995). Therefore, mini-pumps were implanted weaeks later and

68



Chapter 2 — Materials and Methods

telemetry data were collected for one week priointplantation of the mini-pumps

and for the 21 days on treatment.
2.16  Echocardiography (ECHO)

Trans-thoracic ECHO was carried out by Dr. K. Giild&niversity of Glasgow,
UK). Briefly, it was performed using an ACUSON $etp C512 ultrasound system
(Siemens, Germany) with a linear array transdudea drequency of 15 MHz.
Echocardiography was performed on a lightly anditbe animal (1.25%0 1.5%
isoflurane in 1.5 litres/min £ placed in the left lateral decubitus position @n
heated pad. Non-invasive acquisitions of 2-D gditlemode images at a depth of
20 mm were recorded at the tip of the papillary oes The thickness of the
posterior and anterior walls of the left ventrifld/) chamber and the LV chamber
diameter during systole and diastole were measuredshort axis view using the
leading edge to leading edge convention. All patens were measured over at least
three consecutive cardiac cycles. Pulse-wave iglozas used to measure the
velocity of blood through the mitral valve and toadjtatively examine the valve for

evidence of mitral valve regurgitation.
2.16.1 Formulae used in ECHO assessments

Ejection fraction was defined as follows: EF = [EMV - LVESV) / LVESD x
100], where LVEDV is left ventricular end diastoolume and LVESV is left
ventricular end systolic volume. Fractional shoitg was derived from: FS =
[(LVEDD - LVESD) / LVEDD x 100], where LVEDD is lgf ventricular end
diastolic diameter and LVESD is left ventriculardesystolic diameter. Cardiac
output was derived from: CO = [(ESV - EDV) x HR],here HR is heart rate.
Change in interventricular septal wall thicknesSWIT) was measured using the
formula [(AWTs - AWTd) / AWTs x 100], where AWT ianterior wall thickness, s

is systole and d is diastole.
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2.17  Myography
2.17.1 Large vessel myography

Thoracic aorta was cleaned of connective tissuecahthto 2 mm rings, which were
mounted in large vessel 5 ml myograph baths coimigiiirebs buffer maintained at
37°C and oxygenated with 95%,(3% CQ. After pre-treatment with potassium-
buffered Krebs and stimulatory dose of phenyleghriPE), cumulative
concentration-response curves to PE (1 nmol/l taurh0l/l) were constructed, first
in the absence and again after washout in the peesef 100umol/l N-nitro-L-
arginine methyl ester (L-NAME) to inhibit eNOS. $®nse to PE was expressed as
percentage of maximum contraction produced durimg first PE curve. The
increase in tension in the presence of L-NAME piledi a measure of the effect of

NO on basal tone.

Other sections of the thoracic aorta were also usedperform cumulative
concentration-response curves to apocyniny(@@@l/l to 1 mmol/l) directly after a
cumulative concentration-response curve to PE (loltinto 10 pmol/l) was
constructed. Apocynin (also known asH{ydroxy-3-methoxyacetophenone or
acetovanillone) inhibits NAD(P)H oxidase and cahat anti-oxidant. Response to
apocynin was expressed as percentage of maximutractan produced during the

first PE curve.
2.17.2 Small vessel myography

Third order mesenteric resistance arteries wergedied from connective tissue and
stored overnight at 4°C before use. Segments ¢appately 2 mm in length) were
mounted as ring preparations in Krebs buffer maieth at 37°C and oxygenated
with 95% Q, 5% CQ on two stainless steel wires on a four-channelllsvessel
myograph (Danish MyoTechnology, Aarhus, Denmai®ne wire was attached to a
force transducer and the other to a micrometefdlowimg a 30 minute rest period,
vessels were set to a normalised internal diam@td) to achieve optimal
contraction. Internal diameter was calculated gisthe following equation:
L1=0.0*L100, (where L100 was determined using tlalace equation, P=T/r (P is
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effective pressure, T is wall tension and r is ititernal radius). After further 60
min, contractile responses to fthol/l KCl were examined, followed by washout.
A cumulative concentration response curve to PEngiol/l to 30 umol/l) was
performed first in the absence and again after matshn the presence of 1@@nol/l
L-NAME. The increase in tension in the presencé&-0fAME provided a measure

of the effect of NO on basal tone.
2.18 Electron paramagnetic resonance (EPR)

Oxidative stress status was assessed by analySingl&ase from heparinised whole
blood taken by cardiac puncture at sacrifice. Blams kept on ice and processed
within one hour. SO levels were detected by EPRcém R; Bruker BioSpin
GmbH, Rheinstetten Germany) with the spin probeydrdxy-3-carboxy- 2,2,5,5-
tetramethylpyrrolidine (CPH; Noxygen, Elzach, Genylg added to a final
concentration of 50Qumol/l. Blood was then incubated at 37°C for 30 més
before being snap frozen in liquid nitrogen. S@els were then measured in the
snap frozen samples and the rate of SO productias ealculated as counts per
minute. Instrument settings were: centre fielB8892 G, modulation amplitude of
5.08 G, sweep time of 10.49 s, sweep width of 12dh@& 10 scans.

2.19 Histology

Tissues were excised and immediately fixed in 1@¥néalin overnight and then
transferred to PBS. Tissues were then paraffinegltibd and single tissue sections
of 6 um thickness mounted onto a salinised glass slidechwwere heated for 3
hours at 65°C, then overnight at 40°C.

2.19.1 Slide salinisation
Blank glass slides were placed in a solution of 29%mino-propyltriethoxysaline
(APES) in 100% acetone for 30-60 seconds. Slide®when rinsed twice in 100%

acetone, followed by two rinses in deionised watfore being left to air dry in an

oven overnight at 37°C.
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2.19.2 Immunohistochemistry

Paraffin was removed from the sections by two 7 ut@nwashes in Histoclear
(Thermo Fisher Scientific, UK). Sections were mitaed by passing through an
alcohol gradient 100%, 95% and 70% ethanol for Auteis each. After washing
slides in deionised water for 5 minutes, endogemauexide activity was quenched
by incubating slides in 0.3% (v/v) methanol-hydnogeeroxide for 30 minutes at
room temperature. Slides were then washed twicionised water for 5 minutes.
Antigen unmasking was then performed in 10 mM sodiitrate, pH 6.0 for 15
minutes at 95-100°C. Slides were then washed twiceeionised water for 5
minutes.  Immunohistochemistry was performed usWegctastain avidin and
biotinylated horseradish peroxidase complex (ABGpbit IgG kit (Vector
Laboratories, UK). Sections were incubated in kilog solution (goat serum) for 1
hour at room temperature in a humidified chamb€&he primary anti-T7 antibody
(Chemicon, CA, USA) and the negative control rablgG antibody (Dako,
Denmark) were diluted to 0.01 mg/ml in blocking wan. Antibodies were
incubated on the sections overnight at room tenmperan a humidified chamber.
Slides were washed three times in PBS for 5 mingash. The secondary
Vectastain avidin and biotinylated goat anti-raligp® antibody was diluted 1:200 in
blocking solution and incubated on the slides forn3inutes at room temperature.
Slides were then washed three times in PBS for ftutes each. The avidin and
biotinylated horseradish peroxidase complex (AB@swhen incubated on the slides
for 30 minutes at room temperature, followed byé¢éwashes in PBS of 5 minutes
each. Slides were then incubated with DAB chromagslution (3,3-
diaminobenzidine, hydrogen peroxide and nickel tsmh) (Vector Laboratories,
UK) for 5 minutes. Slides were washed in deionigder for 5 minutes then nuclei
were counterstained by incubation with Harris haemgdin for 30 seconds. Slides
were washed in running water and dehydrated bybaton in 70%, 95% and 100%
ethanol, followed by Histoclear for 7 minutes eadhinally, slides were mounted
using Histomount (National Diagnostics, GA, USANuclei appeared blue/purple

and areas to which the primary antibodies boun@apbrown.
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2.19.3 Immunofluorescence

After the removal of paraffin and rehydration ofidek as described above,
endogenous peroxide activity was quenched by irtoupsslides in 0.3% (v/v)
methanol-hydrogen peroxide for 30 minutes at roemperature. Slides were then
washed twice in deionised water for 10 minutestigem unmasking was performed
by incubating the sections in proteinase K solu(@® pg/ml proteinase K [Roche
Applied Science, Indianapolis, IN, USA], 2.5 mM 3pH 8.0/ 0.05 mM EDTA) for
20 minutes at 37°C. Slides were then removed filoenincubator and left for 20
minutes at room temperature. Slides were washext tim PBS for 5 minutes and
then washed twice in TBS (150 nM NacCl, 50 nM Tri$ p.4) 0.0025% (v/v) Triton
X-100. Sections were incubated in 10% goat seruMBS for 30 minutes at room
temperature in a humidified chamber. The primamyi-&FP antibody (Abcam,
Cambridge, UK) and the negative control rabbit ly@ibody (Invitrogen, Carlsbad,
CA, USA) were diluted to 0.ng/ml in 1% goat serum in TBS. Antibodies were
incubated on the sections for one hour at room ésatpre. Slides were washed
twice in TBS 0.0025% (v/v) Triton X-100 for 5 mirag each. The fluorescent
Alexa Fluor® 488 secondary goat anti-rabbit IgGilzady (Invitrogen, Carlsbad,
CA, USA) was diluted 1:750 in 1% goat serum in T&®I incubated on the slides
for 30 minutes at room temperature. Slides wega thashed three times in TBS for
5 minutes each and mounted in ProLong® Gold Anéfé&kagent with DAPI to
counterstain the nuclei of the cells. The mountagent was allowed to set

overnight before viewing on the confocal microscope

2.19.4 Haemotoxylin and eosin (H&E) staining

After the removal of paraffin and rehydration oidek as described above, slides
were stained in Harris haemotoxylin for 2 minute&dides were washed in running
water for 5 minutes and then placed in eosin fap twinutes, before a further 5
minutes wash in running water. Slides were dehgdraand then mounted in

Histomount. Nuclei appeared blue/purple where&sptgsm was stained pink.
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2.19.5 Picro-sirius red staining

After the removal of paraffin and rehydration oidek as described above, slides
were incubated in Sirius red F3B dissolved in 0(¥¥4) saturated picric acid for 90
minutes at room temperature in the dark. Slidegweshed twice with 0.01 N HCI
for 3 minutes each, followed by two washes in disiet water for 3 minutes each.
Slides were dehydrated and then mounted in HistamowCollagen was stained

various shades of red.
2.19.6 Masson'’s trichrome staining

Masson’s Trichrome staining was performed using kiteobtained from Sigma-
Aldrich (Poole, UK). Briefly, after the removal paraffin and rehydration of slides
as described above, slides were incubated in B®wplution overnight at room
temperature. Slides were washed under runningrwetd the yellow colour was
removed. Sections were stained for 5 minutes irigéfes lron Haematoxylin
solution (Weigert's Iron Haematoxylin solution waiepared by mixing equal parts
of Solution A (1% haematoxylin in ethanol) and Swin B (1.2% (w/v) ferric
chloride and 1% (v/v) hydrochloric acid)). Slidegre then washed in running
water for 5 minutes. Slides were stained in Bibrscarlet-Acid Fuchsin (0.9%
Biebrich scarlet, 0.1% acid fuchsin, 0.1% acetid)afor 5 minutes and then rinsed
in deionised water. Slides were placed in WorkRigosphotungstic/Phospho-
molybdic Acid Solution (1 volume 10% Phosphotungséicid, 1 volume 10%
Phosphomolybdic Acid with two volumes deionisedavafor 5 minutes and then in
Aniline Blue Solution (2.4% Aniline Blue and 2% d&ceacid) for 5 minutes.
Sections were washed in 1% acetic acid for two temubefore they were
dehydrated and mounted in Histomount. Cell nuafgear black, cytoplasm and

muscle fibres appear red and collagen was stailued b
2.20  Statistical analysis
All results are expressed as mean = stardard efréhe mean (SEM).In vitro

experiments were performed in triplicate on atti¢hee independent occasions and

analysis was by unpaired Student’s t test. Corapas between myography curves
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in the individual groups were performed using apaired Student’s t test for the
area under the curve. Comparison between EPR b&@dproduction by the

different groups was performed using an unpairedé&it’s t test.

2.20.1 Invivo statistical analysis

In vivo experiments were performed with at least four npee group in the Ad
study and six SHRSP per group for the anti-oxidgstntly. Comparison between
groups for the radio-telemetry data was performedelpeated measures analysis of
variance (ANOVA), as described previously (Davidsbral., 1995). Comparison
between treatment groups and control animals ®BGHO data was performed by

one-way ANOVA with a Dunnett’s post-test.
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3.1 Introduction

Evidence indicates that increased oxidative stiesesponsible for a variety of
human cardiovascular diseases. Therefore, itiigarto develop more effective
anti-oxidant therapies. Enhanced reduction of @twe stress could be achieved by
using targeted anti-oxidant treatments. Specifictgins have been found to be
restricted to highly defined regions of the vastwig, particularly within organs.
Previously ECs have been shown to differentiallgrexs markers in various organs
and disease states (Garlanda and Dejana, 1997%sGhét al., 1997, Thorin and
Shreeve, 1998, Ruoslahti and Rajotte, 2000, Rileatl., 2002, Ohet al., 2004).
Exploitation of this differential expression of pgms on the cell surface of ECs has
led to the identification of peptides that seleetyvtarget specific areas of the

vasculature.

Screening with phage-displayed peptide libraried @NA libraries has previously
led to the discovery of tissue-specific peptidesluding peptides that target the
heart (Zhanget al., 2005), brain, kidneys, lungs, breast, prostataejqf®e and
Ruoslahti, 1999, Ruoslahti and Rajotte, 2000, Essmtel Ruoslahti, 2002), muscle
(Samoylova and Smith, 1999), fat (Kolongh al., 2004) and venous circulation
(Nicklin et al., 2000). Bothex vivo andin vivo phage display was performed to
identify peptides which selectively targeted ECstlu coronary vasculature and
chambers of the heart (Zhaepal., 2005). Three rounds ek vivo phage display
were performed on ECs isolated from murine healit sigspensions, increasing
binding by peptide-inserted phage 230-fold over -resombinant control phage
(Zhanget al., 2005). Theex vivo selected phage were then subject to selection
vivo in BALB/c mice based on their heart-homing capacifter three rounds ah
vivo screening the heart-targeting capacity of the phaad increased to 200-fold
greater than the control phage with low levels bage bound in other non-target
organs (Zhangt al., 2005).

Following sequencing to identify the peptide insert the heart-targeted phage, the
peptides were matched against a heart cDNA libexpgressed in a bacterial 2-
hybrid system (Zhangt al., 2005). After exclusion of abundant cardiac meiscl

proteins (including myosin and myoglobin), six meare or cell-surface proteins
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were identified producing putative peptide-receptombinations (Zhangt al.,
2005). Cysteine-rich protein 2 (CRIP-2) was idieti as the receptor for two of the
peptide sequences, CRPPR and CGRKSKTVC, and isessgd in the vascular
endothelium of the heart (Yet al., 2002). Phage displaying peptide insert
sequences CRPPR and CGRKSKTVC targeted to the hihrt310- and 46-fold
selectivity compared to the non-recombinant conptwhge, respectively (Zharey
al., 2005). CPKRPR-inserted phage demonstrated 8bifielart selectivity and
bound to an un-annotated RIKEN expressed sequaagdBST) (Zhanget al.,
2005). CRSTRANPC binds to an “un-named” proteimdoct similar to the
mitochondrial membrane protein integral membramggimn CII-3 (MPCII-3) (Zhang
et al., 2005). CRSTRANPC was 22-fold more selectivether heart than the non-
recombinant control phage (Zhaegal., 2005). The final receptor identified for
peptides CPKTRRVPC and CSGMARTKC was the mouse lhagoe of the human
bladder cancer-associated protein BC-10, a protdiich is down-regulated as
cancer develops from pre-malignant lesions in tlaglder (Gromovaet al., 2002).
The peptides CPKTRRVPC and CSGMARTKC targeted tharthwith a 62- and
14-fold increase, respectively, relative to the tomnphage (Zhanget al., 2005).
Receptor expression analysis by qPCR showed th#P-2RMPCII-3 and BC-10
were expressed at the highest level in the hedth much lower levels of the

receptors present in other tissues (Zhetraj., 2005).

Co-injection of selected phage displaying the htageted peptide sequences
(including the peptide sequences CRPPR, CRSTRANRC GPKTRRVPC) into
mice with fluorescein-conjugated tomato lectin tairs blood vessels identified that
the phage were bound to the endothelium of theth@irang et al., 2005).
Importantly, none of the phage were seen to bintiécendothelium of other tissues
(Zhanget al., 2005). Additionally, using fluorescein-conjught€RPPR peptide, it
was shown that this peptide extensively co-locdligsgth an anti-CRIP-2 antibody
and the endothelial marker CD31 in coronary argserieapillaries and the
endocardium (Figure 3.1) (Zhamyal., 2005). Therefore, heart-targeting peptides
and their receptors in the endothelium of the @rdiasculature are known and can
be exploited to develop an anti-oxidant therapy siedectively targets to the areas of

oxidative stress.
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FITC-CRPPR

Figure 3.1 — CRPPR peptide co-localises with CD31 i n mouse
endocardium.

Fluorescein-conjugated CRPPR peptide (green) aaitms with anti-CD31
antibody (red) in the endocardium of the heartraftieravenous administration in
mice. CD31 is an endothelial cell marker. Adagtedh Zhanget al. (Zhanget al.,
2005).

The heart-targeting capability of CRPPR was testd@tiree mouse strains (BALB/c,
FVB and C57BL/6), with a similar degree of specifiardiac homing seen in the
different strains (Zhangt al., 2005). Phage inserted with the peptide sequences
CGRKSKTVC, CPKRPR, CPKTRRVPC, CRPPR, CRSTRANPC and
CSGMARTKC have been previously administered torthemotensive WKY rat to
investigate whether the efficiency and selectiofythe peptides extended across
species (Shirley, 2008). Phage recovery analysis fthe major organs showed
enhanced recovery of all six peptides from rat h&é@mogenates, compared to
control insert-less phage (Shirley, 2008). Howevtiree of the peptides,
CGRKSKTVC, CPKRPR and CPKTRRVPC, did not show ggrealectivity for the
heart (Shirley, 2008). CRPPR, CRSTRANPC and CSGNMKR retained their
strong heart-targeting capacity with high selettiv{Shirley, 2008). CRPPR,
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CRSTRANPC and CSGMARTKC all demonstrated enhaneediac selectivity of
over 400-fold, 2000-fold and 80-fold, respectivelyShirley, 2008).
Immunohistochemical analysis using an anti-T7 phagébody confirmed the
cardiac targeting of CRPPR, CRSTRANPC and CSGMARTK®e histology also
revealed that CSGMARTKC was found to primarily &trghe vascular endothelial
cells, whereas T7 phage displaying the peptidesRERBnd CRSTRANPC were
also found throughout the myocardium (Shirley, 2008

The phage inserted with the most selective andc&ffe heart-targeting peptide
sequences in the WKY rat (CRPPR, CRSTRANPC and CABMC) were tested

in the SHRSP, a disease model of human essenpaltension. The peptides which
remained selective for the cardiac vasculature he SHRSP (CRPPR and
CSGMARTKC) were linked to the anti-oxidant peptigigd1lds (Ret al., 2001) to

develop a novel vascular-targeting anti-oxidanttigep The effect of this vascular-
targeting anti-oxidant therapy on BP and endothdliaction in the SHRSP was

then assessed.
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3.2 Results

3.2.1 In vitro internalisation of targeting peptides in a rat

endothelial cell line

The ability of the peptides to bind to and inteis®linto cellsin vitro was assessed
using a rat glomerular endothelial (RGE) cell lirRGE cells provide a model of rat
endothelial cells and have been used previousliz witccess (Nicoét al., 2009).
The heart-targeting peptides CRPPR, CSGMARTKC arRISTRANPC were
previously identified byex vivo andin vivo phage display (Zhang al., 2005) and
their selectivity for the cardiac vasculature waaintained in WKY rats (Shirley,
2008). The targeting peptides and the HIV-tat igepivere linked to a fluorescein
(FITC) label to allow visualisation by fluoresceneegcroscopy. 1 — 10Qmol/l of
the peptides were added to 1XHGE cells/well and internalisation of the peptides
by the cells was determined by the presence oftben FITC-labelled peptide after

the cells were washed.

At 1-10 umol/l of the peptides, there was no clear intesadion observed by any of
the heart-targeting peptides (Figure 3.2). Howetrex HIV-tat peptide internalised
into a small number of RGE cells (Figure 3.2). CRBNPC and HIV-tat peptides
both effectively internalised at 50mol/l, with the HIV-tat peptide present in a
greater number of the cells (Figure 3.2). CRPPR @8GMARTKC were also
internalised by the RGE cells at fpfhol/l concentration but at a lower level (Figure
3.2). At 100umol/l of the peptides, there was considerable maksation by all four
peptides, with the HIV-tat peptide again producitige highest level of
internalisation (Figure 3.2). However, 1@@nol/l of peptide also produced cell
death, resulting in reduced cell numbers at thisceatration (Figure 3.2). As the
targeting peptides can internalise into the RGHsgcdhis suggests that there was
some expression of their receptors. The visuallpstmeffective peptide
internalisation at each of the concentrations waslyced by the HIV-tat peptide
(Figure 3.2). For further experiments, pthol/l of the peptides was used as this
concentration of peptide produced internalisatioto ithe RGE cells without high
levels of cell death.
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HIV-tat CRPPR CSGMARTKC CRSTRANPC

1 ymol/l

10 pmol/l

50 ymol/l //'

100 umol/l

Figure 3.2 — Internalisation of peptides in RGE cel Is.

Peptides were added to 1XIRGE cells/well in concentrations ranging from 100
umol/l. Peptides were incubated with the cells &C3for 10 minutes. The cells
were then washed and internalisation of the peptigethe cells was determined by
the presence of the green FITC-labelled peptider dfie cells were washed.
Visualisation of the FITC-label was ascertained flaprescence microscopy and
arrows indicate cells with internalised peptid&cale bar = 5@m, magnification x

10.
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3.2.2 Transfection of RGE cells with plasmids conta ining

the putative receptors for each peptide

To attempt to increase internalisation of the pEstiin RGE cells, cells were
transfected with the putative receptors for eagbtide (discussed in Section 3.1).
RGE cells are derived from the glomerular endotimeliand, therefore, may not
express the necessary receptors for the heartitaggeeptides. However, Figure 3.2
does suggest some presence of receptors for twieegbeptides. The transfection
procedure was optimised in RGE cells using an e&fiPession plasmid and two
transfection reagents, Lipofectamine™ 2000 and ANBE 6. The ratio of

transfected to non-transfected cells in each cmmditwas determined by

fluorescence microscopy.

Lipofectamine™ 2000 reaction complexes were geadratith a DNA (1g) to
Lipofectamine™ 2000y() ratio of 1:1, 1:2, 1:3 and 1:4 in Opti-MEM® | gan free
media, with 2ug DNA being used for each complex. Complexes viecabated
with the RGE cells for 4-6 hours and 48 hours ditensfection images were taken
(Figure 3.3). Over 90% of the cells transfectethvai 1:1 ratio of Lipofectamine™
2000 and DNA expressed eGFP (Figure 3.3). Inangasioncentrations of
Lipofectamine™ 2000 increased the transfectiorcigfficy slightly but substantially
increased cell death as Lipofectamine™ 2000 wak ttaxthe RGE cells (Figure
3.3).

A similar optimisation experiment was performedhWiuGENE® 6, with reaction
complexes with a DNAKQG) to FUGENE® 6 |{l) ratio of 1:1, 2:3, 1:2 and 2:9 in
Opti-MEM® | serum free media. Approximately 10% &GE cells were
transfected with a 1:1 FUGENE® 6 to DNA ratio (Figu8.4). Increasing the ratio
to 2:3 and 1:2, significantly increased the tracsém efficiency but the toxicity of
the transfection reagent was producing some celthdat these concentrations
(Figure 3.4). At the highest concentration of FINE® 6 (ratio 2:9), over 70% cell

death was observed with no transfection of the neimgcells (Figure 3.4).
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1:1 Lipofectamine™ 1:4 Lipofectamine™ DNA control Un-transfected
2000 control 2000 control control

Figure 3.3 — Transfection optimisation using Lipofe ctamine™ 2000.

