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Abstract

Adenoviruses are the most commonly used vectorsliimical gene therapy applications,
accounting for 24% of all clinical trials to datée majority of which are based on Ad
serotype 5 (Ad5). However, the high prevalenceeaftralising antibodies and a range of
“off target” interactions result in liver sequestoa, hepatic transduction and decreased
circulation times. Such interactions include Kupffeell uptake and binding to blood
components such as erythrocytes, platelets, congpieand coagulation factors. Recent
studies have shown that hepatocyte transductioAd® is mediated by a high-affinity
interaction between coagulation factor X (FX) ahd Ad5 major capsid protein hexon,
with FX bridging the virus to heparan sulphate pogilycans (HSPGs) on the cell surface.
This thesis has focused on gaining a greater utaelisg of the Ad5:FX pathway and

potential strategies for its manipulation.

FX, a key component of the blood coagulation systesma zymogen of a vitamin K-
dependent serine protease that is primarily syrgbdsn the liver and circulates in the
bloodstream at 8-10g/ml. It is composed of a light chain consistingaadomain rich iry-
carboxylated glutamic acid (Gla) residues, two epithl growth factor-like domains and a
serine protease (SP) heavy chain. The Gla domaiXdfinds to the virion by docking in
the cup formed by each hexon trimer, whilst thedSmain tethers the Ad5:FX complex to
the hepatocyte surface through binding HSPGs. &wely, it was demonstrated that
pharmacological blockade of the heparin-bindingegosite (HBPE) in the SP domain
prevents FX-mediated cell binding. Here, the specdsidues of FX which mediate Ad5
attachment to HSPGs were identified. Employing metesis techniques each of the
seven basic residues R93, K96, R125, R165, K1636ké#hd R240 that were previously
shown to bind heparin, were converted to alaningds Tmutated FX was termed “SP
mutant”. Stable cell lines were generated to ctutstely produce the wild-type and SP
mutant rFX protein in the presence of vitamin K.eTeonditioned media was affinity
purified using a FX specific mouse monoclonal avdi{p 4G3 coupled to sepharose. The
rFX proteins were quantified by ELISA, had the pceetd molecular weight of 59 kDa and
were biologically active, as shown by conversiorFXa in the presence of tissue factor
and FVlla. Surface plasmon resonance (SPR) analgsinstrated the SP mutations had
no effect on FX-specific binding to the Ad5 hexdtowever the proexosite mutations
ablated FX-mediated Ad5 cell surface binding, inédisation, cytosolic transport and gene
transfer as shown by confocal microscopy, qPCR guodntification of transgene

expression. Assessing the involvement of rFX witingle (R125A) and double
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(R93A_K96A, R165A_K169A and K236A_R240A) point miias in the SP domain,
indicated the residues exhibit different levelscohtribution to Ad5:FX complex binding
to HSPGs. The seven SP mutations also inhibiteariediated Ad5 binding to mouse liver
sectionsx vivo. Taken together, this study uncovered that b&sitlues within the HBPE
of FX have a fundamental role in Ad5:FX complex aggment with HSPGs at the surface
of target cells. This study contributes to the &xgsknowledge of the FX-mediated Ad5

transduction pathway.

Whilst the classicaln vitro CAR-mediated Ad5 infection mechanism has beennsxtely
studied, the post-binding events governing FX-mediaAd5 intracellular transport and
gene expression have not been fully characteriBed. study employed a panel of small
molecule inhibitors of cellular kinas@s vitro to investigate cellular and signalling events
occurring during FX-mediated Ad5 infection. Blockaadf protein kinase A, p38 mitogen-
activated protein kinase and phosphatidylinosit&irtase significantly hindered efficient
Ad5 intracellular trafficking and colocalisation twithe microtubule organising centres
(MTOC), as shown by confocal microscopy, indicatthgir fundamental involvement in
the pathway. Screening a library of 80 diverse senahibitors for effects on FX-mediated
gene transfer, highlighted the compound ER-27318 tie ability to prevent Ad5
transductionin vitro. Previous work reported that ER-27319 acts by ibopdo the
immunoreceptor tyrosine based activation motif (M)Aof the FeRI receptor gamma
subunit in mast cells to prevent spleen tyrosineage (Syk) activation. Here, this
compound had no effect on FX-mediated cell bindimgt substantially disrupted
intracellular transport at 3 h in the absence aicity. It was postulated that this effect
may be due to ER-27319 binding to a viral or caluTAM-containing protein involved
in viral trafficking. Sequence analysis of the Aalpsid proteome for ITAM-like motifs
((D/E)-Xx-X-Y-X-X-(L/1)-(X n=6-9)- Y -X-X-(L/)) identified two motifs on the hexorHowever
neither followed that reported for thedRi gamma subunit, instead of the conventional 6-
8 amino acid residues between the two Y-x-x-l/Le thexon ITAM-like sequences
expressed 17 or 22 amino acids. Alternatively thAM-containing cellular proteins,
ezrin, radixin and moesin (ERM) were investigatBde ERM family are key regulators of
the cell cortex, capable of interacting with bolie pplasma membrane and filamentous
actin. However, in the time frame imposed by thisdg this hypothesis could not be
studied in depth, but warrants further researanuestigate whether ERM proteins have a

novel role in FX-mediated Ad5 intracellular traking.
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A wide range of approaches have been investigate@target Ad5 from the liver. In this
thesis, a pharmacological strategy to preclude Fediated liver gene transfer was
implemented. A high throughput screening platformsvwdeveloped to identify a novel
small molecule(s) to manipulate the Ad5:FX infeotfmathway. In addition to the value of
such an agent in the gene therapy setting, it fsyleave potential to treat life-threatening
disseminated Ad infections in immunocompromisedviddials. Using a fluorescence and
cell-basedn vitro high throughput assay 10,240 small molecules wereened using the
Pharmacological Diversity Drug-like Set library. itlal screening identified 288
compounds that reduced FX-mediated Ad5 gene trarsfe> 75% without causing
toxicity. Upon further analysis, three compound8444837, T5550585 and T5660138
were identified as consistently ablating Ad5 trartobn both in the absence and presence
of FX and all had 16 values < 5.54M. These compounds did not directly interfere with
Ad5 binding to FX, instead they primarily causegast-binding stage block of the Ad
infection pathway and all affected optimal viruafticking to the MTOC, as demonstrated
by SPR, flow cytometry and confocal microscopy. Thadidate molecules have common
structural features and fall into the “one pharnpdoye” model. Focused mini-libraries
were generated relating to these molecules andtstaiactivity relationship analysis was
performedIn vitro screening of the analogues revealed novel hits sithilar or improved
activity, thereby further validating the initial thi and pharmacophore model. Six
compounds, T5550585, its analogue T5572402, T5@H0183 analogue T5660136,
T5424837 and its analogue T5677956 were tested/o. 10 uM T5660138 substantially
reduced Ad5 liver accumulation 48 h post-injectsord, in addition to its closely related
analogue T5660136, significantly reduced transgexgression at 48 h post-intravenous
administration of a high viral dose (1 x't&/p/mouse). Therefore, this study identifies
novel small molecule inhibitors of circulating Adfection.

Through investigation and manipulation of Ad5 iatdrons with host proteins the work
presented here, increases the understanding &etha vivo Ad5:FX tropism determining
pathway. In summary, in this thesis the mechanitiXemediated Ad5 complex binding
to hepatocytes was dissected and potent inhibibdrshis important Ad5 infectivity
pathway bothin vitro and in vivo were identified. This data may contribute to the
optimisation of Ad vectors for gene therapy apgiaa and potentially the advancement

of anti-adenoviral drug development.
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1.1 Introduction

Gene therapy is a rapidly advancing area of prieelinand clinical research, holding
immense promise for the future of modern medicimethe most basic sense, it is a
technique for correcting defective genes respoadii disease development. This may
involve substituting the mutated gene with a fumaal copy, alternatively it can entail the
delivery of genes to stimulate an immune respots@roduce a therapeutic protein or
suicidal genes to induce cell death. Gene therbpws exciting potential to provide novel,
selective, beneficial and even curative treatmdatsa wide range of inherited and
acquired diseases which currently lack effectivelicaion. In many respects the ultimate
success of this approach is defined by the deliveegtor, the route of vector
administration, accessibility of the target cells tssue and the stability of transgene
expression. Viruses have evolved sophisticated aresims over millennia to deliver their
genomic payload into host cells. Of the availabdetors for gene therapy applications,
engineered viruses are often the most efficientHertransfer of such genetic material to

cells.

The first approved human therapeutic gene theréipical trial came in 1990 (Blaess
al., 1995). This phase | study was aimed at treatwiegréare autosomal recessive disorder,
severe combined immunodeficiency (SCID) caused Igersetic deficiency oadenosine
deaminase (ADA), a key enzyme in purine metabol{Bhaeseet al., 1995; Cristalliet al.,
2001).Lack of ADA leads to the accumulation of the ADAbstrate 2’-deoxyadenosine
and its subsequent conversion to the toxic compaleuakyadenosine triphosphate in T
cells, thereby disabling the immune system (Cod#teal., 1978; Hirschhorn, 1983). The
gene therapy clinical study employed a retrovimtter for theex vivo delivery of ADA
complementary DNA into the T lymphocytes of twoipats suffering from the disorder
(Blaeseet al., 1995). Although the clinical response was limjteda ten year follow up
approximately 20% of the first patient's lymphosystill carried and expressed the ADA
gene, indicating the long lasting effects in theaaize of toxicity (Muukt al., 2003). This
positive first step highlighted the potential oéttiherapy (Muukt al., 2003).

Later, a clinical trial was performed for the tmeant of X-linked SCID, an inherited
disorder caused by mutations in the common cytoleaeptory chain geneyc) located on

chromosome X, preventing T and natural killer (Nt€ll differentiation (Fischer, 2000).
CD34+ bone marrow stem cells were transduced witbtviral vector, encoding the

wild-type version of thegc cytokine receptor gene (Cavazzana-Calval., 2000; Hacein-
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Bey-Abinaet al., 2002). Patients demonstrated sustained T celN&dell reconstitution,
which were present within normal ranges for thearisj of the patients(Cavazzana-Calvet

al., 2000; Hacein-Bey-Abinat al., 2002). However, five of the nineteen participants
across the two trial centres in London and Pagsebbped treatment-related leukaemia 2-
6 years following the trial due to retroviral insgional mutagenesis (Hacein-Bey-Abigta
al., 2008; Howeet al., 2008). Detailed mapping of the retroviral intdgra sites indicated
insertional transactivation of the LIM domain onB (LMO2) proto-oncogene, and
additional sites close to BMI1 (involved in tranptional control) and CCND2 (a cell-
cycle protein) led to leukaemogenesis (Hacein-BéyaAet al., 2008; Howeet al., 2008).
Whilst this study demonstrated the potential of hswn approach to restore T cell
immunity, it raised serious concerns regardingtthecity of retrovirus-based vectors for
gene therapy. The detailed analysis of these ag\edfscts, the mapping of the retroviral
integration profiles and the use of safer vectdtkshelp to avoid such events.

In parallel to the progression of gene therapy,omagvances in the field of recombinant
DNA technology were being made, and there camesatgr understanding of our genetic
makeup. Over a decade has passed since scientistgreced the initial draft of the human
genome (Landeet al., 2001). Mapping over 3 billion base pairs and tdgimg 25,000
genes, it was a breakthrough which offered an afteg resource for understanding the
basis of genetic disorders and complex diseases.hliman genome project widened the
scope of genetic targets, meaning the identificatd suitable therapeutic genes was no
longer a limiting factor, and as a result the pecspes broadened. In recent years, a great
deal of work has focused on the treatment of carmerently accounting for 64.6% of
clinical trials (www.wiley.com//legacy/wileychi/gemed/clinical/), whilst promise has
been realised for a variety of other conditionsdiasrse as cardiovascular disease (Jessup
et al.,, 2011), human immunodeficiency virus infection (®#ch et al., 2012) and
blindness (Vandenberghet al., 2011) amongst others (Figure 1.1). Recentlyudysby
Nathwaniet al. demonstrated the success of a gene therapy appiaatie treatment of
haemophila B, an X-linked bleeding disorder, caubgda mutation in the gene for
coagulation factor IX (FIX) (Nathwart al., 2011). Six patients with severe haemophila B
were administered an adeno-associated virus (AAY)essing the human FIX transgene,
resulting in a sufficient increase in FIX expressitevels to improve the bleeding

phenotype with few side effects (Nathwahal., 2011).

A major advance in the field of gene therapy was tbcent announcement from the
European Committee for Medicinal Products for Humbise (CHMP), for the
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recommended approval of the first registered géeeapy product in Europe, alipogene
tiparvovec (also known as Glybera), which is basadan AAV-1 vector (Milleret al.,
2012, Burnettt al., 2009). Amsterdam Molecular Therapeutics (AMT) deped Glybera
for the correction of familial lipoprotein lipasefitiency, a rare disorder in which failure
to metabolise chylomicrons leads to massive hypeddemia and potentially life-
threathening pancreatitis (Millet al., 2012, Burnetét al., 2009). The approval of the first
product in Europe represents a very exciting stwdrd in the development of future

gene therapy.

Cancer

Cardiovascular diseases

Monogenic diseases I
Infectious diseases
Gene marking
Healthy volunteers |
Neurological diseases ]

Ocular diseases _

Inflammatory diseases _

Others R
[ I [ I I I I
0 200 400 600 800 1000 1200 1714

to date

Number of clinical trials

Figure 1.1. Gene therapy clinical trials summarised by indication.

Trials (n = 1714) grouped according to indication; cancer (n =1107, 64.6%), cardiovascular
diseases (n = 146, 8.5%), monogenic diseases (n = 143, 8.3%), infectious diseases (n = 183,
8.1%), gene marking (n = 50, 2.9%), healthy volunteers (n = 40, 2.3%), neurological
diseases (n = 35, 2%), ocular diseases (n = 23, 1.3%) and other (n= 19, 1.1%). Data were
obtained from the Journal of Gene Medicine
(http://www.wiley.com//legacy/wileychi/genmed/clinical/).

While the principle goal of gene therapy, to safathieve stable transgene expression
refined to the desired tissue, has not changedigiw@ut its history, the understanding of
the underlying complexity of just how to achievésthas increased greatly. The desire to
overcome the outstanding challenges, along with élplosion of interest in the
biotechnology industry and some major discovemethe field of virology, has resulted in
considerable attention and resources being focasethe manipulation of viruses for
medical treatments. From this, vectors based omadeises (Ad) have emerged as

promising tools for gene therapy applications (Fégl.2).
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Figure 1.2. Gene therapy clinical trials summarised by vector.

Top ten most commonly used vectors for gene therapy clinical trials; adenovirus (n = 406,
23.7%), retrovirus (n = 352, 20.5%), naked/plamid DNA (n = 318, 18.6%), lipofection (n =
109, 6.4%), vaccinia virus (n = 106, 6.2%), adeno-associated virus (n = 81, 4.7%), poxvirus
(n = 66, 3.9%), herpes simplex virus (n = 57, 3.3%), lentivirus (n = 40, 2.3%) and poxvirus
with vaccinia virus (n = 28, 1.6%). Data were obtained from the Journal of Gene Medicine
(http://www.wiley.com//legacy/wileychi/genmed/clinical/).

1.2 Adenoviruses

Ads are non-enveloped, double-stranded DNA viruBest,isolated in 1953 from human
adenoid tissue (Hillemaet al., 1954; Roweet al., 1953). They belong to th&denoviridae
family, of which there are at least 57 differentodgpes, subdivided into species A to G
(Table 1.1). Ads are currently classified based senologic profiles, DNA sequence
similarity, receptor usage, capacity to agglutifaienan, monkey and rat erythrocytes and
oncogenicity in rodents (Catherine, 2002; Crawfititsza et al., 1996). These common
pathogens are associated with mostly self-limitinfgction, causing acute respiratory,
gastrointestinal and ocular infections. Since tlaelye1980s these viruses have been

developed, engineered and partially optimised $arin gene therapy applications.
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Table 1.1. Classification of Ad serotypes.
Ad serotypes are divided into species A to G. This classification is related to the Ad
receptor usage.

Ad species Ad serotype Receptor usage
A 12,18, 31 CAR
B 3,7,11, 14, 16, 21, 34, 35, 50, 55 CD46, HSPG, Desmoglein 2
C 1,2,5,6 CAR, HSPG, Integrins
D 8,9, 10, 13, 15, 17, 19, 20, 22, 23, 24, | CAR, Sialic acid, CD46

25, 26, 27, 28, 29, 30, 32, 33, 36, 37, 38,
39,42,43, 44, 45, 46, 47, 48, 49, 51, 53,

54
E 4 CAR
40, 41 CAR
G 52 Unknown

1.3 Adenoviral structure

The combined application of X-ray crystallograpmg alectron microscopy has provided
a wealth of information on the architecture of tAd virion, now determined to a
resolution of 3.5 angstroms (Lat al., 2010; Reddyet al., 2010; Sabaset al., 2006). The

Ad particle comprises two major structural elemgtits outer capsid and the inner core.

1.3.1 Outer capsid

The icosahedral capsid of each Ad particle is apprately 70-90 nm in diameter and
encloses the viral genome. It is composed of tipragciple proteins; the hexon, penton
base and fiber (Figure 1.3). The major capsomeoméx a pseudo-hexogonal trimer, the
240 copies of which are situated on the 20 facdbaicosahedron (Bensehal., 1999).
The homotrimers are composed of three-fold repestiof twop-barrels at the base of
each hexon molecule. The two eight stranfdshrrels with ‘jelly roll’ topology and one
loop at the hexon base are responsible for integovith adjacent capsomers and
contribute to the proteins extensive stability (galls 2009).There are four different types
of hexon; H1 (also called peripentonal hexons) Whissociates with each of the 12
pentons, while H2, H3 and H4 form the ‘groups afa@li(GON) on each of the 20 facets of
the capsid structure (Figure 1.4) (Burnett, 1985hmparative sequence analysis of
serotypes has revealed the presence of hypenaanaglons (HVRs) within the surface

exposed regions of the hexon protein (Crawford-ikat al., 1996; Ruxet al., 2003).
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These regions relate to serotype-specific antigengnition (Robertst al., 2006). At the
12 capsid vertices, the pentameric penton baseiprist located along with the protruding
trimeric fiber (van Oostrunet al., 1985). In most cases the penton base contains the
exposed arginine-glycine-aspartic acid (RGD) maetithin a flexible loop, which is
involved in cell internalisation (Wickhara al., 1993). The rigid fiber is composed of
three distinct regions, the N-terminal tail non-al@ntly bound to the penton base, the
intertwined repeating 15-20 amino acid sequencekdrshaft and the C-terminal globular
knob domain (Henrgt al., 1994; Zubietaet al., 2005). The capsid also contains several
minor structural proteins including llla (60 copiper virion) (Stewaret al., 1993), VI
(360 copies) (Stewast al., 1993), VIl (120 copies) (Fabrgt al., 2005) and IX (240
copies) (Furcinittiet al., 1989), which are implicated in cementing the @hsructure
(Figure 1.4) (Furcinittet al., 1989; Stewarét al., 1991).

O

37 nm

Fiber

e |
\l |
Shaft Trimeric
knob
domain

/ N Penton

v base
Hexon

~90 nm

Figure 1.3. Ad capsid structure.

The icosahedral Ad capsid, with a core diameter of approximately 90 nm, is composed of
three principal capsid proteins, the hexon, the penton base and the protruding flexible
fiber. The Ad type 5 (Ad5) fiber is approximately 37 nm in length and consists of a trimeric
knob domain, shaft and N-terminus tail attached to the penton base. In addition there are
several minor capsid proteins, including pllla, pVI, pVIII and pIX, which stabilize the virus
structure.
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(A)
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Figure 1.4. Facets of the Ad icosahedron capsid.

(A) External view - the GON hexons are multicoloured and the H1 peripentonal hexons
are either lettered in black when they are on the same plane as the GONs or lettered in
red where they are associated with GONs on a different facet. Similarly, the H2 hexons
lettered in red are associated with GONs on a different facet. The symbol for protein IX is
not to scale. (B) Internal view - hexons and associated minor capsid proteins. (C) Internal
structure at the apex. This figure was taken from Russell (Russell, 2009).

1.3.2 Inner core

Protected within the outer Ad capsid is the lindawble-stranded DNA, approximately 36
kb in length. The viral genome is condensed in @ation with the core proteins, namely
histone-like protein VII (>800 copies), the capsideore bridging protein V (160 copies),
pu (100 copies), Va2, terminal protein and the 23vikion protease (10-70 copies),
necessary for the production of the mature virusd@sonet al., 1989; Rekoslet al.,
1977; Robinsomt al., 1973; Russell, 2009; Websttral., 1989). Inverted terminal repeats
(ITR) of 100-140 bp in size, flanking both ends tbe viral DNA, act as origins of
replication (Rekoslet al., 1977). Cis-acting packaging elements in the left end of the
DNA, are required for viral encapsidation (Graéial., 1992). The Ad genome comprises
two main transcription regions, termed the earlg kEate. The early region consists of five
transcription units (E1A, E1B, E2, E3, E4), twoalsd early units (IX and 1Va2), and the

8
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late region is composed of five units (Figure X13)-L5) (Mizuguchiet al., 2001; Russell,
2000; Warnoclet al., 2011).

v
100Kd, 33Kd, PVIII

55Kd, 19Kd PVL LT
| —
—> MLP
I, PVII, V
E1A l — £3
llla
243R, 289R ) 12.5Kd, 6.7Kd, gp19Kd,
—> ADP, RIDa, 14.7Kd
VA RNA —_—
Y —>
0 20 40 60 80 100
—>
IX < E2A
Va2 DBP E4
ORF1-6/7
E2B +—
pTP
4 —
pol
4—

Figure 1.5. Transcription of the Ad genome.

The early transcripts are highlighted with yellow boxes, the late in blue and gene products
are in pink. The arrows indicate the direction of transcription. The gene locations of the
viral associated (VA) RNAs are denoted in purple. The genes have been mapped by
superimposing an arbitrary scale of 100 map units. ITR = inverted terminal repeats, { =
the packaging signal, MLP = Major late promoter, RID = Receptor internalisation and
destruction, Pr = Protease, ADP = Adenovirus death protein, TP = Terminal protein, ORF =
Open reading frame, DBP = DNA binding protein and Pol = Polymerase. This figure was
adapted from Russell (Russell, 2000).

The E1 gene prepares the host cell for viral ragibn; the E1A region produces two
transcripts 289R and 243R which promote cell cpctagression whilst synergistically the
E1B unit prevents apoptosis (Chattopadhwhyal., 2001; Debbast al., 1993). The
adenoviral 289R and 243R E1A proteins can inducéABnthesis and activate the S
phase of the cell cycle in quiescent cells throtlgh formation of complexes with two
classes of cellular proteins, the retinoblastomia) @mily of growth suppressors and the
transcriptional modulator p300 and related protdiaskneret al., 1994; Howeet al.,
1990). The unscheduled induction of cell prolifematpromoted by E1A triggers innate

cellular tumour suppressor mechanisms (p53) byvatmtig pro-apoptotic pathways
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(Debbaset al., 1993; Loweet al., 1993). The adenoviral E1B proteins, E1B-55kDa and
E1B-19kDa, act to counteract the accumulation @i-ggoptotic p53. The E1B-55kDa
protein, in conjunction with E4-open reading fraf@RF) 6 and cellular ubiquitination
proteins, antagonises the ability of p53 to cayseptosis by inducing its degradation
(Haradaet al., 2002; Queridet al., 1997; Queridet al., 2001).

The E2 gene encodes the machinery to facilitatéicegiwn; DNA polymerase (pol),
preterminal protein (pTP) and DNA binding protedBP) (Hayet al., 1995). E3 codes for
proteins that block natural cellular responses ital unfection, such as the adenovirus
death protein (ADP) (Tollefsogt al., 1996) and E4 encodes ORF 1-6/7 that perform in
MRNA transport and further promote replication (Gaon et al., 1999; Warnoclet al.,
2011; Weigelet al., 2000). Ads also transcribe a set of RNAs, termhedvirus associated
(VA) RNAs (I and 11), and these play a role in caatibg cellular defence mechanisms, by
preventing the interferon antiviral response. RNgpendent protein kinase (PKR), an
interferon-inducible serine-threonine protein kimas activated in infected cells, by the
presence of double-stranded RNA in the cytoplasadihg to blockade of cellular mMRNA
translation (O’'Malleyet al., 1989). VA RNAs can bind directly to and block thetions of
PKR thereby overcoming this shutdown in proteintisgais (O’Malleyet al., 1986).

Following activation of early genes and viral reption, the major late promoter (MLP)
(Shaw et al., 1980) leads to the expression ofgatees, involved in the expression of viral
structural proteins required for packaging and madion, and ultimately in the production

of infectious viral particles.

1.4 Ads as gene delivery vectors

Several features make Ads attractive vectors faedkeerapy. Ads are efficient in infecting
a wide variety of both quiescent and proliferaticgl types and exhibiting high level
transgene expression in target cells. They remgisomal, therefore have minimal-to-no
risk of insertational mutagenesis. As the vectoesren-integrating their genomes are lost
in dividing cells and so transgene expression @dient, a factor which may be
advantageous depending on the clinical applicatidds have a large packaging capacity
and can be produced at high titres (up td>®Mdrus particles per ml) under Good
Manufacturing Practice (GMP) conditions, an attrébkey for successful development in

the biotechnology industry.
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Ads are easy to genetically manipulate to genergpdication incompetent viruses or
conditionally replicating Ads (CRAds). Replicatiaeficient Ads can be classified into
three categories; first, second and third genaratiectors. The first generation vectors
contain deletions in the early transcription Elioag, essential for the initiation of viral
replication, and often also the E3 region, dispblesdor replication in cell culture,
enabling the insertion of a transgene of approxétye® kb. For vector production, the E1
functions have to be provided in trans by a complaing producer cell line. The
development of the human embryonic kidney cell 98, transfected with sheared Ad5
genomic DNA to stably express the E1 genes, haddide efficient production of these
replication deficient vectors (Grahaghal., 1977). A major limitation of first generation
vectors is that in spite of the E1 deletion, vigahes can be expressed at low levels in cells
due to transactivation by host transcription fagtorausing short duration transgene
expression and toxicity due to an adaptive cellutanune response against the transduced
cells(Yanget al., 1994a; Yangt al., 1994b).

To increase the size of the genetic insert (up4dl), second generation vectors were
developed and are characterised by additional idetein the E2 and E4 regions. These
vectors were complemented by the development ofencomplex producer cell lines,
stably co-expressing the E1 region, DNA polymerasad preterminal proteins
(Amalfitano et al., 1997). Although some studies did report improviednsgene
persistence and decreased inflammatory responseg s&icond generation vectors
(Dedieuet al., 1997; Wanget al., 1997), their effects are controversial and maydbated

to tissue type (Lusket al., 1998; Luskyet al., 1999). Luskyet al generated Ad5 vectors
with both single deletions (AdEjLand double deletions (AdEA2A™ and AJEIE4), and
compared the immunogenicity of these veciorsitro andin vivo (Lusky et al., 1998).
AdETE2A" demonstrated abolished expression of early aed/ledl genes, while deletion
of E1 and E4 also impaired expression of viral gemdthough at a lower level than the
E1/E2A deletion. Howevelin vivo all vectors produced similar antibody responsea$ an
showed similar levels of viral genomes in the liaad lung 4 months post-administration
(Lusky et al., 1998). This study therefore indicates mouseultallimmunity to viral
antigens plays a minor role in the persistancenefuirus genomen vivo (Lusky et al.,
1998).

Third generation or helper-dependent vectors aveideof all viral genes except essential
ITRs and packaging sequences, and can accommaodatdsi of 36-38 kbAt present, the
lack of a suitable cell line to stably expresgiadl viral helper functions make these vectors
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more difficult to produce and scale-up for clinicgbplications is therefore a limiting
factor. Nonetheless, helper-dependent Ads have gantial. Due to the lack of viral
gene expression, they show promise for reduced mogrenicity and long term transgene
expression (Brunetti-Pieret al., 2005; Kimet al., 2001; Morsyet al., 1998; Schiednest
al., 1998). One early study reported the life longsistence of a helper-dependent Ad
vector encoding the apolipoprotein (apo) E gene, icivh stably corrected

hypercholesterolemia in apoE-deficient mice (Kanal., 2001).

In contrast to replication deficient Ads, conditatly replicating Ads (CRAdS) or oncolytic
Ads can selectively replicate in cancer cells, oapsell lysis and death of the infected cell
along with the release of progeny virions, whichtum, can infect neighbouring tumour
cells, thereby amplifying the effect. Oncolytic Aebeploit cancer-specific cellular changes,
such as transcriptional dysregulation, for the paepof viral replication. This can be
achieved by genetic modification of the Ad genorsech as deletion of viral genes
required for productive infection in normal cellatbredundant in tumour cells or by the
use of tumour specific promoters to drive viralliggiion (Chenet al., 2011; Heiset al.,
2000; Oberget al., 2010; Radhakrishnagt al., 2010). In 1996 Bischofét al. developed
the first CRAd, ONYX-015 (dI1520), which lacks tlEB-55kDa gene (Bischo# al.,
1996). It was initially thought that ONYX-015 selieely replicates in tumour cells in
which the p53 tumour suppressor pathway was dysturad (Bischoff et al., 1996).
However, it was later demonstrated that replicati@s not due to p53 deficiency and this
property is now attributed to the unique abilitysoime tumour cells to compensate for the
lack of E1B-55kDa-mediated late viral RNA export'$@eaet al., 2004). Subsequent
strategies to generate oncolytic vectors includéd Eutant CRAds such as A@4 (Ad5
containing a 24 base pair deletion within a consgémegion (CR2) of E1A) which targeted

the tumour suppressing Rb pathway defective in stameer cells (Fueyet al., 2000).