Transfection was optimised in RGE cells using akle@xpression plasmid to allow
determination of transfected cells after viewing Hyorescence microscopy.
Lipofectamine™ 2000 reaction complexes were geadratith a DNA (1g) to
Lipofectamine™ 2000y() ratio of 1:1, 1:2, 1:3 and 1:4 in Opti-MEM® | g8n free
media. Lipofectamine™ 2000 and DNA only controlsre/produced, in addition to
a complete un-transfected control. Images werernt&8 hours after transfection and
light-field images show the presence of cells (t@pdh the presence of eGFP

expression shown below. Scale bar =& magnification x 10.
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Figure 3.4 — Transfection optimisation using FUGENE  ® 6.

Transfection was optimised in RGE cells using akR@xpression plasmid to allow
determination of transfected cells after viewing Hyorescence microscopy.
FUGENE® 6 reaction complexes were generated williNA (ug) to FUGENE® 6
(ul) ratio of 1:1, 2:3, 1:2 and 2:9 in Opti-MEM® | gen free media. FUGENE® 6
and DNA only controls were produced, in additionaccomplete un-transfected
control. Images were taken 48 hours after tratisie@nd light-field images show
the presence of cells (top) with the presence ¢fRe€xpression shown below. Scale

bar = 50um, magnification x 10.
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Subsequent transfection experiments were perforwigd a 1:1 ratio of DNA to
Lipofectamine™ 2000. The lowest dilution of thimrisfection reagent produced
greater than 90% transfection of the RGE cellshi dbsence of visual cell death.
Expression plasmids containing the sequences éoptitative receptors for CRPPR,
CSGMARTKC and CRSTRANPC, called CRIP-2, BC-10 andPQi-3
respectively, were transfected into RGE cells. eAthe cells were incubated for 48
hours to allow expression of the transfected rewsgb occur, 5umol/l of each of
the peptides were added and incubated with the e¢€lB7°C for 10 minutes after
which images were taken by fluorescence microstopyisualise internalisation of
the FITC-labelled peptides by transfected and cboglls.

RGE cells were transfected with the expressionnpidgor the putative receptor for
the peptide CRPPR, CRIP-2 (Zhagteal., 2005) (Figure 3.5) . The HIV-tat peptide
effectively internalised into the transfected cellsowever, lower levels of
internalisation were observed for the other peptifégure 3.5). Transfection with
the CRIP-2 expression plasmid did not enhance natsation by the CRPPR
peptide (Figure 3.5). RGE cells were also trarsfbavith a BC-10 expression
plasmid, the putative receptor for the CSGMARTKGtme (Zhanget al., 2005)
(Figure 3.6). HIV-tat effectively internalised al@RSTRANPC also internalised
into the transfected RGE cells (Figure 3.6), simitathe levels of internalisation
seen in the non-transfected cells (Figure 3.2an3iection of the BC-10 expression
plasmid into the RGE cells did not enhance intésatibn by CSGMARTKC
(Figure 3.6). Finally, RGE cells were transfecteih the MPCII-3 expression
plasmid, the putative receptor for the peptide CRSNPC (Zhanget al., 2005)
(Figure 3.7). Again, HIV-tat produced high levetd internalisation in the
transfected RGE cells; whereas the other peptideduped internalisation only in a

few transfected cells (Figure 3.7).

Taken together, these data suggest that trangfieatiBGE cells with the expression
plasmids for the putative receptors for the heagdted peptides did not
significantly enhance internalisation of the pepsid The peptides did achieve low
levels of internalisation into RGE cells, eitheartsfected or non-transfected, but in

all cases, the highest level of internalisation wesduced by the HIV-tat peptide.
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Based on this, it was concluded that RGE cells wetea suitable model system and

consequentlyin vivo experiments were progressed.

HIV-tat CRPPR CSGMARTKC  CRSTRANPC

Figure 3.5 — Transfection of RGE cells with CRIP-2  expression plasmid.

RGE cells transfected with the CRIP-II expressitasmid, the putative receptor for
the peptide CRPPR. Transfected cells were incdbaiéh 50 umol/l peptide at
37°C for 10 minutes. The cells were then washetliaternalisation of the peptides
by the cells was determined by the presence oftben FITC-labelled peptide after
the cells were washed. Visualisation of the FIaGdl was ascertained by
fluorescence microscopy and arrows indicate ceis imternalised peptides. Scale

bar = 50um, magnification x 10.
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HIV-tat CRPPR CSGMARTKC  CRSTRANPC

Figure 3.6 — Transfection of RGE cells with BC-10 e  xpression plasmid.

RGE cells transfected with the BC-10 expressiomsrpld, the putative receptor for
the peptide CSGMARTKC. Transfected cells were batad with 5Qumol/l peptide
at 37°C for 10 minutes. The cells were then washed internalisation of the
peptides by the cells was determined by the presefiche green FITC-labelled
peptide after the cells were washed. Visualisatibthe FITC-label was ascertained
by fluorescence microscopy and arrows indicatescefith internalised peptides.

Scale bar = 5am, magnification x 10.

HIV-tat CRPPR CSGMARTKC CRSTRANPC

Figure 3.7 — Transfection of RGE cells with MPCII-3  expression plasmid.
RGE cells transfected with the MPCII-3 expressitesmid, the putative receptor
for the peptide CRSTRANPC. Transfected cells wiemibated with 50umol/l
peptide at 37°C for 10 minutes. The cells werathvashed and internalisation of
the peptides by the cells was determined by thegmee of the green FITC-labelled
peptide after the cells were washed. Visualisatibtne FITC-label was ascertained
by fluorescence microscopy and arrows indicatescefith internalised peptides.

Scale bar = 5am, magnification x 10.
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3.2.3 Assessment of phage displaying peptides after in
vivo administration in the SHRSP

As discussed above, peptide sequences which tdrgetecardiac vasculature were
identified in the mouse by phage display technol@@yanget al., 2005). Six phage
inserted with the peptide sequences CGRKSKTVC, CPRRCPKTRRVPC,
CRPPR, CRSTRANPC and CSGMARTKC have been previoadiyinistered to
the normotensive WKY rat to confirm the efficienagd selectivity of the peptides
extended across species (Shirley, 2008). Phagweasc analysis from the major
organs showed enhanced recovery of all six pepfides rat heart homogenates
compared to control insert-less phage (Shirley,8200 However, three of the
peptides did not show strong selectivity for thearhe whereas CRPPR,
CRSTRANPC and CSGMARTKC showed strong heart tamgetivith high
selectivity (Shirley, 2008). Therefore, the phagéh the most selective and
effective heart-targeting peptide sequences (CRPRERSTRANPC and
CSGMARTKC) were tested in the SHRSP, a disease hoidauman essential
hypertension. Co-localisation of phage in the heard non-target organs was
determined in the SHRSP, which included the aoAaimals were intravascularly
infused with 5x16° pfu and the major organs recovered (n = 3 permrohage
containing the peptide sequence CRSTRANPC showesklsative targeting to the
heart in the SHRSP (Figure 3.8A). CRPPR targeteth¢ heart with a 17-fold
increase over the control phage and further shawgéH-fold increase in targeting to
the aorta (Figure 3.8B). CSGMARTKC displayed sidectargeting for the heart
with 26-fold greater homing to the heart than tbetml phage (Figure 3.8C).

Immunohistochemical analysis of major organs wadopmed with an anti-T7
antibody to determine the cell specific targetinghi organs by the phage
displaying each of the peptide sequences. Antilaetgction was performed using
DAB chromagen solution and sections were counteesda with Harris
haematoxylin. Therefore, the nuclei appear blupleuand areas to which the

primary antibodies bound appear brown (Figure 3.9).
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CRSTRANPC

Liver Spleen Brain Kidney Lung Muscle Aorta Heart

CRPPR

Liver Spleen Brain Kidney Lung Muscle Aorta Heart

CSGMARTKC

Liver Spleen Brain Kidney Lung Muscle Aorta Heart

Figure 3.8 — Targeting capacity of peptide-inserted phage in SHRSP.

Recovery of T7 phage which displayed the cardiado#relial homing peptides
CRSTRANPC (A), CRPPR (B) and CSGMARTKC (C) from SHMR animals
intravenously infused with 5x1®pfu of indicated phage. Data represented as fold
change in comparison to control insert-less phagéver, spleen, brain, kidney,

lung, muscle, aorta and heart (n = 3/group).
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CRPPR

Figure 3.9 — Immunohistological analysis of targeti ng capacity of

peptide-inserted phage in SHRSP.

Immunohistological analysis of vascular targetinighvan anti-T7 antibody or 1gG
control antibody was performed on sections of heantta, muscle, brain and kidney
from SHRSP intravenously infused with 5X1@fu of peptide-inserted T7 phage.
Binding by the anti-T7 and IgG antibodies was detgcusing DAB chromagen
(areas to which the primary antibody bound appeawb) and followed by
incubation with Harris haematoxylin (nuclei appbare/purple). The IgG antibody
provides a negative control to test for non-spedinding of the primary antibody,
as the sections incubated with IgG show no brovainstg the binding of the
primary antibody is specific. L indicates lumirsadle of aorta. Scale bar = 100 pm,

magnification x 40.
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Phage containing the peptide sequence CRPPR ledatisboth ECs and SMCs in
the aorta (Figure 3.9). There was a high degrestamfiing in the aorta from animals
infused with phage inserted with the peptide seqge®SGMARTKC but this was
diffuse and non-specific (Figure 3.9). Phage iskrwith CSGMARTKC
selectively bound to the coronary vessels of tharth@igure 3.9). In the brain,
kidney and muscle, the staining was non-specifidjcating little binding by the

phage in these non-target organs (Figure 3.9).

Taken together, phage inserted with the CRPPR geesielectively target both the
endothelial and smooth muscle layers of the aanth @SGMARTKC-containing

phage target the coronary vasculature in the SHRSRerefore, these peptide
sequences may enhance the efficacy of an anti-okitteerapy by selectively

targeting specifically to the vasculature.

3.2.4  Administration of peptides into SHRSP

To investigate the effect of targeting the antidaxit peptide gp91ds (Rey al.,
2001) with either the CRPPR or CSGMARTKC peptidesivo, anin vivo protocol
was designed in the SHRSP (Figure 3.10A). Animalderwent baseline, 7 day and
terminal ECHOs to monitor heart function and welaced on radio-telemetry 10
days before the start of the experiment. Telemetg used to monitor BP, heart
rate (HR) and activity of the animals from one wegmlor to administration of the
peptides and for the three weeks of study durati®teptides were continuously
administered at 10 mg/kg/day for 21 days by submdas osmotic mini-pumps. BP
and HR takes up to 7 days to stabilise post-opaigti(Davidsonet al., 1995),
therefore, mini-pumps were implanted two weeksraiéemetry implantation and
telemetry data were collected for one week priointplantation of the mini-pumps

and for the 21 days on treatment.

There were four treatment groups in thevivo study, in addition to a control group
which only received vehicle by mini-pump. Four gps of animals were
continuously administered with a peptide: the tveaut-targeting peptides (CRPPR
and CSGMARTKC) linked to the anti-oxidant peptitlee HIV-tat peptide linked to

the anti-oxidant peptide as a positive controlltovaentry to all cells and the anti-
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oxidant peptide alone as a negative control, towaltetermination of the effect

produced by targeting the anti-oxidant peptide {Feg3.10B).

Day -10 Day 0 Day 7 Day 21
I I I I
ECHO Implantation ECHO ECHO
Implantation of mini-pump Bleed
of telemetry Sacrifice
probe
B Targeting Peptide Spacer  Anti-Oxidant Peptide

CSTRIRRQL -NH,

[H]-CRPPR GGG | CSTRIRRQL-NH,

[H]-CSGMARTKC GGG | CSTRIRRQL-NH,

HIV-tat | [H]-RKKRRQRRR GGG | CSTRIRRQL-NH,

Figure 3.10 — Animal protocol and design of vascula r targeting anti-

oxidant peptides.

(A) Invivo animal protocol used for administration of vasctdaigeting anti-oxidant
peptides in the SHRSP. Day 0 indicates the stath® continuous infusion of
peptides by subcutaneous osmotic mini-pump. Pegptidere administered at 10
mg/kg/day for 21 days. (B) Sequence of anti-oxidaeptide gp91ds (Rest al.,
2001), the anti-oxidant peptide targeted with eit@RPPR or CSGMARTKC
peptides and non-targeted anti-oxidant peptideelinio the HIV-tat peptide.
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3.2.5 Effect of vascular targeting anti-oxidant pep tide on
BP

BP in the SHRSP was determined by radio-telemetryohe week at baseline prior
to mini-pump implantation, followed by three week§ study duration before
sacrifice (Figures 3.11, 3.12, 3.13). Systolic &ibwed a progressive and time-
dependent rise in animals receiving the anti-oxigeaptide gp91ds alone, HIV-tat-
gp91ds, CSGMARTKC-gp91ds and control animals fron7.6 = 1.1 mmHg to
200.6 = 0.7 mmHg (Figure 3.11), characteristic lvd SHRSP (Davidsost al.,
1995, Clarket al., 1996). However, this increase in systolic BP wiificantly
attenuated in animals receiving CRPPR-linked toaht-oxidant peptide with the
maximum systolic BP only reaching 187.5 + 5.2 mn{Higure 3.11). Diastolic BP
in animals treated with CSGMARTKC-gp91ds, HIV-ta9dds and gp91ds alone
also showed a progressive rise over the three wektkbe study (Figure 3.12).
There was also a significant attenuation in the msdiastolic BP in animals treated
with CRPPR-gp91ds (Figure 3.12). However, the ayemiastolic BP of animals in
the control group was highly variable and not digantly different for the animals
which received CRPPR-gp91ds (Figure 3.12).

Mean arterial pressure (MAP) was also calculatethkbytelemetry equipment using

the following formula:

MAP = DBP + 1/3 PP (where DBP is diastolic BP arRli® pulse pressure,
defined by the difference between systolic and
diastolic BP (SBP-DBP))

MAP showed a progressive rise in animals receNMd&GMARTKC-gp91ds, HIV-
tat-gp91ds, gp91ds alone and control animals fré&6.+ 1.1 mmHg to 170.5 £ 0.8
(Figure 3.13). This increase in MAP was signifitanattenuated in animals
receiving CRPPR-gp91ds as the maximum MAP onlyredcl60.0 = 5.0 mmHg
(Figure 3.13). Taken together these data suggestanly when the anti-oxidant
peptide was targeted by the CRPPR peptide cogdtbduce a significant reduction
in systolic BP and MAP in the SHRSP.
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Figure 3.11 — Effect of vascular targeting anti-oxi dant peptide on

systolic BP.

Systolic BP in SHRSP was determined for one weddaatline prior to mini-pump
implantation, followed by three weeks of study diamra before sacrifice. Error bars

represent SEM (* p < 0.001 vs. all other groups,Gigroup).
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Figure 3.12 — Effect of vascular targeting anti-oxi dant peptide on
diastolic BP.

Diastolic BP in SHRSP was determined for one wedlaaeline prior to mini-pump
implantation, followed by three weeks of study dianra before sacrifice. Error bars
represent SEM (* p < 0.001 vs. CSGMARTKC-gp91dsy+#Ht-gp91ds and gp91ds,
n = 6/group).
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Figure 3.13 — Effect of vascular targeting anti-oxi  dant peptide on mean

arterial pressure (MAP).

MAP in SHRSP was determined for one week at basetinor to mini-pump
implantation, followed by three weeks of study diamra before sacrifice. Error bars

represent SEM (* p < 0.01 vs. all other groups,1gis9 n = 6/group).
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3.2.6 Effect of vascular targeting anti-oxidant pep tide on

cardiac function

Animals underwent baseline (at 10 weeks of agejay (at 13 weeks of age) and
terminal (at 15 weeks of age) trans-thoracic ledfhtvicular M-mode ECHO to
monitor heart function performed by Dr. K. Gildaynjversity of Glasgow, UK).
ECHOs allow measurement of cardiac function pararsdncluding stroke volume
(SV), left ventricular ejection fraction (LVEF) ankft ventricular mass index
(LVMI). Also, in combination with the heart ratelR) data obtained by telemetry,
the cardiac output (CO) can also be calculatedHE&@arameters were compared to

control animals at the corresponding time point.

Heart rate significantly decreased over the timgopeof the study, consistent with
growth of the animal, and there was no significdifference between the groups
(Figure 3.14). The stroke volume (the volume obdol pumped from the left
ventricle per beat) in the control group increapeagressively over time (Figure
3.15). At 13 weeks, there was a significant défere between the stroke volume of
the control animals and animals treated with CSGMKR-gp91ds, HIV-tat-
gp91ds and the anti-oxidant gp91ds peptide alomgui@& 3.15). At 15 weeks, the
stroke volume of the control group had increased.f®6 + 0.03 ml and was
significantly higher than animals treated with Hia&-gp91ds and gp91ds alone at
the same time point (Figure 3.15, Table 4). Asliear output is a function of heart
rate and stroke volume, cardiac output also pregrely increased in the control
animals from 203.5 + 16.0 ml/min to 315.7 £ 30.@mh between 10 and 15 weeks
of age (Figure 3.16, Table 4). The cardiac outpiuthe control animals was
significantly increased compared to CSGMARTKC-gpR1idIV-tat-gp91ds and the
gp91ds peptide alone at 13 weeks and compared teaiment groups at 15 weeks
(Figure 3.16).
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Figure 3.14 — Effect of vascular targeting anti-oxi  dant peptide on HR.

HR in SHRSP was determined for one week at basegimer to mini-pump
implantation, followed by three weeks of study diamra before sacrifice. Error bars
represent SEM (no statistically significant difiece between the groups by repeated
measures ANOVA, n = 6/group). b/min, beats perutgén
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0.8- |:| 10 weeks
. 13 weeks
0.7 * B 15 weeks
= 06- T
E 0.6
& 0.5
0.4+

CRPPR- CSGMARTKC- HIV-tat- gp91lds Control
gp9lds gp9lds gp91lds

Figure 3.15 — Effect of vascular targeting anti-oxi  dant peptide on stroke
volume.

Animals underwent baseline, 7 day and terminalsttaoracic ECHOs to determine
stroke volume (SV). Error bars represent SEM )05 vs. control at 13 weeks, *

p < 0.05 vs. control at 15 weeks, n = 6/group).

350 - [ ] 10 weeks
300- B 13 weeks

. 15 weeks
2501

2001
1504
1004

50+

CO (ml/min)

CRPPR- CSGMARTKC- HIV-tat- gp91ds Control
gp91ds gp91lds gp91lds

Figure 3.16 — Effect of vascular targeting anti-oxi dant peptide on
cardiac output.

Animals underwent baseline, 7 day and terminal sithoracic ECHOs. By
determination of stroke volume by ECHO and hed#d by telemetry, cardiac output
(CO) was calculated. Error bars represent SEM €4#0p05 vs. control at 13 weeks,

* p < 0.05 vs. control at 15 weeks, n = 6/group).
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The left ventricular ejection fraction (LVEF), tipercentage of blood pumped out of
the left ventricle with each beat, decreased owee tin the control animals and
animals treated with gp91ds alone (Figure 3.17hweler, in animals treated with
CRPPR-gp91ds, the LVEF increased from 87.2 + 48®&9t5 + 1.0% (Figure 3.17,
Table 4). The LVMI of control animals and anim#isated with CSGMARTKC-
gp91ds and the anti-oxidant peptide alone increpsegtessively over time from 10
to 15 weeks of age, consistent with growth of themal (Figure 3.18). Animals
treated with CRPPR-gp91ds and HIV-tat-gp91ds didshow an increase in LVMI
over time (Figure 3.18).

Treatment Group HR (b/min) SV (ml) [CO (ml/min) LVEF (%) LYMI  (g/mm)
CRPPR-gp91ds 329.6+53 | 064+002 | 211.5+23* | 895+1.0 1.70 £0.09
CSGMARTKC-gp91ds 3244+54 | 0.73+0.07 |217.2+384 *| 86.0+1.1 1.92+0.10
HIV-tat-gp91ds 331.2+10.5 | 0.61+0.04*|203.0+158*| 85.1%23 1.67 £0.06
gp9lds 318.4+8.7 | 058+£0.02*| 184.8+9.8* 85.7+3.2 1.88 £0.08
Control 323.2+5.1 0.76 £0.03 | 315.7 £30.6 85.5+0.8 1.85+£0.05

Table 4 — Effect of vascular targeting anti-oxidant peptide on ECHO

parameters at 15 weeks.

Animals underwent terminal trans-thoracic ECHO4&tveeks of age to determine
stroke volume (SV), left ventricular ejection friaet (LVEF) and left ventricular
mass index (LVMI). Heart rate (HR) was measureddbymetry and cardiac output
(CO) was calculated. Value = SEM (* p < 0.05 wantrol).
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ahh

CRPPR- CSG MARTKC- HIV-tat- gp91ds Control
gp91ds gp91ds gp91ds

[] 10 weeks
. 13 weeks
B 15 weeks

951

LVEF (%)

Figure 3.17 — Effect of vascular targeting anti-oxi  dant peptide on LVEF.

Animals underwent baseline, 7 day and terminalsttaoracic ECHOs to determine
left ventricular ejection fraction (LVEF). Erromls represent SEM (no statistically
significant differences between the treatment gsoaipd control animals at 13 and

15 weeks by one-way ANOVA, n = 6/group).

25- |:| 10 weeks
. 13 weeks

. . 15 weeks
E  2.01
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CRPPR- CSGMARTKC- HIV-tat- gp91ds Control
gp91lds gp9lds gp91ds

Figure 3.18 — Effect of vascular targeting anti-oxi  dant peptide on LVMI.

Animals underwent baseline, 7 day and terminalsttioracic ECHOs to determine
LVMI. Error bars represent SEM (no statisticaligrsficant differences between
the treatment groups and control animals at 131l&neeks by one-way ANOVA, n

= 6/group).
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3.2.7 Effect of vascular targeting anti-oxidant pep tide on

NO bioavailability

At sacrifice, the thoracic aorta of all animals £n6/group) and the third order
mesenteric arteries of three animals from eachmmwere removed for functional

studies by large vessel and small vessel myograplpectively.
3.2.7.1  Large vessel myography

At sacrifice, the thoracic aorta of all animals fn6/group) was removed for
functional studies by large vessel myography toeweine NO bioavailability.
Cumulative concentration-response curves to phphyiee (PE) were performed (1
nmol/l to 10 umol/l) and subsequently repeated in the presencB0@fumol/l N-
nitro-L-arginine methyl ester (L-NAME) to competgly inhibit eNOS. The
response to PE was expressed as the percentagee ahdximum contraction
produced during the first PE curve and the diffeeebbetween the two curves
indicates the degree of NO bioavailability (Figui@19). PE produces
vasoconstriction by activation af-adrenoceptors and an increased contraction to an
equivalent concentration of PE in the presence-BAME would indicate a degree
of basal release of NO in the aorta. HowevehefPE concentration-response curve
was comparable in the presence and absence of LENAMSs would indicate no

basal NO release was present, indicative of entiaklulysfunction.

There was no difference between the two curvearionals treated with the HIV-tat
peptide linked to anti-oxidant peptide, which iraties impaired endothelial function
characteristic of the SHRSP and consistent witlvipts studies (Keret al., 1999,
Hamilton et al., 2002) (Figure 3.19C). CRPPR-gp91ds (Figure 3)19A
CSGMARTKC-gp91ds (Figure 3.19B) and the anti-oxidpeptide gp91lds alone
(Figure 3.19D) showed significantly improved NO &iailability. The greatest
difference between the two curves in the presendeasence of L-NAME occurred
in those animals treated with CRPPR linked to th&-@xidant peptide (Figure
3.20). This indicates that targeting the anti-aridpeptide to the vasculature by the
CRPPR peptide enhances the ability of the antiamtidoeptide to increase NO

bioavailability.
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Figure 3.19 — Effect of vascular targeting anti-oxi  dant peptide on NO

bioavailability in the aorta.