1.5 Ad gene therapy — the highs and the lows

Of the Ads used in gene therapy, the human spécikd type 5 (Ad5) is the most widely
studied. However, despite extensive utilisatiorréha@re several pitfalls which need to be
overcome in order to improve the viability of AdS a therapeutic gene delivery vector in
the broad sense. For many gene therapy targetsasudisseminated metastatic tumours
the optimal and arguably the only route suitable thrgeting the multitude of micro-
metastates is intravascular delivery. However, #adety and efficacy of Ad5 by

intravascular delivery is hampered by the substhptiopensity of the virus to transduce
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the liver, as first documented by Huaedal. (Huard et al., 1995). The resident liver
macrophages, Kupffer cells (KC), sequester Ad5 @ntribute to the host inflammatory
response (Liebeat al., 1997). Once the reticuloendothelial system iarsétd, the virus is
predominately taken up by hepatocytes (VranckenePee al., 1996) (Figure 1.6). This
inherent hepatic tropism greatly reduces the cédipabf specific targeting to disease sites.
Increasing the vector dosage can result in toxde sffects (Lozieet al., 2002). Most
humans are exposed to Ad5 early in life, develogintibodies that efficiently neutralise
vectorised forms of Ad5 (Sumida al., 2005). Furthermore, a general sceptism pervades
the medical community ever since the death of JEsdsinger in 1999, a participant in a
phase | trial for ornithine transcarbamylase deficy (Rapert al., 2003; Rapegt al.,
2002). Systemic inflammatory response syndromeedisnated intravascular coagulation
and multi-organ failure lead to his death 98 hdwaihg intravascular administration of 3.8
x 10" virus particles. This tragedy highlighted the imtpot deficits in knowledge of
Ad:host interactions and emphasised the necessitybétter understanding of these

interactions to achieve optimal use of the vector.

Notwithstanding some of the set-backs in the gbeeapy field, remarkable progress has
been made in recent years with regards to undelisgnAd biology. The ongoing
advances at the lab bench translate into the latestesses observed in the clinic with a
growing number of trials advancing to phases Il dhd An integrated phase I/,
randomised and controlled study will commence $portvestigating the safety and
efficacy of a conditionally replicating oncolyticdA(CG0070) expressing granulocyte
macrophage colony-stimulating factor ((GM-CSF), wokine shown to be a potent
inducer of specific, long-lasting anti-tumour imnmynin animal models (Dranofét al.,
1993; Rameslat al., 2006)). CG0070 will be tested in patients witin#ouscle invasive
bladder cancer who have failed current forms adttrents (Ramesé al., 2006). Also
currently underway is a phase /1l study assesfiagise of Ad5 encoding human adenylyl
cyclase type 6 (functions in cardiac contractiligggne transfer via intracoronary delivery
for congestive heart failure (Lat al., 2004). The first phase /1l trial in the UK ncaded
on Ad serotype 5, is expected to commence latsrybar for the treatment of metastatic
colorectal cancer (Kuhet al., 2008). This study will employ an oncolytic vecteermed
ColoAd1, based on subgroup B Ad11p and Ad3 (Kehal., 2008; Kuhnet al., 2005). In
respect to cancer treatment the use of Ad5 foddlieery of the tumour suppressor gene
p53 has been the focus of several studies (Bisabalf, 1996; Gabrilovich, 2006; Heise
et al., 1997).Gendicine, a replication-deficient Ad5 expressiri vector, was the first
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gene therapy product licensed, in China, for tleatment of head and neck cancers and

also shows promise for use against other solid tusi@Peng, 2005).

Fenestrations

Figure 1.6. Liver cells and Ad5 hepatic uptake.
The liver sinusoidal wall is formed by liver sinusoidal endothelial cells and juxtaposed

Kupffer cells. Whilst Kupffer cells and liver sinusoidal endothelial cells limit hepatocyte
transduction by Ad5, the presence of fenestrae in liver sinusoidal endothelial cells
provides a direct access to the space of Disse and the microvillous surface of hepatocytes.

This figure was taken from Jacobs et al. (Jacobs et al., 2010).
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In addition to gene replacement and combinationgesfe therapy with standard anti-
tumour strategies, the concept of suicide geneaflyeris another application under
investigation (Bartoret al., 2011; Freytagt al., 2007a). This refers to the viral delivery of
enzymes that metabolise systemically administemedtaxic prodrugs into locally active
anti-cancer agents. A randomised, controlled phie study is currently underway to
assess the efficacy of replication competent Adiated suicide gene therapy in
conjunction with radiation treatment for prostaémcer (Bartoret al., 2011; Freytagt al.,
2007a; Luet al., 2011). The virus used in the trial contains atdy@a cytosine deaminase
(CD)/herpes simplex virus thymidine kinase (TK)itusgene in the E1 region in place of
the E1B-55kDa gene, and lacks the adenoviral gehdse E3 region. In addition to the
oncolytic properties of the virus itself, expressiof the CD/TK fusion gene renders
tumour cells sensitive to 5-fluorocytosine (5-F@yaanciclovir (GCV) prodrugs (Freytag
et al., 2007a; Freytaget al., 2007b; Luet al., 2011). Another study using a similar
approach has employed a replication deficient Actoreencoding bacterial nitroreductase
(NTR) in conjunction with the prodrug CB1954 (5-¢adin-1-yl)-2,4-dinitrobenzamide),
for the treatment of prostate cancer (Petel., 2009). NTR converts the weak alkylating
agent CB1954 to a highly potent alkylating ageheréby producing cytotoxic effects
(Friedloset al., 1992).

Whilst local delivery of Ads has proven to be vegneficial, design of a vector which can
be delivered intravenously and specifically tartpet desired tissues, without causing an
immune response (except for certain cancer tredaneim which this may be

advantageous) remains a challenge for many apiplisatFuture success of systemically
delivered gene therapy will ultimately be deterndingy improved understanding and
modulation of the complex viral interactions witbsh proteins leading to better prediction
of in vivo efficacy, pharmacokinetics and toxicity and conssdly the development of

safer, targeted vectors, individualised for defiapglications.

1.6 Ad interactions with host proteins

1.6.1 Coxsackie virus and adenovirus receptor

Ad receptor usage greatly influences viral tropidrhe extensively studied Ad receptor,
the 46 kDa coxsackie virus and adenovirus recdAR), was initially identified over 30
years ago as an attachment receptor for coxsackieuBes (Lonberg-Holnet al., 1976),
then later as for Ad2 and Ad5 (Bergelssairal., 1997; Tomkeet al., 1997). CAR belongs

15



Chapter 1 | Introduction

to the immunoglobulin (Ig) superfamily and is commpd of two extracellular Ig-like
domains (distal variable type - D1 and proximal {§@e - D2) and a single membrane-
spanning sequence connected to the carboxy tereyt@blasmic domain (Chrétiest al.,
1998; Wanget al., 1999). The major function of CAR is as a cellew}t adhesion molecule
in tight junctions of polarised epithelial celld. dlso interacts with junctional adhesion
molecule-like protein and has a role in T cell \aatiion (Witherdenet al., 2010) and
recruitment of phosphoinositide 3-kinase (PI3K) diro et al., 2010).

Invitro CAR is a primary cellular attachment receptorAds of species A, C, D, E and F,
but not species B (Roelvindt al., 1998). The CAR D1 domain binds to the side otheac
monomer of the trimeric fiber knob, an interactwhich is conserved amongst the CAR
binding Ads (Kirby et al., 2000; Rolvinket al., 1999). The CAR:knob interaction is
responsible for the initial binding of the virusttee cell surface. The amino acid residues
in the Ad fiber essential for CAR binding were itl&éad through alignment of the knob
domain sequences of those Ads known to intera¢t @AR (Rolvinket al., 1999). Several
mutations were found to affect the fiber knob:CAReraction, including S408E/G,
P409A, K417G/L (in the AB loop), K420A (B-sheet), Y477A/T (DE loop), Y491A (FG
loop), a four amino acid deletion of TAYT or repdmeent of EGTAY (FG loop) (Figure
1.7) (Rolvinket al., 1999). Following cell attachment, subsequenisszinternalisation is
mediated by integrins (Wickhaset al., 1993). Integrins, cell surface adhesion molecules
composed otr andf transmembrane subunits, interact with the RGD fnuootithe AdS
penton base, primarily via the integringp3/avp5 (Wickhamet al., 1993). Integrins
interact with a variety of signalling molecules gmmdmote Ad internalisation, principally
through clathrin-mediated endocytosis (Wagtgal., 1998). Once inside the cells and
following release from the endosomes, the viruselsaalong microtubules toward the
microtubule organising centre (MTOC), before bimgdito nuclear receptors and being
imported into the nucleus (Grebetral., 1997; Kelkaret al., 2004; Suomalainest al.,
1999). The intracellular trafficking of Ad from tleell surface to the nucleus and the viral

uncoating process is described in further deptbhapter 4.
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Figure 1.7. Critical features of the Ad fiber.

The strands of the fiber knob are lettered according to the nomenclature of Xia et al. (Xia
et al., 1994). The CAR binding site, which is made up mostly by the AB loop (ball and
stick), lies along the side of the fiber knob trimer. Locations of some mutations that
abolish CAR binding are indicated by arrows. The HIl loop is shown in magenta. The final
four-repeats of the fiber shaft (18-21) are shown with Roman numerals. This image was
adapted from Nicklin et al. (Nicklin et al., 2005).

Although this is a very well defined two step dellhering and subsequent internalisation
pathway, detailed by manw vitro studies, there is clear evidence to suggest CARts
the primary attachment receptar vivo following intravascular delivery of Ad5 vectors.
Anatomically CAR is localised to tight junctions. iM/type infection by Ad occurs
primarily via airway epithelial cells, which releaghe replicating virus to basolateral and
apical surfaces, allowing the Ad5 fiber to bind CARd disrupt tight junction integrity,
thus facilitating the spread of the virus (Waltetrrsl., 2002). However, tight junctions are
not readily accessible for circulating Ad5 vectdrs.addition, mRNA encoding CAR is
expressed on a wide range of tissues; most highlthe pancreas, brain, heart, small
intestine, testes, prostate and to a lesser ektdhe liver and lung (Tomket al., 1997).
This pattern of expression does not correlate & phttern of Ad5 tropisnn vivo, as

following intravascular delivery the majority ofdlvectors are sequestered by the liver, as
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discussed earlier (Huast al., 1995). Studies by Einfelgt al. and Koizumaet al. reported

combined mutations in the fiber knob and the RGOifnod the penton base, to prevent
CAR and integrin-mediated interactions, signifiégméduced liver transduction following
intravascular delivery (Einfeldt al., 2001; Koizumiet al., 2003). However, a vast number
of studies employing Ad5 vectors with mutationstthblate CAR binding alone have
demonstrated no difference in biodistribution, witimilar levels of hepatocyte
transduction to non-modified Ad5 vectors being obsé in rodents and non-human
primates (Alemanyt al., 2001; Martinet al., 2003; Smithet al., 2002). Recently, research
focus has mainly been directed at uncovering ateri\d pathways that defiria vivo

tropism.

1.6.2 The role of the immune system

A major obstacle to the use of Ad5 for gene theiiagkie rapid induction of the innate and
the adaptive immune response towards the vectachvdan lead to rapid clearance of the
virus and severely compromises the envisaged efficd the vector (Di Paol&t al.,
2009a; Sumideet al., 2005; Varnavskiet al., 2005). The viral capsid proteins possess
distinct antigenic determinants capable of eligtaellular and humoral immune responses
which can result in potent toxicity (Gahéry-Ségetrdl., 1997; Liebeset al., 1997; Roberts

et al., 2006) (Figure 1.8).

1.6.2.1 Innate immunity

As previously mentioned, liver macrophages, KCs) saquester up to 90% of virus
particles within minutes of intravascular admirason in mice (Lieberet al., 1997;
Worgall et al., 1997). This triggers a rapid destruction of KGsearly as 10 min post-
injection (Manickaret al., 2006). In addition, the same study reported thestocation of
Ad-positive KCs from the liver to the lungs by 3@nmsuggesting KC displacement from
the liver (Manickanet al., 2006). The acute phase virus-induced KC respbasebeen
associated with the induction of proinflammatorytobynes and chemokines including
interleukin (IL)-6, IL-10, IL-8, tumour necrosis der alpha, gamma interferon and
macrophage inflammatory proteins 1 and 2, theratmtributing to the extensive liver
pathology caused by Ad5 (Liebetral., 1997; Muruveet al., 1999).

There are several mechanisms involved in the uptdkals by KCs. Scavenger receptors
recognise the negatively charged viral capsid amthjecting mice with broad spectrum

inhibitors of scavenger receptors such as dextrapotyinosinic acid (poly(l)) has been
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shown to decrease Ad uptake by KCs and increaseittiating half-life of the virusn
vivo (Haismaet al., 2008; Xuet al., 2008). A recent study by Khaet al. reported the
involvement of HVR 1, 2, 5 and 7 in KC recognitioy scavenger receptor SRA-II (Khare
et al., 2012). Antibody-deficient RAG-1 knockout mice éxted significantly reduced
levels of Ad particles within KCs, an effect whicbuld be reversed by preinjection with
serum from naive C57BL/6 mice, thus demonstratimggairement for natural antibodies
(Xu et al., 2008). Natural immunoglobin M antibodies and ctengent proteins, in
particular complement protein C3, opsonize thesvand are involved in KC uptake (Jiang
et al.,, 2004; Xuet al., 2008). Pre-existing neutralising antibodies (NAlb)the adaptive
immune system have also been reported to incré@séatgeting of Ad to macrophages
(Zaiss et al., 2009). In vitro, NAbs significantly increased FcR-dependent Ad
internalisation of macrophages, while in pre-imnsedi mice, the innate response was
enhanced, with significantly higher levels of imflmatory gene expression in the liver and

IL-1 levels in the serum compared to naive animals&éhal., 2009).

As well as cells such as macrophages and serum mamediators, intra- and extra-
cellular innate receptors, termed host patterngeition receptors (PRR), can recognise
the antigenic viral capsid, double-stranded genomeiral proteins (Zhuet al., 2007).
Activation of IL-1a in splenic marginal zone macrophages in respomgbe Ad5 RGD
motif binding toavpzintegrins has also been elegantly shown (Di Peiodb., 2009a). Ad5
RGD activation of IL-&r is required for the expression of IL1-RI dependgyibkines and
chemokines including CXCL1 and CXCL2 and this oscurdependently of genomic

nucleic acid recognition by PRRs (Di Paetal., 2009a).

Several successful strategies to deplete or iratetiKCs have been described including
intravascular injection of gadolinium chloride (ber et al., 1997), clodronate
encapsulated liposomes (Van Rooigel., 1996; Wolffet al., 1997) or predosing animals
with a null Ad vector (Tacet al., 2001). Clodronate liposomes are ingested by t@s,K
which are then killed following phospholipase-maéih disruption of the liposomal
bilayers and release of the clodronate (van Roageal., 2003). Similarly, gadolinium
chloride forms a colloidal precipitate in the blest@am which is phagocytosed by the
macrophages, resulting in cell destruction (Hardeirdt., 1992).These methods provide a
therapeutic window in which the vector can be deld whilst bypassing clearance by
KCs and decreasing liver damage. Whilst these ndsthoe valuable for studying Ad host

interactions in the laboratory setting, they arelikely to be of clinical relevance and the
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multitude and complexity of the immune responséAtth remains a hurdle for clinical

applications.

1.6.2.2 Adaptive immunity

An important consideration which must be taken iatoount is the lack of natural pre-
existing neutralising antibodies in animals whichynunderestimate the importance of the
human immune response. In the United States tloprsaralence to Ad5 is reported to be
50%, whilst in sub-Saharan Africa this number rise80% (Sumidaet al., 2005). The
high seroprevalence of pre-existing NAb to the AdHpsid proteins, in particular the
hexon, which has been shown by Sumétlal. to have NADb titers up to 10-fold higher
than fiber-specific NADb titers, is a major hurdte Ad5 gene therapy applications (Sumida
et al., 2005). A study by Rober#t al., in which the seven HVRs of Ad5 were replaced
with that of Ad48 (a so called “rare serotype”)numnstrated the vectors ability to largely
evade Ad5 specific NADb in pre-immunised mice, thene indicating a major role for the
hexon HVRs in activating the adaptive immunity (Rdbet al., 2006). Chimeric Ad5
vectors in which subsets of the HVRs were exchar{f§e®HVR48(1-3), Ad5SHVR48(4),
and Ad5HVR48(5)) were generated to look more closelthe role of individual regions
(Bradleyet al., 2012b). The Ad5HVR48(1-3) vector resulted in mtediate NAb titres
compared to Ad5HVR48(1-7) and Ad5, and Ad5HVR48@)d AdS5HVR48(5) were
unable to bypass pre-existing Ad5 immunity in pm@iomised mice, thereby indicating
NAb target multiple HVRs (Bradlest al., 2012b).

NADb responses have also been reported againsihie drotein (Bradleyet al., 2012a;
Gahéry-Ségardet al.,, 1998; Honget al., 2003; Parkeret al., 2009). Parkeret al.
pseudotyped the Ad5 fiber with a fiber from theslggevalent serotype Ad45 (Parleatr
al., 2009). The Ad5f45 vector partially bypassed redigationin vitro, indicating a
significant proportion of NAbs identified by thesssays are directed against the fiber
(Parkeret al., 2009). In a separate study, the fiber knob of Ad8 Ad5HVR48(1-7) were
replaced with that of the chimpanzee adenovirus @8I(AdC68 rarely causes infection in
humans) (Bradlewt al., 2012a; Xianggt al., 2006). Ad5KC68 demonstrated lower NAb
titres in pre-immunised mice (preimmunised with tivgections of 18° vp of Ad5
separated by 4 weeks) compared to Ad5, and AdSHYR4EKC68 demonstrated a
further decrease in Ad5-specific immunity compared Ad5HVR48(1-7), thereby
indicating the presence of antibodies directedregjdhe fiber knob (Bradlest al., 2012a).

It has been suggested that Ad5-specific NAbs aectlid to different components of the
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virion, depending on the route of infection (Cheegal., 2010). Following natural
infection they were directed primarily against fip@hereas Ad5-specific NAbs following
Ad5 vector vaccination were directed primarily agdi hexon (Chenget al., 2010).
Following natural Ad infection in airway epitheliaklls, the fiber protein is produced in
substantial excess to access CAR located in the jignctions (Walterset al., 2002),
however this does not occur following intramusculgection of Ad vectors and hence
may explain the different anti-fiber (native) vesdhe anti-hexon (vaccine) host response.
In summary, the use of rare Ad serotypes whichlese seroprevalent (Abbinét al.,
2007) is an attractive prospect, however the cabeatg they are less well studied and
their tropism defining interactions are not alwayederstood, necessitating further

research.

1.6.3 Blood components

Efforts to elucidate the infectivity mechanisms Afl5 vectorsin vivo have lead
researchers to evaluate the role of the blood tardening the Ad tropism. It is perhaps
unsurprising that Ads have evolved a multitude ethnds by which to harness host cells
and proteins for their benefit, whilst in paraltble immune system exhibits a range of
defense mechanisms upon contact with the virudoWwolg intravascular administration,
Ads have been shown to interact directly with detgrof blood cells, plasma proteins and

coagulation factors (summarised in Figure 1.8 (i50g.

1.6.3.1 Erythrocytes

Following a 30 min incubation with blooek vivo, 90% of Ad5 are bound to human
erythrocytes, increasing to 98.8% after 1 h co4ation (Cichoret al., 2003; Lyonst al.,
2006). Ad5 interacts with and agglutinates humaah i@t erythrocytes, but not murine or
rabbit (Carlisleet al., 2009; Cichoret al., 2003; Nicolet al., 2004). Incubation of human
erythrocytes with free RGD peptide did not prevadb binding, nor did Ad&ep (AdS
vector in which the RGD motif is deleted) decrebs®aling compared to Ad5 (Lyorst
al., 2006). In the presence of human blood very lovel of virus transduction were
observed in CAR positive celia vitro, compared to Ad5 alone, indicating blood cells can
prevent infection of epithelial cells (Lyore al., 2006). Furthermore when virus was
allowed to bind to carcinoma cells for short inctra times (< 5 min), prior to washing
with blood, Ad5 infection was significantly reduce@monstrating the ability of human
blood cells to inhibit infection by viral particlggebound to epithelial cells, an important

factor for Ad gene therapy applications (Lyasl., 2006). When the distribution of viral
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genomes in blood samples from clinical trial pasiénjected intra-tumourally with 1 x 10
Ad5 particles were studied, 99% of viral DNA deeztin the bloodstream was associated
with blood cells. This is in contrast to the sitaatobserved in mice following intravenous
injection, in which 99% of Ad5 genomes remain freglasma, highlighting the caution

required when extrapolating data from animal steiffie human trials (Lyonet al., 2006).

More recently, two important studies demonstrated human erythrocytes express CAR
(Carlisleet al., 2009; Seiradaket al., 2009). Anti-CAR antibodies decrease the bindihg o
Ad5 to human erythrocytes in plasma by less th&,aBdicating a dependency on CAR
but also implicating additional mechanisms (Cagletlal., 2009). Furthermore, whilst the
use of a CAR-binding ablated vector prevents bigdio erythrocytes in phosphate
buffered saline (PBS), it does not alter bindinghiiman plasma (Carlislet al., 2009;
Nicol et al., 2004). Human erythrocytes also present complemssaiptor 1 (CR1), which
binds Ad5 in the presence of antibodies and comgieénirhe mechanism that the virus
adopts to bind erythrocytes influences Ad5 cirdalat kinetics. Intravascular
administration of Ad5 into CR1 transgenic mice feliin a bloodstream half-life of less
than 2 min, whilst injection into CAR transgenicaairesulted in up to 70% of Ad5 still
detectable in the circulation at 6 h (Carligteal., 2009). In a separate study, Ad5 was
administered to GATA1-CAR (that express CAR on lemytytes) and control C57BL/6
(CAR-negative erythrocytes) mice, resulting an 1688 higher viral load in the blood of
GATA1-CAR versus control mice during the first 72pbst-injection (Seiradaket al.,
2009). Notably, viral genomes in the liver of GATAKAR mice were substantially lower
compared to controls (Seiradalee al., 2009). Although reducing liver transduction,
sequestration of Ad by erythrocytes limits biodimition and prevents specific targeting to
desired tissues. Conversely, the study by Nigohkl., showed no difference in liver
transduction following intravascular delivery usiAg5 or non-CAR-binding Ad5 in rats,
with erythrocytes expressing CAR (Nicgilal., 2004). These data strongly support a role
for erythrocytes in determining Ad tropism, howeude effect of virus binding to
erythrocytes on biodistribution and blood kinetios non-transgenic animals warrants

further detailed investigation.

Evidently, the complexity of Ad5 interactions wittost factors is extensive but existing
animal models may only provide limited informatioFhe differences in the expression
patterns of cellular receptors, such as the lacKAR expression on mouse erythrocytes,
may bypasses the very relevant sequestration mischaobserved in human blood.
Another example is the expression of the Ad speBiesceptor, CD46, which is localised
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to the testes in rodents, whereas it is widespmedaimans. Whilst the use of transgenic
models can help combat some of these problems,asitie recently reported desmoglein
2 transgenic mouse model for the study of speci@si8(Wanget al., 2012), they will not

aid the discovery of Ad:human host factor intei@usi which are currently undefined. A
restraint to the successful development Ad geneaplyenot to be underplayed is the

species variation amongst the currently used aninoalels and humans.

1.6.3.2 Platelets

Ad5 can also bind to and activate circulating péte(Othmaret al., 2007; Stonest al.,
2007). A study in which mice were administered tia tail vein with Ad5, demonstrated
platelet counts were significantly reduced aftearlsl 24 h (Othmamt al., 2007). The
interaction between Ad and platelets initiates scade of events, as reported by Othtan
al. Ad5 activates platelets and causes the rapidsxpaf P-selectin, which is capable of
binding to P-selectin glycoprotein ligand-1, de¢glcon the majority of leukocytes and also
present to a lesser extend on platelets, resuitinthe formation of platelet-leukocyte
aggregates (Othmamst al., 2007). This causes the release of platelet andotyte
microparticles, which are cell vesicles with inflamatory and coagulatory potency
(Othmanet al., 2007). P-selectin has been reported to mediatéetihering of leukocytes
to endothelial cells (McEver, 1995). This study igaded that endothelial cells are
activated after Ad5 administration (Othmetnal., 2007). Additionally, Ad5 injection into
mice resulted in an acute, significant increasglasma von Willebrand factor (VWF),
which originated from the activated endotheliallcel/WF is reported to mediate the
binding of platelets to the endothelium (Sadler®8)9 Furthermore, Ad administration in
mice deficient in VWF did not result in thrombogytmia by 24 h. Platelets exhibit
significantly less P-selectin expression and pétilukocyte aggregate formation after 1
h, compared to VWF positive mice. Therefore thesta thdicate a role for P-selectin and
VWEF in mediating Ad induced thrombocytopenia. A8/8f human platelets are positive
for CAR (Othmaret al., 2007), Ad5 may bind to platelets via this receptioereby acting
as a ‘sink’ for systemically delivered Ads as wal causing endothelial activation,
thrombocytopenia and leukocyte infiltration (Othnehial., 2007; Stonet al., 2007).

In a study by Stonet al., immunohistochemistry performed on livers harveésie5 min
post-injection, indicated triple co-staining witexon, macrophage and platelet markers
(Stoneet al., 2007). Aggregates containing degranulated, viargaining platelets were

observed in the liver sinusoids, in the vicinity W€s, implicating a role for platelets in
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virus sequestration by KCs. Mice treated intraveshpwith an antibody against platelets,
caused an approximate 66% reduction in platelehtsoprior to Ad5 administration and
viral genomes in the liver were significantly reddcat 5 min post-injection (Stomeal.,
2007). This suggests virus platelet aggregates beayapidly captured in the hepatic
reticuloendothelial system and degraded.

However, the role of platelets in reticuloendothleystem uptake remains controversial.
A study by Xuet al. reported that platelets were not required for visaguestration by
KCs, as platelet depletion in mice did not resalaany significant difference in Ad uptake
by KCs at 10 min post-injection (Xa al., 2008). Therefore additional studies are required

to confirm the importance of this interaction.

1.6.3.3 Lactoferrin

Lactoferrin, a multifunctional iron-binding glycaogein produced at areas of inflammation
and present at mucosal sites and in many bodiigdl(Massonet al., 1966), has been
shown to enhance Ad5 cell binding to corneal epaheells (Johanssoet al., 2007).
Using monoclonal antibodies to block CAR caused affect on human lactoferrin-
mediated infectionn vitro. Furthermore, human lactoferrin from tear fluidmoted Ad5
binding to CAR negative T cells more efficienthathT cells transfected to express CAR,
thereby indicating cellular binding in a CAR-indepent manner (Johansseral., 2007).
Replacing the Ad5 fiber with that of Ad35 resulted significantly lower levels of
transgene expression compared to an Ad5 contrabresuggesting a role for the fiber in

lactoferrin-mediated infection (Johanssbal., 2007).

A study by Adamset al. reported the ability of human and bovine lactofeto enhance
Ad5-mediated transduction of human primary antiggpressing cells, such as dendritic
cells, in a dose-dependent manner independentBA& (Adamset al., 2009). The C-type
lectin receptor dendritic cell-specific interceflul adhesion molecule-3-grabbing non-
integrin (DC-SIGN) facilitated entry of Ad5 compled with bovine lactoferrin in dendritic
cells, however the receptor for human lactoferemains elusive (Adamat al., 2009;
Guntheret al., 2011).

1.6.3.4 Complement proteins

The human complement component C3, a central coempari the complement pathway,
has also been shown to bind to Ad5 (Jieng., 2004). In complement C3 knockout mice,
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administration of a relatively low dose Ad5 (2.3L&° vp) caused ~100-fold reduction in
hepatocyte transduction after 3 days, in comparisomild-type control mice (Zinmt al.,
2004). As the dose of Ad5 administered was incebésighest dose of 1.3 x Tvp) the
difference between wild-type and Couse liver targeting was decreased, as shown by
bioluminescence imaging over a 35 day period, ierddpntly of antibody responses
against Ad (Zinnet al., 2004).Preincubation of Ad5 with wild-type, C1q or factor B
(protein components of the alternative complemegsitesn) deficient mouse sera for 5 min
significantly increased transduction of mouse likepatoma celle vitro, as compared to
preincubation with C3 sera, indicating Ad-induced C3 activation is via€Caq or FB
dependent mechanism (Zinet al., 2004). Tsaiet al. demonstrated the ability of
complement protein Cgl to mediate Ad infection i@AR-negative cell line (Tsat al.,
2008). In a separate study, injection of high ddsé x 16* vp/mouse) Ad5 resulted in
similar levels of hepatocyte transduction in wyghé and C3 knockout mice at 48 and 72
h. However thromocytopenia and the acute inflamnyat@sponse was significantly
reduced (Kiangt al., 2006). Whilst these results indicate a dose-dégetrole for C3 in
determining liver gene transfer, they suggest iy inave a pivotal role in determining the

host immune response.

A study by Seregiret al. performed genetic engineering of Ad5 to ‘capsispblay’ the
human complement inhibitor decay-accelerating fa@@aF) following insertion into the
C-terminus of Ad protein IX (Seregist al., 2010). The vector resulted in reduced
complement activationn vitro and complement dependent immune responsasvo,
including decreased levels of pro-inflammatory &ytes, chemokine responses,
thrombocytopenia and minimized endothelial celihvation compared to Ad5 (Seregah
al., 2010). Ad5 capsid-displaying DAF vectors alsouestl transgene and capsid specific
adaptive immune responses, after intravascularimnamuscular delivery in Ad5-naive
and Ad5 immune mice (Seregthal., 2011).

1.6.3.5 Blood factors

In 2005, Shayakhmetoat al. were thefirst to describe a potential role of blood factors
determining Ad5 tropism (Shayakhmetet/al., 2005). Using ann situ liver perfusion
technique, they analysed gene delivery to the limethe absence of blood. Hepatocyte
transduction of Ad5 and the non-CAR binding vect@kd5 containing the Ad35 knob
domain, and Ad5*F (which has a single point mutati position Y477 in the fiber knob,
ablating the CAR interaction) were assessed. In dbhsence of blood, hepatocyte
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transduction by the non-CAR binding vectors wasi§icantly decreased compared to
Ad5, indicating the involvement of an alternativeshanism for Ad5 infection that are
dependent on blood factors (Shayakhme#bval., 2005). To investigate the cellular
receptor responsible for this novel pathway, miegeapreinjected with competing ligands
for hepatocellular receptors, including polymerideaine serum albumin (saturates the
scavenger receptor SR-BI), asialofetuin (saturtitesasialoglycoprotein receptor), human
low density lipoprotein (LDL) (saturates the LDLceptor) or lactoferrin (saturates low-
density lipoprotein receptor-related protein (LR&)d heparan sulphate proteoglycans
(HSPGSs)). A 50-fold reduction of Ad5*F, a 600-faldduction of Ad5/35 and an 8-fold
reduction in Ad5 liver gene transfer in the preseatlactoferrin indicated cellular binding
through LRP and HSPGs (Shayakhmetbwal., 2005). Injection of heparinase I, resulting
in enzymatic digestion of heparan sulphate sideashaprior to vector administration
resulted in significantly lower levels of liver treduction in wild-type mice, implicating
HSPGs as the major cellular receptors (Shayakhmettalv, 2005). Consequently, tandem
mass spectrometry and slot blot assays were usadetdify blood factors capable of
interacting with Ad. Coagulation factor IX and coleqpent component C4-binding protein
were shown to directly interact with the Ad fibardb and mediate Ad infectiam vitro
(Shayakhmetoet al., 2005). In addition, mouse livers perfused witlngacontaining FIX
showed increased hepatocyte transduction of Ad=B8 Ad5*F, reaching levels
comparable to Ad5. However, injection of Ad5/35 ahd5*F into FIX knockout mice
resulted in no significant difference in liver getransfer compared to wild-type mice
(Shayakhmetowt al., 2005). Whilst this data suggested a role of FiXl &£4-binding
protein in mediating Ad5 hepatic transduction, Hiert studies supported the involvement

of additional blood factors key to determining #d5 inherent liver tropism.
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Figure 1.8. In vivo Ad5 interactions with host factors.