Concentration-response curve to phenylephrine (pPduced by large vessel
myography on the thoracic aorta, repeated in teegurce of 10Qamol/l L-NAME.
Response to PE was expressed as percentage of mmax@ontraction produced
during the first PE curve. Error bars represeniSEp < 0.001 vs. PE curve, n =
6/group).
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Figure 3.20 — Differential effect of vascular targe ting anti-oxidant

peptide on NO bioavailability in the aorta.

Calculated difference between concentration-regpansve to PE and PE curve

repeated in the presence L-NAME for each treatrgemip.

Peptide LOgEC 50 =Cso
(M) Mean (umol/l) | SEM (pmol/l)
CRPPR-gp91ds -3.56 272.6 54.4
CSGMARTKC-gp91ds -3.56 277.4 46.8
HIV-tat-gp91ds -3.47 339.7 57.4
gp91lds -3.53 293.9 37.0

Table 5 — LogECso and ECs values for apocynin concentration-

response curves.

LogEGso and EG values calculated from concentration-responseesuty apocynin
produced by large vessel myography on the thoraeita. SEM, standard error of

the mean.
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In addition, other sections of the thoracic aor@revused to perform cumulative
concentration-response curves to apocyniny@@l/l to 1 mmol/l) directly after a
cumulative concentration-response curve to PE wasstoucted (n = 6/group).
Response to apocynin was expressed as the pereasftige maximum contraction
produced during the first PE curve (Figure 3.2Apocynin was first characterised
as a reversible inhibitor of NAD(P)H oxidase (Sire@hal., 1990) and as such has
been used for numerous studies investigating thi@®raof vascular oxidases.
However, recently apocynin has been shown to als@m anti-oxidant (Heumuller
et al., 2008).

Increasing concentrations of apocynin increasedxation by the vessel for all
treatment groups (Figure 3.21). Only aorta takemfanimals treated with CRPPR-
gp91ds achieved a complete relaxation in the poesefhapocynin (Figure 3.21A).
In addition, the E€ value was calculated for the apocynin concentnatésponse
curves to determine half maximal effective concatian of apocynin in each
treatment group (Table 5). The targeting pepti@#PPR and CSGMARTKC
linked to the anti-oxidant peptide had substartiliver EG, values (272.qumol/l
and 277.4imol/l, respectively) compared to HIV-tat-gp91ds @pd1lds alone, B
values of 339.7umol/l and 293.9umol/l, respectively (Table 5). Therefore,
apocynin had a greater efficacy in animals treatgd the targeting peptides linked
to the anti-oxidant peptide, in particular CRPPRys.
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Figure 3.21 — Effect of vascular targeting anti-oxi dant peptide on

NAD(P)H oxidase activity in the aorta.

Concentration-response curve to apocynin produgeldrge vessel myography on
the thoracic aorta and expressed as percentageaxifmoim contraction produced

during the third PE curve. Error bars represer¥IS& = 6/group).
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3.2.7.2  Small vessel myography

In addition to large vessel myography on the thioraorta, small vessel myography
was also performed on third order mesenteric &detio determine the NO
bioavailability of resistance vessels. Vesselsewemoved at sacrifice from three
animals from each group, dissected from connectidsue and segments
(approximately 2 mm in length) were mounted as prgparations on two stainless
steel wires on a small vessel myograph. Followiag internal diameter
normalisation period, a cumulative concentraticspomnse curve to PE (1 nmol/l to
30 umol/l) was performed in the absence and presendé@®jimol/l L-NAME. The
difference between the two curves indicates theedegf NO bioavailability (Figure
3.22).

There was no significant difference between the ¢wwes for animals treated with
CRPPR-gp91ds (Figure 3.22A). However, there welear difference between the
straight sections of the sigmoid curve indicatimyemhanced efficacy of PE in the
presence of L-NAME (Figure 3.22). CSGMARTKC-gp91@sgure 3.22B), HIV-

tat-gp91ds (Figure 3.22C) and the anti-oxidant idepgp91ds alone (Figure 3.22D)
showed significantly improved NO bioavailabilityTherefore, this suggests that all

the peptides are producing an effect on NO bioalsdity in resistance arteries.

108



Chapter 3 — Vascular Targeting Anti-Oxidant Therapy

[11]
S
<
<
-
+
%-k i & -y * Y
— K
2 B B
@ _o — _‘ID =
@) = s
Y - 8 - 8
— = 2
e o &, -
< - " -
Z . S .
% | 2 |
O o Q— o
BN (@) I
o S S S S S S S
= S 0 g S ks
oM (XeN ‘9p) asuodsay a) (XeN ‘o) asuodsay
Y x r Y
L O - O
S5 ¢ o N ¢ <
— S © =
(o)) .2 8 .2
Q. ) o r
% o > ¥
-0 —, 1 - O —,
0: ' ) T
o [qv]
]
o - ! -
o =
O _g I _g
) S S o S S o o
it S s EH S ks
< (xXe\ ‘9p) asuodsay U (xeN ‘op) asuodsay

Figure 3.22 — Effect of vascular targeting anti-oxi  dant peptide on NO

bioavailability in resistance arteries.

Concentration-response curve to phenylephrine (Ppuced by small vessel
myography on third order mesenteric arteries, regue the presence of 1@@nol/l

L-NAME. Response to PE was expressed as percenfag@ximum contraction
produced during the first PE curve. Error bargespnt SEM (* p < 0.01 vs. PE

curve, n = 3/group).
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3.2.8 Effect of vascular targeting anti-oxidant pep tide on

cardiac histology

Due to the differences in some relevant cardiaarpaters between the groups, the
structure of the heart was investigated by histlodrfter the removal of paraffin
and rehydration, sections were stained with haexybtoand eosin (H&E), which
stains nuclei blue/purple and the cytoplasm of scglink (Figure 3.23). For
investigation into differences in collagen depasiti picro-sirius red and Masson’s
trichrome staining were used. Picro-sirius rednstaollagen red on a pale yellow
background (Figure 3.24) Masson'’s trichrome stagmproduces black cell nuclei,
red cytoplasm and muscle fibres and collagen waisesi blue (Figure 3.25). There
were no differences observed between the sectibneaot taken from animals from

each treatment group.

3.2.9 Effect of vascular targeting anti-oxidant pep tide on
oxidative stress status

Overall oxidative stress status was assessed byee@se from heparinised whole
blood by electron paramagnetic resonance (EPRpodkamples were taken by
cardiac puncture at sacrifice and incubated fom@utes at 37°C with 500mol/I

of CPH spin probe before being snap frozen in figoitrogen. The rate of SO
production by the frozen samples was calculated¢aasts per minute by EPR.
There was a significant difference in SO product®rels between control animals
and animals treated with CRPPR-gp91ds and HIV&ttds (Figure 3.26). In

addition, there was a significant reduction in Sf@dpction in HIV-tat-gp91ds

treated animals compared to animals treated witRERRgp91ds (Figure 3.26).
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CSGMARTKC- HIV-tat-
gp91lds gp91lds gp91ds Control

CRPPR-
gp91ds

Figure 3.23 — Effect of vascular targeting anti-oxi  dant peptide on the

heart by H&E staining.

Histological analysis of sections of the heart froontrol and treated animals by
H&E staining. H&E stains nuclei blue/purple ane ttytoplasm of the cells pink.
Images are from three animals per group. Scale B&0 pm, magnification x 40.
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CSGMARTKC- HIV-tat-
gp91lds gp91lds gp91ds Control

CRPPR-
gp91ds

Figure 3.24 — Effect of vascular targeting anti-oxi dant peptide on
collagen deposition in the heart by picro-sirius re d staining.

Histological analysis of collagen deposition intg&ts of the heart from control and
treated animals by picro-sirius red staining. @&isirius red stains collagen red on a
pale yellow background. Images are from three atsper group. Scale bar = 100

pm, magnification x 40.
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CSGMARTKC- HIV-tat-
gp91lds gp91ds gp91lds Control

CRPPR-
gp91lds

Figure 3.25 — Effect of vascular targeting anti-oxi dant peptide on

collagen deposition in the heart by Masson'’s trichr ome staining.

Histological analysis of collagen deposition intgmts of the heart from control and
treated animals by Masson’s trichrome staining. sd®a’s trichrome staining
produces black cell nuclei, red cytoplasm and neubtes and collagen was stained

blue. Scale bar = 100 um, magnification x 40.
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Figure 3.26 — Effect of vascular targeting anti-oxi  dant on SO production

in whole blood.

SO production from heparinised whole blood sampleEPR. Blood samples were
taken by cardiac puncture at sacrifice and incubfie 30 minutes at 37°C with 500
umol/l of CPH spin probe before being snap frozetigoid nitrogen. The rate of

SO production by the frozen samples was calculagedounts per minute by EPR.
Error bars represent SEM (* p < 0.05 vs. controp # 0.05 vs. CRPPR-gp91ds

treated animals, n = 6/group).
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3.3 Discussion

This study has determined the efficacy producethlyeting an anti-oxidant peptide
selectively to the vasculature. Six selectivelgrioming peptides were originally
determined byex vivo andin vivo phage display in BALB/c mice (CGRKSKTVC,
CPKRPR, CPKTRRVPC, CRPPR, CRSTRANPC and CSGMARTKZ)ang et
al., 2005). The heart-targeting capability of CRPPRBswurther tested in an
additional two mouse strains (FVB and C57BL/6) wattsimilar degree of specific
cardiac homing seen in the different strains (Zhetrad., 2005). Three out of the six
cardiac targeting peptides (CRPPR, CRSTRANPC anGMARTKC), retained
their selectivity for the heart when they whereetalacross species into the WKY rat
(Shirley, 2008). This indicates that there areilginties and significant differences
between the proteins expressed on the EC surfatkest two different species.
Furthermore, only two of the peptide sequences @REBnd CSGMARTKC) could
produce a degree of selectivity to one organ oselem the SHRSP, a model of
human essential hypertension. Therefore, careflecon and testing of targeting
peptide sequences is required before they can &@ effectively in the model of

choice.

The anti-oxidant peptide gp91ds selectively inlsilgitoduction of SO by NAD(P)H
oxidase (Rewt al., 2001). In the SHRSP, which has endothelial dystion due to
increased generation of SO and relative NO defoyigKerr et al., 1999, Hamilton
et al., 2002), gp91lds either alone or targeted by CRPR&® @SGMARTKC
significantly enhanced NO bioavailability, as detared by large vessel myography
on the thoracic aorta. Animals treated with CRRJpR1ds showed the greatest
improvement in NO bioavailability, suggesting th&trgeting the anti-oxidant
peptide to the vasculature increases the efficdcyhe anti-oxidant peptide to
improve endothelial function. Small vessel myodwmaperformed on third order
mesenteric resistance arteries suggested thahelpéptides were increasing NO
bioavailability. This further indicates the diféarces produced by targeting the anti-
oxidant peptide, when gp91ds was targeted to tha &y CRPPR it produced the

greatest increase in NO bioavailability.
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During myography experiments, the aorta was alpomsad to apocynin. Increasing
concentrations of apocynin increased relaxationthm®y vessel for all treatment
groups but only in the CRPPR-gp91ds treated gradipamplete relaxation occur in
the presence of apocynin. The targeting peptidRBRR and CSGMARTKC linked
to the anti-oxidant peptide had substantially |o&€x, values compared to HIV-tat-
gp91ds and gp91lds alone. This suggests that ajpobwad a greater efficacy in
animals treated with the targeting peptides linkedhe anti-oxidant peptide, in
particular CRPPR-gp91ds, than the non-targetedoaidant peptide. However, the
mechanism of action of apocynin in these experisieunclear. If apocynin was
acting as an anti-oxidant (Heumuller al., 2008), then it would prevent any SO
released from the vessels interacting with NO,easing NO bioavailability. This
would be consistent with the findings in the preseof L-NAME, whereby CRPPR-
gp91ds has the greatest effect on NO bioavailgbili€onversely, if apocynin was
inhibiting NAD(P)H oxidase (Simonret al., 1990), the greater relaxation response to
apocynin by aorta from CRPPR-gp91ds-treated aniow@ifd suggest increased SO
was present in these vessels due to either inadds®(P)H oxidase activity or
increased expression of the enzyme. The highlgcéffe inhibition of NAD(P)H
oxidase by the CRPPR-gp91ds could lead to an ugatgn in expression of
NAD(P)H oxidase. When the anti-oxidant peptidey¢sed by CRPPR was washed
off in the myograph bath, the increased SO prodactly increased levels of
NAD(P)H oxidase could possibly enable a greateaxagion of the vessel to be

produced in the presence of increasing concentiatdd apocynin.

The increase in NO bioavailability produced by CRR#p91ds, CSGMARTKC-
gp91ds and gp91ds alone treated animals was onliderable enough in animals
treated with CRPPR-gp91ds to produce a significadtiction in systolic BP. The
anti-oxidant peptide by inhibition of NAD(P)H oxisia has been previously shown
to reduce SO production in angiotensin Il- and-salticed hypertension (Reyal.,
2001, Zhouet al., 2006). Here it has been shown that only whenldp9wvas
targeted to the vasculature could it reduce systBP in a disease model, the
SHRSP. The rise in systolic BP was progressivetane-dependent in the control
animals and in animals treated with CSGMARTKC-gE91dHIV-gp91ds and
gp91ds alone, characteristic of the SHRSP (Davidsoal., 1995, Clarket al.,
1996).
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Animals were treated with the HIV-tat peptide lidk® the anti-oxidant peptide as a
positive control but this treatment provided no dfénin NO bioavailability or
reduction in systolic BP. After investigation ¢fet SO production in whole blood
samples taken from this group by EPR, it was shthabhanimals treated with HIV-
tat-gp91ds had significantly reduced SO productionthe blood compared to
CRPPR-gp91ds treated animals. This suggestshadl/-tat peptide was enabling
delivery of the anti-oxidant peptide to blood coments, most likely mononuclear
white blood cells, and this resulted in reduced @&duction in the whole blood
sample from these animals. Previously, gp9ldditet been shown to inhibit
phorbol myristate acetate (PMA)-induced SO produrcin neutrophils by 35% (Rey
et al., 2001). This interaction with the blood wouldgetéby, reduce the overall
bioavailability of the HIV-tat-gp91ds peptide, piiBg preventing it producing the
effects on BP seen in other studies (Reyal., 2001). Therefore, HIV-tat was
effective at delivering the anti-oxidant peptidd the lack of selective targeting by
this peptide means that it was not successful mveyging the anti-oxidant peptide to

sites of oxidative stress where it would produgmisicant effects on BP.

The receptor for CRPPR was previously identifiedC&P-2 (Zhanget al., 2005).
CRIP-2 was expressed at the highest level in tleetle mice, with much lower
levels of this receptor present in other tissudsa(@et al., 2005). Fluorescein-
conjugated CRPPR peptide extensively co-localisétd an anti-CRIP-2 antibody
and the endothelial marker CD31 in coronary argserieapillaries and the
endocardium (Zhanegt al., 2005). However, CRIP-2 has no discernible memdbra
spanning domain and has been previously shown ta banding partner of sub-
membranous protein tyrosine phosphatase (PTP-BBh (Mam et al., 2003).
Therefore, it is possible that the CRIP-2 proteiasvexpressed on the surface of
ECs, allowing binding by CRPPR. Recently, a sthdg shown that the vascular
targeting capacity of, in particular the CRPPR mptwas possibly due to the
presence of a C-terminal arginine residue (R bynanacid single letter code)
(Teesaluet al., 2009). It was further shown that a tandem RXX8&ifhwas highly
efficient at promoting initial phage binding (Teksat al., 2009). Phage inserted
with peptide sequences containing RXXR demonstrageshter than 1000-fold
increase in binding over control phage (Teeslal., 2009). Indeed, addition of

further basic amino acids to the peptide sequenceeased binding in a dose-
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dependent manner, contributing to subsequent ialisation (Teesal@t al., 2009),
possibly due to the increased similarity to the HdW peptide (sequence
RKKRRQRRR). The mechanism of internalisation bpte containing the RXXR
motif was investigated using the inhibitors of wais endocytosis pathways but this
mechanism of cell entry was not used (Teestakl., 2009). This was expected at
least for the CRPPR peptide as a putative recépttbeen previously identified for
this peptide (Zhanget al., 2005). The putative receptor for internalisatioh
peptides with a C-terminal R, neuropilin-1 (NRP-Was not identified in the
previous peptide receptor screen for the receoICRPPR (Zhangt al., 2005).
Also, CRPPR bound to HCAECs more strongly than tdVHCs (Zhanget al.,
2005), suggesting specific targeting to the artevimsculature and not generic

endothelial targeting.

When the C-terminal R was capped in peptides coimigiithe RXXR motif with an
additional non-basic amino acid, it abolished datibinding by the phage inserted
with this peptide sequence (Teesdlal., 2009). This has important implications as
the CRPPR peptide was linked to the anti-oxidamtige through the terminal R
residue (CRPPR-gp91ds sequence was CRPPR-GGG-CRTRIR Although it
was shown that trypsin, through cleavage of thgetiamg peptide at basic residues,
could activate a peptide with a “cryptic bindingesi by proteolytic cleavage
(Teesalwet al., 2009). It is possible that the binding site @terminal R peptides in
the NRP-1 receptor is small and the presence ofG6G& linker sequence in the
CRPPR-gp91ds peptide allows the anti-oxidant peptm bend away from the
receptor, producing interaction between CRPPR aRB-M. Indeed the binding site
of NRP-1 probably requires five amino acids asdteversion from tuftsin (TKPR)
to enhanced-tuftsin (TKPPR) increased binding tdogmelial cells by 20-fold (von
Wronskiet al., 2006). Vascular endothelial derived growth fagEGF) binds to
NRP-1 to increase vascular permeability (Beadteal., 2005, Mamluket al., 2005,
Acevedoet al., 2008). VEGF binds to the same site of NRP-hadHlV-tat peptide
(Jia et al., 2001). A peptide with the RXXR motif was showm gignificantly
increase vascular leakage (Teesau al., 2009). This increased vascular
permeability produced by the presence of the CRP&Ride could have produced
the increased effectiveness of the anti-oxidanttigepby increasing delivery to
VSMCs.
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The SHRSP has been used in this study as a modieinodin essential hypertension
as BP in these animals increases with age (Davidsan 1995, Clarket al., 1996).
Additionally, as the SHRSP has endothelial dysfiomctdue to oxidative stress,
which has been previously reversed (Alexaneteal., 1999, Dowellet al., 1999,
Alexanderet al., 2000, Fennelt al., 2002, Milleret al., 2005, Grahanat al., 2009),

it was an excellent model for the study of a naweti-oxidant therapy. The anti-
oxidant peptide gp91ds was targeted to the vasoelaind the effect on BP and
endothelial function in the SHRSP was then assessBte anti-oxidant therapy
alone shows improvement in NO bioavailability butyowhen it was targeted with
CRPPR was a significant improvement in NO bioavslity and an attenuation of

the time-dependent and progressive increase inlgyBP observed in the SHRSP.
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4.1 Introduction

There are significant hindrances in the deploymeintAd5-based gene therapy
vectors, including extensive liver and spleen aadation (Huardet al., 1995,
Connelly, 1999, Parkeet al., 2006, Waddingtoret al., 2007, Kalyuzhniyet al.,
2008, Waddingtoret al., 2008), broad seroprevalence of neutralising adiés
(Christet al., 1997, Sprangerst al., 2003, Vogelst al., 2003, Sumidat al., 2005,
Abbink et al., 2007, Parkeet al., 2009) as well as interactions with erythrocytes
(Nicol et al., 2004, Carlisleet al., 2009, Subet al., 2009) and platelets (Hofheat
al., 2007, Othmarmt al., 2007, Stonet al., 2007b) which all serve to limit efficacy.
Consequently, research has been undertaken toafindlternative gene therapy
vector with one possible solution being to deveddternative serotype Ad vectors
which circumvent some of the negative aspects d. A&ub-species B Ads are a
relatively well characterised sub-species of Adhwibany potentially favourable

differences to Ad5 due to alternative receptorslaner seroprevalence.

4.1.1 Sub-species B Ads

The sub-species B Ads include Ad3, 7, 11, 16, 35%h Relative to sub-species C
Ads, sub-species B Ad fibers are short-shafted,sisting of 5.5 repeats in
comparison to the 22 repeats in the sub-speciesi€(Ad2 and Ad5). The sub-
species B Ads form two genetic clusters, B1 (Ad87AAd16, Ad21, and Ad50) and
B2 (Ad1l, Ad14, Ad34, and Ad35) (Waded al., 1980) (Figure 1.3). The sub-
species B Ads were originally shown to use CD4ahesr high affinity cellular
receptor (Gaggaat al., 2003, Segermaet al., 2003b, Sirenat al., 2004). The high
affinity interaction between the Ad35 fiber knobda®D46 has a dissociation
constant of 14.64 nM (Wang al., 2008b), which is similar to the affinity of the
Ad5 fiber knob:CAR interaction (Kirbyet al., 2000, Kirbyet al., 2001). Short
consensus repeats 1 and 2, two distal extracetiolarains of CD46, are involved in
Ad35 binding (Gaggaket al., 2003, Fleischliet al., 2005, Sakuragt al., 2006b)
(Figure 4.1).

CD46 is a 56-66 kDa membrane glycoprotein which tqmis cells from
complement-mediated damage and is usually preseall duman nucleated cells at
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a relatively low level. There are four major isofs of CD46 (BC1, BC2, C1 and
C2, Figure 4.1) produced by alternative splicing @f region encoding an
extracellular domain and the choice between ontevofcytoplasmic tails, Cyt-1 and
Cyt-2. The use of CD46 as a virus receptor alltvessub-species B Ads to produce
more efficient transduction of both VSMCs and E®scomparison to other sub-
species due to the low CAR expression of thess @dihvengat al., 2001, Havenga
etal., 2002).

Several of the sub-species B Ads also use an utifiddnreceptor for the infection
of human cells, named receptor X (Twteal., 2006). By using soluble CD46 and
an anti-CD46 antibody, three sub-groups of the spdzies B Ads were determined
(Tuveet al., 2006). Ad16, Ad21, Ad35 and Ad50 nearly exclegivuse CD46 as
their receptor, Ad3, Ad7p and Ad14 use receptor id mot CD46 and Adllp
utilises both CD46 and receptor X (Tueeal., 2006). Competition studies with
recombinant fiber knob protein showed that theradton of Ad3, Ad7p, Adllp
and Ad14 with receptor X was mediated through therfknob (Tuveet al., 2006).
Further analysis demonstrated that receptor X&hjlito be an abundantly expressed
glycoprotein, present on a variety of cancer anchgny cells (Tuveet al., 2006).
Ad3, Ad7p, Adllp and Ad14 bind to receptor X withwl affinity in a calcium-
dependent manner (Tueeal., 2006).

Many previous studies have focused on chimericorsctwhere the fiber of sub-
species B Ads is “pseudotyped” onto the Ad5 capisidugh swapping of either the
knob domain (Shayakhmetov and Lieber, 2000, Gaggalr, 2003, Shayakhmetov
et al., 2004, Shayakhmetat al., 2005a, Wangt al., 2008a) or the full length fiber
(Shayakhmetowet al., 2000, Havengaet al., 2001, Shayakhmetoet al., 2002,
Sakuraiet al., 2003a, Sakuraat al., 2003b, Shayakhmetat al., 2004, Di Paolcet
al., 2006, Niet al., 2006, Shinozaket al., 2006, Tuveet al., 2006, Brouwekt al.,
2007, Stonet al., 2007a). In vitro this strategy was effective at improving delivery
through CD46 (Di Paolet al., 2006, Niet al., 2006, Brouweet al., 2007).
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Figure 4.1 — Structure of CD46 isoforms.