Ad5 binds to coagulation FX due to a high affinity interaction between the Ad5 hexon HVR domains and the FX Gla domain. FX subsequently bridges
the complex to HSPGs on the surface of hepatocytes. Opsonisation by IgM antibodies, complement and scavenger receptors can promote Kupffer
cell uptake. Ad5 fiber knob can bind to CAR-expressing erythrocytes or in the presence of complement and antibodies the virus binds to CR1 on the
surface of erythrocytes. Ad5 can also interact with lactoferrin. Ad5 binding to platelets can induce the formation of platelet-leukocyte aggregates, a
process dependent on von Willebrand factor and P-selectin.
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1.7 A critical role for coagulation factor X in determining the
Ad5 liver tropism

Several other vitamin-K dependent zymogens weresexyeently found to enhance
transduction of Ad5 in HepG2 cells (Parletral., 2006). These blood coagulation factors
FVII, FIX, FX and protein C are zymogens of serpreteases. The vitamin-K dependent
coagulation factors are structurally very similaddikely to be derived from a common
ancestral gene via gene duplication and exon shgffDavidsonet al., 2003). They have

a light chain consisting of @-carboxylated glutamic acid (Gla) rich domain ameb t

epidermal growth factor-like domains which are tfide linked to the serine protease (SP)

heavy chain (Figure 1.9).

\,

Serine protease

EGF2

EGF1

Figure 1.9. Coagulation factor X.

The domain structure of FX, highlighting the y-carboxylated glutamic acid, the epidermal
growth factor (EGF) 1-like, EGF2-like and serine protease domains. The green balls
indicate calcium ions. This figure has been adapted from Venkateswarlu et al.
(Venkateswarlu et al., 2002).

To investigate whether zymogen activation was meguio increase Ad infection, FX was
incubated with recombinant tick anticoagulant protd AP), a highly specific direct FXa

inhibitor, or fondaparinux, which inhibits FXa imdctly through antithrombin IIl. Neither
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inhibitor had an effect on FX-mediated Ad transdrctin HepG2 cells and pretreating
mice with fondaparinux prior to injection of a CAfading ablated Ad5 vector (AdKO1)
caused no effect on levels of liver transductiomergfore, this demonstrated that zymogen
activation was not necessary (Parkeal., 2006). The authors went on to assess whether
FX could interact with Ad5 and AdKOL1 directly. Sack plasmon resonance (SPR)
analysis revealed a strong association between dach and FX in a dose-dependent
manner, however upon the addition of ethylenediant@tra-acetic acid (EDTA) the virus
readily dissociated, indicating a dependency omiwal. In an attempt to investigate
whether FX-mediated transduction was relevanvivo, Parkeret al., first assessed the
ability of FX to restore gene transfer of AdKOL1 levels of Ad5 in anex vivo liver
perfusion model. FX not only increased AdKOL1 lisansduction to levels comparable to
Ad5, but substantially increased hepatocyte tractsolu by both vectors, causing a 25-fold
increase in Ad5 and an equivalent 250-fold increms@dKO1 transgene expression
(Parkeret al., 2006). Moreover, following intravascular delive®d-mediated liver gene
transfer was greatly reduced in warfarin pretreatéme demonstrating the requirement for
vitamin-K dependent coagulation factors (Par&eal., 2006; Waddingtoret al., 2007).
Warfarin inhibits the effective synthesis of vitamiK-dependent coagulation factors by
preventing efficient-carboxylation of the Gla domain, thus reducingelewvof functional
circulating factors (Mosterdt al., 1992; Stantoret al., 1992). Despite FVII, FIX and
protein C being effective enhancers of Ad5-mediagghe transferin vitro only
intravascular injection of physiological concenas of FX, 30 min prior to AdKO1 or
Ad5 administration, was reported to completely oest Ad hepatic transduction in
warfarin-treated mice (Parkest al., 2006; Waddingtoret al., 2007). Another study
investigated whether warfarin could block Ad lisaquestration by KCs, an effect which
can occur within minutes after Ad administration giidingtonet al., 2007). Warfarin
treatment did not effect Ad5 virion levels in theek and spleen at 1 h post-injection,
however at 48 h virion accumulation was decreaseggesting coagulation factors do not
effect KC uptake but selectively influence hepatedyansduction (Di Paolet al., 2009b;
Waddingtonet al., 2007). Together these data demonstrated a pivotal for FX in
determining the targeted liver gene transfer of A@ba CAR-independent mechanism.

1.8 FX Gla domain mediates binding to Ad5

In order to identify the region of FX responsibte binding to Ad5, Waddingtost al.,
utilised SPR to demonstrate the ability of the nwmeal antibody HX-1, directed against
the light chain (Gla-EGF1-EGF2) of FX, to block thing to Ad5 and inhibit AdKO1
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transduction, in the presence of physiological lewé FX, in HepG2 cells (Waddingtast
al., 2008). In addition, SPR analysis revealed thdi failed to bind to Gla domainless FX
(Kalyuzhniy et al., 2008; Waddingtoret al., 2008).In vivo, Gla domainless FX did not
restore Ad5 liver gene transfer in warfarin-treateide (Waddingtoret al., 2008), thereby
demonstrating the importance of the Gla domainhm Ad5:FX interaction. Factor X-
binding protein (X-bp), an anticoagulant isolatewni Deinagkistrodon acutus (the
hundred pace snake), is a high affinity Gla donmamaing protein (Atodat al., 1998). X-
bp blocked Ad5 binding to FX as shown by SPR argingubation of human FX with
egimolar concentrations of X-bp inhibited FX-med@tAd5 infection in HepG2 cells
(Waddingtonet al., 2008). Preinjection of X-bp resulted in signifitiy lower levels of
Ad5 liver transduction in mice. Moreover, preinctiba of FX with X-bp prior to injection
into warfarin-treated mice blocked the ability oX Fo restore Ad5 hepatic gene transfer
(Waddingtonet al., 2008). These data demonstrate the FX Gla donsaonitical for FX-

mediated Ad5 liver transduction.

1.9 FX binds directly to the Ad5 hexon

Initially it was proposed that coagulation factoedrated hepatic gene transfer was as a
result of FIX binding to the Ad5 fiber (Shayakhmet al., 2005). A study using a panel
of Ad5 vectors pseudotyped with fibers from spedesncluding f17, 24, 30, 33, f45
and f47, investigated the capacity of each veadsinhd to coagulation factors (Parketr
al., 2007). SPR analysis indicated that all vectoreatly bound to FX in a calcium-
dependent manner, indicating bridging of FX to Beraative capsid protein or to a highly
conserved region in the fiber. FX caused a sigafiancrease in HepG2 cell binding and
transgene expression for all vectors (Pasteal., 2007). FX-mediated Ad infection was
demonstrated to occur via HSPGs, as shown by thaneed levels of transduction in
Chinese hamster ovary (CHO) cells expressing HSE@spared to the significantly
reduced levels in genetically modified CHOpgsA743Iscewhich have a defect in
xylosyltransferase and do not produce glycosamymagis, therefore have no surface
expression of the receptors (Parleeral., 2007). Injection of Ad5/f47 into coagulation
depleted mice significantly reduced levels of hepatansduction (Waddingtoset al.,
2007), hence the effects of FX were relevant ndy dor Ad5 but also for Ad5 fiber

pseudotyped vectors.

An unexpected finding was observed when SPR stutkaesonstrated that fully fiberless
Ad5 virions bound to FX as efficiently as wild-typ&d5 (Waddingtonet al., 2008).

30



Chapter 1 | Introduction

Deletion of the Ad5 fiber had no effect on FX-medd Ad5 cellular binding, thus
confirming the binding of FX to an alternative cabpprotein (Waddingtoret al., 2008).
Previously, hexon was thought to act principallyaastructural protein. However, SPR
analysis showed the FX Gla domain bound to the Aeon protein in a high affinity,
calcium-dependent manner (Kalyuzhray al., 2008; Waddingtoret al., 2008). Both
human and mouse FX bound to the Ad5 hexon withrpatar affinity (Kalyuzhniyet al.,
2008; Waddingtomt al., 2008).

1.10 FX binds to hexon HVRs

Waddingtonet al. employed cryoelectron microscopy to generate aetdimensional
reconstruction of the Ad5:FX interaction (Figurd@). Cryoelectron microscopy revealed
that the FX molecule binds within the central caWirmed by each hexon trimer, a region
characterised by the presence of HVRs (Kalyuzlehgl., 2008; Waddingtomt al., 2008).
Ads have seven HVRs on the hexon which differ arsbAg types. In addition to binding
to the Ad5 HVRs, SPR studies demonstrated thetybiliFX to bind Ads from species A,
B, C, D, E and F with varying degrees, indicatihgttthe Ad:FX interaction is highly
conserved (Kalyuzhnigt al., 2008; Waddingtosmet al., 2008).

Previously the hexon was thought not to be directlpted to tropism determination. In
1999, a study by Vignet al., reported the inclusion of a RGD-containing peptirgeted
to av integrins, in HVR5 of the hexon significantly neased transgene expression in
human vascular smooth muscle cells, naturally c&drg to Ad infection due to a lack of
CAR expression (Pasqualini et al., 1997; Vignel t1899). Vigneet al. demonstrated the
ability of hexon HVR-modified capsids to be effiotly internalised by cells lacking the
virus primary receptors andhis was one of the earliest studies to imply acfiom of the
HVRs in Ad cell entry (Vigne et al., 1999). Intrangas delivery of the vector resulted in
~98% lower hepatic transgene expression after 4®rhpared to control Ad5 and its
counterpart containing the RGD peptide in the fidégantet al., 2008). Vigangt al. also
demonstrated substantially reduced liver transdoand hepatoxicity using an Ad5 vector
in which HVR5 was replaced by non-targeting pepidentaining 8 or 24 glycine-alanine
residues (Vigangt al., 2008).
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"

Figure 1.10. Analysis of Ad5 hexon binding to FX by cryoelectron microscopy.

The image on the left hand side is an overlay of three-dimensional cryoelectron
microscopy reconstructions of uncomplexed Ad5 (blue) and the Ad5:FX complex (purple)
and the image on the right hand side is a close-up view of FX-labelled hexon. This figure
has been adapted from Waddington et al. (Waddington et al., 2008).

A study using an engineered Ad5 vector, Ad5SHVR#8which all the amino acids of the
HVRs in Ad5 were replaced with those of Ad48 (acspe D Ad which does not bind FX),
abolished FX binding (Waddingtaat al., 2008). FX did not enhance Ad5HVRA48 cellular
binding or transductionn vitro and a 600-fold reduction of liver transgene exgims
compared to Ad5 was observed in mice depleted irs,Kdlie to preinjection with
clodronate liposomes (Waddingtah al., 2008). In a separate study, FX binding was
decreased using an Ad5 vector in which a 71 amaid laiotin acceptor peptide (BAP)
was inserted into HVR5 (Kalyuzhnst al., 2008; Shashkovet al., 2009). Incubation of
coagulation factors with AdSBAP did not enhanceeggansfein vitro and preinjection of
FX failed to increase AdS5BAP liver transduction warfarin-treated mice 48 h post-
injection (Kalyuzhniyet al., 2008), again confirming the importance of the HVigr the
Ad5:FX interaction.
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SP domain

Factor X

Ad5 hexon trimer

Figure 1.11. Model view of Ad5:FX interaction.

The Gla domain of one FX molecule bound within the cavity formed by the hexon trimer,
whilst the FX SP domain is orientated outwards from the Ad5 capsid. This model was
taken from Waddington et al. (Waddington et al., 2008).

In order to dissect the hexon:FX interaction Adbal. modelled it by fitting the published
crystal structure of hexon (R al., 2003) and a molecular model of FX (Venkateswarlu
et al., 2002) to the cryoelectron microscopy model (Wadtdingt al., 2008) in order to
identify the relevant contact residues (Aldaal., 2009). These were found to be HVR5
and HVR7 (Albaet al., 2009). Phylogenetic analysis of HVR sequenceb>fbinding
Ads, in comparison to those that do not bind FXenitfied a glutamic acid residue at
position 451 as common amongst FX binding Ads, whias replaced by a glutamine in
non-binding Ads (Waddingtoet al., 2008). Subsequently, the authors manipulated the
viral capsid using point mutagenesis of two amiscm®in HVR5 (T270P and E271G),
four amino acids in HVR7 (1421G, T423N, E424S amtR&Y) or a single mutation at
position 451 in HVR7, swapping these residues wéhuences of the species D, non-FX
binding, Ad26. The mutations did not affect virusoguction. Ad5 with mutations in

HVRS5 resulted in decreased FX-mediated Ad5 celbinig and transductiom vitro, as
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well as liver gene transfer in mi¢@lba et al., 2009). Ad vectors with HVR7 mutations
showed profound inhibition of FX binding by SPRJabd the enhancement in binding
and transduction in cell lines and mouse hepatastluction in the presence of FX.
Furthermore, intravenous administration of the HVR270P and E271G) and HVRY
(1421G, T423N, E424S, L426Y and E451Q) mutated are@Ad5-HVR5*7*E451Q) into
non-human primatesmicrocebus murinus, substantially reduced hepatocyte transgene
expression compared to control Ad5 (Albiaal., 2012). Ad5 was also detectad the
spleen, heart, lung, kidney, and to a lesser extettte thymus, pancreas, intestines and
lymph nodes. Whilst the FX-binding ablated vectengmes were found in the spleen,
negligible amounts were detected in the other éisgAlbaet al., 2012). This indicates a
role for the FX pathway in mediating virus transiiluc and genome accumulation not
only in the liver but also in several other orgaHgparin, which acts as a competitive
inhibitor of HSPGs, blocked FX-mediated Ad5 bindittgnon-human primate liversx
vivo, showing a dependency on HSPGs and indicatingeceation of this pathway across
diverse species (Albet al., 2012). In addition to HVR5 and HVR7, Kalyuzhryal. used
cryoelectron microscopy and sequencing alignmemhpdicate a site at the sequence TDT
in HVR3 as a potential contact point between Ad &Xd (Kalyuzhniy et al., 2008),

however the role of this motif is yet to be verfie

1.11 Ad:FX complex binding to hepatocytes

HSPGs are composed of a core protein to which anmare heparan sulphate (HS)
glycosaminoglycan side-chains (linear polysacclegriccomposed of alternating N-
acetylated or N-sulphated glucosamine units andiaracids) are covalently linked (Esko
et al., 2001). Bradshawt al. demonstrated the ability of heparinase lll, a hedgase that
specifically cleaves N-acetylated domains of HSntobit Ad5 cellular binding and gene
transferin vitro in the presence of FX, hence indicating that ti& ditle-chains mediate
attachment of Ad5:FX complexes to the cell surfgBeadshawet al., 2010). Experiments
employing sodium chlorate, a selective inhibitor saflfation (Safaiyaret al., 1999),
demonstrated that Ad5 uptake via the FX pathwalegendent on HS sulfation. The study
showed inhibition of N-linked, and particularly ibition of O-linked sulphate groups,
which are highly expressed in the liver, attenudtdmediated Ad5 cell binding and
transductionn vitro, in a dose-dependent manner (Bradslketal., 2010).Attachment of
fluorescently labelled Ad5 in the presence of FXntouse liver sectionsx vivo was
significantly reduced in the presence of heparowdéwver neither de-O-sulphated heparin,

which lacks O-sulphate groups, nor de-N-sulphatedahin, which lacks N-sulphated
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groups had any effect on Ad5 attachment. Moreolreparin substantially reduced FX-
mediated Ad5 accumulation in the liver 1 h aftetramascular administration in

macrophage depleted mice, whilst no effect wasrebdewith de-O-sulphated heparin and
de-N-sulphated heparin (Bradshetnal., 2010).

1.12 Post-binding events via the FX infectivity pathway

Using non-CAR binding and/osv integrin mutants Bradshaet al. (Bradshawet al.,
2010) showed a dependency on an intact penton B&e motif for efficient post-
attachment cell entry and intracellular transpoa the FX pathway, thus indicating the
interaction with cellular integrins as co-receptéos internalisation is retained. Whilst
fluorescently-labelled Ad5 and AdKO1 resulted imgar levels of accumulation at the
MTOC after 1 h in the presence of RX vitro, accumulation of the penton base RGD
mutant vectors were significantly delayed. In addit using a short hairpin RNA approach
to knockdownuv integrin expression in a CAR low expressing tiel, Ad5 trafficking to
the perinuclear area was substantially reducedgeltyeconfirming the importance of

integrin engagement for transport via the FX-megigiathway.

After cell surface attachment via HSPGs, the fibkso plays a role in cell entry and
subsequent intracellular trafficking. A study intrgating the role of FX in Ad5, Ad35,
Ad5/fiber 35 and Ad5/penton 35/fiber 35 chimerictoe gene transfer, used SPR to first
show that all of the vectors could bind to the eadation factor, with pseudotypes having
FX-binding affinities similar to other vectors pessing the same serotype hexon (Geeig
al., 2009). In the absence of the native species B CD46 recethte vectors use FX to
bridge the complex to HSPGs, thereby enhancingscefbice binding and internalisation,
however in the presence of FX, transduction ofvalises capable of binding CD46 i.e.
Ad5/f35, Ad5/p35/f35, and Ad35, was substantiakguced in CHO-BC1 cells, which
express CD46 (Corjod al., 2011; Greiget al., 2009). FX increased intracellular uptake of
vectors in both CD46 and CD46 negative cells, iatiing the decrease in gene transfer did
not involve the endocytosis step of the infectiyiigthway (Corjoret al., 2011; Greiget

al., 2009). This suggests that FX limits post-intesaion mechanisms that lead to
cellular transduction by viruses containing the Bdber. The negative effect of FX on
Ad5/35 vector transductiomn vitro was shown to be due to inefficient intracellular
trafficking and accumulation of virus in the latedesomal compartment, resulting in a

delayed release from vesicles and nuclear impaotj¢G et al., 2011; Greiget al., 2009).
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These studies, implying a functional role for tieef protein, show some overlap with the

well known classical CAR-mediated pathway, for whike fiber is critical.

Corjonet al. investigated whether or not FX was internalisethwd5, using fluorescently
labelled Alexa Fluor-555 FX and Alexa Fluor-488 #dctors (Corjonet al., 2011). In
HSPG expressing CHO cells, control FX alone wasoeyibsed, with signals observed
intracellularly after 15 min. Following coincubatiofluorescent signals for both FX and
Ad5 were detected colocalised within the cell & $ame time point, as shown by confocal
microscopy, thereby indicating co-endocytosis (Gogt al., 2011). By 1 h, Ad5 particles
trafficked to the nucleus, resulting in reducedocalisation with FX, which remained in
the cell periphery. In the case of Ad5f35, at 3dstgnfection the FX:Ad5f35 complexes
remained colocalised in the cytoplasm, again irttiganefficient intracellular trafficking
compared to Ad5 (Corjod al., 2011).

1.13 Methods of manipulation of the Ad:FX interaction

In vivo kinetics and Ad biodistribution are defined byaamge of host interactions. Many
years of research have been focused on alteringrdpesm of Ad5, the majority of the
early studies concentrating on targeting the vett@lternative receptors. A great deal of
these efforts were not as successful as anticipatddndsight, this is perhaps unsurprising
and can be explained by the recent discoveriegdegathe role of blood coagulation FX
in liver transduction and other tropism determinpaghways of Ads (Nilssod al., 2011;
Waddingtonet al., 2008; Wanget al., 2011), as well as having a more detailed knowdedg
of the Ad-induced immune response. Gaining a betteerstanding of Ad biology allows
for a more informed progression and rationale desigoptimised systems. Here a variety

of methods to manipulate FX-mediated Ad gene terefe discussed (Figure 1.12).

1.13.1 Genetic modification of the Ad hexon to prevent FX binding

Genetic manipulation of capsid proteins, desigmeldypass host interactions and improve
infectivity of desired tissues, is a frequently disargeting approach for Ad5. Mutagenesis
strategies aimed at adapting viral tropism inclpdeudotyping with rare Ad types, non-
human or those devoid of FX binding, hexon or fit@wapping’ or incorporation of
targeting moieties (reviewed extensively by Couglazal. (Coughlaret al., 2010)). In the

context of FX-mediated transduction, modificatiohtiee hexon protein is an attractive
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strategy to prevent the virus interaction with Fldwing intravascular delivery, thereby

reducing Ad hepatic gene transfer.

Several studies genetically modifying the HVR5 aA¥R7 domains demonstrated
significantly decreased hepatic transgene expnessioboth rodents and non-human
primates (Adamst al., 2009; Albaet al., 2012; Kalyuzhniyet al., 2008; Vigantet al.,
2008; Waddingtoret al., 2008). As previously mentioned, a study by Aébal. showed
the levels of liver gene transfer were greatly mdliusing FX-binding ablated vectors,
point-mutated at HVR5 (T270P and E271G) and HVR21I5,T423N,E424S, L426Y and
E451Q), a so called Ad5SHVR5*7*E451Q vector (Albgal., 2010; Albaet al., 2011).
This occurred regardless of macrophage depletiomigh viral doses (1 x T®vp/mouse
or 4 x 18% vp/kg), significantly higher quantities of AdSHVRBE451Q viral genomes
were detected in the spleens of macrophage-deptheieel compared with Ad5 (Albet
al., 2010). This suggests that Ad clearance by maaggh significantly reduces splenic
uptake independently of FX. At this high viral dosd5 and Ad5HVR5*7*E451Q caused
an increase in several chemokines and cytokindadimg IL-12, monokine-induced by
interferony and 10-kDa interferop-induced protein, all of which were elevated follog
FX-ablated vector administration compared to AdShilst IL-6 was significantly
decreased (Albat al., 2010). At such high doses (4 x*30p/kg) it is difficult to predict
whether such toxicities would be relevant in humassthe dose administered in clinical
trials is much lower (e.g. 2 x Y0vp/person) (Awet al., 2006; Hamickt al., 2003; Smalkt
al., 2006). Attempts at retargeting the vector invdltlee generation of a non-FX binding
Ad5 vector containing the Ad35 fiber (AdSHVR5*7*E#%35 ") (Alba et al., 2010). This
Ad35 fiber (Ad35™) contains two amino acid changes, inducing a é@ffiigher affinity
to the subgroup B receptor CD46 compared to nafad5 (Wanget al., 2008).
Intravascular injection of Ad5HVR5*7*E451/F35 in macrophage-depleted CD46
transgenic mice showed increased gene transfethenlung, coupled with reduced
transduction in the liver and spleen (Al al., 2010). In these animals the
Ad5HVR5*7*E451/F35" lungl/liver ratio was approximately 800:1, resuitim a 16,000-
fold increase in lung transduction compared to AdR3*7*E451Q (Albaet al., 2010).

A separate study by Shaoat al., in which the Ad5 hexon was replaced with that lof t
species B Ad3 (Ad5H3), reduced vector binding to &Xdemonstrated by SPR (Sheirt
al., 2010). Incubation with physiological levels of FEdused no enhancement of Ad5H3
infectivity in vitro and caused a 100-fold decrease in liver gene faan$his was
comparable to Ad5 in warfarin-treated mice. Substh of the fiber knob domain with
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that of CD46 binding Ad3 enhanced tumour transadmcind anti-tumour efficacy by a
conditionally replicating version of the vector (8tet al., 2010).

Khare et al. adopted a different strategy to genetically malaijguthe Ad:FX interaction
(Khareet al., 2011). As hexon is reported to be a major antgeapsid protein (Sumida

al., 2005), generating hexon-chimeric vectors utiisiare Ads may also be beneficial for
overcoming pre-existing immunity (Robesisal., 2006; Youilet al., 2002). Replacing the
HVR domains of Ad5 with those of Ad6 (to create Aaib/6 vector), another species C
virus which is less seroprevalent and previousiywshto evade KC uptake (Shashkova,
May et al. 2009), this group achieved 10-fold higtransduction in the liver following
intravenous delivery (Kharet al., 2011). Both Ad5 and Ad6 retain the glutamic aaid
position 451 in HVR7 that is conserved in all telskeX-binding Ads (Waddingtoet al.,
2008). Ad6 binds to FXn vivo, but in this instance the interaction was exptbite order

to attain targeted hepatic delivery while escapi@ uptake. Liver transduction was
significantly reduced for Ad5 and Ad5/6 in warfatreated animals indicating a
sensitivity to vitamin K dependent coagulation taalepletion (Kharet al., 2011). Ad5/6

is less efficiently phagocytosed by macrophagestro, and this is suggested to be due to
the block of Ad5 HVR 1, 2, 5 and 7 binding to saayer receptor SRA-1I (Kharet al.,
2012). Therefore without induction of KC activatian vivo and subsequent virus
sequestration, the vector can more efficiently gatpe liver, features desirable for liver
gene therapy applications (Khaateal., 2011; Kharest al., 2012).

1.13.2 Polymer-conjugated Ad complexes shield the vector from FX

Chemical modification of Ads using polymers to &ldi the hexon protein from FX is an
alternative strategy. This has the additional athgs of also precluding other host
interactions e.g. complement, neutralising antibsdiPolyethylene glycol (PEG) is an
uncharged, hydrophilic, non-immunogenic polymertkgsised of repeating CH2CH20
subunits, with a molecular weight ranging from 20040,000 Da. In general, chemical
modifications based on monovalent PEG or also contynaised multivalent N-(2-
hydroxypropyl methacrylamide) (HPMA) involves cosat attachment to the Ad surface
by the use of activated tresyl-monomethoxy PEG (B, succinimidyl succinate-
monomethoxy PEG (SSPEG) or monomethoxy PEG (MPEGPye et al., 2000;
O'Riordanet al., 1999). The activated PEG reacts preferentiallgh wie epsilon-amino
groups of lysine residues, the most abundant fanatigroup on the Ad capsid, present on
the hexon, fiber and penton (O'Riordemnal., 1999). Coating the Ad capsid in HPMA
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molecules prevents virus binding to FX via the hex8ubret al., 2009) and has been
shown to improve pharmacological profiles by pratecfrom proteolytic degradation and

extending plasma kinetics.

In the study by Subet al. Ad5 was coated with HPMA modified to contain posaty
charged quaternary amine groups (N,N,N-trimethylamiomm ethyl) (Subet al., 2009).
As Ad5 possesses an overall negative charge, tsoved the yield of the coating
reaction by enhancing the electrostatic interactbrihe positive coating polymer with
negatively charged groups on the surface of thasviCoincubation of the modified
vectors with FX caused no increase in Ad transdudti a CAR" expressing cell linén
vitro, indicating that the FX-binding residues withiretHVRs of the hexon are shielded
by the polymer (Subet al., 2009).

Prill et al. combined genetic manipulation techniques, by nariagis of a single amino
acid in HVR5 to introduce a surface accessibleatyst with covalent chemical coupling
to protein moieties at the site of genetic modifaa (Prill et al., 2011). Coupling the
vector to PEG molecules, ranging in sizes 750 @0®,Da, abolished transduction
mediated by FXn vitro. Coupling to a 20,000 PEG moiety resulted in \@lig in its FX
shielding efficiency due to only 50% coverage @& ttexon. Intravenous administration of
the 750, 2,000 or 20,000 Da PEGylated vectors texduh significantly decreased liver
transduction compared to Ad5, and to similar lewél&d5 in warfarin-treated mice (Prill
etal., 2011).

Biodistribution characteristics of polymer coated éomplexes are reported to be affected
by the density of the PEG shield (Dorongh al., 2009). Decreased liver transgene
expression could be due to the size restrictionmsad by the liver sinusoid fenestrae and
not solely due of the virus being masked from FXfti¢rret al., 2008). The presence of
fenestrae allows the virus to navigate throughgpace of Disse and rapidly reach their
receptors on the surface of hepatocytes. Howeuss, dize of fenestrae, varying
significantly across species, ranging from 150-@aibin rats (Wisset al., 1985) and ~140
nm in mice (Snoeyst al., 2007), the two most commonly used animal moddtslst only
~107 nm in healthy human livers (Wisgteal., 2008), may act as a sieve preventing entry
depending on the dimensions of the vectors. This highlighted when Hofheret al.
revealed Ad5 conjugated with 20 and 35 kDa PEG notts kDa markedly reduced liver
transduction despite maintaining the ability tocdbocoagulation FX (Hofheret al., 2008).

In the study by Prilkt al. addition of 5 kDa PEG to the Ad vector resultecaim11-fold
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increase in hepatocyte transduction, an effect vlwas independent of FX and more
likely due to vector shielding from KCs (Priék al., 2011). This may be a valuable
approach for liver directed gene therapy. PEGyl#ddcomplexesare an attractive and
viable targeted therapeutic gene therapy approdabhwwill no doubt be improved by
advances in polymer chemistry.

1.13.3 Adaptor molecules

Developing adaptor molecules, which consist of psihbinding domain genetically or
chemically fused to a specific cell targeting domaig. bispecific antibodies, single-chain
antibody variable fragments (scFv) or growth fastaes another method which has been
employed to manipulate the Ad5:FX interaction. Adctors conjugated to adaptor
molecules serve a dual function; the antibody $ekely retargets the Ad complex to the

desired tissues whilst simultaneously blocking bigdo the native receptors.

Chenet al. exploited the high affinity interaction between5Adnd FX by generating FX
fusion proteins (Cheat al., 2010). As it is the Gla domain of FX which birtdsthe virus,
plasmids were constructed that removed the FX SRado and instead fused the Gla-
EGF1 domain with scFv directed against the tumoarkers Her2, EGFR or the stem cell
marker ATP-binding cassette protein G2 (ABCG2) (Clee al., 2010). The Ad-scFv
fusions caused increased targeting and cytotoxmiitgancer cellsn vitro andin vivo.
Although an effective method of targeting, levefsliver transduction were unaffected
with Ad-scFv fusions suggesting Ad5 binding to Gt=v may not be stabia vivo and is
displaced by the greater levels of FX in the bldadsn (Cheret al., 2010).

1.13.4 Pharmacological agents to prevent Ad transduction

Recent advances in the understanding of the preoesfanisms involved in Ad5 binding
to FX points to a target suitable for drug discgveAd5 in combination with
pharmacological agents has already proven effefbivenediating systemically delivered
gene therapy in animal models. Factor X bindinggmno(X-bp), which binds with high
affinity to the FX Gla domain preventing the Ad5:Riteraction (Waddingtoret al.,
2008), the use of warfarin to decrease circulali@wvels of functional blood factors (Parker
et al., 2006) or heparin to block HSPGs (Bradshaival., 2010), have all reduced FX-
mediated Ad5 liver transduction. These agents heware sub-optimal for administering
to patients about to undergo a therapeutic genaplieprocedure due to anticoagulant

properties (O'Donnell, 2012). The feasibility ofralidrug combination gene therapy
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strategies to block redundant Ad infection whilssimtaining the integrity of the virus is

yet to be fully realised.

The potential of novel pharmacological compoundsgecifically block Ad interactions
with their native receptors was elegantly illustchby Spjutet al (Spjutet al., 2011). A
recent study demonstrated that species D Ad37 tiofec causes epidemic
keratoconjunctivitis by binding of the Ad fiber Kmgrotein to glycoproteins containing
two terminal sialic acid moieties on the surface egiithelial cells in the cornea or
conjunctiva (Nilssonet al., 2011). A combination of molecular modelling, resl
magnetic resonance and X-ray crystallography diedethe interaction to reveal that the
two sialic acids dock into two sialic acid bindisies in the trimeric Ad37 knob (Nilsson
et al., 2011). This finding led to Spjud al. synthesizing tri- and tetravalent sialic acid
compounds which effectively block Ad37 infection btiman ocular cells. SPR and
crystallography techniques demonstrated the tmtadelic acid conjugate, ME0322, binds
directly to the sialic acid-binding sites in thédr knob, with similar affinity to GD1la
hexasaccharide, and is a potent inhibitor of Ad#&dtion (Spjutet al., 2011). Although
these studies are not directly focused on geneplyeapplications, they underline the
importance of a thorough understanding of viruserattions with the host and a
subsequent development of chemical inhibitors. détailed analysis of crystal structures
of Ad capsid-host protein complexes allows the wiofdspecific interactions at the atomic

level and contributes immensely to rational drugigie

As well as taking advantage of the well defined sudicture (Reddyt al., 2010), known
to near atomic resolution, along with the electroryomicroscopy and the three-
dimensional reconstructions of the Ad5:FX complar, array of diversen vitro assays
exist to study Ads and manipulate their interactifor drug development. Many of these
are cell-based including cytopathic effect or pkagiormation assay, cell viability,
haemagglutination, FX-mediated cell binding, gensndfer or intracellular transport
assays etc. These assays can be time consumiragebtlexible and could be adapted to
investigate Ad5 infectivity in the presence of FX a high throughput manner. High
throughput screening of pharmacologically favougasinall molecules in search of safe
inhibitors of the Ad5 interaction with FX or FX-miated gene transfer is an attractive
prospect. This technique is commonly used in thewaral drug field (Campagnolat al.,
2011; Hoffmannet al., 2011; Jegedet al., 2011), emphasising the plausibility of this

approach for enhancing the efficacy of therapeggite adenoviral delivery.
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* Genetic engineering e.g. fiber/hexon pseudotyping
- Polymer coating e.g. PEG >20 kDa

¢ Pharmacological inhibitors  e.g. warfarin, heparin,

clodronate liposomes

i Block Ad5:FX gene transfer

* Genetic engineering

« Adaptor molecules e.g. antibodies

« Tissue specific promoters

Figure 1.12. Tropism modifying strategies.

A range of potential strategies have been employed to block FX-mediated Ad5 gene
transfer and detarget the virus from its inherent liver tropism Bypassing such host
interactions would result in increased Ad circulation times and allows for specific vector
targeting to the desired cells or tissues.
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1.14 Future of Ad-based gene therapy

The transition from relevant Ath vitro pathways to keyn vivo mechanisms has taken
three decades of study and will no doubt continoe mhany more years. Better
understanding the intricacies of Ad pathways thhotlge use of shrewuh vitro or cell-
based assays, along with the correlation of theselts in relevani vivo models, has had
major implications for Ad based gene therapy. Digcimg the role of FX in determining
the substantial hepatic transduction of Ad5 upontaxt with the blood was a major
advance toward achieving the long desired goaffeteve liver detargeting for systemic
gene therapy applications. In many ways, this figdhas redefined several tropism
modifying strategies, and changed the focus ofehmsviously concentrated on bypassing
Ad binding to CAR. Building on this result and gaig a greater depth of knowledge of
the FX-mediated infectivity pathway will help pietegether the precise sequence of
complex events which define the Ad5 tropismvivo and aid in the design of pioneering
strategies to manipulate FX-mediated Ad5 gene fiean3his will no doubt ultimately
contribute to the development of more efficient tees targeting defined tissues with
reduced toxicity, and holds great promise for inwong the therapeutic viability of Ads for
targeted delivery following intravascular admirasion. The promise of pre-clinical results
will hopefully soon be converted into triumphs Iretclinical setting and the true appeal of

Ad based gene therapy will begin to be fulfilledtire coming years.
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1.15 Aims of this thesis

The principle aims of this thesis were to gain @aggr understanding of FX-mediated Ad5
infection and to use several strategies to manipudal5:FX gene transfer. To this end,
three approaches were employed. These focusedffenedi aspects of the FX-mediated
Ad5 pathway, from the initial stages to cellulamding, intracellular transport to

preventing effective Ad transgene expression. Tesis is divided into three studies, each

with an individual aim.

* Investigation of the mechanism by which Ad5:FX complexes bind to the cell

surface.

This was performed using mutagenesis techniquegetwetically modify amino acid
residues within the FX SP domain and subsequenmiedion of the effects of the

mutations usingn vitro andex vivo assays.

* Investigation of cellular and signalling events occurring during Ad5

transduction in the presence of FX.

This involved the use of pharmacological agentanterfere with efficient virus cell

binding,internalisation, trafficking and transduction

* Identification of a small molecule inhibitor of FX-mediated Ad5 gene transfer.

This was carried out using a high throughput apgrda screen a library of over 10,000

compounds in search of one which prevented viarssttuction.
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Materials

2.1 Chemicals

The Pharmacological Diversity Drug-like Set compaulibrary was purchased from
Enamine (Kiev, Ukraine). Analogue compounds of thes from the high throughput

screen were also purchased from Enamine. The TEam@se Inhibitor Toolbox, a kind

gift from Dr. Jo Mountford (University of GlasgowGlasgow, UK), was originally

obtained from Tocris Bioscience (Bristol, UK). Qiigucleotides were obtained from
MWG-Biotech (Edersberg, Germany). All other chersaaless otherwise indicated were
obtained from Sigma-Aldrich (Poole, UK).

2.2 Proteins

Purified human plasma derived (pd) blood coagumatieX and activated FX were
purchased from Haematologic Technologies (Vermds®).

2.3 Plasmid DNA constructs

The wild-type FX cDNA cloned into the mammalian eegsion pCMV4 vector (human
prothrombin signal sequence and propeptide follovsydthe sequence for the FX
derivative - pCMV4-ss-pro-1I-FX) was a kind giftoim Prof. John McVey (Thrombosis
Research Institute, London, UK). The pMK-RQ_FX SRBtant plasmid was purchased

from GeneArt (Invitrogen, Paisley, UK).

2.4 Antibodies

Primary rabbit polyclonal antibodies raised agaipsticentrin and ezrin, and rabbit
monoclonal antibodies against radixin and moesirewbtained from Abcam (Cambridge,
UK). The mouse monoclonal antibody raised agaimstct heparan sulphate (clone 10E4)
was obtained from AMS Biotechnology (Oxford, UK)h@ monoclonal mouse antibody
raised against spleen tyrosine kinase (Syk) waaimdd fromAntibodies-online GmbH
(Aachen, Germany)lgGs and secondary antibodies were obtained fromitrbgen
(Paisley, UK) unless otherwise stated. The mouseoeional antibody against human FX
(clone HX-1) was obtained from Sigma-Aldrich. The/bhdoma expressing the
monoclonal anti-human FX antibody 4G3 was a kintl gi Dr R. Camire (Children's
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Hospital of Philadelphia, USA). The 4G3 antibodyswaurified by protein G affinity
chromatography by Prof. John McVey (Thrombosis Regelnstitute, London, UK).

2.5 Cell culture materials

All tissue culture reagents were purchased fronitiogen (Paisley, UK) unless otherwise

stated.

Methods

2.6 Tissue culture

Tissue culture was performed under sterile conaktioising biological safety class Il
vertical laminar flow cabinets. Cells were grownaasonolayer in 150 chtissue culture
flasks in 37°C, 5% C@Oand 95% air incubators. Tissue culture experimamnsiving Ad
vectors were performed in a dedicated tissue @ilalvoratory and maintained in separate

incubators.

2.7 Maintenance of established cell lines

Cells were routinely passaged at approximately 80#luence to prevent overgrowth and
loss of surface contact in culture flasks. Thescalhd media used are described in Table
2.1. To passage, cells were washed twice in Dutbe@alcium and magnesium free PBS
and incubated with 3 ml trypsin-ethylenediamineraeitcetic acid (trypsin-EDTA)
(Invitrogen) at 37°C for approximately 5 min. Orietached, cells were collected in 5 ml
complete media (media supplemented with 10% (w&lfcalf serum (FCS), 1% (v/v)
penicillin, 100 pg/ml streptomycin and 2 mM L-glotae) which inactivates the trypsin.
Cells were centrifuged at 480 g for 5 min. Media &rypsin-EDTA were poured off and
the cell pellet resuspended in complete media &ss@ging or plating. To accurately seed
cell culture dishes or plates with a known numbkcalls, cells were counted using a
haemocytometer (Hausser Scientific, PA, USA).

2.8 Cryopreservation

For cryopreservation cells were collected as desdriin section 2.7. Cells from a 80%
confluent 150 crhtissue culture flask were resuspended in 2 ml cetapmedia
supplemented with 10% dimethyl sulphoxide (DMSO)d aaliquoted into cryo-
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preservation vials. Vials were cooled at a consta®€/min to -80°C using isopropanol.
Cells were transferred for long term storage initignitrogen. When recovering cells from
liquid nitrogen, vials were thawed at 37°C and ttiencell suspension was carefully added
dropwise to 10 ml complete media in a universalt@ioer. Cells were pelleted by
centrifugation at 480 g for 5 min. The cell pellgas resuspended in complete media,
transferred to a 150 dtissue culture flask and incubated in a 37°C, 5% &t@l 95% air

incubator.

Table 2.1. Cell lines and media used.

Cell type Description Cell culture medium

SKOV3 Human ovary RPMI 1640 media supplemented with 10% (v/v)
adenocarcinoma FCS, 1% (v/v) penicillin, 100 ug/ml streptomycin and
cell line 2 mM L-glutamine.

A549 Human lung RPMI 1640 media supplemented with 10% (v/v)
adenocarcinoma FCS, 1% (v/v) penicillin, 100 pug/ml streptomycin and
epithelial cell line 2 mM L-glutamine.

HepG2 Human Dulbecco’s Modified Eagle’s Medium (DMEM)
hepatocellular supplemented with 10 % FCS, 1% (v/v) penicillin,
carcinoma cell line | 100 pg/ml streptomycin and 2 mM L-glutamine.

SW 620 Human colon RPMI 1640 media supplemented with 10% (v/v)
cancer cell line FCS, 1% (v/v) penicillin, 100 pg/ml streptomycin and

2 mM L-glutamine.

293 Human embryonic | DMEM supplemented with 10% FCS, 1% (v/v)
kidney cell line penicillin, 100 pg/ml streptomycin and 2 mM L-

glutamine.

293T Transformed DMEM supplemented with 10% FCS, 1% (v/v)
human embryonic | penicillin, 100 pg/ml streptomycin and 2 mM L-
kidney cell line glutamine.

2.9 Cloning procedures

2.9.1 Plasmid preparation

Bacterial stock culture containing plasmid DNA fr@englycerol stock was spread on to an
ampicillin (100 pg/ml) containing agar plate andubated at 37°C overnight to allow the

bacteria to grow. Single bacterial colonies weenthpicked from the agar plate and used to
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inoculate a starter culture of 5 ml (for small scpteparation of plasmid DNA) or 10 ml
Luria-Broth (LB) containing ampicillin. This wasdnbated at 37°C for 8 h whilst shaking.
For large scale preparation of plasmid DNA thetstazulture was transferred to 500 ml of
LB in a 2 L flask and incubated at 37°C overnighilgt shaking.

2.9.2 Small scale preparation of plasmid DNA

Plasmid DNA was extracted from bacteria on a smeallle using the QlAprep Spin
Miniprep Kit (QIAGEN, Crawley, UK) according to thenanufacturer’s instructions.
Briefly, bacterial cells were harvested by cengdtion for 5 min at 16,000 g. The pellet
was resuspended in 2p0of Buffer P1 (50 mM tris(hydroxymethyl)aminomettea(Tris)-
HCI, pH 8, 10 mM EDTA, 100ug/ml RNase A). The EDTA in this buffer chelates
divalent metals (primarily magnesium and calciuRg@moval of these cations destabilises
the cell membrane, resulting in the lysis of thecteaal cells. The RNase A is a
ribonuclease which degrades RNA. 2pl0of Buffer P2 (200 mM NaOH, 1% sodium
dodecyl sulphate (SDS)) was added and the sammemsed thoroughly. The NaOH in
this buffer denatures chromosomal DNA and the SB®ugts the cell membranes. The
lysis step was neutralised by 3%0 Buffer N3 (4.2 M guanidinium chloride, 0.9 M
potassium acetate, pH 4.8), which causes the pratogm of genomic DNA, proteins, cell
debris and SDS. The precipitated samples wereiftegegd at 16,000 g for 10 min. The
supernatant was transferred to an equilibrated @N&p 20 column, which contains a
silica membrane to which the plasmid DNA binds, aedtrifuged for 1 min. The DNA
bound to the column was washed with 0@uffer PB (5 M guanidinium chloride, 30%
(v/v) isopropanol) to remove endonucleases anaohann centrifuged for 1 min. 75d
Buffer PE (10 mM Tris-HCI pH 7.5, 80% (v/v) ethanol) was adde further wash and
remove salts and the column centrifuged for 1 MINA was eluted from the column by
adding 50ul dH,0O, allowed to stand for 1 min and then centrifufgdl min. The amount
of DNA in each sample was quantified by measuribgogbance at 260 nm (NanoDrop,
ND-1000 spectrophotometer (Labtech InternationaigRer, UK)).

2.9.3 Large scale preparation of plasmid DNA

Plasmid DNA was extracted from bacteria on a lasgale using the Plasmid Maxi Kit
(QIAGEN) according to the manufacturer's instrungo Briefly, bacterial cells were
harvested by centrifugation at 6000 g for 15 mid°&. The pellet was resuspended in 10
ml of Buffer P1. 10 ml of Buffer P2 was added, s@mple was mixed thoroughly and
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incubated at room temperature for 5 min. The Igs&p was neutralised by 10 ml Buffer
P3 (3 M potassium acetate, pH 5.5). The potassicetate in this buffer allows for the
precipitation of genomic DNA, proteins, cell debaisd potassium dodecyl sulphate. The
samples were centrifuged at 20,000 g for 30 mid°&. The supernatant containing the
plasmid DNA was collected and transferred to anliébgated QIAGEN-tip 500 column.
The sample was allowed to pass through the redimeadinion-exchange column by gravity
flow. During this step the plasmid DNA selectivddinds to the resin. The QIAGEN-tip
500 was washed with 30 ml Buffer QC (1 M NaCl, 50Mm 3-(N-
morpholino)propanesulfonic acjpH 7, 15% (v/v) isopropanol) twice. This is a medk
salt wash to remove RNA, proteins, metabolites atder low-molecular-weight
impurities. The plasmid DNA was eluted from thewoh by the addition of 15 ml Buffer
QF (1.25 M NaCl, 50 mM Tris pH 8.5, 15% (v/v) isopanol). The plasmid DNA was
concentrated and desalted by precipitation withb 1 isopropanol and centrifuged
immediately at 15000 g for 30 min at 4°C. 5 ml 70#4) ethanol was added to wash the
DNA pellet, which was then centrifuged again aODB, g for 10 min. The supernatant was
removed and the DNA pellet left to air dry for 20nnprior to resuspension in 2Q0
dH,O. The concentration of DNA in each sample was tifi@th by measuring absorbance

at 260 nm (NanoDrop, ND-1000 spectrophotometer).

2.9.4 Generation of glycerol stocks

Plasmid DNA glycerol stocks were generated for Iaagn storage. 200 pl of sterile
glycerol was added to 800 pl of bacterial culturataining the plasmid DNA in a 1.5 ml

Eppendorf. Stocks were stored at -80°C.

2.9.5 Site-directed polymerase chain reaction mutagenesis

Polymerase chain reaction (PCR) is a technique tesathplify a specific DNA sequence.
Single (R125A)) or double (R93A_K96A, R165A K168AK236A_R240A) amino acid
residues mutations in the WT FX (pCMV4-ss-pro-lIlJFRlasmid were generated by
substituting basic residues with alanine usingditected PCR mutagenesis (amino acids
are numbered from the amino terminal residue ofh&ure FX). For this the QuikChange
Site-Directed Mutagenesis Kit (Agilent Technologi&slinburgh, UK) was used as per
manufacturer’s instructions (for overview of thethwal see Figure 2.1). The procedure
utilised the WT FX plasmid and two synthetic mutaigeoligonucleotide primers (forward

and reverse) containing the desired mutation. Fargr design see section 2.9.6.
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Step 1
Plasmid preparation Gene in plasmid with target
site (@ for mutation
@&
Step 2

Denature the plasmid and
anneal the oligonucleotide
primers{%ﬂcontaining the
desired mutation x

Temperature cycling

Using the nonstrand-displacing
action of Pfu Turbo DNA
polymerase, extend and
incorporate the mutagenic primers
resulting in nicked circular strands

Step 3
Digestion
Digest the methylated, nonmutated
parental DNA template with Dpn |
Step 4 Transform the circular, nicked dsDNA
Transformation into XL1-Blue supercompetent cells

. A el After transformation, the XL-1 cells
m— Parental DNA plasm ! — . A

arenta plasmid \ L / repair the nicks in the mutated
// Mutagenic primer — plasmid

—— Mutated DNA plasmid

Figure 2.1. Overview of the QuikChange site-directed mutagenesis method.
This figure was adapted for the Stratagene QuikChange Site-Directed Mutagenesis

instruction manual.
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2.9.5.1 Step 1: Plasmid preparation

In order to test the mutagenesis efficiency ofrthgant plasmid generation, a pWhitescript
4.5 kb control plasmid was used. The control reactvas prepared as followspubof 10 x
reaction buffer (100 mM KCI, 100 mM (NjSO,, 200 mM Tris-HCI (pH 8.8), 20 mM
MgSQy, 1% Triton X-100, 1 mg/ml nuclease-free bovineuselbumin (BSA)), 4l (10
ng) of pWhitescript 4.5 kb control plasmid, 1.26(125 ng) of oligonucleotide control
forward primer #1, 1.2%l (125 ng) of oligonucleotide control reverse prim#2, 1 ul
dNTP mix and 39.%l of double distilled water (ddi®) to a final volume of 5Ql. Then 1

ul of PfuTurbo DNA polymerase was added. The forward and reverseers contain the
desired mutations and are complementary to oppss#aeds of the vector and each other.
The primers are extended during the temperaturéngystep by usingPfuTurbo DNA
polymerasePfuTurbo DNA polymerase replicates both plasmid strand& Wwigh fidelity
and without displacing the mutant oligonucleotideimers. Incorporation of the
oligonucleotide primers generates a mutated plasmiid staggered nicks. The sample
reaction was prepared as followspulbof 10 x reaction buffer, 2.4l (25 ng) of WT FX
plasmid, 1.25ul (125 ng) of the forward mutagenic oligonucleotigeémer, 1.25ul (125
ng) of the corresponding reverse mutagenic oligaticle primer #2, 1l dNTP mix and
39 ul of ddH0 to a final volume of 5@l. Then 1ul of PfuTurbo DNA polymerase was
added.

2.9.5.2 Step 2: Temperature cycling

The temperature cycling used for synthesis and ifingtion was in accordance with the
type of mutation desired. In the first step, theasphid gets denatured. Following
denaturation, the oligonucleotide primers contajrime desired mutation(s) anneal to the
vector and are then incorporated to the synthesisadd of DNA, resulting in two nicked
circular DNA strands. The first segment is one eyal 95°C for 30 sec, the second
segment is 16 (for single amino acid change ofdtesiR125A of FX) or 18 cycles (for
double amino acid changes of R93A K96A, R165A K1G9AK236A R240A) of 95°C
for 30 sec, 55°C for 1 min and 68°C for 6 min (hiki of plasmid length, WT FX is 6405
base pairs). The control reaction was run under shene conditions. Following
temperature cycling the reaction was placed oriac min.
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2.9.5.3 Step 3: Digestion

The next step was to digest the amplification pobsiulul of the Dpn | restriction enzyme
(10 Ujul) was added directly to each amplification reactiopn | is an enzyme specific
for methylated and hemimethylated DNA and is usedigest the parental DNA template
and select for the mutation-containing synthesi3Bd. DNA isolated fromE.coli is dam
methylated and therefore susceptibleDyn | digestion. The samples were incubated at
37°C for 1 h to digest the parental (i.e. non-nadasupercoiled dsDNA.

2.9.5.4 Step 4: Transformation

The final step was the transformation of Epicu@oli® XL1-Blue Supercompetent Cells.
1 pl of the Dpnl treated DNA (circular nicked vectorNB containing the desired
mutations) from each sample reaction was addedOtqu5of the cells in separate
polypropylene tubes and incubated on ice for 30.riime transformations were heat
shocked for 45 sec at 42°C and then placed ororc2 inin. 50Qul of LB broth was added
and the mix incubated at 37°C for 1 h with shakif ul of each transformation reaction
was spread on to LB ampicillin agar plates and hated overnight at 37°C. The
pWhitescript 4.5 kb control plasmid contains a stodon (TAA) at the position where a
glutamine (CAA) would normally appear in tifegalactosidase gene. XL1-Blue cells
transformed with this control plasmid appear whiteampicillin agar plates containing
IPTG (isopropyl-beta-thio galactopyranoside, adaetanalog which binds and inhibits the
lac repressor and thereby strongly indudegalactosidase production) and X-gal (5-
bromo-4-chloro-indoly3-D-galactoside, stain used in the detectionfejalactosidase)
sincep-galactosidase activity is removed. The oligonuitiocontrol primers mutate the
T residue in the stop codon to a C residue, chantiia stop codon to a glutamine codon
found in the WT sequence thus restoripggalactosidase activity and forming blue
colonies on the ampicillin agar plates, therebyingsthe mutagenesis efficiency of this
protocol.

2.9.6 Design of mutagenic oligonucleotide primers

Mutagenic oligonucleotide primers with either sidfor mutagenesis of amino acid
residue R125) or double (for mutagenesis of amuid eesidues R93 and K96, R165 and
K169 or K236 and R240) amino acid changes wereggdedi Both the mutagenic primers
(forward and reverse) for each set of mutationgainrthe desired mutation(s) and anneal

to the same sequence on the opposite strands pfatmid. All primers were between 28
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and 49 bases in length and had a melting temperaelow 78°C. The desired mutation(s)
were located near the middle of each primer witpraxmately 8-15 bases of correct
sequence on both sides. All primers terminate iar& bases. See Table 2.2 for primer

sequences.

Table 2.2. Mutagenic oligonucleotide primers.

“ Sequence

R93A_K96A Forward
5’-GGTGGTCATCAAGCACAACGCGTTCACAGCGGAGACCTATGACTTCGAC-3’
Reverse
5’-GTCGAAGTCATAGGTCTCCGCTGTGAACGCGTTGTGCTTGATGACCACC-3’

R125A Forward
5’-CTGCCTCCCCGAGGCTGACTGGGCCGAG-3’
Reverse
5’-CTCGGCCCAGTCAGCCTCGGGGAGGCAG-3’

R165A_K169A | Forward
5’-CCCTACGTGGACGCCAACAGCTGCGCGCTGTCCAGCAG-3’
Reverse
5’-CTGCTGGACAGCGCGCAGCTGTTGGCGTCCACGTAGGG-3’

K236A_R240A | Forward
5’-GTCACCGCCTTCCTCGCGTGGATCGACGCGTCCATGAAAACCAGG-3’
Reverse
5’-CCTGGTTTTCATGGACGCGTCGATCCACGCGAGGAAGGCGGTGAC-3’

2.9.7 Cloning FX SP mutant cDNA into pcDNA3.1+zeocin

The FX SP mutant cDNA coding sequence within theKgiRQ) FX SP mutant plasmid
(Invitrogen) was firstly cloned into a pSCb plasnaidd then into a pcDNA3.1+zeocin
plasmid (Figure 2.2). Cloning into the pSCb plasmltbws the FX SP mutant to be
sequence verified, as well as providing a plasmidasily transform and make large scale
preparations of the DNA.
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2.9.7.1 Step 1: Excision of FX SP mutant cDNA from the pMK-RQ_FX SP mutant
plasmid

Oligonucleotides were designed to amplify the FX8&ant cDNA from the pMK-RQ
plasmid, adding aflll site at the 5 end and amplifying throughindlll at the 3’ end.
AfllII-FX SP mutantHindIll was amplified by polymerase chain reaction fQ@sing the
two oligonucleotides (MWG-Biotech) described in Teal2.3 and Herculase Il proof
reading polymerase. To 25 ng of pMK-RQ_FX SP mumasmid DNA, 1ul Herculase

Il fusion DNA polymerase (Agilent Technologies), 10 5x Herculase Il reaction buffer
(Agilent Technologies), 0.pl dNTP mix (Agilent Technologies), 10M of forward and
reverse primers were added and made up to a folame of 50ul with dH,O. Thermal
cycling steps were as follows; 1 cycle at 95°C Zomin, 30 cycles at 95°C for 20 sec,
50°C for 20 sec and 72°C for 45 sec, followed lmydle at 72°C for 3 min.

Table 2.3. Primer design.
FX SP mutant forward (containing Aflll sequences (highlighted in blue)), reverse and
sequencing primers were designed and commercially synthesised.

Primer Sequence

pMK-RQ_ FX SP mut_AfIll | Forward

5-GAATCTTAAGAGGAAGGCCGTCA-3’

pMK-RQ_FX SP mut_rv Reverse

5’-GGCCCATGAGGCCCAGG-3’

FX SP mutant #1 5’-CCATGGCCCACGTGCG-3’
FX SP mutant #2 5’-GCCTGCATCCCTACCG-3’
FX SP mutant #3 5’-ACTGCGACCAGTTCTGCCA-3’
FX SP mutant #4 5’-TGGTCATCAAGCACAACGC-3’

The PCR products were electrophoresed on a 1% sgael in 1x Tris/Borate/EDTA
(TBE) (10 mM Tris, 10 mM boric acid, 10 mM EDTA, p#i3) and ethidium bromide (10

ng/ml). Gels were electrophoresed at a constariag®lof 100 V with TBE as running
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buffer. Bands were visualised and photographed anokecular imager ChemiD&%
XRS+ Imaging System (Bio-Rad Laboratories, Hemeahgdstead, UK).

The band for FX SP mutant was gel extracted andeplan a microcentrifuge tube. Gel
extraction of DNA was used to excise DNA fragmehotkwing restriction endonuclease
digestion to eliminate excess primers, nucleotidesenzyme reaction reagents. The
Wizard SV Gel and PCR Clean-Up System (PromegathSdampton, UK) was used to
extract plasmid DNA according to the manufacturaristructions. Briefly, 10 pl of
membrane binding solution (4.5 M guanidine isoth@tate, 0.5 M potassium acetate, pH
5) was added per 10 pg DNA. The sample was vortaredncubated at 50-65°C for 10
min, when the band was fully dissolved. The samyads transferred to a SV Minicolumn
and centrifuged at 16,000 g for 1 min at 4°C. TheMinicolumn was washed twice with
700 pl and 500 pl Membrane Wash Solution (10 mVagsitm acetate pH 5, 16.7 mM
EDTA pH 8, 80% (v/v) ethanol). After each wash s&spvere subjected to centrifugation
at 16,000 g for 1 min and 5 min at 4°C. Gel pudfi2NA was eluted with 40 ul di® and
centrifuged at 16,000 g for 1 min. DNA was storeek@°C.

2.9.7.2 Step 2: Ligation of the FX SP mutant cDNA into the pSCb plasmid

The purified FX SP mutant PCR product was ligateth ia pSCb plasmid using the
StrataClone Blunt PCR Cloning Kit (Agilent Techngiles) as per manufacturer’'s
instructions. Briefly, the ligation reaction mixtuwas produced by adding (in orderpl3
StrataClone Blunt Cloning Buffer, gl (32 ng) FX SP mutant PCR product andull
StrataClone Blunt Vector Mix ampicillin. The mixtiwas incubated at room temperature
for 5 min, then placed on ice. @l of the mixture was added to a tube of thawed
StrataClone SoloPack Competent Cells and mixedygéltie transformation mixture was
incubated on ice for 20 min and then heat-shocked2aC for 45 sec, followed by
incubation on ice for 2 min. 250 of prewarmed LB was added and the cells werenaitb

to recover at 37°C for 2 h with gentle shakinghBrt5ul or 100l of the transformation
mixture was plated on agar plates and incubat@d 4 overnight. The next day, colonies
were picked and small scale preparation of DNAqrened as described in section 2.9.1.
The samples were sequenced as described in s&ctiOrand using the sample with the
correct DNA sequence, large scale preparation oADMSs performed as described in

section 2.9.3. Sequencing primers are describeddtion Table 2.3.
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2.9.7.3 Step 3: Excision of the FX SP mutant cDNA from the pSCb plasmid and
ligation into pcDNA3.1+zeocin

Restriction endonuclease digestion is a procedureut double-stranded DNA using a
restriction endonuclease. 20 pg pSCbh_FX SP mutapcbNA3.1+zeocin plasmid was
digested overnight at 37°C with 5 pl enzyiBeoRI| (Promega) and 5 pl enzynieoRl
buffer (Promega), made up to a final volume of bWjith dH,O. The pSCb_FX SP mutant
and pcDNA3.1+zeocin restriction endonuclease diggestre electrophoresed on a 1%
agarose gel. Bands for FX SP mutant and pcDNA3dsimewere gel extracted. To
prevent recircularisation of the digested pcDNAZdscin DNA in the ligation reaction,
the 5 phosphates from digested DNA were removethgu® U shrimp alkaline
phosphatase (SAP) (Promega) by incubation at 3@f@3 min. SAP was inactivated by
incubation at 65°C for 15 min. Dephosphorylated N&3.1+zeocin and FX SP mutant
DNA were ligated using T4 DNA ligase (Promega).dtign reactions were performed at a
1:3 molar ratio (pcDNA3.1+zeocin_FX SP mutant). A, 1 ul T4 DNA ligase and 1
pul T4 DNA ligase buffer were made up to a final wok of 10 ul with dBO and
incubated at 4°C for 2 h. The mixture was thendf@amed into competeri.coli JIM109
(Promega) and the transformation mixture streakedta agar plates. The next day,
colonies were picked and small scale preparatioDMA was performed as described in

section 2.9.1.