There are four major isoforms of CD46 (BC1, BC2, @id C2) produced by
alternative splicing of a region encoding an extatar domain and the choice
between one of two cytoplasmic tails, Cyt-1 and-Zyt Short consensus repeats
(SCR) I and Il are crucial for Ad35 binding. Adagtfrom Manchesteet al.
(Manchesteet al., 1994).
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4.1.2 Sub-species B pseudotype vectors

The first studies using a sub-species B pseudotgmor, Ad5/f35 (a vector
consisting of the hexon and penton of Ad5 and tH85Afiber) showed that Ad5/f35
could efficiently transduce haematopoietic CD84lls (Shayakhmetost al., 2000,
Di Paolo et al., 2006). Ad5/f35 transduced 54% of CD34ells, whereas
transduction by Ad5 was restricted to the 25% of3&Dxells which expressed,-
integrins (Shayakhmetost al., 2000). The remaining CD34ells were refractory
to Ad5 transduction as they did not express CARantegrins (Shayakhmetost
al., 2000). In addition, studies investigating alsive human serotypes for
cardiovascular gene therapy utilised a “pseudotyfpary” for screening on cell
lines to determine the most efficient fiber fornsduction (Havengat al., 2001,
Havengeet al., 2002). The sub-species B pseudotype Ad5/f16faasd to increase
transduction of human ECs and SMCs by 8- and @dl-felspectively, compared to
the Ad5 control (Havengat al., 2001). When other sub-species B pseudotype
vectors were tested, namely Ad5/f11 and Ad5/f3Bythoth increased transduction
efficiency compared to Ad5 but not to the samecedficy as Ad5/f16 (Havenget
al., 2001). These data in ECs were corroborated athan study where Ad5/f35
transduced 95-100% of both HUVECs and HAECs, wisekadb transduced less
than 10% of both cell types (Shinozakial., 2006). This was due to the relatively
low level of CAR expression by SMCs and ECs (Hawaegigal., 2001). Therefore,
as the sub-species B vectors use CD46 and not GARe#& cellular receptor, which
is expressed at high levels on SMCs and ECs (Shknetzal., 2006), they are able
to efficiently transduce SMCs and ECs. Whilst SM@sa be transduced by Ad5, it
requires a very high multiplicity of infection of d& per cell and this has
implications for toxicity (Havenget al., 2001, Worket al., 2004).

The sub-species B pseudotype vectors also demtmstrereased infectivity of
many cancer cell lines compared to Ad5 (Havesigad., 2002, Shayakhmetat al.,
2002, Brouwest al., 2007), likely due to CD46 being up-regulated iany human
cancers (Kinugasat al., 1999, Murrayet al., 2000, Niet al., 2006). In addition,
expression of CAR correlates negatively with tumomalignancyin vivo (Miller et
al., 1998, Liet al., 1999, Okegawat al., 2000, Niet al., 2006), indicating that

vectors using a CAR-dependent pathway for infectiomild be largely ineffective at
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transducing the most aggressive forms of canbevitro, the cancer cell line MDA-
MB-435 was efficiently transduced by Ad5/f35, whesehis cell line was refractory
to Ad5 transduction due to very low CAR expresdigrthese cells (Shayakhmetov
et al., 2002). There was a strong correlation betweansttuction efficiency of
primary cancer cellg vitro by Ad5 and Ad5/f35 and the CAR and CD46 expression
levels (Niet al., 2006, Suominest al., 2006, Brouweet al., 2007).

Pseudotype vectors from the sub-species B Ads baea shown to significantly
enhance transduction of primary glioma cells takesm patients with brain
tumours, compared to Ad5 (Brouwetral., 2007). Transduction was enhanced by
the presence of the sub-species B fiber due tdothidevel of CAR expression by
the cells and the primary glioma cell suspensieaslity expressed the BC1 isoform
of CD46 (Brouweret al., 2007). Transgene expression by the Ad35 vects w
significantly enhanced in the primary glioma celtsnpared to Ad5 (Brouwet al.,
2007). However, there was no direct comparisonentedween the Ad35 vector and

the pseudotype Ad5/f35 vector.

The properties displayed by the Ad5/f35 pseudotypetor are maintained in the
Ad35 vector. Ad35 displays a higher transductidficiency into human CD34%
cells compared to both Ad5 and Ad5/f35 (Saketail., 2003a). In CAR expressing
cell lines, Ad35 produced similar or lower levelst@nsduction compared to Ad5
and Ad5/f35 (Sakuragt al., 2003b). Furthermore, in cell lines which did e&press
CAR, transduction by Ad35 was significantly enhahoceompared to Ad5, as
expected (Sakurat al., 2003b).

Therefore,in vitro studies suggest that it would be possible to setdg target and
effectively transduce cancer cells, possibly eitiepart of a solid tumour or ideally
disseminated metastases, by systemic administrafiorectors based on the sub-
species B Ads as this sub-species also shows reédaepatocyte transduction
(compared to Ad5) but efficient cancer cell trargthin. Indeed, Ad5/f35 has been
approved in the UK for a cancer gene therapy phaselinical trial
(http://www.dh.gov.uk/ab/GTAC/index.htm).
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4.1.3  Animal models for in vivo study of the tropism of

sub-species B Ads

Many of thein vivo studies into the efficacy and safety of vectorselolaon the sub-
species B Ads have produced variable results. dnyntases, this could be due to
the use of wild-type mice, rather than CD46 transgenice. Although humans
ubiquitously express CD46, expression in rodentssgricted to the testes (Inoae
al., 2003). In addition, there is no homology betwdbha mouse and human
cytoplasmic domains of CD46. When non-transgeritenare used for thig vivo
studies, the sub-species B Ad vectors showed ravgeting away from the liver
(Shayakhmetowt al., 2002). This was entirely expected based on #uok bf
expression of CD46. However, the sub-species Bdddslemonstrate reduced liver
transduction in comparison to Ad5 (Shayakhmetaal., 2002).

The difficulties in using animal models to transl#ée tropism of sub-species B Ad
vectors to humans were first highlighted by thdedénces in Ad5/f16 transduction
of human SMCs to those taken from rats, pigs aedut monkeys (Havengaal.,
2001). In human SMCs, Ad5/f16 produced a 64-feoldréase in transduction in
comparison to Ad5 (Havenga al., 2001). This increase in transduction efficiency
was also seen in rhesus monkey SMCs, where Adbit¥éased transduction by 5-
fold compared to Ad5 (Havengat al., 2001). However, in pig and rat SMCs,
transduction by Ad5/f16 was reduced 10- and 100;fodspectively, compared to
Ad5 (Havengat al., 2001). This was later explained when it was tbtivat rodents
only express CD46 in the testes (In@uel., 2003). Therefore, rat SMCs would not
express CD46 preventing efficient transduction bysud-species B pseudotype
vector. This also suggests that porcine SMCs aegpf@D46 at a moderate level
(lower than human SMC CD46 expression) as, althduaghsduction by Ad5/f16
was reduced in cells taken from the pig, transduactvas not attenuated. Therefore,
the pig is also a poor animal model for studies thein vivo tropism of sub-species

B Ad vectors.
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4.1.3.1  Studies in non-CD46 transgenic mice

Although non-CD46 transgenic mice do not providgpad animal model for the use
of sub-species B Ads in humans, studies in theseads have provided useful data
on the selective targeting capacity of these vectdn vivo studies in immuno-
deficient CB17/SCID mice demonstrated attenuateer ltransduction by Ad5/f35
compared to Ad5 (Shayakhmet@t al., 2002), indicating that Ad5/f35 had a
reduced liver tropism. Therefore, it was hoped the to the reduced liver tropism
of Ad5/f35 and the enhanced transduction of canektines by this vector, Ad5/f35
would be an effective vector for potentially taiggt metastases after intravenous
administration. In a xenograft model of liver nstéses produced by transplantation
of a human breast carcinoma cell line (MDA-MB-43Bjo the portal vein of
immuno-deficient CB17/SCID mice, Ad5/f35 transducg®h of liver metastases
(Shayakhmetowet al., 2002). Due to the up-regulation of CD46 in mdmyman
cancer cell lines and the lack of native CD46 eggian in the mouse, Ad5/f35
should selectively and efficiently transduce thacea cells. Another similar study
did find that Ad5/f35 could selectively target arsplanted human cancer cell line
(Berntet al., 2003). Immuno-deficient CB17/SCID mice were sglanted with a
human carcinoma cells (HelLa) via portal vein inmttand Ad5 selectively
transduced mouse hepatocytes (Betrdl., 2003). Transduction by Ad5/f35 was
selectively restricted to liver metastases withobwious transduction of hepatocytes
(Berntet al., 2003). The reason behind the difference betwieese two studies is
unclear, possibly due to CD46 expression levelshendifferent human cancer cell

lines used to produce the liver metastases.

There are also differences between Ad5 and Ad5#f@Bsduction after local
delivery in vivo. In anin vivo model of head and neck cancer, created by
subcutaneous injection of a human squamous celtintana cell line into
immunodeficient SCID knockout mice, Ad5/f35 transgeexpression was detected
uniformly across 60% of the tumour (Suominen al., 2006). However,
administration of Ad5 by the same route resultettamsduction of only those cells
directly surrounding the injection site (Suomiretial., 2006). The dispersion by the
Ad5/f35 vector, allowing transduction of cells mmtmediately adjacent to the site of

injection, suggests that administration of Ad5/f8y a single intra-tumoural
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injection is a therapeutically relevant route ofmadistration and may be clinically

relevant.

The pseudotype vector Ad5/f35 has also been usedrat hepatic tumour model
(Shinozakiet al., 2006). Cancer cells (McA-RH7777) were implanteth non-
transgenic rats 14 days before administration tdfeeiAd5 or Ad5/f35 into the
hepatic artery (Shinozalet al., 2006). Ad5 transgene expression was detected
primarily in the liver parenchyma with transductioocurring in only a few tumour
cells (Shinozaket al., 2006). However, Ad5/f35 selectively targeted time of the
hepatic tumour, co-localising with the endothekall markers CD31 and FIk-1,
indicating transduction of endothelial cella vivo (Shinozaki et al., 2006).
Additionally, Ad5/f35 produced very little transdien of normal liver tissue
(Shinozakiet al., 2006), suggesting that Ad5/f35 could be usedelover genes via
the hepatic artery to sites of neoangiogensis &usoc with liver tumours.
However, this study was performed in the rat whades not share the CD46
expression pattern of humans and it is difficultcrrelate the observed vector

distribution with this receptor expression.

The Ad35 vector behaves similarly to the pseudo#@®&/f35 vectorin vivo in non-
transgenic mice. Ad5/f35 and Ad35 produced thdghést levels of organ
transduction in the liver but transduction by thesetors was 3 and 4 log orders,
respectively, lower than transgene expression rnedliby Ad5 (Sakurakt al.,
2003b). In other organs, including spleen, kidreyart and lung, transduction by
Ad35 was lower than transduction by Ad5/f35 (Sakuea al., 2003b). To
investigate why there was a difference in the tlanson efficiency by Ad35 and
the pseudotype Ad35 vectors, the blood clearancetiks of Ad5 and Ad35 were
determined (Sakurai al., 2003b). The clearance of Ad5 and Ad35 from tlo®db
was rapid for both vectors and not significantlffetent to each other; both had a
half-life in the blood of approximately three mieat(Sakuragt al., 2003b). The
blood clearance kinetics of Ad5/f35 was not reparte Therefore, the rate of
clearance from the animal was not involved in poddg the overall reduced
transduction efficiency by Ad35. One hour postaménous infusion of the vector
into non-transgenic mice, the majority of the vidake accumulated in the liver due
to the action of Kupffer cells (Sakurat al., 2003b). However, 48 hours after
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administration of the vectors, 43% of the Ad5 dosmained in the liver due to
transduced hepatocytes, whereas no Ad35 DNA wasiet (Sakuragt al., 2003b).

This was likely due to the absence of CD46 in the-trxansgenic mice.

In the same study, non-transgenic mice were givés, Ad5/f35 and Ad35 vectors
by intramuscular injection (Sakurei al., 2003b). Although, skeletal muscle cells
express low levels of CAR (Tomlet al., 1997, Bergelsoet al., 1998, Nalbantoglu
et al., 1999), Ad5 produced the highest level of transgexpression but this was not
significantly different to Ad5/f35 and Ad35 (Sakuet al., 2003b). This suggests
that the efficacy of the Ad5/f35 and Ad35 vectarsrifect skeletal muscle cells was
poor. Additionally, the hepatotoxicity produced Byl5 and Ad35 vectors was
significantly different. The level of the liver Byme aspartate aminotransferase
(AST) was used as a measure of hepatotoxicityelesmse of this enzyme into the
bloodstream occurs after acute damage to the li@ne day after administration,
Ad35 and Ad5 produced a 2- and 5-fold increase BT Alevels, respectively
(Seshidhar Reddst al., 2003). In mice injected with Ad35, the AST leveturned
to baseline four days after delivery of the vectoHowever, four days after
administration of Ad5, the level of AST had incredsy 40-fold (Seshidhar Reddy
et al., 2003). These data suggest that Ad35 may betdegsto the liver than Ad5
but, as these experiments were performed in nersgenic mice, it does not predict

the immune reactions to administration of an Ad&bter in humans.

4.1.3.2  Studies in CD46 transgenic mice

Transgenic mice with different expression profilfshuman CD46 were used to
evaluate Ad35 transductian vivo. However, there were some distinct differences
between transgenic strains, for example, CD46 wasietected on the erythrocytes
of some CD46 transgenic mice (Sakwiaal., 2006a) but other studies have shown
this (Oldstoneet al., 1999, Kempeset al., 2001). The reason for the differential
expression of CD46 on erythrocytes is likely du¢h® method of production of the
CD46 transgenic mice strains. Transgenic mice yed using a yeast artificial
chromosome under the control offaactin promoter to transfer DNA encoding
CD46, expressed CD46 on their red blood cells (Ofuset al., 1999). Whereas

erythrocytes did not express CD46 when a bactartdicial chromosome was used,
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driven by the human CD46 promoter (Sakugnial., 2006a). This produced an
expression profile similar to that in humans (Mrldcal., 1998, Oldstonest al.,
1999, Kempeet al., 2001).

There are distinct differences in the transducioperties of sub-species B Ad
vectors after local delivery in CD46 transgenic amwh-transgenic mice. After
intramuscular injection, Ad5/f35 selectively transdd myocytes surrounding the
injection site in CD46 transgenic mice but this dat occur in non-transgenic mice
(Di Paoloet al., 2006). Intramuscular injections led to leakafja proportion of the
delivered vector into the bloodstream and resutiddrer transduction (Di Paolet
al., 2006). Liver transduction after intramusculgeation in non-transgenic mice
was increased, compared to transduction in CD4&g¢enic mice (Di Paolet al.,
2006). There was also some lung accumulation i@ Eransgenic animals
administered with Ad5/f35 by intramuscular injecti(Di Paoloet al., 2006).

In CD46-transgenic mice, intravenous administrabdbd5/f35 selectively targeted

metastatic tumours, which had grown from cells regied to express CD46 at a
level comparable to human tumours (Bti al., 2006). This indicates that the
transduction efficiency of Ad5/f35 depends on tHe46 expression density; since

the cancer cells expressed more CD46, they weimesffly targeted.

Hemizygous and homozygous CD46 transgenic mice Hzen developed to
investigate the differences in tropism by Ad35 (Baket al., 2006a). Intravenous
administration of Ad35 produced increased transdnatf liver, lung and kidney in
CD46 transgenic mice, in comparison to non-transgerice, with no differences in
transduction by Ad35 between the hemizygous andoaggous CD46 transgenic
mice (Sakuraiet al., 2006a). Unfortunately, this study did not congp&d5 and

Ad35 transduction in CD46 transgenic mice. Inmailsir study, intravenous delivery
of Ad35 into CD46 transgenic mice did not resultefifective transduction of any
organ when measured 24 hours after administraterh@aghet al., 2006).

However, 48 hours after administration, there watectable levels of Ad35 in the
lung (Verhaagtet al., 2006). There was no Ad35 detected in the livehe CD46

transgenic mice at either time point (Verhaaghal., 2006). When Ad35 was

administered by intramuscular injection, the leweéltransduction produced was
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comparable between non-transgenic and CD46 traitsgeice (Verhaaglet al.,
2006). In both of these studies in CD46 transgemite, there was no comparison
made to gene transfer mediated by Ad5. Therefibres difficult to obtain an
indication of the likely tropism in humans relatite the other previously tested

vectors, for example, Ad5.

4.1.3.3  Studies in non-human primates

Non-human primates have a similar CD46 expressattem to humans (Hsat al.,
1997) with high homology in the short consensuga¢p 1 and 2 regions, which are
crucial for Ad35 binding (Fleischit al., 2005, Gaggaet al., 2005, Sakuragt al.,
2006b). Non-human primates have been extensivadyl dor studies with measles
virus as it also uses CD46 as a receptor (Sakagtiehi, 1986, McChesnesgt al.,
1997, Premenko-Laniet al., 2003). In baboons, intravenous administratioAd
resulted in significantly increased levels of tdunstion in the liver, brain and
stomach in comparison to the sub-species B psepeotsectors Ad5/f11 and
Ad5/f35 (Ni et al., 2005). Interestingly, 5% of hepatocytes weregdauced and
areas of the arterial endothelium in the lung sltbWB0% transgene expression
produced by Ad5 (Nkt al., 2005), which was very different to previous fings
where Ad5 usually demonstrates very high liver dtarction. The toxicity of the
vectors was also investigated with all vectors podglg an increase in alanine
aminotransferase (ALT), a marker of hepatocellutlemage, one hour after
administration (Niet al., 2005). The ALT level 72 hours post-administratiwas
increased further in Ad5 treated animals, wher@asotrs after delivery of Ad5/f11
and Ad5/f35, the ALT level had returned to normidi €t al., 2005). Therefore, the
sub-species B pseudotype vectors appear to posde=tter safety profile than Ad5
in baboons but the levels of transduction by thessudotype vectors are relatively

low.

Experiments investigating then vivo tropism of Ad35 after intravenous
administration were reproduced in another non-hurpamate, the cynomolgus
monkey (Sakuragt al., 2008). Ad35 transduction mostly occurred inlitaer, lung

and kidney but all at substantially lower levelarthiransduction produced by Ad5 in

these organs (Sakureti al., 2008). There was no difference in the blood+eree
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kinetics between Ad5 and Ad35 (Sakurai, 2008). Esv, Ad35 vectors remained
associated with blood cells throughout the foursdafystudy duration (Sakurai al.,
2008). As the erythrocytes of the cynomolgus mgné&epress CD46 (Hset al.,
1999), this suggests that Ad35 may bind to blodts a& was taken up by blood
cells after delivery of the vector, resulting iretimcreased association of this vector

with blood cells over the course of the study amiting bioavailability.

As Ad35 has relatively poor tissue transductionicefficy after systemic
administration, this makes it a potential candidatedevelopment into a targeted
gene therapy vector. Targeting Ad35 by local dadvcould potentially produce
fewer side effects on non-target organs when Adathd from the injection site into
the bloodstream. Sakuret al. administered Ad35 by direct injection into theeki
of cynomolgus monkeys, which resulted in transgexyression only in those cells
bordering the injection site (Sakurial., 2009). Injection of Ad35 into skeletal
muscle of cynomolgus monkey resulted in no transodn®f muscle fibers (Sakurai
et al., 2009), in comparison to the transduction produmethis vector in both non-
transgenic and CD46 transgenic mice (Saketral., 2003b, Verhaagkt al., 2006).
Renal tubular epithelial cells were transduced @B after local delivery to the
kidney with some dispersion from the injection sif®akurai et al., 2009).
Additionally, inflammatory cell infiltration was s@ at many of the injection sites
but there was no transduction observed in organshwiere not injected (Sakureti
al., 2009). However, this study did not compare tifecés of local delivery of Ad35
to that of Ad5. Therefore, it is difficult to draawny firm conclusions on the

efficiency of this vector.

As some non-human primates express CD46 on erytt@®cwhereas humans do
not (Hsuet al., 1999, Baker, 2007, Sakurai, 2008), this prevémg use as a truly
relevantin vivo model. The sub-species B Ad vectors would haveeduced
circulation time in these primates since the majasf the vector would bind to the
available CD46 receptors on red blood cells rapadter injection. Therefore, it is
appropriate to use mice transgenic for human CD4f6iclw display a similar

expression profile to humans (Sakuggal., 2006a).
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4.1.4 Interaction of sub-species B Ads with blood

Recent studies were designed to investigate tleeaiction(s) between blood and the
sub-species B vectors in CD46 transgenic mice dftalas shown that the Ad35
knob domain was sensitive to FIX binding (Shayaktuwest al., 2005b). After
intravenous administration of Ad5 and Ad5/f35 imon-transgenic mice, both
vectors produced similar levels of liver transdoict{Shayakhmetoet al., 2005b).
Strikingly, in vitro Ad5/f35 produced significantly reduced transductiof
hepatocytes compared to Ad5 (Shayakhmesebval.,, 2005b), suggesting an
alternative CAR-independent, blood factor-depengatihway exists for hepatocyte
transductiorin vivo. Liver transduction by Ad5/f35 was significantlyduced in an
in situ perfusion model but the level of Ad5 transductimmained the same
(Shayakhmetoet al., 2005b). These experiments were performed intraosrsgenic
mice. Therefore, Ad5/f35 required the presencehef blood for efficient liver
transduction due to the lack of its primary receptonon-CD46 transgenic mice.
However, when the blood was removed, Ad5 could sfficiently transduce the

hepatocytes using a CAR-dependent pathway.

Intravenous infusion of heparinase | into mice befadministration of the vectors
significantly reduced liver transduction by both5Adnd Ad5/f35 (Shayakhmet@
al., 2005b). This indicates that in the presenceladdy both vectors use HSPGs as
their cellular receptors. The presence of humatdignificantly enhancedh vitro
transduction by Ad5/f35 (Shayakhmetetval., 2005b). Ex vivo liver perfusion in
the presence of FIX also increased transductioAdhy/f35 to levels comparable
with Ad5, with a significant increase in accumutatiof both vectors by Kupffer
cells (Shayakhmetoet al., 2005b). There was no significant difference iired
transduction by Ad5/f35 in control and FIX knockauice (Shayakhmetoet al.,
2005b), suggesting an influence by other bloodfaéh vivo.

Ad5/f35 and Ad35 also interact with platelats/ivo. Early blood clearance kinetics
were determined for Ad5, Ad5/f35 and Ad35 usindaot sample taken 10 minutes
post-intravenous infusion of the vector (Stetal., 2007a). There was very little
Ad35 remaining in the circulation 10 minutes afieministration, whereas the level
of both Ad5 and Ad5/f35 in the blood was higherof®& et al., 2007a). This
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suggests that the interaction with the blood wasdependent on CD46 as Ad35 and
Ad5/f35 both have the Ad35 fiber, which binds to48D Ad5/f35 and Ad35 have
different levels of association with the blood irating the involvement of other
capsid proteins for the interaction with the bloodSix hours after systemic
administration of the vectors, Ad5 and Ad35 expedssimilar levels of liver
transduction (contrary to reports 48-72 hours adidministration (Verhaagh al.,
2006)) with Ad35 producing significantly higher &g of transduction of the lung
and spleen (Storet al., 2007a). Ad5, Ad5/f35 and Ad35 were shown to acelise
with platelets in hepatic sinusoids by co-stainibg Ad hexon and the platelet
marker CD41 (Stonet al., 2007a). Ad5, Ad5/f35 and Ad35 also co-localisath
platelets after sequestration in the marginal zunhe spleen (Stonet al., 2007a).
However, in the lung, there was no evidence ofraugon between Ad35 and
platelets, indicating that the Ad vector-platelgeraction was not required for lung

tropism.

4.1.5 Interaction of sub-species B Ads with FX

Whilst the Ad5 hexon has been shown to reprodugitiract with FX (Kalyuzhniy
et al., 2008, Vigantt al., 2008, Waddingtoset al., 2008), the interaction of FX with
Ad35 was controversial. Previously, it has begroreed that FX bound to Ad35 as
demonstrated by SPR with an equilibrium dissociatamnstant of 5.2x1d M
(Waddingtonet al., 2008). Conversely, Kalyuzhniy and colleagueslyzhniy et
al., 2008) reported no interaction between Ad35 andl)>SPR. There was also a
difference between the reports for the sub-spdgigector Ad50, which was either
reported as a very strong FX binder (Waddingtbal., 2008) or no binding to FX
was detected (Kalyuzhnigt al., 2008). However, binding to FX by Ad16 was
reported as strong by both groups (Kalyuzhatyal., 2008, Waddingtoret al.,
2008).

Based on the importance of virus capsid desigreimregherapeutics, the aim of this

study was to fully define the interaction and effe€ FX on Ad35 and chimeric

Ad5/Ad35 vectorsn vitro andin vivo.
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4.2 Results

421 Chimeric Ad5/Ad35 vectors

To fully define the interaction of FX with Ad35 vieesin vitro andin vivo, several
chimeric vectors were used (Figure 4.2). In additio Ad5 and Ad35 vectors, the
following chimeric vectors used were: the pseudetyul5/f35, which contains the
hexon and penton of Ad5 with the Ad35 fiber (f),5%d35/f35, which has the hexon
of Ad5 and the penton (p) and fiber of Ad35, and3B#5, the reverse pseudotype
(Figure 4.2).

R

Ad5 Ad5/f35 Ad5/p35/f35
; [
Ad35 Ad35/f5

Figure 4.2 — Capsid configuration of Ad5, Ad35 and chimeric Ad5/Ad35

vectors.

Schematic to highlight the different vectors usedhis study. Ad5 components are
shown in blue and Ad35 components are shown irowéled. Ad5 and Ad35/f5
contain the long-shafted Ad5 fiber. Ad5/f35, AdSHf35 and Ad35 vectors all
contain the short-shafted Ad35 fiber.
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4.2.2  Affinity analysis of Ad5, Ad35 and chimeric
Ad5/Ad35 vectors

The ability of Ad5, Ad35 and the chimeric Ad5/Ad3gctors to bind the blood
coagulation factor FX was analysed by SPR by DH. McVey (Thrombosis
Research Institute, London, UK). Following biotisiyon of each vector, covalent
linkage to a biosensor chip was performed and FX ingected over the chip at a
flow rate of 30 pul/min. The presence of FX bindinghe vectors was detected as a
change in response units (RU) and kinetic analysis performed post-hoc. SPR
data was then compared to previous data charaotgriee Ad5:FX interaction
(Waddingtoret al., 2008).

SPR analysis revealed that Ad5, Ad35 and the chon#et5/Ad35 vectors bound to
FX and sensograms of the kinetic analysis for aaddtor are shown in Figure 4.3.
The shape of the sensogram produced by each Maioding to FX was distinctly
different depending on the capsid configurationd5AAd5/f35 and Ad5/p35/f35,
which share the Ad5 hexon, had similar binding ahtaristics (Figure 4.3A, C, E).
Conversely, Ad35 and Ad35/f5, which share the Ad@%on, have different binding
characteristics (Figure 4.3B, D). The difference binding characteristics was
reflected in the kinetic analysis. Vectors contagnthe Ad5 hexon (Ad5, Ad5/f35
and Ad5/p35/f35) fitted to a 1:1 binding model witguilibrium dissociation
constants of 2.7xIOM, 1.9x10° M and 1.0x10 M, respectively (Table 6), which is
similar to previously reported findings for Ad5 (&ingtonet al., 2008). It should
be noted that the biotinylated Ad5/p35/f35 boundcimdess FX than the other
viruses, indicated by a lower change in RU (Figdr8E). In contrast, vectors
containing the Ad35 hexon (Ad35 and Ad35/f5) fitigabrly to a 1:1 binding model
but fitted to a heterogenous ligand model with Bioiium dissociation constants of
5.4x10° M and 3.5x1G M for Ad35 and 2.4x18 M and 6.6x16 M for Ad35/f5
(Table 6). Therefore, both the Ad5 and Ad35 ps&uks have FX binding
affinities akin to other vectors possessing theesdexon, with vectors containing
the Ad5 hexon having an approximately ten-fold kighffinity for FX than those

vectors containing the Ad35 hexon (Table 6).
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Figure 4.3 — Ad5, Ad35 and chimeric Ad5/Ad35 vector s bind FX.

Representative SPR sensograms for (A) Ad5, (B) Ad&®udotype vectors (C)
Ad5/f35 and (D) Ad35/f5, and (E) chimeric vector Hd35/f35. All vectors bind
FX as shown by an increase in response units (RU).
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Ad5 Ad5/f35  |Ad5/p35/f35 Ad35 Ad35/f5
kal (1/Ms) 9.53x10° 1.27x10° 1.90x10° 1.98x10° 1.11x10%
kd1 (1/s) 2.5x10°3 2.4x107 2.0x10™ 1.1x102 269.7
Kol (M) 2.7x10° 1.9x10° 1.0x10° 5.4x10° 2.4x10°®
Rmax1 (RU) 18.37 21.11 1.9 10.61 30.72
ka2 (1/Ms) 2.09x10° 2.29x10°
kd2 (1/s) 7.42x10™ 1.52x10°°
Kp2 (M) 3.5x10° 6.6x10°
Rmax2 (RU) 4.076 22.39

Table 6 — Ad5, Ad35 and chimeric Ad5/Ad35 vectors b ind FX.
SPR kinetic analysis determined the calculatedcgasson rate (ka), dissociation rate

(kd) and equilibrium dissociation constanpjiKalues for each vector.

42.3 Ad35 hexon binds to FX

CyroEM was performed by Dr. D. Bhella and Ms. RakP{(MRC Virology Unit,
University of Glasgow, UK) to further investigatieet interaction between FX and
Ad35. Ad35 virions were incubated overnight at 4iGhe presence of FX to allow
FX to complex with the vector. Images of both tmnplexed and non-complexed
vector and a composite image were resolved to 35blution (Figure 4.4). The
areas of green on the composite image indicateRKabound to the Ad35 hexon
with a clear density in the centre of the trimehexon proteins (Figure 4.4).
Interestingly, in the presence of FX, the fibersAaf35 are resolved (Figure 4.4).
The Ad35 fibers are not usually present in cyroE&tonstructions due to the
flexibility of the fiber (Sabaret al., 2005).

138



Chapter 4 — Influence of FX on Ad35

Composite

+ FX

Figure 4.4 — FX binds to the Ad35 hexon.

Cryo-electron microscopic reconstruction of Ad35tle presence and absence of
FX. Composite image shows FX bound within a catiymed by Ad35 trimeric

hexon proteins.
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4.2.4  CD46 expressing cell line

To investigate the effect of these interactionsveen Ad5, Ad35 and the chimeric
Ad5/Ad35 vectors with FXn vitro, two cell lines were used. These were Chinese
hamster ovary (CHO)-BC1 and CHO-WTR cells, obtaiasa gift from Professor J.
Atkinson (Washington University School of Medicirgt, Louis, MO, USA). The
CHO-BC1 cell line stably expresses the BC1 isofammthe human membrane
glycoprotein CD46, whereas the control CHO-WTR gelb not express CD46 as

they were transfected with a control plasmid (Fégdirs).

o
- E
z 3
ONN®)
I I
O O

CHO-BC1
CHO-BC2
CHO-C1
CHO-C2

Figure 4.5 — Western blot for CD46 expression in CH O cell lines.

Anti-CD46 antibody probed membrane to detect realevels of CD46 expression.
Cells were cultured and lysed before determinatioprotein concentration by BCA
assay. The same concentration of protein from eathline was run on a 12%
polyacrylamide gel with a rainbow ladder as a maddeprotein size at 200 V for
approximately 6 hours to achieve separation of @iei6 isoforms (56-66 kDa).
CHO-WT, control CHO cells. CHO-WTR, transfectedttwia control plasmid.
CHO-BC1, BC2, C1 and C2, cells stably expressirg BC1, BC2, C1 and C2
isoforms of CD46, respectively.
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To confirm that gene transfer was mediated by C4the CHO-BC1 cell line, the
anti-CD46 antibody MEM258 was used (Figure 4.6)anBduction by the vectors in
the presence of MEM258 was compared to transdudtidghe presence of control
IgG (Figure 4.6). In CHO-WTR cells, which do nofpeess CD46, transduction by
Ad5, Ad5/f35, Ad5/p35/f35 and Ad35 was low and effected by the presence of
MEM258 (Figure 4.6A). The addition of MEM258 didtneffect Ad5 transduction
in CHO-BC1 cells (Figure 4.6B), where Ad5 produced similar level of
transduction in CHO-WTR cells (Figure 4.6A). In OHBCL1 cells, the presence of
MEM258 significantly reduced transduction by Ad%f3Ad5/p35/f35 and Ad35 by
6.7-, 14.2- and 22.6-fold, respectively (Figure B).6 Therefore, as MEM258
significantly reduced transduction by vectors pess® the Ad35 fiber (which is
responsible for binding to CD46), CHO-BC1 cellshfyaexpress CD46 and gene

transfer is mediated through this receptor for @ectvith the Ad35 fiber.

4.2.5 Effect of FX on cell binding by Ad5, Ad35 and
chimeric Ad5/Ad35 vectors in CHO-CDA46 cells

The ability of the vectors to bind to CHO-BC1 anH@-WTR cells in the presence
and absence of FX was assessed by infecting thines with the vectors at 4°C for
one hour. Incubation with the vectors at 4°C afidvinding by the vectors to the
cell surface but not internalisation, which is @yedependent and hence occurs at
37°C. After washing to remove unbound vectordsaeére collected, viral and total
genomic DNA was isolated and qPCR was preformedatoulate the number of

vector genomes per ng total DNA isolated.

The addition of physiological levels of FX sign#iatly increased binding of Ad5 to
both CHO-BC1 and CHO-WTR cells by 5.0- and 15.@falespectively (Figure
4.7). This increase in binding in the presenc&Xfwas significantly inhibited by
the FX binding protein X-bp (Figure 4.7). X-bpas29 kDa protein isolated from
Deinagkistrodon acutus (the hundred pace snhake) which binds with hignigyf to

the Gla domain of human and murine FX (Atedal., 1998), thus preventing the
interaction between FX and the vector from occgrriiVaddingtonet al., 2008).

Ad35/f5 showed a similar profile to Ad5 in both CH®@TR and CHO-BC1 cells

with a significant increase of 6.5- and 3.7-foldspectively, in the presence of FX,
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which was completely inhibited by the addition ofbl (Figure 4.7A, B). In the
absence of FX, binding of Ad5/f35, Ad5/p35/f35 ahd35 was considerably higher
in CHO-BC1 cells compared to binding in CHO-WTR Ise(Figure 4.7). The

addition of FX had no effect on CHO-BC1 cell binglimediated by Ad5/f35,

Ad5/p35/f35 and Ad35 (Figure 4.7B) but enhancedlinig in CHO-WTR cells by

7.3-, 3.6- and 2.0-fold, respectively (Figure 4.7A)

In summary, in CHO-WTR cells binding by Ad5, Ad3#{3Ad5/p35/f35, Ad35 and
Ad35/f5 was significantly increased in the presentd-X and blocked by X-bp,
confirming the FX:Ad35 interaction. The interactibetween the Ad35 fiber and
CD46 in CHO-BCL1 cells is very efficient and canbet further enhanced by FX or
blocked with X-bp. The presence of the Ad5 fibartbe Ad35 capsid in Ad35/f5
converts the binding profile back to one similaAmb. Thus, these data indicate the

importance of both hexon and fiber in the cell bagdprocess.
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Figure 4.6 — Inhibition of transduction by Ad35 and chimeric Ad5/Ad35
vectors in CHO-WTR and CHO-CD46 cells in the presen ce of anti-CD46

antibody.

(A) CHO-WTR cells and (B) CHO-BCL1 cells were expbde each Ad vector at a
concentration of 1000 VP/cell in the presence abdeace of the anti-CD46
antibody MEM258 or IgG control for 3 hours at 37°Cells were washed and

maintained at 37°C for a further 72 hours beforangdication of transgene

expression by luciferase assay, normalised to fmtadein content determined by

BCA assay. Error bars represent SEM (* p < 0.05u&IgG control).
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Figure 4.7 — Binding by Ad5, Ad35 and chimeric Ad5/  Ad35 vectors in
CHO-WTR and CHO-CD46 cells.

(A) CHO-WTR and (B) CHO-BC1 cells were exposed txle Ad vector at a
concentration of 1000 VP/cell in the presence ahseace of physiological FX
levels and 15ug/ml FX binding protein, X-bp, for 1 hour at 4°C/iral and total

genomic DNA was extracted and the cell-bound adeasvquantified by qPCR.
Error bars represent SEM (* p < 0.05 versus absehdeX, # p < 0.05 versus

presence of FX).
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4.2.6 Effect of FX on cell internalisation by Ad5, Ad35 and
chimeric Ad5/Ad35 vectors in CHO-CD46 cells

Previous reports have demonstrated differencestiadellular trafficking by vectors
based on the sub-species B Ads in comparison to (Migazawaet al., 1999,
Shayakhmetov and Lieber, 2000, Shayakhmetaal., 2003, Shayakhmetaost al.,
2005a). These potentially very important differesmian trafficking and the resulting
differences in Ad genome localisation to the nusletiinfected cells could lead to a
substantial difference in the level of transductianhieved by each vector.
Therefore, the level of cellular internalisation disged by Ad35 and the chimeric
Ad5/Ad35 vectors was assessed through repetitiorthef binding experiment
outlined above with an additional one hour incutratiat 37°C (to allow
internalisation) and concomitant removal of celiface bound vector by washing
with 0.2 M glycine, pH 2.2 (Figure 4.8).

Cell internalisation by all vectors was signifidgnenhanced by the addition of
physiological levels of FX in CHO-WTR cells (Figude8A). In the absence of FX
all vectors likely use the low affinity HSPG pathweéor cell entry (Tuveet al.,
2008). The addition of FX and resultant FX bindilmgboth the Ad5 and Ad35
hexon possibly leads to all vectors being able tiise the high affinity HSPG
pathway for cell internalisation (Waddingtat al., 2008). The addition of FX
significantly enhanced cell entry by vectors comtay the Ad5 fiber (Ad5 and
Ad35/f5) by 17.2- and 4.8-fold, respectively, inetiCHO-BC1 cell line (Figure
4.8B). In the presence of FX, Ad5 and Ad35/f5 cdilise the HSPG pathway for
enhanced internalisation. FX significantly incie@dgell internalisation by Ad35 by
1.8-fold in CHO-BC1 cells, indicating that FX anetresulting interaction of the
Ad35:FX complex with the cellular receptor systeas /et undefined) can further

enhance cell entry by Ad35 (Figure 4.8B).
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Figure 4.8 — Internalisation by Ad5, Ad35 and chime ric Ad5/Ad35
vectors in CHO-WTR and CHO-CD46 cells.

(A) CHO-WTR and (B) CHO-BC1 cells were exposed txte Ad vector at a
concentration of 1000 VP/cell in the presence abseace of physiological FX
levels for 1 hour at 4°C, followed by 1 hour at G7° After washing with 0.2 M
glycine, pH 2.2 to remove cell surface-bound vestoiral and total genomic DNA
was extracted and adenovirus quantified by qPCRorbars represent SEM (* p <

0.05 versus absence of FX).
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4.2.7 FX limits cellular transduction by Ad35 and ¢ himeric
Ad5/Ad35 vectors containing the Ad35 fiber in CHO-
CD46 cells

The recombinant Ad5, Ad35 and chimeric Ad5/Ad35teex express the luciferase
reporter gene allowing transduction experimentba@erformed and quantified by
expression of the luciferase transgene after nesatain to the total protein content
of the cells used in the experiment. In the preseasf physiological levels of FX,

the level of transgene expression mediated by AdS significantly increased 3.6-
fold in the CHO-BC1 cells and 38.6-fold in the CHNWOFR cells (Figure 4.9). In

both cells lines, this enhancement in transducgimduced by the addition of FX

was entirely inhibited by X-bp (Figure 4.9).

In the presence of FX transduction by Ad5/f35, Ad%/f35 and Ad35 in the CHO-
BC1 cells was significantly inhibited by 2.7-, 1&8ad 2.2-fold, respectively (Figure
4.9B). Levels of expression were substantiallydovor all three viruses in CHO-
WTR cells, where FX significantly enhanced tranditurc by all vectors (Figure
4.9A).

Taken together, these data suggests that FX lirpist-binding or post-
internalisation mechanism(s) that leads to celltreansduction by viruses containing
the Ad35 fiber (Ad5/f35, Ad5/p35/f35 and Ad35) itHO-BC1 cells, where the high
affinity interaction with CD46 is important. Suehlimitation was not observed for
Ad5 since strong potentiation of binding and trardin in the presence of FX was
observed. Ad35/f5 also showed a significant ingega transduction in the presence
of FX, which was inhibited by X-bp similar to Ad& both cell lines (Figure 4.9).
However, in both CHO-BC1 and CHO-WTR cells, the elewf transduction

produced was very low (Figure 4.9).

The effect of FX on binding (attachment), intersation and transduction (transgene
expression) by Ad5, Ad35 and chimeric Ad5/Ad35 westin the CHO-BC1 and
CHO-WTR cell lines is summarised in Table 7.
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Figure 4.9 — Transduction by Ad5, Ad35 and chimeric Ad5/Ad35 vectors
in CHO-WTR and CHO-CD46 cells.

(A) CHO-WTR and (B) CHO-BC1 cells were exposed txhe Ad vector at a
concentration of 1000 VP/cell in the presence dskace of physiological levels of
FX and 15ug/ml FX binding protein, X-bp, for 3 hours at 37°Cells were washed
and maintained at 37°C for a further 72 hours leefguantification of transgene
expression by luciferase assay, normalised to fmtatein content determined by
BCA assay. Error bars represent SEM (* p < 0.05u& absence of FX, # p < 0.05

versus presence of FX).
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+ + + + +

Transgene
Expression

+ + + + +

CHO-WTR

Internalisation

+ + + + +

Attachment

Transgene
Expression

CHO-BC1
Internalisation

Attachment
+
0
0
0
+

Virus

Ad5
Ad5/f35
Ad5/p35/f35
Ad35
Ad35/f5

Table 7 — Effect of FX on attachment, internalisati on and transgene
expression by Ad5, Ad35 and chimeric Ad5/Ad35 vecto  rs in vitro .

Summary of the effect of FX on attachment (bindjngdernalisation and transgene
expression (transduction) by Ad5, Ad35 and chiméits/Ad35 vectors in CHO-
BC1 and CHO-WTR cell lines. + indicates enhancenmernhe presence of FX, -

indicates inhibition in the presence of FX and di¢ates no effect of FX.
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4.2.8 Effect of NAPc2 on Ad35 transduction in CHO-C D46
cells

To confirm the effect of FX on Ad35 transductionyitro transduction experiments
were performed in the presence of increasing cdra@ms of NAPc2 (Figure
4.10). NAPc2 is nematode anticoagulant peptideclwig a potent inhibitor of Ad5
transduction (Waddingtoet al., 2008). NAPc2 binds to a putative heparin binding
exosite in the FX serine protease domain with faiffimity (Murakamiet al., 2007).
Therefore, the presence of NAPc2 prevents the dotien between the Ad5:FX
complex and (putatively) HSPGs, resulting in ablatof Ad5 transduction through
blockade of receptor binding (Waddingtehal., 2008). As previously reported
above, the addition of physiological levels of Rgnsficantly increased transduction
by Ad5 in both CHO-WTR and CHO-BCL1 cell lines (Rigut.10). The addition of
10 pg/ml NAPc2 completely ablated transduction by Ags574.4- and 341.5-fold
in CHO-WTR and CHO-BCL1 cells, respectively (Figyrd0). This inhibition of
transduction was concentration-dependent (Figud®)4. Although 0.1pg/ml
NAPc2 produced a significant reduction in Ad5 tdungion in CHO-WTR and
CHO-BC1 cells, dilution of NAPc2 to a concentratiof 0.01 ug/ml did not
significantly reduce transduction by Ad5 in eittesll line (Figure 4.10). This is
similar to results previously reported in HepGas@iVaddingtoret al., 2008).

Transduction by Ad35 was significantly inhibitedZold in the presence of FX in
CHO-BC1 cells (Figure 4.10B), as previously showhhe addition of 1 and 10
ng/ml NAPc2 significantly reduced transduction femth(Figure 4.10B). This
suggests that the Ad35:FX complex also uses theGH@d&thway for transduction.
In the presence of NAPc2, transduction by Ad35 sigsificantly inhibited, likely
due to an inability to utilise HSPGs as cellulazegetors for transduction. However,
there was an indication that transduction by Ad33he presence of FX was not
singularly dependent on HSPGs, in comparison testiaction by Ad5. Although
NAPc2 produced a significant reduction in transgiucby Ad35, this was not to the
same degree as the inhibition of Ad5 transductibhis indicates that a modest level
of transduction by Ad35 was still CD46-dependent CHO-WTR cells, Ad35

produced very low levels of transduction undecatditions (Figure 4.10A).
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Figure 4.10 — Transduction by Ad5 and Ad35 vectors in CHO-WTR and
CHO-CD46 cells in the presence of NAPc2.

(A) CHO-WTR and (B) CHO-BC1 cells were exposed txhe Ad vector at a
concentration of 1000 VP/cell in the presence dskace of physiological levels of
FX and 0.01 — 1Qug/ml NAPc2 for 3 hours at 37°C. Cells were washed
maintained at 37°C for a further 72 hours beforeantidication of transgene
expression by luciferase assay, normalised to fmtatein content determined by
BCA assay. Error bars represent SEM (* p < 0.05u absence of FX, # p < 0.01

versus presence of FX).
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4.2.9 Effect of FX on cell binding and transduction by Ad5,
Ad35 and chimeric Ad5/Ad35 vectors in human

cancer cell lines

Vectors containing the Ad35 fiber are becoming éasing popular as gene therapy
vectors, especially for use in cancer gene therapyerefore, the effect of FX on
binding and transduction by Ad35 and the chimerid5/Ad35 vectors was
investigated in three cancer cell lines, MDA-MB-43KOV-3 and T-47D cells.
These cell lines were selected from the NCI60 degal(http://dtp.nci.nih.gov) as
they expressed a range of CAR and CD46 levels meted by RNA level, RNA
expression and normalised gene expression (TableME)A-MB-435 cells have a
low CAR and CD46 expression levels, SKOV-3 cellsvéehanoderate CAR
expression and low CD46 expression and T-47D ¢tellee high expression of both
CAR and CD46 (Table 8).

Additionally, the relative expression of CAR and £5in these cancer cell lines was
confirmed by TagMan gPCR (Figures 4.11, 4.12) apdsestern blot for CD46
(Figure 4.13). A western blot was performed tcedethe relative CAR expression
level but the anti-CAR antibody (RmcB clone; Upstdiake Placid, NY, USA) did
not perform to the standard required. MDA-MB-433 < have also been previously
reported to express very low levels of CAR by floytometry (Shayakhmetaoat al.,
2002).

CAR CD46
Cell Line RNA RNA Normalised RNA RNA Normalised
. Gene . Gene
Levels | Expression . Levels | Expression .
Expression Expression
MDA-MB-435 5.0 -0.9 18.3| 200.2 45.3 92.7
SKOV-3 79.8 44.3 83.5] 401.2 -14.7 64.6
T-47D 226.1 108.7 274.1| 1024.9 150.3 569.7
Table 8 — CAR and CD46 levels in human cancer cell  lines.

CAR and CD46 RNA level, RNA expression and nornealigiene expression data
taken from the NCI60 database (http://dtp.nci.rok)g
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Figure 4.11 — Amplification plots from TagMan qPCR for CAR and CD46

expression in human cancer cell lines.

RNA was extracted from each of the three cancedioes. cDNA was synthesised
and amplified using primers specific for CAR and 48Dand TagMan qPCR was
performed using the Power SYBR Green detectionesayst The amount of

fluorescence released during the amplification€yslproportional to the amount of
product generated in each cycle and these repegsentraces from gPCR show the

relative CAR and CD46 expression levels in thealoancer cell lines.
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Figure 4.12 — TaqMan quantification of relative CAR and CD46

expression in cancer cell lines.