2.9.7.4 Step 4: Investigating the efficiency of FX SP mutant cDNA ligation into
pcDNA3.1+zeocin

In order to ensure the FX SP mutant DNA was sufaigéigated a diagnostic digest was
performed. To 5 pl (500 ng DNA) of the miniprep sden 2 pl enzymdglil, 1 ul Bglll
buffer, 0.2 ul 10x BSA were added and made up fioa volume of 20 pl with dkD.
Samples were incubated at 37°C for 3 h before belegirophoresed on a 1% agarose gel
as previously described in Step 1. The samples isigotie band for FX SP mutant were
sequenced and, using the sample with the correét 88duence, large scale preparation of
DNA was performed as described in section 2.9.8u8ecing primers are described in

section Table 2.3.

57



Chapter 2 | Materials & Methods

< FX SP mutant

PMK-RQ_FX SP mutant
3,789bp

Hindli <+ FX SP mutant

pSCh_FX SP mutant
4,984bp

—5000 pcDNA3.1+zeo_FX SP mutant
6,587bp <+ FX SP mutant

Figure 2.2. Strategy for cloning FX SP mutant into pcDNA3.1+zeocin.

Firstly the SP mutant fragment was amplified from the pMK-RQ, construct by adding an
Afllll site at the 5’ end and amplifing through the Hindlll site on the 3’ end. The purified
PCR product was ligated into a pSCb construct. The pSCb_FX SP mutant and the
pcDNA3.1+zeocin plasmid were digested with EcoRIl. The FX SP mutant fragment was
ligated into pcDNA3.1+zeocin. A diagnostic digestion was performed cutting at Bglll sites,
one present in the pcDNA3.1+zeocin backbone and one in the FX SP mutant insert, to
ensure the insert was present.
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2.10 DNA sequencing

To confirm the sequence of plasmid DNA generatechfsmall or large scale preparations
dideoxy sequencing was performed. This processstaklgantage of the ability of DNA
polymerase to incorporaté, B-dideoxynucleotides, nucleotide base analogs Hwkt the
3’-hydroxyl group essential in phosphodiester bonmth&gion. It requires a DNA template,
a sequencing primer, a thermal stable DNA polynerasucleotides (dNTPS),
dideoxynucleotides (ddNTPs) (provided in the ReRégpction mix (Applied Biosystems)
see below), and buffer. Devised from Sanger sedqugndhe Applied Biosystems
fluorescence-based cycle sequencing system usedehgsloys fluorescent dyes to label
the extension products and the components are oaahlim a reaction that is subjected to
cycles of annealing, extension, and denaturatioa thermal cycler. Thermal cycling the
sequencing reactions creates and amplifies extepsaducts that are terminated by one of
the four dideoxynucleotides, resulting in the fotima of extension products of various
lengths. The sequencing products are then separadséd on size by capillary

electrophoresis.

2.10.1 Sequencing PCR

300 ng DNA was used as a template for sequenciimgy pecific forward and reverse
primers. Each sequencing reaction contained 1.6priMer (forward or reverse), 0.5 pl
v3.1 Ready Reaction mix (Applied Biosystems), 4v@l1 sequencing buffer (Applied
Biosystems, MA, USA) made up to a final volume & gl with dHO. The cycle
conditions were 25 cycles to denature at 96°C tbséc, anneal at 50°C for 20 sec and
extend the DNA fragment at 60°C for 3 min.

2.10.2 Sequencing reaction purification

Sequencing reactions were purified to remove reactionstituents and unincorporated
nucleotides and primers using CleanSEQ (Agencoiasdience Corporation, MA, USA)

according to the manufacturer’'s instructions. ByieflO pl of CleanSEQ reagent was
added to each sequencing reaction, followed byl@ 5% ethanol. Plates were vortexed
briefly and centrifuged for 30 sec to collect tiguid in the bottom of the wells. Plates
were placed on a SPRIPlate (Beckman Coulter, UK)2fonin. The plate was turned
upside down to empty the liquid from it. Wells wavashed in 150 ul of 85% ethanol and
plates were vortexed briefly and placed on a SRHbr 2 min. Wells were emptied as

much as possible by centrifugation of invertedgddbr 1 sec. Plates were removed from
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the SPRIPlate and air dried for 10 min. 40 pl of@Hvas added to each well and the plate
returned on to the SPRIPIlate for 2 min. 20 pl afusmcing products were loaded into
optically clear barcoded 96 well plates and platese sealed to prevent evaporation. DNA
sequencing was performed using a 96-capillary AB3Bautomated sequencer (Applied
Biosystems). The sequences were analysed usingefipBlosystems SeqScape software

version 2.

2.11 Recombinant FX production

2.11.1 Differential pH transient transfections

293T cells were seeded in 10 Toulture dishes and incubated at 37°C overnigheazh
approximately 70% confluence. Cells were gently veasonce in PBS. 4.5 ml media A
(DMEM, high glucose, GlutaMAX (Invitrogen), 10% ®/FCS, 2 mM L-glutamine, 1%
(v/v) penicillin-streptomycin, 25 mM HEPES, pH 7@ps added to each dish. 100 mM
CaCb and 21 pg plasmid DNA were added to 960 pl medi@BIEM, high glucose,
GlutaMAX (Invitrogen), 2 mM L-glutamine, 1% (v/v)epicillin-streptomycin, 25 mM
HEPES, pH 7.1) in a universal tube. 1 ml of thixtonie was added per dish, volumes
were scaled up for multiple transfections. The omgtwas added on to the cells in a drop-
wise fashion, whilst the dishes were gently shakéme cells were incubated at 37°C
overnight. The next day cells were washed onceB& Bnd 15 ml fresh media was added

per dish.

2.11.2 Determining optimal concentration of zeocin

To determine the optimal concentration of zeocinuse in the generation of stable cell
lines i.e. the minimum concentration of zeocin fiegghto kill the untransfected host cell
line, cells were firstly seeded in 24-well platésiax 10 cell/well and incubated at 37°C
overnight. 100, 200, 300, 400 or 500 pug/ml of zeagi1l0% media was added to the cells.
Cells were incubated at 37°C. Zeocin containingiene@s replenished every 2 days. Cell

death was visually assessed after 7 days.

2.11.3 Generation of FX stable cell lines

Stable cell lines were generated based on zeosistaace. 293T cells were seeded in 10
cn? culture dishes and incubated at 37°C overnightréach approximately 70%

confluence. Cells were transfected using the diffeal pH transfection method as
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described in section 2.11.1 with either the pcDNAZeocin/FX SP mutant plasmid,
cotransfected with the plasmid encoding WT FX ar tpcDNA3.1+zeocin or
cotransfected with the control green fluoresceotgin (GFP) and the pcDNA3.1+zeocin
plasmid. Cotransfection was performed at a 1:10amm@itio (pcDNA3.1 zeocin:WT FX or
GFP). Cells were incubated at 37°C for 24 h thenntledia was replaced with 10% media
supplemented with 5 pg/ml vitamin K and 200 pg/mban. Cell growth was observed
every 2 to 3 days and the media was replenished; &/¢0 4 days, taking care not to
pipette directly on to the cells. After 2 weeksrthevas mass cell death, leaving stable cell
colonies behind. To pick colonies, 24-well platagwvet ml 10% media supplemented with
5 pg/ml vitamin K and 200 pg/ml zeocin in each wedlre prepared. The 10 émdishes
were washed once with PBS to remove any cell dessg a 1 ml wide bore pipette tip,
the tip was lowered to the surface of the colonyntérest and media was added gently
through the tip secured over the colony. The colayg transferred to a well of a 24-well
plate. This was repeated with other colonies. Ge#ise grown until 90% confluent in the
presence of 200 pg/ml zeocin. Conditioned mediaswdiscted from individual wells and
FX enzyme-linked immunosorbent assay (ELISA) (AtiinBiologicals, Canada) was
preformed to identify the highest producing cellse high producing cells were grown

and expanded into 6-well plates, 25°ci% cnfand finally150 cnftissue culture flasks.

2.12 Human FX ELISA

Protein was quantified using a matched-pair anyset for ELISA of human FX antigen
(Affinity Biologicals, Canada). The affinity puréd polyclonal antibody to FX was diluted
1/100 in coating buffer (50 mM Carbonate, 15 mM@GI@; and 35 mM NaHC®in 1 L
dH,O, pH 9.6) and 100 pl was added to each well obavéll plate. The plate was
incubated at 4°C overnight. The contents of théepheere emptied and 150 pl of blocking
buffer (2.5 g BSA in 200 ml PBS, pH 7.4) was adtedach well. The plate was incubated
at room temperature for 60 min. The plates werehegghree times with 0.1% Tween.
The commercially bought pd FX was diluted in samgileent (5.95 g HEPES, 1.46 ¢
NaCl, 2.5 g BSA, 0.25 ml Tween-20 in 250 ml@H pH 7.2). The pd FX dilutions (20,
10, 5, 2.5, 1.25, 0.625, 0.3125, 0.1516, 0.0789.0.0195 and 0.00976 pg/ml) were used
as controls in this experiment. Conditioned mediamf cells stably or transiently
transfected with FX plasmids were added neat oitetil 1/10 or 1/50 in the sample diluent.
100 pul of control or samples were added to thee@at incubated at room temperature for
90 min. The antibody coated on the plate capturgdFX in the samples. The plates were

washed three times with 0.1% Tween-20 to removeuwarbpound material. A peroxidase
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conjugated polyclonal FX antibody was diluted 1/10Gample diluted and 100 pl added
to each well. The plate was incubated at room teatpee for 90 min. The plates were
washed three times with 0.1% Tween-20 to removeuanpund conjugated antibody. The
peroxidase activity is expressed by adding 100-phenylenediamine (OPD) substrate (5
mg OPD in 12 ml substrate buffer (2.6 g citric aail 6.9 g NdHPO, in 500 ml dHO)
and 12 pl 30% hkD,) to each well. After 15 min incubation at room terature the
reaction was quenched with the addition of 50 pl/veé 2.5 M H,SO, The colour
produced was measured using a Wallac VICTPlate reader (Wallac) at a wavelength of
490 nm.

2.13 rFX purification

rEX was affinity purified from conditioned serumeé& cell culture media using a
chromatographic approach employing the AKTAexplootiromatography system (GE
Healthcare) and the 4G3 mouse monoclonal antibodyled to sepharose as previously
described (Kimet al., 1994). Briefly, the conditioned media was diatyse 4 L of buffer
HBS-C&* (10 mM HEPES, pH 7, 150 mM NaCl, 5 mM CaQwice, for 12 h each. The
buffered cell culture media was applied to the 48gharose column and the column was
extensively washed in buffer HBS-€aBound proteins were eluted by applying a linear
gradient of buffer HBS-E (10 mM HEPES, pH 7, 150 mleéCl and 10 mM EDTA) to the

column. The bound fractions were collected anchfarainalysed or stored at -20°C.

2.14 Activation of rFX

The amidolytic activity of samples was measure@ itwo stage process. Firstly, the FX
was activated to factor Xa (FXa) in the presencessiie factor, factor Vlla and calcium.
In the second stage, the generated FXa hydrolyseghiromogenic substrate Z-D-Arg-
Gly-Arg-pNA (S-2765 (Quadratech, Surrey, UK)), tHilerating the chromophoric group
PNA (p-nitroaniline). rFX, commercially bought pd FX and FXa (Haematatogi
Technologies) were diluted in TBSA (50 mM Tris-H@CE0 mM NacCl, 1 mg/ml albumin,
pH 7.4). rFX and pd FX were used at 10, 5 and /finigrhe FXa dilutions (0.5, 0.2, 0.1,
0.05, 0.02 and 0.01 pg/ml) were used as contralkignexperiment. 40 ul of each sample
or standard was added to each well of a 96-welépfallowed by 160 ul of the mastermix
containing 1 mM chromogenic substrate S-2765 (Qatadh), 100 nM tissue factor, 100
nM factor Vlla (Novo Nordisk Ltd., Crawley, UK) and@ mM CaC} Samples were
incubated at room temperature for 15 miihe colour produced was measured using a
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Wallac VICTOR plate reader (Wallac) at a wavelength of 405 nime §enerated FXa
(and thus the intensity of colour) is directly poofonal to the FX activity of the sample.

2.15 Surface plasmon resonance analysis

SPR was performed using a Biacore T100 (GE Heakhtandon, UK).

2.15.1 Analysis of purified FX fractions

Briefly, the monoclonal anti-human FX 4G3 antiboggs covalently immobilised on to
the flowcell of a CM5 biosensor chip by amine caugplaccording to the manufacturer’s
instructions. Sensorgrams were generated at ardtavof 30 pl/min using 10 mM HEPES
pH 7.4, 150 mM NaCl, 5 mM Cag10.05% Tween-20 as running buffer and regeneration
between injections with HEPES pH 7.4, 150 mM N&CimM EDTA, 0.05% Tween-20.
Injections of WT rFX or SP mutant rFX fractions teld from the 4G3 affinity column
diluted in running buffer were passed over the chiips was followed by regeneration of
the sensorchip surface. Subtracted sensorgrams geeerated by subtracting the signal
from a surface subjected to a blank amine immaiibs. Data was analysed using

Biacore T100 Evaluation software.

2.15.2 Analysis of rFX binding to Ad5 hexon

Briefly, virus was biotinylated using sulfo-NHS-Liaietin (Pierce, Rockford IL, USA).
Ad5 hexon was covalently immobilised on to the fteW of a CM5 biosensor chip by
amine coupling according to the manufacturer’srutttons. The immobilisation density
of the Ad5 hexon was 1036 response units. Sensuggveere generated at a flow rate of
30 pl/min using 10 mM HEPES pH 7.4, 150 mM NaCinsl CaCh, 0.05% Tween-20 as
running buffer and regeneration between injectiwith HEPES pH 7.4, 150 mM NaCl, 3
mM EDTA, 0.05% Tween-20. Injections of pd FX, WTXer SP mutant rFX conditioned
media diluted in running buffer were immediatelylldwed by injections of the
monoclonal anti-FX antibodies HX-1 and 4G3 priorégeneration of the biosensor chip
surface. Subtracted sensorgrams were generatedbinacting the signal from a surface

subjected to a blank amine immobilisation.
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2.15.3 Analysis of pharmacological compounds binding to FX and Ad5
binding to FX in the presence of compounds

Briefly, human FX was covalently immobilised ontke flowcell of a CM5 biosensor chip
by amine coupling according to the manufacturenstructions. Sensorgrams were
generated at a flow rate of 30 pl/min using 10 mERES pH 7.4, 150 mM NaCl, 5 mM
CaCh, 0.05% Tween-20 as running buffer and regenerakietween injections with
HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% Tweén-tjections of 10uM
compound T5550585, T5424837, T5660138, T567795660536 or 75572402 from the
Pharmacological Diversity Drug-like Set (Enamineéréine) or an equivalent volume of
DMSO in the absence and presence of Ad5 dilutednning buffer were passed over the
chip. This was followed by regeneration of the biwsor chip surface. DMSO subtracted

sensorgrams were generated and data analysedBiaoaye T100 Evaluation software.

2.16 Protein extraction

Protein was extracted from SKOV3, A549 and SW62B e 6-well plates by first adding
lysis buffer (20 mM Tris pH 7.5, 150 mM NacCl, 2.9vhsodium pyrophosphate, 1 mp4
glycerophosphate, 1 mM sodium orthovanadate (MO ), 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM ethglagylycol tetraacetic acid (EGTA),
1% (v/v) Triton X, 1 pg/ml leupeptin and 1 mM phéngthylsulfonyl fluoride (PMSF)).
Each well was scraped, the lysed cells collectetl.tsnml Eppendorfs and centrifuged to

pellet the cells. The supernatant was discarded.

2.17 Determination of protein concentration in cells

The concentration of protein in cell lysates watedrined using the bicinchoninic acid
assay (BCA) Protein Assay Kit (Pierce), a colorincetdetection and quantification
protocol, as per manufacturer’s instructions. At@iro standard curve was generated using
BSA at concentrations of 2000, 1500, 1000, 750, 260, 125 and 25 pg/ml. 200 pl of
BCA working reagent was added to 25 pl of cell fgsar standard, in duplicate in a 96-
well plate. PBS was used as the blank control. glate was incubated at 37°C for 1 h in
the dark. The absorbance was measured at 570 ntheoWallac Victof plate reader
(Wallac).
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2.18 Electrophoresis

2.18.1 SDS-PAGE

Sodium dodecyl sulphate polyacrylamide gel eledtoopsis (SDS-PAGE), Coomassie
blue staining and western immunoblotting were usedetect specific proteins. Protein
concentration in the samples were quantified asrtesi in section 2.17 and samples
prepared with equal concentrations in 5x loadinfieo(10% (v/v) Tris-HCI pH 6.8, 10%
(wiv) SDS, 30% (v/v) glycerol, 0.1% (w/v) bromopleénblue and 2% (v/v)B-
mercaptoethanol). In order to denature the prosamples were heated at 95°C for 5 min
prior to loading on to the gel. 40 ul rainbow ladd@émersham Bioscience UK Ltd,
Buckingham, UK) was also added to the gel as a emadf protein size. The
polyacrylamide gel consisted of a 4% stacking geitaining 13.3% (v/v) polyacrylamide
30%, 12.5 mM Tris pH 6.8, 0.1% (v/v) SDS, 1% ammuomipersulphate (APS) and 0.1%
N,N,N’,N’,- Tetramethylethylenediamine (TEMED) and 10% polyacrylamide gel,
consisting of 33.3% (v/v) polyacrylamide 30%, 3m® Tris pH 8.8, 0.1% (v/v) SDS, 1%
APS and 0.1% TEMED. Samples were electrophores@@@u in running buffer (0.025
M Tris-HCI, 0.2 M glycine, 0.001 M SDS) for approxately 5 h. The gel was then either
subjected to Coomassie blue staining (section 2)18.to further processing and western

immunoblotting (section 2.18.3).

2.18.2 Coomassie blue staining

The SDS-PAGE gel was washed in @Hthree times, for 5 min each. The gel was then
stained in Coomassie Simply Blue Safe Stain (log#én, Paisley, UK) at room
temperature with gentle shaking for 1 h. The staas discarded and the gel washed in
dH,O twice, for 1 h each, with gentle shaking. Thenstd gel was visualised using an

Odyssey infra-red imaging system (LI-COR, NebratkdA).

2.18.3 Western immunoblotting

The proteins from the SDS-PAGE (section 2.18.1) ewéransferred to Hybond-P
membrane (Amersham Bioscience UK Ltd, BuckingharK) Using 80 mV in transfer
buffer (0.2 M glycine, 0.025 M Tris, 20% (v/v) metiol, 0.1 M SDS) overnight at 4°C.
After transferring, the membrane was blocked in TBEL50 mM NaCl, 50 mM Tris,
0.1% (v/v) Tween-20) and 10% (w/v) fat free milkwater (blocking buffer) for 3 h at

room temperature. The membrane was either incubaitédprimary antibody for 1 h at
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room temperature (for the monoclonal human anti-€i¥ne HX1 antibody (1:1000
dilution in blocking buffer)) or overnight at 4°Gof the rabbit polyclonal antibody anti-
ezrin (1:750 dilution), the rabbit monoclonal aradixin (1:1000 dilution), rabbit
monoclonal anti-moesin (1:2500 dilution) or the m®umonoclonal anti-Syk (1:500)
antibodies) whilst shaking. The membrane was washieg in blocking buffer, for 5 min
and incubated with the appropriate secondary adyibgoat anti-mouse IR dye 800CW
labelled secondary antibody (1:1000 dilution) (LOR, Nebraska USA), rabbit anti-mouse
HRP (1:1000 dilution) or swine anti-rabbit HRP @00 dilution) (Neomarkers, Fremont,
CA, USA), for 1 h at room temperature, whilst simgki The membrane was washed six
times for 15 min each at room temperature whilskstg, four times with blocking buffer
and twice in TBS-T. The blot was visualised usinther an Odyssey infra-red imaging
system (LI-COR) or Enhanced Chemiluminescent (EODkjJection System (Amersham
Biosciences UK Limited) following the manufacturerinstructions. Briefly, equal
quantities of the two solutions from the ECL kit rmemixed and poured on to the
membrane. After 1 min, the excess ECL was drainédammd films were exposed for

various lengths of time ranging from 30 sec to oiggt.

2.19 Adenovirus production

2.19.1 Recombinant Ad5 production

High titre stocks of recombinant E1/E3-deleted Ad®re produced by large-scale
expansion of a plaque pure stock of Ad5 in 293sc&dKO1 was previously generated in
house as described by Bradsheval. (Bradshawet al., 2010). Ad5KO1 is based on the
Ad5 vector and contains a two-amino acid substituin the fiber knob domain (S408E,
P409A) that ablates CAR binding. For recombinanb Adoduction, cells were grown to
approximately 80% confluence and infected with siwith a multiplicity of infection of 1
plaque forming unit (pfu) per cell. After 3 to 4ydathe cytopathic effect (CPE) of the virus
caused the cells to detach from the base of tkedisulture flask. The media containing
the cells was collected and the cells were harddsyecentrifugation at 850 g for 10 min.
The supernatant was removed and the cells werspesded in 8 ml PBS. Next, 8 ml
Arklone P (trichlorotrifluoroethane) was added e ttells and the mixture gently shaken
and inverted several times. The mixture was cergefl at 1900 g for 15 min. The top

aqueous layer containing the virus was removedstoreéd at -80°C.
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2.19.2 Ad5 purification using caesium chloride (CsCl) gradient

Clear ultracentrifuge tubes (Beckman Coulter, LondoK) were sterilised with 70%
ethanol and sterile #. A CsCI gradient was produced by adding, in qrédéy ml of CsCl
with a density of 1.4 g/ml and 2.5 ml of CsCl with density of 1.25 g/ml to an
ultracentrifuge tube. The crude Ad5 stock was geptured on top and the remaining
volume in the tube was filled with PBS. The tubesvpdaced in a Sorvall Discovery 90
rotor container (Sorvall Centrifuges, Connecticut)SA) and subjected to
ultracentrifugation at 90,000 g for 1.5 h at 4°Cthwmaximum acceleration and zero
deceleration. On completion of this step a disfiogalescent band containing the virus
was observed between the CsCl 1.4 g/ml and Cs@l ¢/@l density layers in the tube
(Figure 2.3). The virus band was removed by pigrtire tube below the band using a 21
gauge needle and removing the band in the minimlaihve possible whilst taking care not
to disrupt the other bands. The extracted virus geadly added to a fresh ultracentrifuge
tube containing 5 ml of CsClI with a density of 1l and the remaining volume in the
tube was filled with PBS. The tube was placed &oavall Discovery 90 rotor container
and subjected to ultracentrifugation at 90,000rgl#dh at 4°C with maximum acceleration
and zero deceleration. The distinct, opalescend lcantaining the virus visible above the
CsCl 1.34 g/ml density layer was removed as befdiigure 2.3). The virus was
transferred to a SlideA-Lyzer Dialysis Cassette lGoalar weight cut-off of 10,000 Da)
(Perbio Science, Cramlington, UK) for dialysis aftdration of the cassette for 1 min in
dialysis solution. The virus was dialysed in 2 IDDM Tris pH 8 and 0.001 M EDTA
twice, first for 2 h then overnight in fresh buffeand for a further 2 h in fresh buffer
supplemented with 10% (v/v) glycerol. The virus wesdracted from the cassette and
stored at -80°C.
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(A) (B)

Bands
containing
virus

Figure 2.3. Purification of Ad5 by CsCl gradient.

(A) After the first ultracentrifugation step a distinct, opalescent band containing the virus
forms between the CsCl 1.4 g/ml and CsCl 1.25 g/ml density layers (B) After the second
ultracentrifugation step a band containing virus is visible above the CsCl 1.34 g/ml density
layer in the tube.

2.20 Virus titration by end-point dilution assay

Ten-fold serial dilutions of viral stocks were dited on 293 cells (~60% confluent), seeded
in a 96-well plate with ten replicates of eachatibn on the plate. The next day the media
was replaced with 200l complete media. Media was replenished every 2y dinfection
was detected by induction of CPE. Once the CPE apgsrent in a well, that well was
marked and the media no longer replaced. The welie incubated at 37°C for 8 days, at
which point the number of wells containing plaguese counted and results fitted into the
following equations in order to obtain the titre thie adenoviral stocks in pfu/ml. The
proportionate distance = (% positive above 50% %p0 (% positive above 50% - %
positive below 50%). The log Ha (infectivity dose) = (log dilution above 50% +
(proportionate distance x -1) x dilution factor)irdl tissue culture gy (TCIDsg) values
were then adjusted (1 x TC§p= 0.7 pfu) to enable viral titres to be expresasgfu/mi.

2.21 Quantification of virus particles

Virus patrticle titre was determined based on tlagin content of the virus stock using a
Micro BCA Protein Assay Kit (Pierce) according tbet manufacturer’'s instructions.
Briefly, BSA standards at concentrations of 200, 2@ 10, 5, 2.5, 1 and O\®/ml were
prepared in PBS and 150 of each were pipetted in duplicate into a 96-vpddite. 15Qul
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PBS was used as a blank control. 1, 3 aptl & the virus stock were added in duplicate
and each well was made up to 1@Owith PBS. 150ul working reagent (made up of
25:24:1 part Reagent A, B, C supplied with the kif§s added to each well. The plate was
incubated at 37°C for 2 h. The absorbance was megsat 570 nm using a Wallac
VICTOR 2 plate reader (Wallac). Background or tHank control absorbance was
subtracted from all samples and standards. The aihobyrotein present in each virus was
determined from the standard curve. The virus @artiitre was calculated using the

established formula, 1 pg protein = 1 ¥ YDal particles (Von Seggest al., 1998).

2.22 Adenovirus infection

2.22.1 Virus cell binding

Cells were seeded in 24-well plates at a density of 10 cells/well and incubated

overnight at 37°C. Cells were washed in ice col&RBd incubated with 1000 vp/cell of
Ad5 in serum free media for 1 h on ice in the abseor presence of 1 pg/ml pd FX, WT
or SP mutant rFX. Cells were then washed three stinme PBS before cells were
mechanically dislodged into 500 ul PBS. The celipmmsion was collected in a 1.5 ml
Eppendorf. The cells were pelleted by centrifugatet 16000 g for 3 min at room
temperature. The supernatent was removed and thpetlet was resuspended in 200ul
PBS.

2.22.2 DNA extractions

Viral and genomic DNA was extracted from samplesmgighe QIAmp DNA mini kit
(QIAGEN) according to the manufacturer’s instruogo Briefly, to the cell pellet
resuspended in 200ul PBS, 20 ul proteinase K afdu2®uffer AL were added and the
mixture was vortexed. Samples were incubated fomi® at 56°C. Next, 200 ul 100%
ethanol was added to the samples, mixed and theletansample was loaded on to a
QIAamp Spin Column. Samples were centrifuged aD6p@or 1 min at room temperature
to allow the DNA to adsorb on to the silica-gel nfame of the spin column. The spin
column was then washed with 500 pl buffer AW1 aadtifuged at 6000 g for 1 min at
room temperature, followed by a second wash stefh WDO pl buffer AW2 and
centrifuged at 16000 g for 3 min at room tempemrt&inally the DNA was eluted in 50 pl
dH,O by centrifugation at 6000 g for 1 min. The amoahtDNA in each sample was
quantified by measuring absorbance at 260 nm (NeosmND-1000 spectrophotometer).
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2.22.3 Quantitative PCR for quantifying Ad genomes

Virus particles remaining bound to cells from thieus cell binding experiment were
quantified by quantitative polymerase chain reactiqgPCR). This quantitative
measurement is based on the detection of a fluenéssignal produced proportionally
during the amplification of a PCR product. The amtoaf fluorescence released during the
amplification cycle is proportional to the amouritpsoduct generated in each cycle and
can be measured directly. Acquisition of data ceanhen PCR amplification is in the
exponential phase. The Power SYBR Green detectimters (Applied Biosystems,
Warrington, UK) was used. Power SYBR Green PCR enastix with 0.2 uM hexon
primers, forward (5-CGCGGTGCGGCTGGTG-3)) and reseer (5'-
TGGCGCATCCCATTCTCC-3) were used to amplify the DNA standard curve was
produced from serial dilutions of Ad5 300’ vp). For each reaction 125 ng of total DNA
was used. The following conditions were used; 9CLO min for denaturation, 95°C for
15 sec for amplification, 60°C for 1 min (repeated50 cycles) for annealing, 95°C for 15
sec, 60°C for 15 sec and 95°C for 15 sec for diafoa. Total adenoviral genomes were

calculated using the SDS 2.3 software.