RNA was extracted from each of the three cancélines. cDNA was synthesised
and amplified using primers specific for CAR and 48Dand TagMan qPCR was
performed using the Power SYBR Green detectionesyst Acquisition of data
occurs when PCR amplification is in the exponensiElge. Data expressed as
inverted CT value (40-CT) showing the relative CARI CD46 expression levels in

the three cancer cell lines.
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Figure 4.13 — Western blot for CD46 expression in h  uman cancer cell

lines.

Anti-CD46 (56-66 kDa) antibody probed membranesdébect relative levels of
receptor expression in cancer cell lines. Cellseweultured and lysed before
determination of protein concentration by BCA assd8ihe same concentration of
protein from each cell line was run on a 12% palylaenide gel with a rainbow
ladder as a marker of protein size at 200 V forraxmately 6 hours to achieve

separation of the CD46 isoforms.

4.29.1 Effect of FX on binding and transduction by Ad5, Ad35 and
chimeric Ad5/Ad35 vectors in MDA-MB-435 cells

The addition of physiological levels of FX signdiatly enhanced binding by Ad5
and Ad35/f5 by 49.6- and 16.3-fold, respectively, MDA-MB-435 cells (Figure
4.14A). Transduction by Ad5 and Ad35/f5 was algmi§icantly enhanced in the
presence of FX by 65.4- and 3.7-fold, respecti&ligure 4.14B). However, the
level of transduction produced by Ad35/f5 was veaw in this cell line (Figure
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4.14B). The low CAR expression on MDA-MB-435 cellsgure 4.12) results in
low levels of binding by vectors with the Ad5 fiber the absence of FX (Figure
4.14A). The addition of FX produces a significeanhancement in binding (Figure
4.14A).

The addition of FX had no effect on binding by A%/ and Ad5/p35/f35, possibly
due the nature of the high affinity interactionvibeen the Ad35 fiber and CD46,
which could not be further enhanced by possibléugion of binding to HSPGs in
the presence of FX (Figure 4.14A). However, thespnce of FX binding by Ad35
was significantly enhanced by 1.9-fold in the MDABM35 cells (Figure 4.14A),
indicating differences between vectors with the BAd8ber (Ad5/f35 and

Ad5/p35/f35) and the complete Ad35 vector in bimgdia this cancer cell line.

The addition of FX significantly inhibited transdion by Ad5/p35/f35 and Ad35 by
1.8- and 1.9-fold, respectively, in MDA-MB-435 cl(Figure 4.14B). Ad5/f35
produced very low levels of transduction in this@ear cell line (Figure 4.14B). This
adds further evidence to the hypothesis that FXtdima post-binding or post-
internalisation mechanism(s) that leads to celltrlansduction by vectors containing
the Ad35 fiber (Ad5/p35/f35 and Ad35). Although Fd35/f35 and Ad35 both
demonstrated high levels of binding to the MDA-MB®4cells, this did not translate

to similar transduction levels in this cell line.

4.2.9.2 Effect of FX on binding and transduction by Ad5, Ad35 and
chimeric Ad5/Ad35 vectors in T-47D cells

The addition of physiological levels of FX signdiatly increased binding by Ad5
and Ad35/f5 in the T-47D cell line by 2.84- and ofd, respectively (Figure
4.15A). However, the difference between bindinghi@ presence and absence of FX
was less in this cell line compared to MDA-MB-43&lls (Figure 4.15A). The T-
47D cell line has high CAR expression (Figure 4.489, although binding can be
significantly enhanced in the presence of FX, tHternce was not so profound,

likely due to increased binding by vectors with &b fiber in the absence of FX.
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Binding by Ad5/f35 and Ad5/p35/f35 was significanteduced in the presence of
FX by 1.8- and 2.6- fold, respectively (Figure 4A15 However, the addition of FX
had no effect on binding by Ad35 (Figure 4.15A)hisTsuggests that FX binding to
the Ad5 hexon in the presence of the Ad35 fibelbath Ad5/f35 and Ad5/p35/f35
inhibits cell binding by these vectors (Figure 415 Overall, the level of cell
binding by all vectors in the T-47D cell line washanced compared to binding to
MDA-MB-435 cells, likely due to the increased exgs®n of both CAR and CD46
receptors on T-47D cells (Figure 4.12).

In T-47D cells, transduction by Ad5 was signifidgrénhanced by 1.9-fold in the
presence of FX (Figure 4.15B). However, the additf FX significantly inhibited
transduction by Ad5/p35/f35 by 2.3-fold (Figure 3B), possibly due to the
significantly reduced binding by this vector in theesence of FX (Figure 4.15A).
FX had no effect on transduction by Ad35, in congaar to other cell lines where
the presence of FX significantly inhibits transdoict(Figures 4.9, 4.15). However,
the level of transduction by Ad35 in T-47D cellssangreater than in the other cell
lines, likely due to the increased CD46 expressgiathis cell line (levels are similar
or higher than in CHO-BC1 cells (Figures 4.5, 4.te&en from the same western
blot)). Ad5/f35 and Ad35/f5 both produced very Idevels of transduction in T-
47D cells (Figure 4.15B).
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Figure 4.14 — Binding and transduction by Ad5, Ad35 and chimeric
Ad5/Ad35 vectors in MDA-MB-435 cells.

(A) MDA-MB-435 cells were exposed to each Ad veabia concentration of 1000
VP/cell in the presence and absence of physiolbgiZalevels for 1 hour at 4°C.
Viral and total genomic DNA was extracted and thel-bound adenovirus
quantified by gPCR. Error bars represent SEM g 0.05 versus absence of FX).
(B) MDA-MB-435 cells were exposed to each Ad veabr concentration of 1000
VP/cell in the presence and absence of physiolbdgseels of FX for 3 hours at
37°C. Cells were washed and maintained at 37°Caféurther 72 hours before
guantification of transgene expression by luciferassay, normalised to total protein
content determined by BCA assay. Error bars remteSEM (* p < 0.05 versus

absence of FX).
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Figure 4.15 — Binding and transduction by Ad5, Ad35 and chimeric
Ad5/Ad35 vectors in T-47D cells.

(A) T-47D cells were exposed to each Ad vector abacentration of 1000 VP/cell
in the presence and absence of physiological F¥l$efor 1 hour at 4°C. Viral and
total genomic DNA was extracted and the cell-bowtténovirus quantified by

gPCR. Error bars represent SEM (* p < 0.05 veeshusence of FX). (B) T-47D

cells were exposed to each Ad vector at a condenraf 1000 VP/cell in the

presence and absence of physiological levels ofdf>8 hours at 37°C. Cells were
washed and maintained at 37°C for a further 72 $daefore quantification of

transgene expression by luciferase assay, norrdalieetotal protein content

determined by BCA assay. Error bars represent $Eb< 0.05 versus absence of
FX).
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4.2.9.3 Effect of FX on binding and transduction by Ad5, Ad35 and
chimeric Ad5/Ad35 vectors in SKOV-3 cells

The addition of physiological levels of FX sign#iatly enhanced binding by Ad5,
Ad5/f35, Ad35 and Ad35/f5 by 19.3-, 3.6-, 6.0- ahf.8-fold, respectively, in
SKOV-3 cells (Figure 4.16A). For each of thesetwex; the addition of X-bp
significantly inhibited the enhancement in bindipigduced in the presence of FX
(Figure 4.16A). SKOV-3 cells express a moderatellef CAR in comparison to
the other two cancer cell lines (Figure 4.12). §hihe fold change increase in
binding by Ad5 and Ad35/f5 in the presence of FXewatween that produced in the
MDA-MB-435 and T-47D cells (Figures 4.14A, 4.15A18A). The addition of FX
significantly enhances binding by Ad5/f35 and Ad@5gure 4.16A). This was
likely due to SKOV-3 cells also having low CD46 esgsion (Figure 4.12).
Therefore, FX binding to the Ad35 hexon and thessgiient use of alternative

receptors (possibly HSPGs) produced an increabmdhing.

The presence of FX has a very similar effect ongdlaiction as on cell binding by
each Ad vector in the SKOV-3 cells (Figure 4.16)Transduction by Ad5,
Ad5/p35/f35, Ad35 and Ad35/f5 was significantly ieesed in the presence of FX
by 51.9-, 2.6-, 1.8- and 10.2-fold, respectivelyg(ife 4.16B). The increase in
transduction by these vectors was also signifigantiibited in the presence of X-bp
(Figure 4.16B).
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Figure 4.16 — Binding and transduction by Ad5, Ad35 and chimeric
Ad5/Ad35 vectors in SKOV-3 cells.

(A) SKOV-3 cells were exposed to each Ad vectoraatoncentration of 1000
VP/cell in the presence and absence of physiolbgi¥alevels and 15ug/ml FX
binding protein, X-bp, for 1 hour at 4°C. Viral cartiotal genomic DNA was
extracted and the cell-bound adenovirus quantifipdjPCR. Error bars represent
SEM (* p < 0.05 versus absence of FX, # p < 0.0&u® presence of FX). (B)
SKOV-3 cells were exposed to each Ad vector atracentration of 1000 VP/cell in
the presence and absence of physiological levelEXoaind 15ug/ml FX binding
protein, X-bp, for 3 hours at 37°C. Cells were heaband maintained at 37°C for a
further 72 hours before quantification of transgemeression by luciferase assay,
normalised to total protein content determined I§ABassay. Error bars represent
SEM (* p < 0.05 versus absence of FX, # p < 0.05u& presence of FX).
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To further investigate the effect of FX on Ad35nisduction in SKOV-3 cells, the
transduction experiment was repeated in the presehinicreasing concentrations of
NAPc2 (Figure 4.17). As reported above (Figuré}.ihe addition of physiological
levels of FX significantly increased transductignAxd5 (Figure 4.17). The addition
of 10, 1 and 0.ig/ml NAPc2 significantly reduced transduction by5Aloly 138.1-,
105.8- and 1.3-fold, respectively, with the diffece decreasing after each ten-fold
dilution of NAPc2 (Figure 4.17). 0.0dg/ml NAPc2 did not significantly inhibit
transduction by Ad5 in the SKOV-3 cells (Figure 4.1 The addition of FX
significantly increased transduction by Ad35 by-fboltl in SKOV-3 cells (Figure
4.17). Addition of 1Qug/ml and 1ug/ml NAPc2 significantly inhibited transduction
by Ad35 by 3.2- and 3.7-fold, respectively (Figutd7). However, the level of
transduction produced by Ad35 was very low in abes (Figure 4.17). This
illustrates that in the SKOV-3 cancer cell lineg tAd35:FX complex also uses the
putative HSPG pathway for transduction as transodiavas significantly inhibited

in the presence of NAPc2.

4.2.10 Effect of FX on cell trafficking by Ad5, Ad3 5 and
chimeric Ad5/Ad35 vectors in SKOV-3 cells

To investigate the differences in intracellulafficking between Ad5, Ad35 and the
chimeric vectors Ad5/f35 and Ad5/p35/f35, the vestwere labelled with Alexa
Fluor® 488 (Figures 4.18, 4.19, 4.20, 4.21). SKO®¥ells were exposed to vectors
in the presence and absence of physiological leseEX for one hour at 4°C to
allow binding to occur. The cells were then eitmemediately fixed or fixed after
incubation at 37°C for 15 minutes, one hour or ¢hiteurs to allow vector

internalisation. Images were taken after visutibsaon a confocal microscope.

After one hour at 4°C (time 0), the labelled vestavere visualised bound to the cell
surface as expected for Ad vectors (Figures 4.18,41.20, 4.21). Ad5 had reached
the nucleus after one hour incubation at 37°C ith litbe presence and absence of
FX, although the concentration of labelled Ad5 westwas higher in the presence of
FX (Figure 4.18). This correlates well with thehanced transduction producied
vitro by the addition of FX in SKOV-3 cells (Figure 4)16After three hours at

37°C, there was a higher concentration of labelNd8l in the perinuclear space (seen
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by co-localisation with DAPI nuclear stain) and gibdy indicating localisation of
the vector with the microtubule organising centfgre 4.18). However, after the
same incubation time Ad5/f35, Ad5/p35/f35 and Ad@&snained in the cytosol,
indicating that vectors with the Ad35 fiber had ffiwent intracellular trafficking

(Figures 4.19, 4.20, 4.21, respectively). Theaicetlular trafficking for these
vectors was similar in the presence and absendeXoffFigures 4.19, 4.20, 4.21).
The lack of nuclear localisation after three ho(ire time period the cells were
exposed to the vector in the transduction experig)eloy Ad35 and Ad35 fiber-
containing vectors is one possible explanationtiier lower levels of transduction

produced by these vectors.

-FX +FX+FX 10 1 0.1 0.01 -FX +FX+FX 10 1 0.1 0.01

Normalised Luciferase Expression
(RLU x107/mg protein)

+X-bp +X-bp

NAPc2 NAPc2
+FX +FX

Ad5 Ad35

Figure 4.17 — Transduction by Ad5 and Ad35 vectors in SKOV-3 cells in
the presence of NAPc2.

SKOV-3 cells were exposed to adenoviral vectoms @ncentration of 1000 VP/cell
in the presence and absence of physiological lesElEX and 0.01 — 1Qug/ml
NAPc2 for 3 hours at 37°C. Cells were washed aathtained at 37°C for a further
72 hours before quantification of transgene expoassy luciferase assay,
normalised to total protein content determined I§ABassay. Error bars represent

SEM (* p < 0.05 versus absence of FX, # p < 0.0%u® presence of FX).
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60 minutes 3 hours

15 minutes

Figure 4.18 — Cell trafficking in SKOV-3 cells by A d5.

Vectors were labelled with Alexa Fluor® 488 and thelei of SKOV-3 cells were
counterstained with DAPI. SKOV-3 cells were exmbs® 10000 VP/cell of labelled
Ad5. Binding was allowed to occur for 1 hour aC4and cells were fixed either
immediately or after incubation for 15 minutes,duhor 3 hours at 37°C to allow
vector internalisation in the absence or presefideXo After 1 hour at 37°C, Ad5
had reached the nucleus of the cell. After 3 hair87°C, there was a higher
concentration of Ad5 in the perinuclear space (malisation with DAPI). This
possibly indicates localisation of Ad5 with the maimibule organising centre. Scale

bar = 20um.
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60 minutes

15 minutes

Figure 4.19 — Cell trafficking in SKOV-3 cells by A d5/f35.

Vectors were labelled with Alexa Fluor® 488 and thelei of SKOV-3 cells were

counterstained with DAPI. SKOV-3 cells were exmbs® 10000 VP/cell of labelled
Ad5/f35. Binding was allowed to occur for 1 hotddC and cells were fixed either
immediately or after incubation for 15 minutes,duhor 3 hours at 37°C to allow
vector internalisation in the absence or presericEXo After 3 hours at 37°C,

Ad5/f35 remained in the cytosol of the cells, irading inefficient trafficking by this

vector. Scale bar = 20m.
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60 minutes

15 minutes

Figure 4.20 — Cell trafficking in SKOV-3 cells by A d5/p35/f35.

Vectors were labelled with Alexa Fluor® 488 and thelei of SKOV-3 cells were
counterstained with DAPI. SKOV-3 cells were exmbs® 10000 VP/cell of labelled
Ad5/p35/f35. Binding was allowed to occur for luh@t 4°C and cells were fixed
either immediately or after incubation for 15 miesit 1 hour or 3 hours at 37°C to
allow vector internalisation in the absence or gnes of FX. After 3 hours at 37°C,
Ad5/p35/f35 remained in the cytosol of the celhglicating inefficient trafficking by
this vector. Scale bar = 20n.
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60 minutes 3 hours

15 minutes

Figure 4.21 — Cell trafficking in SKOV-3 cells by A d35.

Vectors were labelled with Alexa Fluor® 488 and theclei of SKOV-3 cells were
counterstained with DAPI. SKOV-3 cells were exmbs® 10000 VP/cell of labelled
Ad35. Binding was allowed to occur for 1 hour &C4and cells were fixed either
immediately or after incubation for 15 minutes,duhor 3 hours at 37°C to allow
vector internalisation in the absence or preseféeo After 3 hours at 37°C, Ad35
remained in the cytosol of the cells, indicatingffitient trafficking by this vector.

Scale bar = 2@m.
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4.2.11 Invivo study with Ad5, Ad35 and chimeric Ad5/Ad35

vectors

To assess the influence of FX interactiomsivo, CD46 transgenic mice were used.
In rodents, CD46 expression is restricted to tiséete whereas CD46 is present on
every nucleated cell in humans (Inoet al., 2003). Therefore, it was more
appropriate for this study to produce an animal ehodith a similar CD46
expression profile as that in humans. The CD4@styanic mice were generated by
back-crossing an established CD46 transgenic (Mésfoneet al., 1999) onto white
MF1 mice to allow better bioluminescence image$¢oproduced and these were
used for allin vivo experiments. White MF1 non-transgenic mice wése ased as

a control.

Mice were injected intravenously with 5X£0/P/mouse in the absence or presence
of a pre-injection of X-bp 30 minutes beforeharldiciferase transgene expression
was Vvisualised by whole-body bioluminescence imggid8 hours after
administration (Figure 4.22). Tissues were haeest2 hours post-administration
of the vectors and homogenates produced for quaaitdn of luciferase transgene
expression by luciferase assay normalised to fotatein content. DNA was also
extracted from tissue homogenates and vector gend@) were quantified by
gPCR.
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Figure 4.22 — Effect of FX on in vivo transduction by Ad5, Ad35 and
chimeric Ad5/Ad35 vectors in CD46 transgenic and no  n-transgenic MF1

mice.

Luciferase expression visualised by whole-bodyurohescence imaging 48 hours
after systemic administration of 5X£0VP/mouse into CD46 transgenic or non-
transgenic MF1 mice in the presence or absence pEanjection of FX binding

protein X-bp, 30 minutes before administrationhad vector.
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4.2.12 Liver vector accumulation and transduction b y Ad5,
Ad35 and chimeric Ad5/Ad35 vectors in MF1 mice

Vector genome accumulation in liver homogenate $asnfrom MF1 mice was
determined by qPCR (Figure 4.23A). Ad5 selectivalgeted the liver as expected
and Ad5 vector accumulation was significantly intad by 9.3-fold in the presence
of X-bp (Figure 4.23A). Liver accumulation by allher vectors was substantially
lower than that for Ad5 and the presence of X-lgmisicantly further reduced liver
vector accumulation by Ad5/p35/f35, Ad35 and AdS5(Figure 4.23A). This
suggests that FX binding to both Ad5 and Ad35 hexoediates liver accumulation
and that this can be, at least partially, reducgdirhibition of the virus:FX
interaction by X-bp. Additionally, it further refiorces the relative inefficiency of
the CAR-dependent pathway for liver vector accuriotain vivo as vectors with
the Ad5 fiber (Ad5 and Ad35/f5) produced low levefstransduction in the absence
of FX. However, the presence of X-bp enhancedr Iimector accumulation by
Ad5/f35 by 1.6-fold (Figure 4.23A).

Luciferase assays were also performed to deterthan&vel of liver transduction by
each vector and to quantify the data obtained fthm bioluminescent imaging
(Figure 4.22, 4.23B). Liver transduction by Ad5swsubstantially decreased by
89.1-fold after pre-injection of X-bp (Figure 4.28BLevels of transgene expression
by the other vectors in the liver were not sufintiéo be quantified by luciferase

expression assay (Figure 4.23B).
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Figure 4.23 — Liver vector accumulation and transdu  ction by Ad5, Ad35
and chimeric Ad5/Ad35 vectors in MF1 mice.

(A) Viral and total genomic DNA was extracted frdiver samples taken 72 hours
post-administration of vectors in the presencelimeace of X-bp pre-injection 30
minutes before administration of each vector. Weagenome accumulation was
quantified by gPCR. (B) Luciferase expression waantified at 72 hours post-
infection and normalised to total protein conteatedmined by BCA assay. Error

bars represent SEM (* p < 0.05, versus control).

171



Chapter 4 — Influence of FX on Ad35

4.2.13 Spleen vector accumulation and transduction by
Ad5, Ad35 and chimeric Ad5/Ad35 vectors in MF1
mice

A similar level of vector genome accumulation wasedted in the liver and spleen
of the MF1 mice (Figures 4.23A, 4.24A). Increasexttor accumulation was
detected in the spleen for vectors with the Ad&rilAd5 and Ad35/f5, compared to
vectors with the Ad35 fiber (Figure 4.24A). Additially, vector accumulation by
Ad5 and Ad35/f5 was not effected by the presencX-bp (Figure 4.24A). This
suggests that although the interaction with neiti8PGs (in the presence of FX)
nor CAR (in the presence of X-bp) was responsibteatcumulation of these vectors
in the spleen, the increased accumulation by AdbAdB5/f5 was fiber-dependent.
Pre-administration of X-bp significantly enhancedector accumulation by
Ad5/p35/f35 by 4.4-fold but collectively the levefl vector accumulation by vectors
with the Ad35 fiber in the spleen was low (Figur@4®).

Transduction by Ad5 in the spleen was low in congeer to transduction by this
vector in the liver (Figures 4.23B, 4.24B) and wasbstantially reduced in the
presence of X-bp (Figure 4.24B). The levels ohsgene expression by the other

vectors in the spleen were not sufficient for gifevattion (Figure 4.24B).

4.2.14 Heart vector accumulation and transduction by Ad5,
Ad35 and chimeric Ad5/Ad35 vectors in MF1 mice

Vector genome accumulation in the heart was lowiil mice, less than 2xto
VG/50 ng DNA (Figure 4.25A). Accumulation by Adb the heart was significantly
reduced in the presence of X-bp by 3.6-fold (Figdr25A), indicating that heart
transduction may be FX mediated. In contrast, guhetnistration of X-bp
significantly enhanced vector accumulation by A85/and Ad35/f5 by 6.6- and 1.9-
fold, respectively (Figure 4.25A). Ad5 producece thighest level of cardiac
transduction in the MF1 mice (Figure 4.25B). Tdudion of the heart by the other
vectors was low and X-bp had no effect on transdoadf the heart by any of the
vectors (Figure 4.25B).
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Figure 4.24 — Spleen vector accumulation and transd  uction by Ad5,
Ad35 and chimeric Ad5/Ad35 vectors in MF1 mice.

(A) Viral and total genomic DNA was extracted frapleen samples taken 72 hours
post-administration of vectors in the presencelimeace of X-bp pre-injection 30
minutes before administration of each vector. Weagenome accumulation was
quantified by gPCR. (B) Luciferase expression waantified at 72 hours post-
infection and normalised to total protein conteatedimined by BCA assay. Error

bars represent SEM (* p < 0.05, versus control).
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Figure 4.25 — Heart vector accumulation and transdu  ction by Ad5, Ad35
and chimeric Ad5/Ad35 vectors in MF1 mice.

(A) Viral and total genomic DNA was extracted frdraart samples taken 72 hours
post-administration of vectors in the presencelimeace of X-bp pre-injection 30
minutes before administration of each vector. Wegenome accumulation was
quantified by gPCR. (B) Luciferase expression waantified at 72 hours post-
infection and normalised to total protein conteetedmined by BCA assay. Error
bars represent SEM (* p < 0.05, versus control).
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4.2.15 Lung vector accumulation and transduction by Ad5,
Ad35 and chimeric Ad5/Ad35 vectors in MF1 mice

Low levels of vector genome accumulation (less tBabd® VG/50 ng DNA) were

present in the lungs of MF1 mice (Figure 4.26A)d5Avector accumulation was
significantly reduced in the presence of X-bp (Fegg4.26A). However, in the
presence of X-bp, vector accumulation by Ad5/f385/35/f35 and Ad35/f5 was
significantly enhanced by 3.5-, 3.1- and 2.3-fokekpectively (Figure 4.26A). The
level of lung transduction in the MF1 mice was alew (Figure 4.26B). The
addition of X-bp substantially reduced transductmn Ad5 and had no effect on
transduction by the other vectors (Figure 4.26Bpficming that lung transduction

in MF1 mice by Ad5 was dependent on FX.

4.2.16 Liver vector accumulation and transduction b y Ad5,
Ad35 and chimeric Ad5/Ad35 vectors in CD46

transgenic mice

The liver vector accumulation and transduction byghe of the vectors in CD46
transgenic mice demonstrated a very similar patterthat observed in the MF1
mice (Figures 4.23, 4.27). Ad5 selectively tardete the liver as expected in the
CD46 transgenic mice, an effect that was signitigaimhibited in the presence of
X-bp by 5.6-fold (Figure 4.27A). Liver accumulatidoy all other vectors was
substantially lower than that for Ad5 and X-bp sigantly further reduced the liver
vector accumulation by Ad5/f35, Ad5/p35/f35, Ad3tdaAd35/f5 by 2.3-, 4.3-, 1.6-
and 1.4-fold, respectively (Figure 4.27A). Thigygests that FX binding to both
Ad5 and Ad35 hexon mediates liver accumulationhiea €D46 transgenic mice as
well as in MF1 mice and that accumulation can lideast partially, reduced by

inhibition of the virus:FX interaction by X-bp.

Liver transduction by Ad5 was substantially deceebafter pre-injection of X-bp by
17.1-fold but the levels of transgene expressiothbyother vectors in the liver were

not sufficient to be quantified by luciferase exgsien assay (Figure 4.27B).
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Figure 4.26 — Lung vector accumulation and transduc  tion by Ad5, Ad35
and chimeric Ad5/Ad35 vectors in MF1 mice.

(A) Viral and total genomic DNA was extracted frdamg samples taken 72 hours
post-administration of vectors in the presencelimeace of X-bp pre-injection 30
minutes before administration of each vector. Wegenome accumulation was
quantified by gPCR. (B) Luciferase expression waantified at 72 hours post-
infection and normalised to total protein conteetedmined by BCA assay. Error
bars represent SEM (* p < 0.05, versus control).
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Figure 4.27 — Liver vector accumulation and transdu  ction by Ad5, Ad35

and chimeric Ad5/Ad35 vectors in CD46 transgenic mi  ce.

(A) Viral and total genomic DNA was extracted frdiver samples taken 72 hours
post-administration of vectors in the presencelmeace of X-bp pre-injection 30
minutes before administration of each vector. Weagenome accumulation was
quantified by gPCR. (B) Luciferase expression waantified at 72 hours post-
infection and normalised to total protein conteetedmined by BCA assay. Error

bars represent SEM (* p < 0.05, versus control).
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4.2.17 Spleen vector accumulation and transduction by
Ad5, Ad35 and chimeric Ad5/Ad35 vectors in CD46

transgenic mice

Vector genomes were detected in the spleen of B6Gransgenic mice at a similar
level to vector accumulation in the liver (Figurd27A, 4.28A). The vector
accumulation in the spleen was higher for vectath the Ad5 hexon, compared to
vectors with the Ad35 hexon (Figure 4.28A). Thiggests that vector accumulation
in the spleen was enhanced by the presence of dbeh&xon. Only accumulation
by Ad5/f35 was significantly decreased in the pneseof X-bp (Figure 4.28A).
However, the reduced level of Ad5/f35 vector gensmetected in the spleen in the
presence of X-bp remained greater than Ad35 and5ASI3sector accumulation
levels (Figure 4.28A). This indicates that ve@ocumulation in the spleen was not
dependent on FX and was more likely due to the tenrection of splenic

macrophages to clear the blood of pathogens.

However, in the presence of FX, Ad5 efficientlynsduced the cells of the spleen,
an effect completely abolished in the presence dbpX(Figure 4.28B), thus
suggesting that FX mediates transduction in theespby Ad5. Transduction by
Ad5/f35, Ad5/p35/f35, Ad35 and Ad35/f5 in the splewas very low (Figure
4.28B). The degree of transduction by the veadiasnot correlate well with vector
accumulation in the spleen (Figure 4.28), indigatine importance of the spleen to

remove viruses from the circulation while prevegtiransduction of this organ.
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Figure 4.28 — Spleen vector accumulation and transd  uction by Ad5,
Ad35 and chimeric Ad5/Ad35 vectors in CD46 transgen  ic mice.

(A) Viral and total genomic DNA was extracted frapleen samples taken 72 hours
post-administration of vectors in the presencelimeace of X-bp pre-injection 30
minutes before administration of each vector. Wegenome accumulation was
quantified by gPCR. (B) Luciferase expression waantified at 72 hours post-
infection and normalised to total protein conteatedimined by BCA assay. Error

bars represent SEM (* p < 0.05, versus control).
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4.2.18 Heart vector accumulation and transduction by Ad5,
Ad35 and chimeric Ad5/Ad35 vectors in CD46

transgenic mice

Unexpectedly, vector genomes were detected inghe lat similar levels detected in
the spleen at approximately 1X1¥G/50 ng DNA (Figure 4.29A). Vector
accumulation by Ad5 in the heart was modestly, sighificantly inhibited in the

presence of X-bp (Figure 4.29A). However, transidmcby Ad5 in the heart was
significantly enhanced by 8.8-fold after the adufitiof X-bp (Figure 4.29B). This
suggests that in CD46 transgenic mice, FX eithé¥cesf transduction directly by
blocking a native infective pathway for Ad5 in theart or indirectly by reducing

bioavailability of the vector.

Vector accumulation in the heart was higher forteex with the Ad35 fiber,
compared to vectors with the Ad5 fiber (Figure AR9 In the presence of X-bp,
vector accumulation by Ad5/f35 and Ad5/p35/f35 weagmificantly reduced by 2.7-
and 4.9-fold, respectively (Figure 4.29A). Thigygests that the presence of FX
enhances vector accumulation in the heart by thestrs. Pre-administration of X-
bp significantly enhanced Ad35 vector accumulabgr2.3-fold in the heart (Figure
4.29), suggesting that in the absence of the FXraction, Ad35 can efficiently
utilise the interaction of the Ad35 fiber with CD46r vector accumulation in the
heart. However, Ad5/f35, Ad5/p35/f35, Ad35 and AdS all produced extremely

low levels of transduction in the heart (Figure9B2
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Figure 4.29 — Heart vector accumulation and transdu  ction by Ad5, Ad35

and chimeric Ad5/Ad35 vectors in CD46 transgenic mi  ce.

(A) Viral and total genomic DNA was extracted frdrmaart samples taken 72 hours
post-administration of vectors in the presencelmeace of X-bp pre-injection 30
minutes before administration of each vector. Weagenome accumulation was
quantified by gPCR. (B) Luciferase expression waantified at 72 hours post-
infection and normalised to total protein conteetedmined by BCA assay. Error

bars represent SEM (* p < 0.05, versus control).
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4.2.19 Lung vector accumulation and transduction by Ad5,
Ad35 and chimeric Ad5/Ad35 vectors in CD46

transgenic mice

It has previously been reported that vectors cairtgithe Ad35 fiber possess the
capacity to transduce the lungs of CD46 transgemite (Sakuraiet al., 2006a,
Verhaaghet al., 2006, Stoneet al., 2007a). In vivo bioluminescent imaging
appeared to confirm this finding (Figure 4.22). c¥és with an Ad35 fiber, Ad5/f35
and Ad5/p35/f35, exhibited significantly higher & of lung vector accumulation
compared to Ad5 with 5.6x2@&nd 5.7x10 VG/50 ng of total DNA isolated in the
absence of X-bp, respectively (Figure 4.30A). &desinistration of X-bp
significantly reduced genome accumulation in theglby Ad5/f35 and Ad5/p35/f35
1.9- and 6.6-fold, respectively (Figure 4.30A). ngutransduction by Ad5/f35 and
Ad5/p35/f35 exhibited the same pattern as vectapges accumulation in the lung,
with high levels of transgene expression by thesgors being significantly reduced
51.9- and 5.9-fold in the presence of X-bp, respelt (Figure 4.30B). This
suggests that FX enhances vector accumulation énlihg mediated by these
vectors, potentially via additive effects of CD4635 fiber interactions and the high
affinity Ad5 hexon:FX:HSPG interaction.

Lung accumulation for Ad35 was lower than Ad5/f36daAd5/p35/f35 and
modestly, but significantly enhanced by X-bp (Feyu4r.30A). Levels of transgene
expression were modest yet detectable and seldctivibe lung in the presence of
X-bp (Figure 4.22, 4.30B). This suggests that Ad&ts efficient at utilising CD46
for delivery in vivo and that targeting was most efficient and selectishen FX
binding to the Ad35 hexon was ablated by X-bp.

In the presence or absence of X-bp, Ad5 showedlémel vector accumulation in

the lung (Figure 4.30A) and no luciferase transgewmpression (Figure 4.30B).

Similarly, Ad35/f5, which also possesses the AdIeffishowed negligible vector
accumulation in the lung (Figure 4.30A). Howevénansgene expression by
Ad35/f5 was substantially enhanced in the presef¢ébp, in the same manner as
transduction by Ad35 (Figure 4.30B).
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Figure 4.30 — Lung vector accumulation and transduc  tion by Ad5, Ad35

and chimeric Ad5/Ad35 vectors in CD46 transgenic mi ce.

(A) Viral and total genomic DNA was extracted frdamg samples taken 72 hours
post-administration of vectors in the presencelimeace of X-bp pre-injection 30
minutes before administration of each vector. Weagenome accumulation was
quantified by gPCR. (B) Luciferase expression waantified at 72 hours post-
infection and normalised to total protein conteetedmined by BCA assay. Error

bars represent SEM (* p < 0.05, versus control).
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4.2.20 Effect of FX on retargeting of Ad5, Ad35 and
chimeric Ad5/Ad35 vectors in CD46 transgenic mice

The lung:liver ratio of vector genome accumulation each of the vectors in the
CD46 transgenic mice was calculated to determiredégree of retargeting which
occurred in the presence of X-bp (Figure 4.31).e Tung:liver ratio produced by
Ad5/f35 was the same in the presence and absen¢épf(Figure 4.31), indicating
that the addition of X-bp had no effect on retargeiAd5/f35. Although the levels
of vector accumulation in both the liver and lungre significantly reduced in the
presence of X-bp (Figures 4.27, 4.30), the ratioeaftor genomes present in these
organs remains the same (Figure 4.31). In contidb/p35/f35 had a reduced
lung:liver ratio in the presence of X-bp (Figur&3). This suggests some level of
retargeting away from the lung through the intécacof the Ad5 hexon with FX.
Importantly, Ad35 had an increased lung:liver ratidhe presence of X-bp (Figure
4.31), indicating retargeting of this vector to theg after the addition of X-bp. The
vectors possessing an Ad5 fiber (Ad5 and Ad35/t8hthad a very low lung:liver
ratio, further emphasising the degree of liver eétirgy possessed by these vectors
(Figure 4.31).
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Figure 4.31 — Lung:liver ratio of vector genome acc  umulation in CD46

transgenic mice.

The lung:liver ratio of vector genome accumulatidhhg DNA was calculated to
determine the degree of retargeting by the vedto@D46 transgenic mice after the

addition of X-bp.

4.2.21 Immunohistochemical analysis of transduction by
Ad5, Ad5/f35 and Ad35 in CD46 transgenic mice

To further investigate the selectivity of lung tsdnction by vectors possessing the
Ad35 fiber in CD46 transgenic mice, tle vivo experiments were repeated with
Ad5, Ad5/f35 and Ad35 vectors which expressed ahaaoed green fluorescent
protein (eGFP) transgene. Mice were again injedtechvenously with 5x18
VP/mouse in the absence or presence of a predimjeaif X-bp 30 minutes
beforehand. Tissues were harvested 72 hours poststration of the vectors.
Sections were analysed for native eGFP expressidnbg immunohistochemistry

(IHC) using an anti-GFP antibody and images wekertdby confocal microscopy.
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Ad5/f35

Ad35

Figure 4.32 — Immunohistochemistical analysis of li  ver transduction by

Ad5, Ad5/f35 and Ad35 in CD46 transgenic mice.

Anti-GFP antibody localisation and native eGFP egpion on sections of liver

tissue from CD46 transgenic mice injected with e@kpressing Ad5, Ad5/f35 and
Ad35 vectors. Scale bar = afn.
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IHC on liver sections taken from CD46 transgenicenadministered with Ad5,
Ad5/f35 and Ad35 demonstrated very similar restdtshe relative levels of vector
genome accumulation and transduction by the vectassseen by qPCR and
luciferase assay, respectively (Figures 4.27, 4.3Rjver sections from animals
injected with Ad5.eGFP showed high levels of naB@~P expression and anti-GFP
staining (detected with an Alexa Fluor® 488 (greserondary antibody) with
individual hepatocytes depicted due to very highele of transgene expression
(Figure 4.32). The staining was reduced in thegmee of X-bp (Figure 4.32). Very
few hepatocytes showed eGFP transgene expressianinmals administered with
Ad5/f35 and Ad35 (Figure 4.32), similar to the ldevels of vector genome

accumulation and luciferase expression by theswrse(igure 4.27).

Due to the very high levels of lung accumulation aransduction by the Ad5/f35
and Ad35 vectors, IHC was also performed on lurgjices to investigate which
cells were transduced by the vectors. By examinadf a whole lung taken from a
CD46 transgenic mouse administered with Ad35.eGFRas observed that the
majority of eGFP expression was in the outer serfatthe lung (Figure 4.33A).
When the lung was cross-sectioned, eGFP expresssnaround the periphery of
the lung with no expression seen in the large aisn&igure 4.33B). IHC on lung
sections produced a level of green staining (dua tmmbination of native eGFP
expression and the anti-GFP antibody) relative he tevels of lung vector
accumulation and transduction for each of the vedteigures 4.30, 4.34). Ad5/f35
transduction was significantly inhibited in the geace of X-bp (Figure 4.34), as
previously determined by vector genome accumulatiod transgene expression

guantification (Figure 4.30).
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Figure 4.33 — Fluorescent imaging of lung transduct ion by Ad35 in

CD46 transgenic mice.

(A) eGFP expression on outer surface of the luray(8) cross-section of lung taken

from a CD46 transgenic mouse injected with an Ad88tor containing the eGFP

transgene.
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Control

Ad5

Ad5/f35

Figure 4.34 — Immunohistochemistical analysis of lu ng transduction by
Ad5, Ad5/f35 and Ad35 in CD46 transgenic mice.

Anti-GFP antibody localisation and native eGFP espion on sections of lung
tissue from CD46 transgenic mice injected with Ad&I5/f35 and Ad35 vectors
containing the eGFP transgene. Scale bar gn20
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4.3 Discussion

This study has utilised Ad35 and chimeric Ad5/Ad@actors to determine the
importance of the interaction of these vectors Wik, FX was shown to bind
directly to the Ad35 hexon, in a similar mannerAd5, by cryoEM and SPRIn

vitro, the presence of FX does not further enhance mgndd cells by vectors
containing the Ad35 fiber. However, FX can enhahoeling by vectors with an
Ad5 fiber, independent of capsid. Ad35 interndima in CHO-CD46 cells was
enhanced by FX but FX significantly inhibited trdostion by all vectors with the
Ad35 fiber. In cells which did not express CD46nding, internalisation and
transduction by vectors containing the Ad35 fibem@nstrated a similar profile to
vectors with the Ad5 fiber. The presence of FXn#igantly enhanced binding,

internalisation and transduction by all vector€HO-WTR cells.

In control MF1 mice, vectors with either the Ad3%er or hexon proteins
demonstrated significantly lower levels of liverdaspleen vector accumulation and
transduction compared to Ad5. In the presence-bpXvector accumulation in the
heart and lungs by the chimeric vectors was sigguifily enhanced in MF1 mice. In
CD46 transgenic mice, liver vector accumulation d@rahsduction by Ad5/f35,
Ad5/p35/f35, Ad35 and Ad35/f5 was significantly veegd compared to Ad5 and the
presence of X-bp further significantly reduced awalation in the liver.
Accumulation of vector genomes in the spleen wasatied at similar levels to
accumulation in the liver of the CD46 transgeniacenbut the levels of splenic
transduction were very low for all vectors excepbA Vector genome accumulation
in the heart and lungs of the CD46 transgenic raid@bited a very similar profile
but transduction in the lung was significantly mased. In the lung, vectors with the
Ad35 fiber exhibited significantly higher levels afng vector accumulation than
Ad5. The presence of X-bp significantly reducedtee accumulation in the lung by
Ad5/f35 and Ad5/p35/f35 but enhanced Ad35 lung aaglation. Calculation of the
lung:liver ratio showed that in the presence of X-Bd5/p35/f35 was retargeted
away from the lung, whereas Ad35 was targetededuhg.

Contrary to previous reports (Kalyuzhnet al., 2008) but consistent with our
previous findings (Waddingtost al., 2008), this study has demonstrated that FX
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binds directly to Ad35. Kalyuzhnigt al. used SPR to determine the affinity of the
FX interaction with several human Ad serotypes egbrted that Ad35 does not
bind to FX (Kalyuzhniyet al., 2008). However, SPR data presented here
demonstrates that the Ad35:FX interaction fittedatdveterogenous ligand model
with equilibrium dissociation constants of 5.4%181 and 3.5x10 M, confirming
that Ad35 binds to FX with approximately ten-folMer affinity than the Ad5:FX
interaction. The Ad35 hexon was also shown to dixdin the context of the
pseudotype vector Ad35/f5, as has been previoushws for Ad5 pseudotype
vectors (Parkeet al., 2007). By cryoEM, it was observed as Ad5, bigdivas via
the hexon protein with FX density in the centretloé trimeric hexon proteins. It
remains to be determined which Ad35 HVRs and speddops mediate this
interaction in a similar manner to the reporte@rattion of FX with Ad5 HVRs 5
and 7 (Waddingtoret al., 2008, Albaet al., 2009) as the crystal structure of Ad35

has not yet been resolved.

Although FX was shown to bind to the Ad35 hexon, i&d no effect on binding by
Ad35 to CHO-CD46 cellsn vitro. The presence of FX had no effect on any of the
vectors containing the Ad35 fiber (Ad5/f35, Ad5/#35% and Ad35) due to the high
affinity interaction between the Ad35 fiber and pemary cellular receptor, the
membrane glycoprotein CD46 (Gagghal., 2003, Tuveet al., 2006). However, in
the CHO-WTR cell line, FX significantly increasethdting by all vectors. In the
absence of CD46 expression in this cell line, A8%S/fAd5/p35/f35 and Ad35 use a
low affinity interaction with HSPGs for binding (Ve et al., 2008). Ad35 has been
shown to interact with the sulphated regions of BSPut not via the fiber knob
domain (Tuveet al., 2008). In the presence of FX, binding was enadnay all
vectors possibly due to incorporation of the hidgfinay HSPG pathway used by
vectors with the Ad5 hexon in the presence of FXa@dingtonet al., 2008). FX
can significantly enhance binding by vectors with &d5 fiber, independent of
capsid type, indicating the importance of both memnd fiber in the cell binding
process. This has important implications in theigle of future gene therapy
vectors, as pseudotyping may not be sufficienhtwdase binding to a specific cell
type due to interactions with blood coagulationtdes following intravenous

administration.
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Cell internalisation by all vectors was signifidgnénhanced in the presence of FX
in the CHO-WTR cell line. In the absence of FX¢ctegs have been shown to bind
to HSPGs with low affinity (Tuvest al., 2008) and the addition of FX results in
utilisation of a high affinity interaction with H&% (Waddingtonet al., 2008).
Therefore, these data suggest that in the absénie primary receptors for the Ad5
and Ad35 fibers, vectors bind and internalise tgroa low affinity HSPG pathway
and the addition of FX causes an increase in bgndimd internalisation through a
high affinity HSPG pathway. Cell internalisatiog Bd5, Ad35 and Ad35/f5 was
significantly enhanced by the presence of FX in GEID46 cells. This indicates
that FX has the potential to increase cell entryAli35 due to the interaction with
HSPGs, in addition to binding to CD46, in a simiaanner to vectors with the Ad5
fiber.

In CHO-CD46 cells, the presence of FX significanithhibited transduction by
vectors possessing the Ad35 fiber; an effect whwels reversed by the addition of
X-bp. However, the addition of FX enhanced tramsidn by all vectors in CHO-
WTR cells. This suggests that the presence ofdfd, the resulting recruitment of
HSPGs for internalisation, possibly leads to intndioi of a post-internalisation
intracellular trafficking pathway for vectors witthe Ad35 fiber compared to
transduction through the CD46-dependent pathway.thé absence of the CD46-
dependent pathway in CHO-WTR cells, the conversiom the HSPG pathway
used in the absence of FX to the high affinity H§®®hway used in the presence of
FX, results in significantly enhanced transduction.

The interaction between Ad35 and the chimeric AdiB% vectors and FX was also
investigated in three human cancer cell lines ad@&xpression is up-regulated in
many cancers (Kinugasa al., 1999, Murrayet al., 2000, Niet al., 2006), making

sub-species B Ads attractive candidates for cageae therapy applications. The
level of binding by vectors with the Ad35 fiber wlaigh but resulted in much lower
transduction levels in the cancer cell lines. €heas variability in the influence of
FX on binding and transduction by Ad5/f35, Ad5/@d35/and Ad35 across the three
cancer cell lines and the relative expression l@feCD46 appeared to have no

influence on the pattern of binding and transdurctio
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Binding by Ad5/f35 was high in the three cancet tieés and varying effects were
produced in the presence of FX; FX enhanced bindmghe SKOV-3 cells,
inhibited binding in T-47D cells and had no effect binding by Ad5/f35 in MDA-
MD-435 cells. In the three cancer cell lines, kgh level of binding by Ad5/f35
did not translate to high levels of transductiofihis suggests that Ad5/f35 vector
inefficiently traffics to the nucleus of the celgsulting in low transgene expression.
However, Ad5/f35 has been previously shown to effity transduce MDA-MB-
435 cells but at a substantially increased cona#gotr of vector was used
(Shayakhmetowet al., 2002). This inefficiency in transduction was rsaten for
Ad5/p35/f35, suggesting that transduction was eoédrby the presence of the
Ad35 penton. In contrast to Ad5/f35, Ad35 demaatstdd moderate levels of binding
to MDA-MB-435 and T-47D cells and high binding t&K@V-3 cells and this
correlated into efficient transduction of the thiencer cell lines. Ad35 was also
influenced differentially by FX in MDA-MB-435 andk®V-3 cells but the presence
of FX had no effect on either binding or transdmetin T-47D cells, possibly as
binding and transduction could not be further ewlednin the T-47D cells by
incorporation of the high affinity HSPG pathway dtee the high expression of
CD46. Overall, the influence of FX on binding amansduction by Ad35 and the
chimeric Ad5/Ad35 vectors varies greatly betweesn MDA-MB-435, SKOV-3 and
T-47D cell lines. This is likely due to the relaiCAR and CD46 expression levels,
which have been previously shown to correlate gisowith levels of transduction
in primary cancer cells (Ngt al., 2006, Suominest al., 2006, Brouweet al., 2007).