2.22.4 Fluorescence activated cell sorting (FACS) analysis of virus:cell
binding

SKOV3 cells were detached from culture vesselsgusinl x citric saline solution and
seeded at a density of 2 x°1€®ll/tube in 50ul of ice cold serum free media. Cells were
incubated with 5Qul ice cold serum free media containing 5000 vp/ceklexa Fluor-488
fluorescently-labelled Ad5 in the absence or preseof FX plus 10uM compound
15550585, T5424837, T5660138, T5677956, T5660136 T&572402 from the
Pharmacological Diversity Drug-like Set or ER-273T@cris Bioscience). The cells:virus
mixes were incubated at 4°C for 1 h, in the darkilst shaking. Samples were washed
twice in serum free media, undergoing centrifugata 498 g for 3 min each time and
resuspended in a final volume of 1h0ice cold serum free media. Alexa Fluor-488
fluorescently-labelled virus bound to the cells wadetected on FACS Canto Il flow
cytometer (Beckton Dickinson, Oxford, UK) using FBMIVA software. Viable cells
were gated on the basis of forward and side ligatter profiles, with a minimum of 5000
gated events analysed per sample. Results aressggras geometric mean x percentage

positive cells per condition.
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2.22.5 Virus cell transduction in the presence of rFX

Cells were seeded in 96-well plates at a density of 10 cells/well and incubated
overnight at 37°C. Cells were washed with PBS aedbated with 1000 vp/cell Ad5 in
serum free media in the absence or presence ofril ig<, WT, SP mutant rFX and 100
png/ml soluble heparin or for transduction experiteemvolving the single and double
mutants of rFX in the absence or presence of 1thingX, WT, SP mutant rFX, or rFX
with mutations R93A_K96A, R125A, R165A_K169A, K236R240A for 3 h at 37°C.
Cells were then washed once in serum free medi2@@dil complete media added. Cells
were incubated at 37°C for a further 45 h.

2.22.6 Virus cell transduction in the presence of pharmacological agents

Cells were seeded in 96-well plates at a density of 10 cells/well and incubated
overnight at 37°C. Cells were washed with PBS amdekperiments involving the kinase
inhibitors, were preincubated with 20 uM compound3@°C for 30 min. Cells were
incubated with 1000 vp/cell Ad5 in serum free meitigdhe absence or presence of 10
pg/ml FX with or without kinase inhibitors or compuls from the Pharmacological
Diversity Drug-like Set for 3 h at 37°C. 100 plaimplete media containing 20% serum
was added to cells and they were incubated at 8#°& further 45 h.

2.22.7 B-galactosidase transgene quantification

Expression off-galactosidase was quantified using Tropix Galadghit Plus (Applied
Biosystems). Briefly, cells were washed in PBS @Adud 1 x Reporter Lysis Buffer (5 x
Reporter Lysis Buffer stock (Promega) diluted ingyBvas added. The plate was freeze
thawed to ensure complete lysis of cells..d@f each sample was transferred to a black
96-well plate and 7Ql of Tropix Galacton Plug:gal diluent mix (1:100 dilution of Tropix
Galacton Plus in 100 mM NaRO, and 1mM MgC}, pH 8) was added. Cells were
covered in tinfoil to protect from light and incubd at room temperature for 1 h. Ld0f
Tropix Accelerator Il was added to each well ancllmated for 2 min. Luminescence was
measured using a Wallac VICT®RIate reader (Wallacp-Galactosidase activity was
then normalised to total protein content of the glasy measured by BCA assay (section

2.17) producing relative light units per milligrgsmotein (RLU/mg protein).
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2.22.8 GFP transgene quantification

Cells were washed in PBS and p01 x Reporter Lysis Buffer was added. Cells were
placed on ice and mechanically dislodged from eeelh of the plate. A standard curve of
recombinant GFP ranging from 0.01 to 1 pg/ml waxipced and 100 pl of each dilution
was added in duplicate to the plate. 100 pl of &S added in duplicate as a blank
control. 20 pl of each sample was transferred eoflate and 80 ul 1 x Reporter Lysis
Buffer was added. The plate was incubated at rampérature for 10 min. Luminescence
was measured using a Wallac VICTOPlate reader (Wallac). GFP activity was then
normalised to total protein content of the samphesasured by BCA assay (section 2.17)

producing relative light units per milligram pratgiRLU/mg protein).

2.22.9 Luciferase transgene quantification

Expression of luciferase transgene was quantifisthgu Luciferase Assay System
(Promega, Madison, WI, USA) and recombinant lueiéer protein (Promega, Madison,
WI, USA) was used as the standard. Briefly, cellsewvashed with PBS and 50 pl 1 x
Reporter Lysis Buffer was added. The plate wasz&kbawed to ensure complete lysis of
the cells. 10 pl of each sample was transferred white 96-well plate and 90 ul 1 x
Reporter Lysis Buffer was added to each well. Stashadturves of recombinant luciferase
ranging from 0-100 pg/ml and 0-1 pg/ml were produeed 100 ul of each dilution was
added in duplicate. Luciferase Assay Buffer waseddith Luciferase Assay substrate and
100 ul was then added to each well. Luminescence measured using a Wallac
VICTOR? plate reader (Wallac). Luciferase activity wasntm®rmalised to total protein
content of the samples, measured by BCA assayidee2tl?7) producing relative light

units per milligram protein (RLU/mg protein).

2.23 Investigating intracellular Ad5 transport

2.23.1 Fluorescently labelling vectors

Ad5 was fluorescently labelled using an Alexa Hd8B8 Protein Labeling Kit (Invitrogen,
Paisley, UK) according to the manufacturer’s ingians. This kit can be used to label 100
ng of protein per reaction and as 1 pg = 4 X\if) using the established formula (Von
Seggernet al., 1998), 4 x 18 vp were used per labelling reaction. The vectos wa
transferred to a SlideA-Lyzer Dialysis Cassette IGoalar weight cut-off of 10000 Da)

(Perbio Science) for dialysis after hydration o ttassette for 1 min in dialysis solution.
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The vector was dialysed twice in 2 L of PBS, foh3®ach. The dialysis removes any
glycerol which the vector was stored in, as thiy inéerfere with labelling efficiency. The
vector was removed from the cassette and addetietaeaction tube (Component C)
supplied by the kit. A 1 M sodium bicarbonate $olu (pH ~8.3) was prepared by adding
1 ml dH:0 to the vial of sodium bicarbonate (Component B)ptied by the kit. A 1/10
volume of 1 M sodium bicarbonate was added to ¢laetron tube (Component C) and the
sample was mixed. 10 pl d& was added to one vial of Alexa Fluor® 488 TFRelest
(Component A) and mixed to ensure the contentbef/ital were completely dissolved. 10
pl of the reactive dye solution was added to tlaetren tube and mixed thoroughly. A 3:1
ratio for dye:virus was used. The reaction mixtwaes incubated at room temperature in
the dark for 15 min. The reaction mixture was tfamed to a SlideA-Lyzer Dialysis
Cassette for dialysis after hydration of the cdesk&ir 1 min in dialysis solution. The
labelled vector was dialysed in 2 L of 0.01 M Tpid 8 and 0.001 M EDTA for 3 h in the
dark. The buffer was then replaced with 2 L of 0MTris pH 8, 0.001 M EDTA and 10%
(v/v) glycerol and the vector dialysed overnight tilee dark. Labelled vectors were
removed from the cassette, aliquoted and virag titlas reassessed as in section 2.21.
Infectivity of labelled adenoviruses was verifie¢ In vitro gene transfer assay as
described in section 2.23.2. Labelled vectors wé&eed in the dark at -80°C.

2.23.2 Cell trafficking of fluorescently-labelled vectors

Cells were seeded in 8-well chamber slides at #%cglis/well and incubated at 37°C
overnight. Cells were washed with PBS and for expemts involving the kinase
inhibitors, were preincubated with 20 uM compouh@ZC for 30 min. Cells were then
washed and incubated with 1 x*1@p/cell of fluorescently-labelled Ad5 in 150 serum
free media for 1 h on ice in the absence or presehd pg/ml pd FX, WT or SP mutant
rEX or in the presence of 10 pg/ml pd FX with otheut pharmacological compound.
Cells were either immediately washed in PBS anddiin 4% paraformaldehyde (PFA)
for 15 min at room temperature or incubated at 3#C15, 60 or 180 min prior to
fixation. Prolong Gold Antifade Reagent with DARitrogen) was added to counterstain
the nuclei or cells were subjected to immunocytoakey (section 2.24). Coverslips were
added. The mounting agent was allowed to set ayetrivefore viewing on the Zeiss

confocal imaging system LSM 500 (Carl Zeiss Ltderi@any).
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2.24 Immunocytochemistry

Cells were treated as described in section 2.23t&r fixation, cells were washed twice in
PBS and permeabilised with 0.1% (v/v) Triton X fidd min at room temperature. Cells
were washed three times in PBS and incubated in 1@8 goat serum (Vector
Laboratories Inc., Burlingame, CA) for 30 min. GelVere washed in 0.1% (v/v) Triton X
and incubated overnight at 4°C with the primarykertty or relevant IgG negative control
(diluted in PBS and 10% (v/v) goat serum, for conicdions see Table 2.4). The primary
antibody was removed and cells washed three timE8E5 for 5 min each. Next cells were
incubated with a secondary fluorescein isothioct@arfgITC)- ortetramethyl rhodamine
isothiocyanate (TRITGlabelled antibody for 1 h in the dark. Cells wavashed three
times in PBS for 5 min each to remove the secondatipody. Prolong Gold Antifade
Reagent with DAPI (Invitrogen) was added to cowstten the nuclei. Coverslips were
added. Images were taken using the Zeiss confowing system LSM 500 (Carl Zeiss
Ltd.).

Table 2.4. Antibodies used in experimental procedures.

Antibody Species Cross reactivity Clone Final
raised in concentration
Mouse IgG Mouse Human, rat, N/A Equivalent to
(isotype matched) rabbit primary
antibody
Rabbit IgG Rabbit Human, mouse, | N/A Equivalent to
(isotype matched) rat, primary
antibody
Goat-anti-rabbit Goat Rabbit N/A 4 pg/ml
Goat-anti-mouse Goat Mouse N/A 4 pg/ml
Pericentrin Rabbit Human, mouse, | Polyclonal 5 pug/mi
rat, rabbit
Radixin Rabbit Human, mouse, | Monoclonal | 0.34 ug/ml
rat - #EP1862Y
Moesin Rabbit Human, mouse, | Monoclonal | 1.15 pg/ml
rat - # EP1863Y
Ezrin Rabbit Human, mouse, | Polyclonal 5 pg/ml
rat
Pan-heparan Mouse Human Monoclonal | 5 pug/ml
sulphate - # 10E4
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2.25 Quantification of Ad5 colocalisation with the MTOC

Cells from virus trafficking assays were fixed asigined using the rabbit polyclonal
pericentrin antibody as described in section 2Pde pericentrin antibody stains the
MTOC of cells. Colocalisation of fluorescently-ldleed Ad5 with the MTOC was

quantified by counting the number of cells withditascently-labelled virus and pericentrin
co-staining using the Zeiss confocal imaging sysit&i 500 (Carl Zeiss Ltd.). Data were

averaged from five 40 x microscope fields per expental condition.

2.26 Analysis of Ad5 attachment ex vivo

Liver sections from MF-1 mice were embedded in désFek Optimum Cutting
Temperature (OCT) compound (Sakura Finetek, Théaédinds) in intermediate Tissue-
Tek cryomolds (Sakura Finetek) on dry ice. Cryosedtions 4 pum thick were cut and
mounted on Tissue Tek AutoWrite StarFrost Adhediberoscope Slides with Cut Edges
(Sakura Finetek). Slides were stored at -80 °Q weuired. Liver sections were air dried
at room temperature for 20 min and fixed in 4% PTAe sections were incubated with 2
x 10° vp of Alexa Fluor-488 fluorescently-labelled Ad5 serum free media in the
presence of 7 ug/ml WT or SP mutant rFX for 1 haanfollowed by 1 h at 37°C. Sections
were washed twice in PBS, fixed and the nucleinsthiusing Prolong Gold Antifade
Reagent with DAPI. Sections were imaged using amPus Cell M imaging system. To
guantify adherent Alexa Fluor-488 fluorescentlydiéd AdS5 particles, 40x images were
captured using an Olympus Cell M imaging system unadessed using Image J counting

software. At least six captured images were andlpse experimental condition.

2.27 MTT assay

Cells were plated at a seeding density of 2 %ia®6-well plates and incubated at 37°C
overnight. Cells were transduced with virus in pinesence of pharmacological compounds
as described in section 2.22.6. 48 h post-infectinedia on the cells was replaced with
100 pl complete media and 15 pl of dye solutiont@ioimg terazolium. MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium broda) is a pale yellow substrate that
produces a dark blue formazan product when incdbaith live cells and is commonly
used to measure cell death (Tim, 1983). Cells werebated for 4 h at 37°C. Next, 100 pl
of Solubilization Solution/Stop Mix was added tocleavell to solubilise the formazan

product. Cells were incubated for a further 1 B#C. The colour produced was measured
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using a Wallac VICTOR plate reader (Wallac) at a wavelength of 570 nd w@s

directly proportional to the amount of live celilsthe sample.

2.28 RNA extractions

A549, SKOV3 or SW620 were plated at 4 X télls/well in 6-well plates and incubated at
37°C overnight. Total RNA was extracted from celiéng the RNeasy Mini Kit (Qiagen).
Briefly, cells were lysed, collected in a 1.5 migemdorf and centrifuged at 16,000 g for 5
min to pellet the cells. 600 pl RLT buffer was adde the cell pellet and the mixture was
vortexed. RLT buffer contains denaturing guanidisethiocyanate. This immediately
inactivates RNases and ensures extraction of ilRA&. In order to facilitate binding to
the spin column, 600 pl 70% ethanol was added lamdample was then loaded on to the
spin column. This was subjected to centrifugatib8,800 g for 15 sec to allow the RNA
to bind to the silica-gel membrane of the spin oolu To wash the spin column 700 pl
buffer RWT was added and the spin column was daged at 8,000 g for 15 sec. This
was followed by two further wash steps with 50(RPIE buffer, the first wash centrifuged
at 8,000 g for 15 sec and the second wash cergdfat) 8,000 g for 2 min. This eliminates
contaminants. To elute the purified RNA, 30 pl R&é&se water was added and the spin
column centrifuged at 8,000 g for 1 min.

2.29 DNase treatment of RNA

DNase treatment of RNA samples was performed usiveg TURBO DNA-free kit
(Applied Biosystems) according to the manufactgremstructions. This removes
contaminating DNA from RNA extractions. Briefly, &0 pl of the RNA sample, 0.5 pl
10x TURBO buffer and 1 ul TURBO DNase were addedl tluie mixture was incubated at
37°C for 30 min. DNase inactivation reagent (0.184 was added and the mixture was
incubated at room temperature for 2 min. This vadiewed by centrifugation at 10,000 g
for 1.5 min. The supernatant was kept as a DNA-R&&A sample. RNA was quantified
by measuring absorbance at 260 nm (NanoDrop, ND-1§fectrophotometer). The
samples were stored at -80°C.

2.30 cDNA synthesis

The Reverse Transcription Kit (Applied BiosystemM&rrington, UK) was used to convert
MRNA into complementary DNA (cDNA) as per the mautéirer’s instructions. To 1 ug
RNA, 2 ul RT buffer, 5.5 mM MgG| 4 ul deoxyribonucleotide triphosphates (dNTPS)
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mix, 1 pl random hexamers, 1 pl RNase inhibitor &8 pl Multiscribe Reverse
Transcriptase were added in a final volume of 20Thk samples were incubated at 25°C
for 10 min for preannealing, at 48°C for 30 mirattow reverse transcription to occur and

at 95°C for 5 min for reverse transcription inaation. The samples were stored at -20°C.

2.30.1 QPCR for quantification of cellular genes

QPCR (as described in section 2.22.3) was usedtaridexpression of Syk, ezrin, moesin
and radixin in SKOV3, A549 and SW620 cells. The Bo®YBR Green detection system
(Applied Biosystems, Warrington, UK) was used wilie QuantiTect Primer Assay kit
containing forward and reverse primers (QIAGEN, U&) human Syk (Hs_SYK 2 SG,
catalogue QT01886521), ezrin (Hs_EZR_1 SG, catalogumber QT00078127), moesin
(Hs_MSN_1 SG, catalogue number QT00015169) or radkts RDX_1 SG, catalogue
number QT00047397) to amplify the cDNA. To 2.5 fitlee cDNA, 6.25 pl SYBR Green
master mix, 1.25 pl primer mix and 2.5 ul MHwere added. The following thermal
cycling conditions were used; 95°C for 10 min fandturation, 95°C for 15 sec for
amplification, 60°C for 1 min for annealing (repsdtfor 50 cycles), followed by 95°C for
15 sec, 60°C for 15 sec and 95°C for 15 sec faodistion.

2.31 High throughput screening

2.31.1 Compound library

The Pharmacological Diversity Drug-like Set (Enamiiiev, Ukraine) library consisted
of 10,240 compounds preplated in columns 3 to 222d¥1atrix 384-well, clear, V-bottom,
polypropylene plates (catalogue number 4312, TheBuientific, Surrey, UK) as single
compounds at a concentration of 10 mM in 100% DM&@ch plate had an individual
barcode and sample ID for tracking purposes. Plate sealed and compounds stored
under nitrogen (BOC, Glasgow, UK) using the Plaése SILVERseal, aluminium
(Greiner Bio One, Gloucestershire, UK). Compoundasenstored at -80°C. Information
about the library including compound I.D., molecuhgeight and structure can be found on
the Enamine website, following the link
www.enamine.net/index.php?option=com_content&tagw&id=83. All compounds
were assured by the vendor (Enamine, Kiev, Ukraiod)e at least 90% pure as assessed
by liquid chromatography-mass spectrometry andopratuclear magnetic resonance

spectrometry.
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2.31.2 Production of compound library dilution plates

Three individual replicate plates of each compolitorary plate were generated, each with
a barcode and sample ID related to the parent.plding the Biomek FX 96
multichannel pipetting head (Beckman Coulter) 3fieim each well of the compound
library plate was directly dispensed into a 384pdeell, small volume, polypropylene
plate (catalogue number 784201, Greiner Bio Oneu&stershire, UK) previously loaded
with 27 pl of DMSO using the Multidrop Combi (Thesnscientific). This was preformed
in triplicate. These plates, in which compoundsewvat a concentration of 1 mM, were
named mother plates. All robotics protocol desigrand scheduling was performed using
Biomek Software (Beckman Coulter) and SAMI WorkstatEX Software (Beckman
Coulter) (Figure 2.4). Plates were sealed, compswtdred under nitrogen using the
Platesealer SILVERseal, aluminium (Greiner Bio Car&) stored at -80°C.

2.31.3 Seeding cells

Following optimisation, SKOV3 cells were seedea aensity of 1500 cells per well in 50
ul complete media in 384 p-clear flat bottom, blacéll culture microplates (catalogue
number 781091, Greiner Bio One, Gloucestershire) UKing the Multidrop Combi
(Thermo Scientific). These plates were termed aptatgs. Each plate had an individual
barcode and sample ID for tracking purposes. @atie tested prior to use to ensure they
were mycoplasma free. Cells were incubated in 3%%,CQ and 95% air incubators
overnight. All tissue culture procedures for robatcreening experiments was performed
under sterile conditions using biological safetgssl Il vertical laminar flow robotics
enclosure cabinets (Bigneat Containment TechnolBggneat Ltd, Waterlooville, UK).

2.31.4 Screening the compound library

Plates were loaded on to the Cytomat Hotel (TheBtientific), a microplate stacking and
handling system integrated with the liquid handliogotics. As plates were imported from
the hotel, the barcodes were scanned and sampleeHas this was to ensure all liquid
aspirations from one plate were dispensed in theesponding daughter or assay plate.
Using the Biomek FX96 multichannel pipetting head 2 pl of each weltdlumns 3 to 22
of the mother plate was directly dispensed into & 3leep well, small volume,
polypropylene plates (Greiner Bio One) in whichwaélls were previously loaded with 8
ul of serum free media using the Multidrop Comhinéimo Scientific). Using the Span-8

(Beckman Coulter) 2 pl of DMSO was added into ewssagond well of column 2 (starting
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with 2A) and 23 (starting with 23B) as vehicle qoig. The Span-8 configuration allows
for independent well access. 1000 vp/cell of Ad5G¥R added to columns 2 to 23 in a
final volume of 20 pl using the Multidrop Combi. @pounds were at a concentration of
100 puM. This plate was referred to as the daugpie. Cells in the assay plate were
washed once in 50 pl of serum free media using@tbmek FX 96 multichannel pipetting

head. 22.5 ul of serum free media was added to watthn columns 1, 2, 23 and 24 and
22.5 ul of serum free media containing FX was adiedach well in columns 3 to 22

using the Multidrop Combi.

Controls: Each compound was tested in triplicatéf) wach replicate on a separate plate.
This allowed for interplate and intraplate contro®olumns 1 and 24 contained the
untreated control samples. To each well in coluthsd 24, 2.5 ul of serum free media
was added using the Span-8 (Beckman Coulter). GuuZnand 23 contained the positive
and negative control samples. Into every secondl efetolumn 2 (starting with 2A) and
23 (starting with 23B) 2.5 ul of serum free medimtaining FX was added (+FX negative
controls (final concentration of 10y/ml FX and 1% (v/v) DMSO vehicle) and into every
other well of those columns, 2.5 ul of serum freedim was dispensed (-FX positive
controls) using the Span-8.

From each well in columns 2 to 23 of the workingtp] 2.5 ul of virus and compound
mixture was added to the cells in the correspondialis in columns 2 to 23 of the assay
plate. All wells in columns 3 to 22 had a concemtraof 10 pM compound, 10g/ml FX
and 1% (v/iv) DMSO. Daughter and assay plates wetarrred to the Cytomat Hotel.
Daughter plates were disposed of and assay plates mwcubated in 37°C, 5% G@nd
95% air for 3 h. After this incubation, 25 pl ofraplete media containing 20% (v/v) FCS,
1% (v/v) penicillin, 100 pg/ml streptomycin and 2Mhi.-glutamine was added to all wells
using the Multidrop Combi. Assay plates were furtineubated in 37°C, 5% G@nd 95%
air for 45 h.

2.31.5 Fixing cells from the HTS screen

Assay plates were loaded on to the Cytomat Hotells@Qvere washed once in 50 ul PBS
and 50 pl 4% PFA was added to each well using thte RVasher (Beckman Coulter).
Cells were incubated at room temperature for 15 amich washed in 50 pl PBS using the
Plate Washer. The Biomek FX6 multichannel pipetting head was employed tpetise
10 pg/ml Hoechst 33342 (Sigma Aldrich) and 10 pginopidium iodide (Sigma Aldrich)
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on to cells in a final volume of 25 pul. Cells weéneubated at room temperature for 20 min
and washed in 50 pl PBS twice using the Plate Wa@erkman Coulter). Assay plates

were either analysed immediately or stored at #°thé dark.

Figure 2.4. SAMI Workstation EX Software screening protocols.

Screen shot from the SAMI Workstation EX Software, in which liquid handling assay
protocols were designed, from simple media additions (top panel), to more complex
protocols with multiple steps such as those designed for cell fixation (middle panel) and
compound additions (bottom panel).
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2.31.6 Using the IN Cell Analyser 2000 to capture screen images

Assay plates were imaged using the IN Cell Analy2@00 (GE Healthcare). A single
image of the central field of view in each well waptured using the Nikon 10x objective
(Figure 2.5). Preview scans of 5 random wells wereformed prior to starting the
acquisition run (Figure 2.6). Imaging conditionsravas follows, filter sets were matched
to each fluorophore; 3%Qitation (ex)@Nd 45%mission emfor Hoechst 33342 nuclear staining
and an exposure time of 40 millisec (ms), 4%¥nd 525, for GFP expression and an
exposure time of 60 ms; 5£%nd 624, for propidium iodide non-viable nuclear staining
and an exposure time of 45 ms. The short exposomestcontributed to the speed of
acquisition. Hardware and laser autofocus optioagevehosen to optimise the quality of

the images.

[ S o < i St M A A A 1 A § S - < i 1516 1 & 192 2 2 M

Figure 2.5. Determining the field of view using the IN Cell Analyser 2000.
A single image of the central field of view in each well of a 384-well plate was captured
using a 10x objective.
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Figure 2.6. IN Cell Analyser 2000 preview scan.

Screen shot from the IN Cell Analyser 2000 software program. A random well from the
384-well plate was chosen and a preview scan was performed to ensure imaging
conditions were correct prior to starting the acquisition run.

2.31.7 Analysing the screen images and acquiring screen data

To quantify the amount of GFP expression per viaak per field of view the images
were analysed using IN Cell Developer Toolbox V&dtware (GE Healthcare). The
screen images were of high quality and providedigent resolution for effective
segmentation of cellular components and GFP expresbluclei were segmented based
on Hoeschst 33342 staining and shape, GFP expnessi® outlined based on its intensity
and cell shape was estimated based on previousumneeaants outlined from brightfield
images. Non-viable cell segmentation was relategrapidium iodide staining. Nuclei,
GFP expression and cells were termed targets anthtgets were linked. An algorithm
was designed to measure the total number of celisigld of view, to quantify all viable
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cells per field of view, to quantify all GFP expsem per field of view and then to measure

the amount of GFP expression per viable cell pad fof view;
[DxA<Sum:/Cell Nuc GFP/GFP] / [Count<Sum:/Cell_Nuc/Cell]

or

[Intensity of total GFP per field of view] / [Total number of viable cells per field of view]

This resulted in a numerical output enabling tHeuwation of results. All untreated control
values were zero. All data were normalised to pi&i@ positive (Ad5-FX (low level Ad5

transduction)) and negative (Ad5+FX and vehicleglthilevels of Ad5 transduction
mediated by FX)) controls and expressed as pemgentahibition of FX-mediated

Ad5GFP expression.

% Inhibition = (Negative control — compound) / (Negative control — Positive control)

Data were pooled for each compound from the thegdicate plates. Any compounds
causing greater than 75% inhibition of FX-media#etbGFP expression were selected for
second round screening analysis. Preliminary catelidompounds from the library were
selected manually and directly dispensed into coki® to 22 of a 384 deep well, small
volume, polypropylene plates. Compounds were retleas described in section 2.31.4 to
2.31.7.

2.32 Animals

All animals were housed under controlled environtakonditions. Temperature was
maintained at ambient temperature with 12 h ligit{dcycles. Mice were fed standard
chow and water was providexd libitum. All animal experiments were approved by the
University of Glasgow Animal Procedures and Etl@cesnmittee and performed under UK
Home Office licence (PPL 60/3752) in strict accarckawith UK Home Office guidelines.

2.32.1 In vivo administration of Ad5

In vivo Ad5 administration was performed in 8 week old,JlendMF1 mice. Mice were
injected via lateral tail vein injection with PB® b x 10" vp/mouse of Ad5 expressing a

luciferase transgene in the absence or presende.186 DMSO, 10uM compound
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15550585, T5424837, T5660138, T5677956, T5660136 T&572402 from the

Pharmacological Diversity Drug-like Set.

2.32.2 Quantification of adenoviral transgene expression

Mice were injected subcutaneously with 3@d0of XenoLight D-Luciferin (Caliper, Life
Sciences, Hopkinton, MA, USA) 48 h post-administnatof Ad5. Luciferin becomes
oxidised under the catalytic effects of luciferam®ed ATP, and a bluish-green light is
produced. This was measured using the IVIS Ima@pstem (IVIS Spectrum, Caliper).
Mice were subject to whole body bioluminescencentjfieation (IVIS Spectrum, Caliper
Life Sciences). 48 h post-Ad5 injection mice weaerdiced for tissue analysis. Tissue
homogenates were produced from 25 mg liver tisssinguTissuelLyser Il (QIAGEN,
Crawley, UK). DNA was isolated from tissue homogesausing QIAamp DNA mini kit
(QIAGEN, Crawley, UK). 50 ng of total DNA was subjdo gPCR analysis as described
in section 2.22.3.

2.33 Statistical analysis

Results presented are representative data fronnanonin of three separate experiments
with at least threeexperimental replicates per group, unless otherngisgeed. High
throughput screening of the complete Pharmacolbfiogersity Drug-like Set compound
library was performed once. Statistical analysis warformed in Prism version 4.0 (Graph
Pad Software, San Diego, CA, USA). Data are shosymaan + standard error of the
mean. Comparisons were made using one way ANOVpaoed Student’s t-test. p<0.05
after Dunnett’'s or Bonferroni’'s post-analysis wearensideredstatistically significant.
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3.1 Introduction

Hepatic transduction of Ad5 following intravascudaiministration is due to a high affinity
interaction between the Ad5 hexon and coagulatirialyuzhniyet al., 2008; Vigantt

al., 2008; Waddingtoret al., 2008). FX is synthesised in the liver and cirtadain the
blood at a concentration of 8-1@/ml, as a two chain glycoprotein, with a molecular
weight of 59,000 Da. The light chain consists @& @la rich domain with 11 Gla residues,
which are important for calcium-dependent bindiagg two EGF-like domains, with an
additional calcium binding site in EGF-1 (Nelsesiwet al., 1976). The light chain is
linked to the heavy chain by a disulphide bond. Tikavy chain contains the SP domain
which features the active site of the catalytiadri histidine 57, aspartic acid 102 and
serine 195. Whilst the Gla domain of FX binds witgh affinity within the cup formed by
each hexon trimer (Waddingtoat al., 2008), the SP domain has been reported to be
responsible for mediating the Ad5:FX complex intdi@n with HSPGs (Bradshaet al.,
2010; Parkert al., 2006; Waddingtoret al., 2008). However the exact mechanism by
which the FX SP domain binds to HSPGs has not hédirelucidated.

The physiological function of FX is as a plasma agen, central to the blood coagulation
cascade, a complex, multi-step process leadinghto initiation of blood clotting,
localisation at the injured vasculature, fibrintclormation and generation of the platelet
plug (Figure 3.1). During the clotting process FBXconverted to its active enzyme, FXa,
via cleavage of an arginine-isoleucine (Arg51-llef2ptide bond in the heavy chain,
releasing a 52 amino acid activation peptide fragniEujikawaet al., 1974; Furieet al.,
1988). This process occurs at the point of convergeof the intrinsic and extrinsic
pathways, either via FIXa and FVllla or tissue ¢mcand FVila complexes, which
assemble on phospholipid membranes, in the presdrmacium (Bomet al., 1990). FXa
then participates with FVa to activate prothromtonthrombin, which in turn converts
fibrinogen to fibrin (Figure 3.1) (Daviet al., 1964; Macfarlane, 1964; Osterad al.,
1977).
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Coagulation Cascade
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(Contact System)
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Contact with damaged vessel
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Figure 3.1. Coagulation cascade.
Summary of the blood coagulation cascade, showing the intrinsic pathway (yellow), the
extrinsic pathway (orange) and the common pathway (red).

Despite the great homology between the serine @setein the blood coagulation cascade,
they exhibit narrow and distinctive specificity tioeir own protein substrates. Substrate
recognition by several surface exposed residuethencatalytic domain, in addition to
those surrounding the active site exist. Studie® lshown that the basic residues Arg-93,
Lys-96, Arg-125, Arg-165, Lys-169, Lys-236 and A2gO constitute an exosite in the SP
domain of FXa which can bind to heparin, a highlypbated glycosaminoglycan which
serves as an anticoagulant (Figure 3.2) (Hasshl., 2001; Rezaie, 2000). Mutagenesis
studies, in which each of these amino acids welsstguted with a neutral alanine in
separate Gla domainless FXa (GDFXa) constructsestigated the contribution of
individual residues for binding heparin (RezaieQ@0 Elution with NaCl of each of the
seven mutants from a heparin-sepharose column ssassed. As FXa binds to heparin via
ionic forces, elution was accomplished by a stepwjisadient of increasing ionic strength
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l.e. the higher the concentration of NaCl requitecelute the protein, the stronger the
binding and the lesser the effect of the mutatidre relative decrease in concentration of
NaCl for elution was reported for GDFXa and R129M(M NaCl), R93A and K96A
(0.38 M), R165A and K169A (0.35 M), K236A (0.28 Mhd R240A (0.24 M) (Rezaie,
2000). In addition, the effects of antithrombin &iXa inactivation were analysed.
Antithrombin acts as an inhibitor of FXa and throamkan effect which is accelerated in
the presence of heparin-like glycosaminoglycanguifé 3.2) (Evanst al., 1992; Olsoret

al., 1992). When the mutants were incubated with fambin, GDFXa and FXa
derivatives were inactivated with similar order@sation rate constantsk However in
the presence of antithrombin and heparin, mutara iR&ctivation was impaired to varying
degrees compared to GDFXa. This effect was minifoalR93A and R125A, whilst a
significant decrease inp kalues was observed with all other mutants, ranfyimmg a 4-fold
decrease for K96A to a 25-fold decrease for R24RAzg@ie, 2000). These data suggests
the order of importance of these FXa residues ifodibg heparin is Arg-240 > Lys-236 >
Lys-169 > Arg-165 > Lys-96 > Arg-93 > Arg-125.

FXIl—> FXlla <.

Oy,
S,
S,
S

~.
~

FIX —> FiXa! Tl

FVllla "-~--._’_~_~§_,~';z‘ Heparin

&

Antithrombin

FVa l

Prothrombin ———> Thrombin

Fibrinogen —> Fibrin
1D {IE]

Fibrin Clot

Figure 3.2. Mechanism of action of heparin.

Heparin produces its major anticoagulant effect by inactivating thrombin and FXa through
an antithrombin-dependent mechanism. The heparin:antithrombin complex can
inactivate FXlla, FXla, FIXa, FXa and thrombin, with the later two being most sensitive.
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In contrast to FXa, FX exhibits a very weak affynior heparin (Nogameét al., 2004). A
study by Nogamkgt al., investigated the mechanism of interaction of &Xl FXa with
FVllla. FVIlla bound to FXa via its heparin bindirexosite (HBE), an interaction which
was abolished in the presence of heparin (Noganai., 2004). However the effect of
heparin on FX binding to FVllla was marginal. THé&ngties of FXa and FX for heparin
were assessed using a heparin-sepharose colurthis Istudy FXa was eluted at a NaCl
concentration of 0.22 M, whilst FX failed to binldet column at 0.1 M and was instead
detected in the column flow through fractions. T$tisdy suggests heparin binding to FXa
is via the HBE, whilst this exosite is not as r@adiccessible in the zymogen (Nogaehi
al., 2004).

In an attempt to investigate the role of the SP alarof FX in Ad5:FX binding to the cell
surface, Waddingtonet al. employed the anticoagulants Ixolaris and nematode
anticoagulant peptide 2 (NAPc2) to pharmacologycdilock the FX SP domain
(Waddingtonet al., 2008). Ixolaris is isolated from the salivary rgiaof the ticklxodes
scapularis (Francischettiet al., 2002) It consists of 140 amino acids containing 10
cysteines and 2 Kunitz-like domains and binds todfFXXa, inhibiting tissue factor/FVlla
activation (Francischettt al., 2002). NAPc2 is an 85 amino acid anticoagulaotein,
isolated from the hematophagous hookwdanayl ostoma caninum (Cappelloet al., 1995;
Stassenst al., 1996). It is a potent inhibitor of FX activatiomediated by tissue factor and
FVila. SPR analysis revealed a high affinity intti@an between human FX and NAPc2
(dissociation rate constant K= 7.28 x 10" M) or Ixolaris (Ko = 1.30 x 16 M)
(Waddingtonet al., 2008). This binding had no effect on Ad5 binding=X (Waddington

et al., 2008). Either anticoagulant alone was capablaledreasing the FX-mediated
AdKO1 cell binding and transduction in HepG2 celreover, preinjection of FX in the
presence of a three molar excess of either NAPc2Ixolaris, 30 min prior to
administration of AdKOL1 in warfarin-treated micegrsficantly decreased hepatic gene
transfer (Waddingtoet al., 2008).

Ixolaris acts by binding to the HBE of FXa and ng#aesis studies indicate the order of
importance of residues involved in this interactisrArg-93 > Arg-165 > Lys-169 > Lys-
236 > Lys-96 > Arg-240 > Arg-125 (Montei al., 2005). When the role of the amino
acids in FX were analysed, the order of importafocelxolaris complex formation was
Arg-93 > Arg-165 > Lys-169 > Lys-236 > Arg-125 (Meiro et al., 2008). Ixolaris
binding to FX strongly decreases FX activation hg intrinsic FIXa/FVllla complex
(Monteiro et al., 2008). This study suggests Ixolaris binds todwss within a heparin
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binding proexosite (HBPE) in FX, a region whicmst readily exposed to heparin or is in
a distinct conformation in the zymogen form (Mondegt al., 2008; Nogamet al., 2004).

NAPc2 can bind with high affinity (K~1 nM) to both FX and FXa (Buddai al., 2002).
This reaction occurs independently of calcium aoesdnot require zymogen activation or
a fully functional active site (Buddat al., 2002). A weaker interaction between NAPc2
and bovine FX or FXa has been reported (Buddaal., 2002). This may be due to
sequence differences in the protease domains folpvesidue 240, as in the presence of
recombinant bovine FX, containing 25 residues fittbn COOH terminus of human FX,
the high affinity interaction with NAPc2 was restdr(Buddaiet al., 2002; Murakamgt

al., 2007). The crystal structure of Gla domainless xd NAPc2, determined to 2.2 A,
indicates binding to amino acid residues at pas#i60-62, 88-93, 125, 178, 235-237, 240
and 243 of FXa (Murakangt al., 2007). Table 3.1 and Figure 3.3 summarises tidues

in FX or FXa to which Ixolaris and/or NAPc2 bind.

Table 3.1. Amino acid residues of FX and FXa to which NAPc2 or Ixolaris bind.
A list of the residues in the SP domain of FX or FXa to which Ixolaris or NAPc2 bind.

FX/FXa amino acid Anticoagulant

93R Ixolaris/NAPc2
96K Ixolaris
125R Ixolaris/NAPc2
165R Ixolaris
169K Ixolaris
236K Ixolaris/NAPc2
240R Ixolaris/NAPc2

Although the study by Waddingtast al. implicated a role for the FX SP domain in Ad5
transduction (Waddingtost al., 2008), the precise mechanism and amino acid uesid
responsible for FX-mediated Ad5 attachment to HSR@se not been reported.
Understanding the exact infectivity pathways of AdSmportant to its optimisation and
successful development as a gene therapy vectoe, e investigate the role of the seven
basic amino acid residues in the FX HBPE in Ad5dexplex binding to HSPGs.
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s

B = residues interacting with Ixolaris only
= residues interacting with NAPc2 and Ixolaris

Figure 3.3. Residues to which NAPc2 and Ixolaris bind.

Ribbon diagram of the human FX SP-EGF-2 domains (1HCG; Accelrys ViewerlLite software
(Padmanabhan et al., 1993)) highlighting amino acids residues to which Ixolaris alone
(purple) or both Ixolaris and NAPc2 (yellow) bind.
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3.2 Results

3.2.1 Generation of FX plasmid constructs

To assess the role of the SP domain of FX in Ad5cBKiplex binding to HSPGs a FX
plasmid construct was designed, in which the sébasic residues previously shown to
constitute the HBPE were chosen for mutation (Miootet al., 2008; Nogamet al., 2004;
Rezaie, 2000). The residues were Arg-93, Lys-96)-125, Arg-165, Lys-169, Lys-236
and Arg-240. First, human wild-type FX (WT FX) cDN#ncluding the human
prothrombin signal sequence and propeptide wasedlonto the mammalian expression
pCMV4 vector (human prothrombin signal sequence prapeptide followed by the
sequence for the FX derivative - pCMV4-ss-pro-lI-&amireet al., 2000)). Efficienty-
carboxylation is a critical post-translational mfadition of FX. FX is synthesised in its
precursor form, which is translocated to the enaspic reticulum where glutamic acid
residues in the Gla domain undengoarboxylation. This depends on membrane bound
carboxylase and vitamin K, as well as the propepéicting as a substrate for the enzyme
(Suttieet al., 1987). Previous studies have shown that exchgrtgm FX propeptide with
one that bindg-carboxylase with a reduced affinity, such as patibin, results in an
increase iny-carboxylase activity by allowing greater substratsover thus improving
protein production by increasing the yields of thumctional y-carboxylated protein
(Camireet al., 2000; Stanlewt al., 1999). This WT FX plasmid was a kind gift fromoPr
John McVey (Thrombosis Research Institute, LonddK). Seven codons encoding the
basic amino acid residues R93, K96, R125, R1659Kk236 and R240 in the WT FX
cDNA sequence were substituted with alanine, afopeed by GeneArt (Paisley, UK).
This was called “SP mutant”. In addition, site-diexl polymerase chain reaction
mutagenesis to convert the basic residues argomrygsine to alanine was used to create
four FX mutant constructs in house; R93A K96A, RAZ25R165A K169A and
K236A R240A. DNA sequencing analysis confirmed mhatations in the WT FX at the

desired amino acid residues.
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(A)

Signal Peptide [Prothrombin Propeptide] Gla Domain

I
MAHVRGLOQLPGCLALAALCSLVHSQHVFLAPQQARSLLQRVRRANSFLEEMKKGH
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LERECMEETCSYEEAREVFEDSDKTNEFWNKYKDGDQCETSPCQNQGKCKDGLGE

[EGF-1 Domain EGF-2 Domain

|
YTCTCLEGFEGKNCELFTRKLCSLDNGDCDQFCHEEGQNSVVCSCARGYTLADNGK

EGF-2 Domain

L
ACIPTGPYPCGKQTLERRKRSVAQATSSSGEAPDS I TWKPYDAADLDPTENPFDL

[Serine Protease Domain|

LOFNQGTQPERGDNMNLTRIVGGAQECKDGECPWOALLINEENEGFCGGTILSEFY IL
|Serine Protease Domain|

TAAHCLYQAKRFKVRVGDRNTEQEEGGEAVHEVEVV IKHNRFTKETYDFDIAVLR

[Serine Protease Domain|

LKTPITFRMNVQPACLPE&PWAESTLMTQKTGIVSGFGRTHEKGRGSTRLKMLEV

[Serine Protease Domain|

PYVDRNSCKLSSSFI I TONMFCAGYDTKQEDACQGDSGGPHVTRFEKDTYFVTGI WV
[Serine &m«

Domain|

SWGEGCARKGKYGIYTKVTAFLKWIDRSMKTRGLPKAKSHAPEVITSSPLK

(B)

Figure 3.4. Amino acids residues for mutagenesis studies.

(A) Amino acid sequence of human FX including the human prothrombin signal sequence
and propeptide (obtained for the Swiss-Prot database and annotated using CLC Protein
Workbench 5). Red arrows indicate the seven amino acid residues targeted for
mutagenesis studies. (B) Ribbon diagram of the human FX SP-EGF-2 domains (1HCG;
Accelrys ViewerlLite software (Padmanabhan et al., 1993)), SP is in blue and EGF-2 is in
red. The diagram highlights the amino acids residues (green) chosen for mutagenesis.
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3.2.2 Cloning FX SP mutant into pcDNA3.1+zeocin

The SP mutant cDNA was cloned into a pMK-RQ plasosaohg Sfil cloning sites. pMK-
RQ was not a viable expression cassette for userder to produce rFX protein via
transfection into a mammalian cell line as thispial construct did not possess a suitable
promoter. Therefore a cloning strategy was desigme&chich the SP mutant fragment was
firstly inserted into a pSCb plasmid and then fnahto a pcDNA3.1+zeocin plasmid
(Figure 3.5). Primers were designed to amplify B3¢ SP mutant from the pMK-RQ
plasmid, adding a@flll site at the 5’ end and amplifying throughndlll at the 3’ end.
AfllI-FX SP mutantHindlll was amplified by PCR using two commerciallynflyesised
primers and Herculase Il proofreading polymerasabl@ 3.2). The FX SP mutant PCR
products were electrophoresed on a 1% agaros8aails of 1.5 kb were isolated from the
gel (Figure 3.5). Bands were gel extracted andptivdied PCR product was ligated into
the pSCb plasmid. pSCb_FX SP mutant was digestad BeoRI. At this point,
pcDNA3.1+zeocin was dephosphorylated by digestiath iecoRIl. The digests were
electrophoresed on a 1% agarose gel. Bands of dfarkFX SP mutant and 5 kb for
pcDNA3.1+zeocin were isolated from the gel (Fig8r&). The FX SP mutant insert was
ligated into the pcDNA3.1+zeocin plasmid accordinghe T4 ligase ligation protocol (3:1
insert:vector ratio). After 1 h ligation at roommntperature the ligation product was
transformed into competent cells and spread on alnpiresistant agar plates. The
colonies were picked and small scale preparatidnshe DNA were performed. A
diagnostic digest usingglll enzyme (twoBglll sites present, one in the backbone and one
in the SP mutant insert) was electrophoresed o¥b adarose gel to ensure the insert was
present. There were two fragments on the gel, a95@Gp fragment for
pcDNA3.1+zeocin_FX SP mutant backbone and a 978dgment for theBglll digestion
product (Figure 3.5). The sequence was confirmeBM# sequencing.

Table 3.2. Primer design.
FX SP mutant forward (containing Aflll sequence highlighted in blue) and reverse primers
were designed and commercially synthesised.

Primer Sequence Tm
FX SPmutant — forward 5’ | GAATCTTAAAGGAAGGCCGTCA 3’ | 60.6
FX SPmutant — reverse 5’ | GGCCCATGAGGCCCAGG 3" |62
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Figure 3.5. Cloning of the FX SP mutant sequence into pcDNA3.1+zeocin.

Gel electrophoresis was preformed on (A) The FX SP mutant fragment which was
amplified from the pMK-RQ construct, producing a band of 1.5 kb. (B) The
pcDNA3.1+zeocin was digested, producing a band of 5 kb and the FX SP mutant fragment
(band of 1.5 kb) was cut from the pSCb construct. (C) The pcDNA3.1+zeo_FX SP mutant
vector was digested using Bglll enzyme producing a fragment of 978 bp and a band of
5609 bp for the pcDNA3.1+zeo_FX SP mutant backbone.
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3.2.3 Producing recombinant FX protein

The WT and SP mutant FX constructs were transidrdlysfected into 293T cells in the
presence of 5 pg/ml vitamin K. Recombinant FX (rFKX)the conditioned media was
quantified by human FX ELISA and found to be atamtrations ranging from Oyig/ml

to 0.4ug/ml after 5 days. To increase the yield of thetgaroproduced, stable cell lines
were generated based on zeocin resistance. Zeetindgs to the family of antibiotics
isolated from Streptomyces. It shows strong toyieigjainst mammalian cell lines and is
commonly used as a selection tool. To generataldestell line that expresses a protein
from an expression construct, the minimum concéotraof zeocin required to kill the
untransfected host cell line has to be determimédrefore doses ranging from 106/ml

to 500ug/ml of zeocin were tested on the ability to kil3X cells after seven days. Cells
sensitive to zeocin show morphological changes gpguosure to the antibiotic. The cells
become an abnormal shape and long appendages aspta plasma membrane breaks
down (Figure 3.6). Eventually, the cells completbigak down and only cellular debris
remains in the media. A concentration of 32@ml zeocin was chosen as the optimum

dose for generating stable cell lines (Figure 3.6).

Next stable cell lines to constitutively produce tWT and SP mutant rFX were generated.
Firstly, 293T cells were transfected with the pcDB\NB+zeocin_FX SP mutant plasmid,
co-transfected with a plasmid encoding the WT FX @me pcDNA3.1+zeocin or co-
transfected with a control GFP plasmid and the paBN+zeocin. Transfection efficiency
was ~70% at 48 h post-transfection as assessed=BycGntrol cells under a fluorescent
microscope (Figure 3.6). Media in the cell cultdrehes was replaced with 10% complete
media supplemented with 5 pg/ml vitamin K and a@0ml zeocin. After 2-3 weeks mock
transfected cells were dead and colonies had form@d cells transfected with
pcDNA3.1+zeocin_FX SP mutant plasmid, co-transtéctevith WT FX and
pcDNAS3.1+zeocin or co-transfected with a controlFG&nd pcDNA3.1+zeocin (Figure
3.6). Colonies were picked and grown until 90% twit. Conditioned media was
collected from individual wells and a FX ELISA waseformed to identify the highest

producing cells. These cells were then grown upnger culture flasks.
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A

Long appendages appear as Cells disintegrate and cell
plasma membrane breaks down particles observe in media
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w

400 pg/ml

(B

Figure 3.6. Generating stable cell lines.

Determining optimal concentration of zeocin (100-500 pg/ml) required to kill mock
transfected 293T cells after seven days incubation. (B) Cells 15 days post-transfection (i)
GFP transfected cells. (ii) Bright-field view of GFP transfected cells in the presence of 200
ug/ml zeocin. (iii) Mock transfected cells in the absence of zeocin. (iv) Mock transfected
cells, (v) SP mutant FX transfected cells and (vi) WT FX transfected cells in the presence of
200 pg/ml zeocin. Images captured at 40x magnification and scale bar = 100 pm,
applicable to all panels.
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3.2.4 Purification and validation of rFX protein

Conditioned media from cells cultured in serum freedia supplemented with 5 pg/ml
vitamin K was collected, dialysed and immunoaffinipurified using the calcium-
dependent 4G3 mouse monoclonal antibody coupleda tsepharose column. The
conditioned media was applied to the monoclonal drufaX immunoaffinity column and
any FX in the media bound to the column. Boundenst were eluted with the addition of
EDTA (Figure 3.7). Fractions eluted from the columhere analysed by SPR to assess
binding to the 4G3 mouse monoclonal antibody. Tl&3 4antibody was covalently
immobilised on a biosensor chip and the individuattions eluted from the column were
injected over the chip at a flow rate of gldmin. Eluted fractions 1, 2, 3 and 4 from the
media from WT rFX cells and eluted fractions 2,8l @ from the media from SP mutant
rEX cells bound to the chip (Figure 3.7), indicgtithe presence of FX. These results
correlate to the elution profiles obtained whilsisping the media through the 4G3
sepharose column. In order to further confirm thiig load (the media prior to passing
through the column), the flow through and the pedfrFX was subjected to SDS-PAGE.
Coomassie staining showed a number of differentd®dor the load and the flow through,
however for each of the eluted fractions a singledowas observed of 59 kDa, similar to
the positive control purified plasma derived (p&) HTI Technologies Ltd) (Figure 3.8).
Furthermore, each rFX protein migrated as a sibgled with an apparent molecular mass
of 59 kDa similar to the positive control FX asessed by Western blot analysis using a
primary monoclonal human anti-FX clone HX1 antibdéygure 3.8). The purified rFX
was quantified by both microBCA and ELISA for hunfaX. The WT rFX was ~5xag/ml
and the SP mutant rFX was t§/ml.

3.2.5 Assessment of the biological activity of rFX

The biological activity of the purified rFX was assed. A chromogenic assay was used to
monitor the conversion of FX to its active statXdl; measured in the presence of tissue
factor and FVlla. Positive control FX, WT and SPtami rFX proteins were converted to
their active forms (FXa) in the presence of tisewor and FVlla, thus confirming their
biological activity (Figure 3.9). This data demaagts the mutations within the HBPE of
the SP domain of FX did not affect the catalytitivaty of FX or hinder activation by

tissue factor and FVIla complexes.
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Figure 3.7. Purification and validation of rFX.

(A) Immunoaffinity elution profiles of (i) WT and (ii) SP mutant rFX. Elution is monitored
by absorbance at 280 nm. WT rFX and SP mutant rFX are recovered as single peaks when
eluted from the calcium-dependent anti-FX 4G3 antibody affinity column with the
addition of EDTA. (B) SPR analysis of (i) WT and (ii) SP mutant rFX fractions eluted from
the 4G3 antibody affinity column binding to the 4G3 antibody immobilised on a biacore
sensor chip.
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Figure 3.8. Validation of purified rFX.

(A) Coomassie staining of SDS-PAGE for (i) WT and (ii) SP mutant rFX. Lanes (L) represent
load prior to passing through the column, (FT) represents unbound material that flowed
through the column, (1, 2, 3) represents fractions eluted from the column, (CON)
represents plasma derived human FX positive control. (B) Western blot analysis of rFX
was performed. rFX was probed with a primary monoclonal human anti-FX clone HX1
antibody (1:1,000 dilution) and a goat anti-mouse infrared dye (800CW)-labelled
secondary antibody (LI-COR). (i) Lanes A, B, C, represent WT rFX purified by 4G3 column;
lane CON represents plasma derived human FX positive control (ii) lanes A, B, C, represent
SP mutant rFX purified by 4G3 column.
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Figure 3.9. Activation of rFX.

Activation of positive control FX, WT rFX and SP mutant rFX. The amidolytic activity of FXa
was measured using 1 mM chromogenic substrate S-2765 (Quadratech, Surrey, UK) in the
presence of 100 nM tissue factor, 100 nM factor Vlla and 6 mM CaCl,. All measurements
were determined kinetically at 405 nm. *p<0.05 as compared to the corresponding
positive control FX, WT or SP mutant conditions, as determined by one-way ANOVA and
Dunnett’s multiple comparison post-test. Error bars represent SEM (n = 3/group).
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3.2.6 Mutating residues in the FX HBPE has no effect on FX binding to Ad5
hexon

To ensure the mutations in the FX SP domain hadffext on FX binding to Ad5 both
WT and SP mutant rFX binding to Ad5 hexon was asedyusing SPR (performed by
Prof. John McVey (Thrombosis Research Institutendan, UK)). Ad5 hexon was
covalently immobilised on a biosensor chip and mgruffer, positive control FX, WT or
SP mutant rFX was injected over the chip at a flae of 30ul/min. Directly after
injection of running buffer, positive control FX, Wor SP mutant rEX, either the FX
monoclonal antibody HX-1 or the monoclonal antibdd¥3, were passed over the chip at
a flow rate of 3Qul/min. Protein binding to the Ad5 hexon and bindofghe antibodies to
the material bound to the chip was detected asamgehin response units. Data was

analysed using Biacore T100 Evaluation software.

SPR analysis indicated that the positive contro] €dtditioned media of cells transfected
with either WT or SP mutant FX bound to hexon. Tgsitive control FX or rFX
dissociated from the chip upon the addition of EDiRdicating that the reaction occurs in
a calcium-dependent manner (Figure 3.10). Thereneasggnificant difference in response
units for binding to hexon for the WT and SP mutdX (Figure 3.10). The conditioned
media of cells transfected with either WT or SP antutFX bound to the chip was
subsequently confirmed to be FX by binding of the tmonoclonal antibodies against
human FX (HX-1 and 4G3) (Figure 3.11). Therefore #even mutated residues in the
HBPE of FX have no effect on FX binding to Ad5 hexo

3.2.7 FX dose response

Previous studies have shown FX at concentratiomewbehysiological levels (< 8-10
ug/ml) to be effective in increasing Ad5 gene trendiParkeret al., 2006; Zaisst al.,
2011). Here, the effects of lower concentrationg=%f than previously described were
assessed for their ability to increase Ad5 transdiucSKOV3 cells were incubated with
Ad5 in the absence or presence of 10 ng/ml, 108nd/ug/ml or 10ug/ml pd FX for 3 h

at 37°C. Cells were washed once, complete mediadadad incubated at 37°C for a
further 45 h when transgene expression was analydefdur doses of FX tested caused a
significant increase in Ad5 gene transfer as shbwprgalactosidase transgene expression
(Figure 3.12). The ability of FX to be effective edncentrations as low as 10 ng/ml
highlights the high affinity interaction between&Hdexon and FX.
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Figure 3.10. HBPE mutations have no effect on rFX binding to Ad5 hexon.

(A) Representative subtracted sensorgrams of positive control FX, WT rFX and SP mutant
rFX binding hexon, injected at time 0 for 60 sec at a flow rate of 30 pl/min (B)
Quantification of relative binding of running buffer, WT rFX or SP mutant rFX to hexon at
the end of the injection as indicated by the arrow. *p<0.05 as compared to WT rFX
conditions as determined by one-way ANOVA and Dunnett’s multiple comparison post-
test. NS = non-significant, p>0.05. Error bars represent SEM (n = 5/group).
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Figure 3.11. Anti-FX antibody binding to rFX bound to Ad5 hexon.

Representative subtracted sensorgrams of binding of anti-FX antibodies 4G3 or HX-1 to
the chip following injection of running buffer, positive control FX (green and yellow lines),
WT (blue and grey lines) or SP mutant rFX (pink and purple lines), injected at time 0 for 60
sec at a flow rate of 30 pul/min.
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Figure 3.12. Ad5 transduction in the presence of increasing concentrations of FX.

SKOV3 cell were infected with 1000 vp/cell of Ad5 in the absence or presence of
increasing concentrations (10 ng/ml, 100 ng/ml, 1 pg/ml or 10 pug/ml) of positive control
pd FX. Ad5 transgene expression was measured 48 h post-infection. *p<0.05 as compared
to non-FX conditions as determined by one-way ANOVA and Dunnett’s multiple
comparison post-test. Error bars represent SEM (n = 4/group).
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3.2.8 Effect of the FX SP domain mutations on Ad5:FX binding to HSPGs

As cell surface binding of Ad5:FX complexes is naeld by HSPGs (Bradshast al.,
2010), confocal microscopy was used to evaluatantezaction of fluorescently-labelled
Ad5 with cell surface HSPGs when complexed with WTthe SP mutant rFX. This was
assessed by infection of SKOV3 cells (which hawe levels of CAR expression, therefore
allows us to look more specifically at Ad5 bindiagd transduction mediated by FX) with
Alexa Fluor-488 fluorescently-labelled Ad5 in theepence of WT or SP mutant rFX for 1
h at 4°C. Incubation with Ad5 at 4°C allows binding the cell surface but not
internalisation, which is energy dependent and éeucurs at 37°C. After washing with
PBS to remove unbound virus, the cells were fixed% PFA. Immunocytochemistry was
carried out using the pan-heparan sulphate antilfolbyne 10E4) to stain for cellular
HSPGs. Following pretreatment with WT rFX, Ad5 cdexes were clearly visible on the
cell surface and colocalised with HSPGs as showndmjocal microscopy (Figure 3.13).
In contrast, in the absence of FX or when Ad5 wastrpated with equivalent
concentrations of SP mutant rFX there were fewsvparticles bound to the cell surface
and no observed colocalisation with HSPGs (Figui)3 This qualitative data indicates
that the FX HBPE is required for efficient bindirng Ad5:FX to HSPGs on the cell

surface.

3.2.9 The FX SP domain mutations decrease FX-mediated Ad5 cell binding

To quantitatively assess the effects of the HBPHatians on Ad5:FX-mediated cell
binding, SKOV3 and HepG2 cells were used as thaeybeareadily transduced via the FX
pathway (Bradshawt al., 2010). For experiments involving SKOV3 cells, AR, cell
line (Kim et al., 2002), a-galactosidase expressing Ad5 was utilised an@xperiments
involving HepG2 cells which have higher CAR expressAd5KO1 was utilised. Vectors
were incubated with SKOV3 or HepG2 cells in theeaslze or presence of positive control
FX, WT or the SP mutant rFX for 1 h at 4°C. Afteashing with PBS to remove unbound
virus, cells were collected, total DNA was isolatadd gqPCR for Ad5 hexon was
performed. Quantification of Ad5 cell surface bimgliby qPCR revealed that positive
control FX and WT rFX caused a significant increas®inding of Ad5 to SKOV3 cells
and Ad5KO1 to HepG2 cells compared to cells nattée with FX (Figure 3.14). WT rFX
caused a significant ~14 fold increase comparettlis not treated with FX, whereas no
significant increase was observed when SP mutaKt was used at an equivalent

concentration to WT rFX (Figure 3.14) Thereforeggl results demonstrate that the
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residues within the FX HBPE are required for FX-me&etl Ad5 binding to the cell

surface.
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SP mutant rFX WT rEX

Figure 3.13. Role of the HBPE in the FX SP domain in Ad5 binding to HSPGs.

10,000 vp/cell of Alexa Fluor-488 fluorescently-labelled Ad5 (green) were allowed to bind
SKOV3 cells for 1 h at 4°C in the absence or presence of WT rFX or SP mutant rFX. Cells
were then stained with a pan-heparan sulphate antibody (clone 10E4) (red). Nuclei were
counterstained using DAPI. Images were captured on a confocal microscope using a 63x
objective, scale bar = 20 um, applicable to all panels.
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Figure 3.14. Role of the FX SP domain in Ad5 cell binding.

(A) Binding of 1000 vp/cell Ad5 to SKOV3 or (B) 1000 vp/cell Ad5KO1 to HepG2 cells for 1
h at 4°C in the absence or presence of positive control FX, WT rFX or SP mutant rFX was
analysed. Vector genomes were detected by quantitative SYBR green PCR. *p<0.05 as
compared to non-FX conditions as determined by one-way ANOVA and Dunnett’s
multiple comparison post-test. Error bars represent SEM (n = 4/group).
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3.2.10 The FX SP domain mutations inhibit FX-mediated Ad5 cell binding,
internalisation and cytosolic transport

To analyse the effects of FX mutagenesis on AdSboadling, internalisation and cytosolic
transport, cell trafficking assays using Alexa Ft488 fluorescently-labelled Ad5 were
performed in SKOV3 cells. Cells were exposed to AdlZhe absence or presence of
positive control FX, WT or SP mutant rFX for 1 h4C to allow binding to occur. The
cells were then either immediately washed in PB&faqed in 4% PFA or fixed after 1 h
at 37°C to allow Ad5 internalisation and trafficginmmunocytochemistry was carried out
using a pericentrin antibody to stain the MTOC. I€&lere counterstained using DAPI

nuclear stain. Images were captured using a cohifioiceoscope.