Ad5 and Ad35/f5 reproducibly demonstrated enharuiading and transduction in
the presence of FX in all three cancer cell lineAdditionally, the degree of

enhancement which occurred in the presence of Felabed well with the level of

CAR expression in the cancer cells; the presencé&Xofproduced a substantial
enhancement in binding and transduction in celth Waw CAR expression due to
recruitment of HSPGs, compared to cells with highRCexpression which resulted
in a lesser enhancement in binding and transduttitme presence of FX. The level
of transduction produced by Ad35/f5 was very lowailh cases, indicating that its

gene transfer ability was diminished compared tiwegiparent vector Ad5 or Ad35.
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The findingsin vitro indicate the complexity of the FX interaction be presence of
FX can change the way in which binding, internaicsaand intracellular trafficking
by the vectors possessing the Ad35 fiber occunstheé absence of FX, vectors with
an Ad35 fiber bind to CD46, which allows internatien of the vectors. The
intracellular trafficking pathways of the sub-speciB Ads have been previously
studied (Miyazawat al., 1999, Shayakhmetaat al., 2003). Despite high levels of
cellular binding by vectors with fibers from subesges B Ads, these vectors take
significantly longer than Ad5 to reach the nuclafsthe cell in SKOV-3 cells
despite no obvious difference in internalisationeitics (Miyazawaet al., 1999).
Sub-species B Ads remain in late endosomes or dyses for long periods after
infection and use these intracellular organelles lézalisation with the nucleus
(Shayakhmetoet al., 2003). However, this continued presence of vsciath the
Ad35 fiber in late endosomes and lysosomes cantleaecycling of the vectors to
the cell surface, resulting in reduced transdudtiprthese vectors (Shayakhmeev
al., 2003). This is in contrast to Ad5 which rapiglscapes from endosomes into the
cytosol three to 15 minutes after internalisatiaipwing efficient transduction
(Greberet al., 1993, Grebeset al., 1996, Leopoldet al., 1998, Miyazaweet al.,
1999). The presence of FX allows the utilisatidnaa alternative pathway for
transduction by vectors with the Ad35 hexon. le #bsence of FX, Ad35 uses two
pathways for transduction, the high affinity CD4&hpwvay and low affinity HSPG
pathway (Tuveet al., 2008). In the presence of FX, there are thrélewsys that can
be used; the CD46-dependent pathway and high amdatfinity HSPG pathways
(Tuve et al., 2008, Waddingtoret al., 2008). Therefore, as the addition of FX
causes an inhibition of transduction by Ad35 hegontaining vectors, this could
possibly be due to a further hindrance in intradail trafficking after internalisation
through the high affinity HSPG pathway. Taken tbge this suggests that the
absolute levels of CAR, CD46 and HSPGs on the sertd target cells define the
importance of FX in modulating cell binding andnsduction mediated by Ad5,
Ad35 and the chimeric Ad5/Ad35 vectors. Therefdreparinase | pre-treatment
before administration of CD46 binding ablated vexitin the presence and absence
of FX, could be used to further dissect the roleeath receptor and subsequent

intracellular trafficking pathway for transduction.
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Vectors with the Ad35 hexon demonstrated lower leva# liver vector genome
accumulationin vivo, in both MF1 and CD46 transgenic mice, comparedetiors

possessing the Ad5 hexon. FX binding to the heofohd5 results in increased liver
vector accumulation, compared to in the presencélgh (Waddingtoret al., 2008).

Therefore, liver accumulation by Ad35 hexon-cornitagnvectors may be reduced
due to the lower affinity interaction between thé3& hexon protein and FX. Liver
vector accumulation was significantly reduced blyvactors, indicating that FX
binding was an important feature mediating livetake of Ad5- and Ad35-based
vectors. However, there was also a significarluerfce of the Ad35 fiber on liver
vector accumulation as Ad5/f35 and Ad5/p35/f35 bb#dve the Ad5 hexon but
demonstrated significantly reduced liver accumalathan Ad5. This reduced liver
tropism by Ad5/f35 has been previously reportednan-CD46 transgenic mice
(Shayakhmetowt al., 2002, Berntet al., 2003, Sakuraet al., 2003b) and rats
(Shinozakiet al., 2006). As X-bp could further reduce liver acclamion by

Ad5/f35 and Ad5/p35/f35, this suggests that therattion with FX targets these
vectors to the liver and removal of this interactwould allow retargeting of these

vectors to other organs.

Low level vector genome accumulation and transdachy Ad35 was detected in
the liver of CD46 transgenic mice in this study,cmmparison to a previous study
which reported no detectable levels of Ad35 in liker (Verhaaghet al., 2006).
Additionally, vector accumulation and especiallgnsduction in the spleen of CD46
transgenic mice by Ad35 was very low compared t®&.Adrhis is in contrast to
another study performed in CD46 transgenic micere/t#al5 and Ad35 expressed
similar levels of liver transduction and Ad35 pradd significantly higher levels of
transduction in the spleen (Storet al., 2007a). Vector accumulation and
transduction in the spleen by Ad5/f35, Ad5/p35/88% Ad35 was increased in the
CD46 transgenic mice, compared to the MF1 miceis $haggests that accumulation
and transduction in the spleen was, at least i) pediated by the Ad35 fiber:CD46
interaction. Additionally, vectors with the Ad5 Xwn showed increased vector
accumulation and transduction of the spleen in @246 transgenic mice, in
comparison to Ad35 hexon-containing vectors. Tlmglicates a possible

involvement of the Ad5 hexon in splenic targeting.
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Previously, Ad5/f35 showed no retargeting away fraine liver in non-CD46
transgenic mice (Shayakhmetaat al., 2002). However, in this study pre-
administration of X-bp clearly retargeted Ad5/f36daAd35/f5 to the heart and
Ad5/f35, Ad5/p35/f35 and Ad35/f5 to the lungs in MRice as vector accumulation
was significantly reduced in the liver and increhse the heart and lungs. This
suggests that this retargeting to specific organedeh of the vectors was not fiber-
dependent as the receptor for the Ad35 fiber, C& not present in these organs
of MF1 mice.

It has previously been reported that vectors comtgithe Ad35 fiber transduce the
lungs of CD46 transgenic mice (Sakuetial., 2006a, Verhaagkt al., 2006, Stone
et al.,, 2007a). This study showed that levels of tran8dao in the lung by Ad35
were significantly increased compared to Ad5, ireagient with Stonet al. (Stone
et al., 2007a). Interestingly, the data in this studgimilar to a previous study of
sub-species B Ad vectors in non-transgenic micesreiransduction in the spleen,
heart and lung by Ad35 was lower than transducbgnAd5/f35 (Sakurakt al.,
2003b). Therefore, the differences in the transdncefficiency by Ad5/f35 and
Ad35 were due to the interaction of the Ad5 and 28xons, respectively, with FX
as a similar pattern of transduction was seen study which did not involve the
Ad35 fiber:CD46 interaction. This suggests that BiXding to the Ad35 hexon
inhibited an intracellular pathway leading to trdmstion in vivo, as well as
previously seenn vitro. The high affinity of the Ad35 fiber for CD46 piily
overcomes the Ad5 hexon:FX interaction as the levéling transduction in CD46
transgenic mice administered with Ad5/f35 and A85/B5 was significantly
higher compared to Ad5. However, both vector gemoatcumulation and
transduction by Ad5/f35 and Ad5/p35/f35 was sigrafitly inhibited in the presence
of X-bp. Determination of the lung:liver ratio @éctor accumulation produced by
Ad5/f35 and Ad5/p35/f35 found that pre-adminiswatiof X-bp had no effect on
retargeting Ad5/f35 as the lung:liver ratio remaineonstant. Conversely, the
lung:liver ratio for Ad5/p35/f35 was significanthgeduced in the presence of X-bp
indicating retargeting away from the lung. Thiggests that a certain degree of
lung targeting by Ad5/p35/f35 was determined by ititeraction of this vector with
FX. Therefore, Ad5/f35 and Ad5/p35/f35 demonsudathe highest levels of
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selective lung targeting in the presence of FXstauthem to be good candidates

for development into gene therapy vectors.

Lung vector genome accumulation and transductioAd85 was lower than that by
Ad5/f35 and Ad5/p35/f35. However, in contrast e tvectors containing the Ad5
hexon, Ad35 produced increased lung accumulatiohte@msduction in the presence
of X-bp. Additionally,in vivo Ad35 had an increased lung:liver ratio in the pres

of X-bp, indicating enhanced accumulation of thecter in the lung after the
removal of the FX interaction. Therefore, duettoselective lung targeting ability
and low seroprevalence development of a vectordbaseAd35, which had been
modified to ablate the interaction with FX, wouleé @ highly useful tool to

selectively target CD46 and tumouinsvivo by intravascular administration.

The addition of X-bp had very similar effects orctee genome accumulation by the
vectors in the heart of CD46 transgenic mice abénlung, suggesting that FX was
involved in retargeting away from the liver and natgeting of the vectors to
another specific organ. However, no transductignA5/f35, Ad5/p35/f35 and
Ad35 was detected in the heart. Pre-administratiod-bp significantly decreased
vector accumulation in the heart of both MF1 and46@ransgenic mice by Ad5.
Surprisingly, the presence of X-bp substantiallijaarced cardiac transduction in the
absence of FX either by a direct effect on tranidncby blockade of a native
infective pathway for Ad5 in the heart or indirgdbly reducing bioavailability of the

vector.

The use of a variety ah vitro techniques anéh vivo administration of Ad35 and
chimeric Ad35-based vectors has investigated tterantion between these vectors
and the blood coagulation FX. This study has iaseel understanding of the

requirements needed for the generation of a suttigssrgeted Ad35 vector.
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This thesis has focussed on identifying novel teples which may impact on
treatment of disease via targeting. A naveVivo targeting strategy was developed
to enhance delivery of the anti-oxidant peptide Igjs9(Reyet al., 2001) to sites of
oxidative stress in the vasculature, to reduce S@dyztion and subsequent
endothelial dysfunction. By targeting defined sef vivo, this anti-oxidant has
increased potential efficacy compared to altereatinti-oxidant therapies.
Additionally, administration of a variety of Ad3%bed vectors has led to increased
understanding of the requirements needed for theergéon of a successfully
targeted Ad35 vector, which has relevance primaalihe treatment of cancer as the
primary cellular receptor for the Ad35 fiber is rggulated in many cancers
(Kinugaseaet al., 1999, Murrayet al., 2000, Niet al., 2006).

Previously, the gp91ds anti-oxidant peptide hasnbeeed in a non-targeted
approach by linkage to the HIV-tat peptide to allavternalisation of the anti-
oxidant peptide into every cell (Reyal., 2001, Jacobsoet al., 2003, Zhowet al.,
2006). Co-infusion of angiotensin Il and gp9lds-sgnificantly attenuated
angiotensin ll-induced hypertension in mice (Regwl., 2001). Howeverin vivo
administration of gp91ds-tat into salt-induced hypesive rats did not significantly
reduced systolic BP (Zhaat al., 2006). The gp91ds-tat did reduce the produaifon
aortic SO and inhibited the development of endahelysfunction in the aorta of
these inducibly-hypertensive animals but this waé sufficient to produce a
reduction in systolic BP (Zhoet al., 2006). Additionally, gp91ds-tat did not reduce
systolic BP in the normotensive Sprague-Dawley (decobsonet al., 2003),
suggesting that the SO production in these animaksnot excessive. In this study,
and similar to the previous studies in rats (Jagolesal., 2003, Zhouet al., 2006),
administration of the non-targeted HIV-tat-gp9ldsthe SHRSP had no effect on
systolic BP. However, in contrast to the studyfgrened in Dahl salt-sensitive rats
(Zhou et al., 2006), HIV-tat-gp91lds did not have a significagftect on SO
production in the aorta as determined by the redluaertic response to the
NAD(P)H oxidase inhibitor apocynin. The HIV-tat@fxds peptide did produce a
significant reduction in SO production in whole &b indicating that the HIV-tat
peptide was effective at delivering the anti-oxidpaptide. However, the lack of

targeting capacity by this peptide meant that is wat successful in conveying the

199



Chapter 5 — General Discussion

anti-oxidant peptide to sites of oxidative streshgere it could produce significant
effects on BP and endothelial function.

Evaluation of a vascular targeting anti-oxidantréipy in the SHRSP, a model of
human essential hypertension, has potential clinmplications. As a significant
reduction in systolic BP was achieved in animatsitied with CRPPR-gp91ds, this
indicates that selective inhibition of vascular N@®)H oxidase has potential as a
future target for drug development. AdditionallgHRSP administered with
CRPPR-gp91ds demonstrated significantly improved Navailability in
functional studies by large vessel myography, iatiig reduced endothelial
dysfunction. Endothelial dysfunction is an impattaisk factor for cardiovascular
adverse events (Cai and Harrison, 2000, Schachetgalr, 2000, Suwaidiet al.,
2000, Halcoxet al., 2002). Indeed, the commonly prescribed familydafgs, the
statins, partly exert their beneficial effects bgpgétivation of endothelial NAD(P)H
oxidase and, thereby, maintenance of endotheliation (Wassmanet al., 2002,
Liao and Laufs, 2005). Therefore, selectively édirgy vascular NAD(P)H oxidase
has clinical relevance.

Importantly, patients with auto-immune diseases@ngan transplant recipients bear
an increased risk of coronary vascular dysfuncffenostegard, 2002). Calcineurin
inhibitors CsA and FK506 are immunosuppressive sinubich have been shown to
increase endothelial SO production in HUVECSs, dactfwhich could be selectively
inhibited by gp91lds-tat (Krotet al., 2007). This suggests that these drugs are
activating endothelial NAD(P)H oxidase, increasprgduction of SO, which could
be contributing to endothelial dysfunction.  Theref immunosuppressive
medications to enable treatment of one conditionldcobe leading to the
development of another serious condition. Howetler,immunosuppressive drugs
rapamycin and mycophenolate acid did not alter attednuated endothelial SO
release, respectively (Krott al., 2007). Therefore, not only does this suggest the
inhibition of vascular NAD(P)H oxidase by gp9ldsaiwiable treatment option but
careful consideration is needed before the useugfsdwhich effect oxidative stress

and endothelial function.
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Administration of the vascular targeting anti-oxitigpeptide to patients is not a
viable treatment option as it would require vasargities of peptides most likely
delivered daily by subcutaneous injection, whichuldaresult in inflammation at the
injection and possibly systemic immune reactiomberefore, an alternative method
of delivering the anti-oxidant peptide to the vdature would be required. One
possibility is intravenous administration of a u@sc targeting Ad vector, which is
capable of delivering the anti-oxidant peptide.evi®sus studies have shown that
insertion of a targeting peptide sequence intoHh&op in the fiber protein of the
Ad5 capsid allows effective targeting by severalvedtors to either ECs (Nickliet
al., 2001, Nicklinet al., 2004) or VSMCs (Worlet al., 2004)in vitro. However,
after systemic administration, these vectors rethiprofound liver tropism (Nicklin
et al., 2001), characteristic of Ad5 (Huaetlal., 1995, Connelly, 1999, Parketral.,
2006, Waddingtoret al., 2007, Kalyuzhniyet al., 2008, Waddingtoret al., 2008),
due to the interaction with FX (Parketr al., 2006, Waddingtoret al., 2008). By
high resolution cryo-EM, it was determined that H8Rand 7 were crucial for FX
binding (Kalyuzhniyet al., 2008, Waddingtoret al., 2008). This enabled the
development of vectors based on Ad5 with an ablateaction with FX (Albaet
al., 2009). Therefore, there is now the potentiadéwelop selectively vascular-
targeting vectors by insertion of the CRPPR peptitie the HI loop of a FX-binding
ablated vector. Ablation of the FX interaction glibprevent the liver tropism seen

in previous studies investigating targetingivo.

Vectors containing the Ad35 fiber have become papuior gene therapy
applications for use in cell types (for examplesawdar cells and cancer cell lines)
which are relatively refractory to infection by Ad5This thesis has shown that
Ad5/f35, Ad5/p35/f35 and Ad35 selectively transddice lungs in CD46 transgenic
mice and the degree of lung targeting was depenolerthe interaction with FX.
Gene therapy vectors containing the Ad35 fiber midgrd many benefits compared
to Ad5. There is a possibility that a reduced dofsgene therapy vectors based on
Ad35 would be required for treatment, thus impagton dose limiting toxicities.
Vectors possessing the Ad35 shaft, but not ther film®b, produced significantly
impaired Kupffer cell depletion compared to Ad5 {®net al., 2008). This was
independent of vector clearance rate from the bEodd5 and pseudotype vectors

have approximately similar clearance kinetics (Adeyet al., 2000, Kanervat al.,
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2002, Koizumiet al., 2003, Sakurait al., 2003b). Studies have also shown
significant differences in vector accumulation imgfer cells by Ad5 and Ad35
fiber-containing vectors, although the reason fachs differences is presently
unclear. Kupffer cell accumulation for Ad5 and tars containing the Ad35 fiber
were shown to be similar in two studies (Shayaklomet al., 2005b, Smittet al.,
2008). However, other studies have shown reducednaulation in Kupffer cells
by Ad5/f35 (Berntet al., 2003, Shayakhmetaat al., 2004). As Ad5/f35 and Ad35
have been shown to interact with platelets (Stiraé., 2007b), inhibition of Kupffer
cell death by Ad35 fiber-containing vectors cowddult in reduced adverse effects of
Ad35-based gene therapy, in comparison to AdS, agsffér cells are required to
clear aggregated platelets produced by interaatiin blood-borne vectors. Also
reduced accumulation of these vectors in Kupffellscevould increase the
bioavailability of the administered dose, enabliaglower dose of Ad35 fiber-

containing vectors with correspondingly reduceddibyx issues.

The differences in Kupffer cell accumulation afseiministration of Ad5 or Ad35
fiber-containing vectors was shown to be due toictefcies in intracellular
trafficking by vectors with the Ad35 fiber shaftn@@h et al., 2008). Ad5 and
vectors with the Ad35 fiber have been shown todiferent intracellular trafficking
pathways (Miyazawat al., 1999, Shayakhmetaat al., 2003). This was also seen in
SKOV-3 cells in this study where Ad5/f35, AdS5/p3®f and Ad35 took
substantially longer than Ad5 to reach the nuclefishe cell. Studies into the
interactions with vectors and Kupffer cells werefpened in non-CD46 transgenic
mice (Berntet al., 2003, Shayakhmetost al., 2004, Shayakhmetost al., 2005Db,
Smithet al., 2008). This suggests that the Kupffer cell iattion with Ad35 fiber-
containing vectors was not CD46-dependent. Itdsspble that the inhibition of
Kupffer cell depletion, seen with vectors possasdime Ad35 fiber shaft, is FX-
dependent as FX significantly inhibits a post-insdisation mechanism leading to
transductionin vitro. The inhibition of transduction by FX was seenGb46
expressing cells but could potentially occuvivo in non-CD46 transgenic animals
as Ads are internalised into Kupffer cells by endosis (Zsengelleet al., 2000) in
large numbers (Manickasat al., 2006). If FX was bound to the vector containiing
Ad35 fiber before internalisation, the presenceFd could inhibit subsequent

intracellular trafficking mechanisms. Sub-spedefds remain in late endosomes
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or lysosomes for long periods after infection asé these intracellular organelles
for localisation with the nucleus (Shayakhmetval., 2003), unlike Ad5 which
rapidly lyses the endosomal membrane and escapeshi@ cytosol (Seth, 1994b,
Miyazawaet al., 2001). As membrane-lytic activity is also regdifor Kupffer cell
death (Smithet al., 2008), it is possible that it is the ability & membranes which
is reduced in Ad35 fiber-containing vectors. Tilapse trafficking experiments and
co-localisation with antibodies directed againstaaiety of intracellular organelles
are required to fully investigate the differencesntracellular trafficking by vectors
possessing the Ad35 fiber, in both the presenceaisdnce of FX. Additionally, it
is currently unknown how long FX remains bound itber the Ad5 or Ad35 hexon.
Therefore, trafficking experiments should also lefgrmed with labelled FX to
determine whether FX is internalised with the vestand, if so, where in the

intracellular pathways FX dissociates.

In this study and others, vectors possessing thgbAiber (Ad5/f35, Ad5/p35/f35
and Ad35) showed lung transduction in CD46 tranggemce but at varying levels
(Sakuraiet al., 2006a, Verhaaglet al., 2006, Stoneet al., 2007a). The CD46
transgenic mice expressed both BC and C isoforn@Def6 (Sakuraet al., 2006a,
Verhaaghet al., 2006, Stoneet al.,, 2007a). Another study showed much lower
levels of lung transduction by Ad5/f35 (Mi al., 2006). The CDA46 transgenic mice
used only expressed the C1 isoform of CD46€fN\al., 2006), possibly suggesting
that the interaction between the Ad35 fiber andBRA isoform results in enhanced
lung transduction. However, the mechanism of linfgction by vectors with the
Ad35 fiber remains unclear. Human CD46 is prinyaekpressed on the basolateral
surface of polarised epithelial cells (Ichigh al., 1994, Maisneret al., 1997).
Therefore, vectors which use CD46 as their recepéad to surmount anatomical
barriers, such as tight junctions between cells thedextracellular matrix. Further
investigation into the mechanism of Ad35 infectierrequired, in both the presence

and absence of FX.

Sub-species B Ads are primarily in developmentcfmmcer gene therapy as CD46 is
up-regulated in many cancers (Kinug&sal., 1999, Murrayet al., 2000, Niet al.,
2006). Ad5/f35 has been previously shown to selelst target liver metastases

vivo (Bernt et al.,, 2003). However, the complex structure of tumopirgvides
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another anatomical barrier which limits the acdabsi of vectors. In particular,
many tumours have a basement membrane which formstwork through the
extracellular matrix. Ad35-based vectors couldvie a dual approach to cancer
gene therapy as they have not only shown tumowgetinig but the Ad35 knob
protein also binds to ECs of tumour feeding bloedsels but not to blood vessels
present in non-malignant tissues (Bti al., 2006). This can occur due to the
expression of different surface markers in neoayeiec vasculature compared to
tissue blood vessels (Arapal., 2002).

The interaction with FX could play a significaniedn the design of future gene
therapy vectors. This study suggests that a cedagree of lung targeting by
Ad5/p35/f35 in CD46 transgenic mice was determigdthe interaction of this
vector with FX as the lung:liver ratio for Ad5/p8% was reduced in the presence
of X-bp. Although the lung:liver ratio produced Bd5/f35 was the same in the
presence and absence of X-bp, indicating that dakétian of X-bp had no effect on
retargeting Ad5/f35. Ad5/f35 and Ad5/p35/f35 dersimated the highest levels of
selective lung targeting in the presence of FXstauthem to be good candidates
for development into gene therapy vectors. Howews both Ad5/f35 and
Ad5/p35/f35 possess the Ad5 hexon, these vectdisbeisusceptible to anti-Ad5
antibodies which are present in a high percentdgéeo population (Chrisét al.,
1997, Seshidhar Reddst al., 2003, Sprangerst al., 2003, Vogelset al., 2003,
Sumidaet al., 2005, Abbinket al., 2007, Parkeret al., 2009). The resulting
neutralisation of these vectarsvivo would lead to very low levels of transduction

after systemic administration and hinder their asgene therapy vectors.

Importantly, Ad35 had an increased lung:liver raiio the presence of X-bp,
indicating retargeting of this vector to the lumgthe absence of the interaction with
FX. X-bp could be replaced by a small moleculeesar which is more
pharmaceutically and therapeutically relevant. tdex based on Ad35 have the
potential for reduced immune reactions. Even thotg sub-species B Ads have
been isolated frequently from immunocompromisedepét (De Jongt al., 1999)
and though the immune system is suppressed in caatents, only 31% of Dutch
cancer patients possessed neutralising antibodjesisa Ad35 (Brouweret al.,
2007). Other studies have shown that the typieabmevalence of neutralising
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antibodies to Ad35 is between zero (Vogelsl., 2003) and 17% (Abbinkt al.,
2007). This is significantly lower than the AdSarevalence, which ranges from
66% of cancer patients having neutralising antiesdo Ad5 (Brouweet al., 2007),
to nearly 80% of healthy people (Vogedsal., 2003), to 100% of the population
(Abbink et al., 2007). This suggests that vectors based on t85Aexon would
induce fewer immune reactions after gene therapy. overcome the significant
problem of the high seroprevalence of Ad neutnadjsantibodies, there are many
Ads from other species (Jager and Ehrhardt, 200These viruses could be
developed into gene vectors which have relevancéuiman gene therapy and

especially vaccine development.

In summary, this thesis has shown that the seledtivgeting of an anti-oxidant
peptide to the vasculature has led to a signifieatitancement in the efficacy and
verified that inhibition of vascular NAD(P)H oxidass a clinically relevant target.
Administration of a variety of Ad35-based vectorashled to increased
understanding of the requirements needed for theergdon of a successfully
targeted vector based on Ad35, which has poteasab vector for cancer gene
therapy. Currently in the UK, there is an appropddse | clinical trial for cancer
gene therapy wusing intravenous delivery of Ad5/f3& high doses

(http://www.dh.gov.uk/ab/GTAC/index.htm). Howevdhe work presented here

suggests important issues which may impact onftheteveness of this strategy.
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