In the presence of positive control FX or WT rFXd%Abound the cell surface after 1 h at
4°C and after 1 h incubation at 37°C efficientlgfficked toward the nucleus where it
colocalised with the MTOC (Figure 3.15). Howeverhem the same experiment was
performed using the SP mutant rFX, Ad5 cell surfageding and trafficking to the
perinuclear region was significantly decreased feg3.15). Colocalisation of Ad5 with
the MTOC was quantified visually by assessing tbec@ntage of cells with Alexa Fluor-
488 fluorescently-labelled Ad5 and pericentrin tairgsng. The percentage of cells with
Ad5:MTOC colocalisation in the presence of SP mut&X conditions was significantly
reduced compared to positive control FX and WT rP¥5:MTOC colocalisation under
SP mutant conditions closely resembled conditionghie absence of FX. These data
demonstrate that mutating the seven amino acidhenFX SP domain inhibits FX-

mediated Ad5 cell binding, subsequent internalisasind cytosolic transport.
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Figure 3.15. Role of the FX HBPE in Ad5 cellular trafficking.

10,000 vp/cell of Alexa Fluor-488 fluorescently-labelled Ad5 (green) were allowed to bind
SKOV3 cells for 1 h at 4°C in the absence or presence of positive control FX, WT rFX or SP
mutant rFX. Cells were then incubated at 37°C for 0 or 60 min prior to fixation and
staining for the MTOC marker pericentrin (red). Nuclei were counterstained using DAPI.
Upper panel - colocalisation of fluorescently-labelled Ad5 particles with pericentrin is
indicated by the yellow arrow. Images were captured on a confocal microscope using a
63x objective, scale bar = 20 um, applicable to all panels.
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Figure 3.16. Role of the FX HBPE in Ad5 accumulation at the MTOC.

Percentage of cells with colocalisation of fluorescently-labelled Ad5 with the MTOC
marker pericentrin was calculated by analysing at least 5 separate 40x microscope fields
per experimental condition. *p<0.05 as compared to non-FX conditions as determined by
one-way ANOVA and Dunnett’s multiple comparison post-test. Error bars represent SEM

(n=5/group).
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3.2.11 The FX SP domain mutations decrease FX-mediated Ad5 transduction
compared to WT rFX

The mutations in the FX HBPE inhibit FX-mediated SAdell binding to HSPGs,
subsequent internalisation and cytosolic transfmthe nucleus. These data were further
confirmed by analysing expression of fhgalactosidase transgene following transduction
of B-galactosidase-expressing Ad5 in SKOV3 cells or @3 in HepG2 cells, either in
the absence and presence of heparin. Cells weubated with the vector in the absence or
presence of positive control FX, WT, SP mutant &l 100ug/ml soluble heparin for 3 h
at 37°C. Cells were then washed once, completearsattied and incubated at 37°C for a
further 45 h when transgene expression was analygsti WT rFX and positive control
FX mediated a significant increase in Ad transgexy@ession in the absence of heparin in
both cell types, whereas the SP mutant rFX resufteth significant change in transgene
expression compared to non-FX conditions in SKOY8lepG2 cells (Figure 3.17). In the
presence of heparin, positive control FX-mediategd aVT rFX-mediated Ad5
transduction was ablated, thereby confirming tlggiirement for HSPGs in this infectivity
pathway. There was also a significant decreasedi transduction under non-FX and SP
mutant conditions in the presence of heparin corth&w in its absence, in both cell types
(Figure 3.17). These data indicates the criticghantance of the HBPE in FX-mediated

Ad5 gene transfer, an effect mediated via HSPGs.
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Figure 3.17. Role of the FX HBPE in Ad5 gene transfer.

(A) SKOV3 were infected with 1000 vp/cell of Ad5 and (B) HepG2 cell were infected with
1000 vp/cell of Ad5KO1 in the absence or presence of positive control FX, WT rFX or SP
mutant rFX with or without 100 pg/ml soluble heparin. Ad5 transgene expression was
measured 48 h post-infection. *p<0.05 as compared to non-FX conditions, #p<0.05 as
compared to matched treatments (-FX, +FX, WT or SP mutant rFX) in the absence of
heparin, as determined by one-way ANOVA and Dunnett’s multiple comparison post-test.

Error bars represent SEM (n = 4/group).
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3.2.12 Effects of single and double amino acid mutations in the SP domain
on FX-mediated Ad5 gene transfer

The importance of individual basic residues in ¢ SP domain was dissected by
generating single and double mutations in the HBRt& double mutations were chosen
based on their proximity to one another in the 8Ran (Figure 3.18).

Figure 3.18. Ribbon diagram of the FX SP and EGF-2 domain.

Ribbon diagram of the FX SP domain (blue) and EGF-2 domain (red) highlighting the single
and double amino acids chosen for mutagenesis studies (1HCG; Accelrys Viewerlite
software (Padmanabhan et al., 1993)).

The single (R125A) and double mutant (R93A_K96A, 6BA K169A and
K236A R240A) FX plasmids were transiently transéelcinto 293T cells in the presence
of 5 pg/ml vitamin K. rFX was expressed into sertree media supplemented with 5
pg/ml vitamin K and conditioned media was conceattaising centricon centrifugal filter
devices. The yield of rFX protein gained from thensient transfection of the single and
double mutant FX encoding cDNAs was lower thanrff protein purified from the WT
or SP mutant stable cell lines (Table 3.3). Theeefexperiments involving single and
double FX mutants were carried out at a concentradi 10 ng/ml. Ad5 gene transfer in
the absence or presence of 10 ng/ml positive coR¥pWT rFX, SP mutant rFX, or rFX
with mutations R93A_K96A, R125A, R165A_K169A, K236R240A in SKOV3 cells
was assessefl-galactosidase transgene expression was quaiiddpost-infection. WT
rFX mediated a significant increase in Ad5 generesgion in SKOV3 cells compared to
Ad5 in the absence of FX (data normalised to noreBixditions) (Figure 3.19). In contrast
the SP mutant rFX resulted in no significant changep-galactosidase expression

compared to non-FX conditions. Analysis of Ad5 gaa@sfer in the presence of single or
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double FX point mutants revealed that mutationrRGBA KO6A, R125A, K236A_R240A
but not R165A_ K169A caused a significant reductiorAd5 transduction compared to
WT rFX (Figure 3.19). These results suggest thanhamacids residues within the HBPE
exhibit different levels of contribution in Ad5:Feomplex binding to HSPGs.

Table 3.3. Concentration of rFX protein.
The average concentrations of rFX containing single and double point mutations
produced by transient transfection in 293T cells.

FX mutant pg/mil

R93A_K96A 0.25
R125A 0.18
K236A_R240A 0.39
R165A_K169A 0.27

3.2.13 Role of HBPE on FX-mediated cell binding ex vivo

To confirm the importance of the HBPE we charastatithe effect of the SP mutaticxs
vivo by examining fluorescently-labelled Ad5 attachm@mimouse liver sections. gm
liver sections from MF-1 mice were incubated witlexa Fluor-488 fluorescently-labelled
Ad5 in the absence or presence of WT or SP muEattfer 1 h on ice followed by 1 h at
37°C. Sections were washed to remove unbound Miseesy and the nuclei stained using
DAPI. Sections were imaged using an Olympus Cellinhaging system. To quantify
adherent Alexa Fluor-488 fluorescently-labelled Aafticles, 40x magnification images
were captured and processed using ImageJ courtdftwiase. In the presence of WT rFX
there is a significant increase in the number ob Aitus particles associated with the
mouse liver slices (Figure 3.20). However, undem@Rant rFX conditions there was ~5-
fold less adherent Ad5 particles compared to WT mgoxditions (Figure 3.21). Ad5
binding to liver sections in the absence of FX elpsesembled the levels of binding in the
presence of SP mutant rFX. These results inditetethe residues in the HBPE of FX are

responsible for FX-mediated Ad5 binding to livectsgnsex vivo.
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Figure 3.19. Effect of single and double point HBPE mutations on Ad5 gene transfer.
SKOV3 cell were exposed to Ad5 alone or in the presence of 10 ng/ml WT rFX, SP mutant
rEX, rFX with mutations at R93A _K96A, R125A, R165A K169A, or K236A R240A for 3 h
and transgene expression was measured 48 h post-infection. *p<0.05 as compared to WT
rFX as determined by one-way ANOVA and Dunnett’s multiple comparison post-test.
Error bars represent SEM (n = 4/group).

117



Chapter 3 | Results

Ad5+WT rFEX

Ad5+SP mutant rFX

Figure 3.20. Effect of mutations on Ad5 binding to liver sections ex vivo.

Liver slices from MF-1 mice were incubated with PBS (negative control) or 2 x 10° vp of
Alexa Fluor-488 fluorescently-labelled Ad5 in the absence or presence of WT or SP mutant
rFX. Images captured at 40x magnification, scale bar = 50 um, applicable to all panels.
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Figure 3.21. Quantification of Ad5 binding to liver sections ex vivo

Attachment of Ad5 particles to liver slices were quantified using Imagel) counting
software. Data represents the average number of particles by analysing at least six
separate 40x microscope fields per experimental condition. *p<0.05 as compared to non-
FX conditions as determined by one-way ANOVA and Dunnett’s multiple comparison
post-test. Error bars represent SEM (n = 6/group).
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3.3 Discussion

This study investigated the precise mechanism biglwthe Ad5:FX complex interacts
with HSPGs by identifying the critical receptorardacting residues in the FX SP domain.
Site-directed mutagenesis of residues Arg-93, L§sArg-125, Arg-165, Lys-169, Lys-
236 and Arg-240 was carried out in order to asiessontribution of these residues in
Ad5:FX binding to the cell surface. Previous stedmave employed similar mutagenesis
technigues to investigate the involvement of themeen basic residues of FX for binding
specific ligands (Monteircet al., 2008; Monteiroet al., 2005; Rezaie, 2000). It was
determined that unlike FXa in which the same ressdare readily accessible by heparin,
these amino acids in FX consist of a HBPE (Monteiral., 2008; Monteircet al., 2005;
Nogamiet al., 2004). To note, this is similar to that reportedthe heparin binding site
(also known as thrombin-anion binding exosite 2fhrombin and the partially exposed
thrombin-anion binding exosite 1 in prothrombinaegsuggesting a precursor state in the
zymogen (Liuet al., 1991; Sheehagt al., 1994).

In order to test the effects of the mutated HBREsty the recombinant protein was
produced by WT or SP mutant FX plasmid transfectito HEK 293T cells. Prior to
purification the rFX protein was at concentratioasging from 0.1lug/ml to 0.4ug/ml
after 4-5 days. These yields are relatively low pared to other studies in which
concentrations of up to fog/ml after 24 h were achieved (Camateal., 2000; Rudolptet

al., 1997). The biosynthesis of FX is a complex preceas/olving extensive co- and post-
translational modifications including glycosylatjoprcarboxylation andg-hydroxylation.
These involve the removal of the signal sequelneeptopeptide and the internal tripeptide
and the addition of N- and O- linked oligosacchesido the heavy chain. The 11 glutamic
acid residues in the Gla domain undefgcarboxylation by the vitamin-K dependeyt
glutamyl carboxylase located in the endoplasmiacuim, a process directed by the
propeptide. In addition, the EGF-1 domain containsspartic acid (Asp63) which is post-
translationally modified t@-hydroxyaspartic acid (McMulledat al., 1983).

Next, the rFX protein was purified and validatetieTprotein was immunoaffinity purified
using the calcium-dependent 4G3 mouse monoclon#baaly coupled to a sepharose
column. SPR, Coomassie gel and western blot asalysnfirmed the generation of
purified rFX protein of the correct molecular weidb9 kDa), similar to the FX positive
control (Furieet al., 1988). Production of FX in HEK cells and purificen using a

calcium-dependent monoclonal antibody has prewobslen shown to have functional

120



Chapter 3 | Results

properties almost indistinguishable to plasma pdifFX (Rudolphet al., 1997).
Therefore, this expression system is useful fodpeing FX variants to correlate structure
and function. In order to test the functionalitytbé rFX, amidolytic activity assays were
carried out. There was no difference in the amitlolgctivity of the SP mutant relative to
WT rEX. This suggests the mutagenesis of the HB&#dues did not alter tissue factor
and FVlla activation and therefore did not effeug tcatalytic pocket of FXa, as is in
concordance with previous studies (Rezaie, 2000)relation to this, Parkeet al.
demonstrated that zymogen activation to FXa isregtired for the FX-mediated increase
in Ad5 gene transfer (Parketral., 2006).

It was necessary to ascertain whether the mutatiotiee FX SP domain caused any effect
on the FX Gla domain binding to the Ad5 hexon. SPRlysis indicated that the WT or SP
mutant rFX bound to hexon in a calcium-dependentmag suggesting the mutations did
not hinder the direct interaction with the virusurdlan FX has previously been reported to
bind to Ad5 in the presence of calcium and readibgociate upon the addition of EDTA
(Parkeret al., 2006; Waddingtort al., 2008). As both WT and SP mutant rFX bound to
the hexon and there was no significant differemcthe binding response units, these data
also indirectly suggest the glutamic acid residakshe Gla domain were efficienthy

carboxylated, a process necessary for calcium-akgmerinding.

In recent years the Ad5:FX pathway has been thesfad several studies, accumulating
data on the effects of FX on Ad5 binding and geamaadfer (Kalyuzhniyet al., 2008;
Parkeret al., 2006; Waddingtoret al., 2008). It has been well documented that Ad5:FX
complex binding to the cell surface of hepatocysamediated by HSPGs (Bradshatnal .,
2010; Parkeet al., 2006; Waddingtoret al., 2008). In addition, several other pathogens
also exploit HSPGs as primary attachment receftonsifectionin vivo, including human
papilloma virus (Johnsoe al., 2009), herpes simplex virus (Shuldaal., 1999), human
immunodeficiency virus-1 (Endressal., 2008) and adeno-associated virus (Summerford
et al., 1998). Moreover, FIX but not FX has been demastt to efficiently mediate
binding of Ad18 and Ad31, to HSPGs (Jonssbml., 2009; Lenmaret al., 2011). FIX
binds to the hexon protein of species A Ad18 an@JAdut not Ad12 to enhance cell
surface binding and gene transfer (Lennetnal., 2011). Therefore, using confocal
microscopy the interaction of fluorescently-labéllad5 with HSPGs when complexed
with WT or the SP mutant rFX was assessed. As ¢é@pec the presence of WT rFX there
were an abundance of viral particles at the ceflfase which colocalised with HSPGs
(Bradshawet al., 2010; Parkeet al., 2006), whilst in the presence of SP mutant rF¢eh
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was no colocalisation, closely resembling condgionthe absence of FX. This qualitative
report was further confirmed by qPCR, showing anificant decrease in Ad5 cellular

binding in the presence of SP mutant compared to NWX. These data support the
previously demonstrated function of HSPGs in Ackatiion, and indicates the inability of

SP mutant rFX to mediate binding to these celltdaeptors, thereby supporting a role for
the HBPE in bridging the Ad5:FX interaction to el surface.

Subsequently, the effects of FX mutagenesis on Aelb binding, internalisation and
cytosolic transport in cell trafficking assays wearealysed. In the presence of human FX,
Ad5 has been shown to bind to the cell surfacermatise and efficiently traffic toward the
nucleus, reaching the MTOC by as early as 15 mihtgnl h approximately 90% of cells
had viral particles colocalised with the MTOC (Bshdw et al., 2010). In this study,
fluorescently-labelled Ad5 in the presence of pesitontrol FX or WT rEX efficiently
trafficked toward the nucleus, with > 80% Ad5:MTQ@@Glocalisation by 1 h, whereas in
the absence of FX or the presence of the SP muthisurface binding and cytosolic

trafficking was abolished.

Several studies have employed heparin to demoestha role of HSPGs as primary
attachment receptors, which is structurally vemyiksir to heparin sulphate (HS) side
chains but displays higher general sulfation aretetfore acts as a competitive inhibitor
(Bradshawet al., 2010; Lenmaret al., 2011). In addition, heparinase which cleaves HS
side chains has been used to inhibit HS-mediatesd @itachment (Boylet al., 2006;
Bradshawet al., 2010; Lenmaret al., 2011; O'Donnelkt al., 2009). In the present study
the ability of the rFX proteins to enhance Ad5 gamasfer in the absence and presence of
soluble heparin was investigated. In agreement piigvious data, Ad5 transduction was
enhanced in the presence of control FX in SKOV3 HepG2 cells (Albaet al., 2009;
Parkeret al., 2006; Waddingtoret al., 2008). In contrast, the SP mutant rFX caused no
significant increase in gene transfer comparedamditions in the absence of FX. FX-
mediated Ad5 gene transfer was ablated in the pcesef soluble heparin, as in agreement
with previous work (Bradshaet al., 2010). There was also a significant decreaseime g
transfer under non-FX and SP mutant conditiongh@&npresence of heparin versus in its
absence. Earlier work by Dechecehil. has demonstrated a role for HSPGs for Ad5 and
Ad2 in non-FX-mediated cellular binding (Dechecehal., 2001; Dechecclet al., 2000).
This was initially thought to be due to an inter@agctwith aq;KKTK ¢4 motif in the Ad fiber
shaft, but later found that mutation of this matitead hinders efficient intracellular
trafficking (Kritz et al., 2007).
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It should be pointed out that whilst previous ségdnave demonstrated a very low affinity
for FX to interact with heparin due to the precurstate of heparin binding residues,
heparin efficiently blocked Ad5:FX mediated transtion (Bradshavet al., 2010; Nogami

et al., 2004). This may simply be due to the inaccessimf the HSPGs in the presence of
heparin. However, heparin possesses a very simsiitacture to HSPGs, the attachment
receptors for Ad5:FX complexes, thus perhaps irtigaa conformational change in the
catalytic domain of FX upon binding to Ad5 whichpeses the HBPE. Currently this is

solely a hypothesis but may warrant additional stigation.

In order to further dissect the interaction, thieak of single and double point mutations
in the FX HBPE on Ad5 transduction vitro were assessed. The double point mutations
R93A_K96A, R125A, R165A_K169A and K236A_R240A wecbosen due to their
relative positions in the FX construct and orietain the 3D model of the human FX SP
domain. As mentioned previously rFX yields were lllowing plasmid transfections.
Due to time restraints, stable cell lines produdimgse rFX derivatives were not generated.
The ability of FX to enhance Ad5 gene transfer @ioentrations below physiological
levels was shown in this study as well as otheessk@t et al., 2006; Zais=t al., 2011).
Therefore, we tested the effects of the four rFXtants R93A _K96A, R125A,
R165A K169A and K236A_R240A at a concentration @ing/ml for effects on Ad5 gene
transfer in SKOV3 cells. As before, the SP mutdfX showed significantly lowered
levels of Ad5 gene transfer compared to WT rFEX. m¥¥h mutations at positions 93 and
93 as well as positions 125, 236 and 240 showagh&isant decrease in Ad5 transduction
compared to WT rFX. This indicates that the ressdAeg-93, Lys-96, Arg-125, Lys-236
and Arg-240 but not Arg-165 and Lys-169 play a famental role in Ad5:FX binding to
the cell surface. Of interest, four of these resglArg-93, Arg-125, Lys-236 and Arg-240
were bound by both NAPc2 and Ixolaris, which effedy blocked Ad5 binding and
transductionin vitro andin vivo (Monteiroet al., 2008; Monteircet al., 2005; Murakameét

al., 2007; Waddingtoret al., 2008). In addition future studies investigatiig troles of
Arg-93, Lys-96, Arg-125, Lys-236 and Arg-240 usingividually mutated FX constructs
could further evaluate the contribution of eachtloése amino acid residues in this

interaction.

To investigate whether the role of the HBPE in FXemated Ad5 infection translates to a
more physiological setting, a previously establishex vivo liver model was used
(Bradshawet al., 2010). Attachment of fluorescently-labelled Ad&rcles to mouse liver
sections was significantly increased in the preseidNT rFX. This result is in agreement
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with previously published data (Bradsha&twal., 2010). However in the presence of SP
mutant rFX, Ad5 binding to mouse livers was not amded, thereby indicating that
residues in this HBPE have a critical role in FXelia¢ed Ad5 cellular bindingx vivo.
Due to time constraints and the low yields of FXodarced,in vivo analysis of the
involvement of the FX HBPE in Ad5 hepatic gene sfen was not performed. Ideally, if
sufficient quantities were available, L@/ml of the WT or mutated rFX proteins would be
injected into warfarin-treated mice 30 min prior ttee injection of Ad5. At 48 h post-
administration the levels of Ad5 gene transfer wlobk assessed to investigate if the
HBPE mutations in FX abrogated FX-mediated livangductionn vivo.

A number of studies suggesting methods to impréeproduction involve cotransfection
of certain intracellular processing enzymes requia efficient biosynthesis (Camiet
al., 2000; Drewset al., 1995; Preiningeret al., 1999). FX requires efficient post-
translational endoproteolytic processing for praaurcof the mature FX protein. One such
approach aimed at achieving full propeptide cleaviagm recombinant vVWF involves co-
expression of the endoprotease furin with vVWF iin€se hamster ovarian cells (Dreets
al., 1995; Plaimaueet al., 2001; Preiningekt al., 1999). This may be another viable
approach to enhancing rFX protein production.

Previous studies have shown the ability of phygjmal concentrations of FIX, FVII and
protein C to enhance Ad5 transductiomvitro, however only FX was demonstrated to
fully restore Ad hepatic gene transfer in warfarated mice (Parkeet al., 2006;
Waddingtonet al., 2008). Sequence comparisons revealed that then segidues within
the HBPE of FX were not conserved across the otltamin K-dependent coagulation
factors (Figure 3.22). When FX is compared to FWAIX or protein C six of the seven
residues in the serine proteases differ. This nmty differences in binding to HSPGs
vivo could be due to the lack of a conserved HBPEdtht®n, human FX demonstrated a
greater ability to mediate Ad5 hepatic gene transfenice compared to murine FX (Zaiss
et al.,, 2011). The sequence alignment of human and murkKelemonstrates the four
residues in the HBPE, R165, K169, K236 and R248,canserved (Figure 3.23). The
remaining three residues are charge conservedAfigeLys or Lys-Arg) thus maintaining
positive charge. Analysis of heparin-sepharoseibgof Ad5 suggested that human FX
complexed with Ad5 has a greater affinity for HSPGan Ad5:murine FX, which may
contribute in differences in their ability to enleanAd5 transduction botim vitro andin
vivo (Zaisset al., 2011)
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Understanding the precise infectivity pathways al5Ais important to its successful
development and optimisation as a clinical generafe vector. This study has
concentrated on gaining a greater knowledge of nieehanism of Ad5:FX complex
engagement with the cell surface. In this study, HRPE mutant constructs were
generated and functional rFX produced in order tt@lys the importance of the seven
proexosite residues for Ad5:FX binding to HSPGsRS#alysis of recombinant protein
demonstrated that the SP mutations had no effeEXespecific binding to the Ad5 hexon,
however FX-mediated binding and transduction was ablatetth o vitro and ex vivo.
Taken together, this study uncovers the HBPE te lemfundamental involvement in FX-
mediated Ad5 complex engagement with HSPGs atutiace of target cells and broadens

the knowledge of a keiy vivo tropism determining pathway.
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Figure 3.22. Sequence alignments of human FX, FVII, FIX and protein C.
Sequences for the SP domains of human FX, FVII, FIX and protein C were obtained for the
Swiss-Prot database. Arrows point to the residues within the HBPE of human FX.
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Figure 3.23. Sequence alignments of human FX and murine FX.
Human and murine FX sequences were obtained for the Swiss-Prot database and
annotated using CLC Protein Workbench 5. Arrows point to the amino acid residues

within the HBPE of human FX.

126



Chapter 4

Assessing the effects of a panel of small
molecule inhibitors of cellular kinases on
FX-mediated Ad5 transduction



Chapter 4 | Results

4.1 Introduction

A great deal of research has been devoted to igatisig the early stages of Ad5 cell entry
and infection, the majority of which is based ardtine uptake of Ad5 via the classical
vitro pathway, initiated by the virus docking to CAR (Belsonet al., 1997). The
activation of surface receptors initiates multipieus-induced cell signaling pathways,
host cell responses to incoming virus particles anal uncoating events (Burckharekt

al., 2011; Farmeet al., 2009; Grebeet al., 1993; Liet al., 1998a; Nakanet al., 2000).
Whilst CAR-mediated Ad5 infectivity has been exiealy studied, the post-binding
events governing FX-mediated Ad5 intracellular si@ort and gene expression have not

been fully characterised.

In vitro, following engagement of the Ad5 fiber knob witiAR, the cytoplasmic domain
of CAR activates p44/42 MAPK, which in turn prom®t€AR clustering at the plasma
membrane (Farmeat al., 2009). When cells were preincubated with a MEK ibhibitor,
integrin activation and CAR-induced cell adhesianovf3 ligands were prevented,
indicating a secondary role for p44/42 MAPK in grie localisation (Farmest al., 2009).
Binding of the pentameric penton base to integeweptors also promotes integrin
clustering which in turn initiates signalling cadea involving kinases such as PI3K and
protein kinase A (PKA) (Liet al., 1998b; Suomalainest al., 2001). Pharmacological
inhibition of PI3K, using the compounds wortmannar LY293002 inhibit Ad5
internalisation and gene transfer, indicating @guirement for efficient Ad5 infection (Li
et al., 1998b). Recent work also demonstrates the almfitgAR to mediate clustering of
JAML and recruit PI3K (Verdinat al., 2010). A further study utilised pharmacological
agents to inhibit PKA activity or the p38MAPK inliilr SB203580, which disrupted
cytoplasmic motility and prevented effective nucle@argeting of incoming Ad5
(Suomalaineret al., 2001). Inhibition of protein kinase C has als@mehown to affect
membrane trafficking of Ad5 by preventing viral ape from endosomes (Nakaetoal .,
2000). It is clear that intracellular signalling lecules play an important role in virus
internalisation, actin cytoskeleton polymerisatiand microtubule-dependent motility
during Ad5 infectivity and thereby act as importamgulators of early virus-host
interactions (Liet al., 1998b; Nakanet al., 2000; Suomalainest al., 2001).

Initial engagement of Ad5 particles to cellular eptors elicits viral motion along the
plasma membrane, three types of which exist; diftugnotions, drifting motions, and
confinement (Burckhardét al., 2011). Studies by Wodricat al. and Burckhardet al.
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demonstrated that viral uncoating is initiated ts tell surface, caused by the drifting
motions mediated by CAR combined with the immobifgegrins confining such
movement (Burckhardidt al., 2011; Wodrichet al., 2010). This dual action results in the
shedding of viral fibers as well as exposing protél, an internal Ad capsid protein that
possesses membrane lytic activity (Burckhatdal., 2011). A study by Bradshaw al.
demonstrated a requirement for an intact pentore BRR&D motif for optimal post-
attachment cell entry via the FX pathway, thus gating the interaction with cellular
integrins as co-receptors for internalisation tsireed (Bradshavet al., 2010). However,
the involvement of integrins in Ad capsid disassnand signalling in the FX pathway

requires further investigation.

Following CAR and integrin receptor engagement tedinitial stages of viral uncoating,
virus endocytosis takes place, primarily via thenfation of clathrin coated vesicles
regulated by adaptor protein complex 2 and the G&Rynamin (Figure 4.1) (Boucret
al., 2010; Vargaet al., 1991; Wanget al., 1998). Subsequently, the low pH of the
endosomes acts as a trigger for further viral deably and membrane penetration
(Greberet al., 1993), contributed to by the activation of PKCdathe viral protease
(Medina-Kauwe, 2003). In the endosomes the lytatdia protein VI, remains partially
associated with the viral capsid as Ad travels tawdhe nucleus (Wodric#t al., 2010).
Rabb is a regulator of clathrin-mediated endocgta$iAd5 and vesicle fusion with early
endosomes (Raumet al., 1999). Bradshavet al. demonstrated colocalisation of Ad5
particles with the early endosomal markers Rab5 ted Rab5 effector protein early
endosome antigen 1 (EEA1) 15 min post-infectiodofeing incubation with FX in
SKOV3 cells (Bradshawet al., 2010), indicative of a correlation between theRCand
FX-mediated intracellular pathways. Lysis of thel@omes leads to viral escape and the
cytosolic Ad5 is then engaged in bidirectional ratabule-based transport (Suomalainen
et al., 1999). The minus ends of microtubules are locatethe perinuclear area, while
plus ends extend toward the cell periphery. AdSrasmsported along the microtubule
cytoskeleton in a minus-ended directed movemenatdsvthe MTOC, as a result of Ad5
hexon directly binding to dynein intermediate amghti chains (Bremneet al., 2009;
Kelkar et al., 2004; Suomalainemt al., 1999). FX-mediated Ad5 cell transport also
appears to follow a similar pattern of traffickingith accumulation of viral particles at the
MTOC by 60 min post-infection (Bradshaawal., 2010). When the virus dissembles from
the microtubules it reaches the nuclear pore cam{MéeC) (Grebeget al., 1997). At this
point the Ad genome disengages from the capsidugir attachment to nuclear histone 1
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binds to the CAN/Nup214 receptor, and the viral DMAImported intdhe nucleus
(Trotmanet al., 2001) (Figure 4.1).

Understanding the precise mechanism of viral MT@Igase and transport to the nuclear
pores has been at the centre of several investigatilt has been suggested that this
process may occur due to a switch in motor protemasn dynein- to kinesin-mediated
transport (Henafét al., 2011). A recent study by Struneeal. demonstrated that kinesin-
1, which directs viral particles towards the plusl @f microtubules disrupted Ad capsids
bound to the NPC and the NPC itself, thereby retgasapsid fragments in the cytoplasm
and increasing nuclear envelope permeability, thositating nuclear import of viral DNA
(Strunzeet al., 2011). Other studies have implicated a criticak rfor protein VI in
efficient nuclear targeting. Protein VI encodesralipe rich PPxY motif (where x can be
any amino acid) which recruits ubiquitin ligaseedd4.1 and Nedd4.2, and mutation of
this motif does not affect capsid morphology, mesnlerpenetration and endosomal escape
but the virus particles are defective in microt@dépendent trafficking and genome
delivery to the nucleus (Wodricd al., 2010). As with several steps of early Ad infeatio
these processes may not be mutually exclusive dilihaohort to result in efficient gene

transfer.

It is evident that over the years an abundanceatd ias accumulated based on CAR-
mediated Ad5 cell entry, signalling and intracelutransport. Whilst recent studies have
shown similarities in intracellular trafficking folwing engagement of Ad5:FX to cellular
HSPGs, whether there is general overlap between @sfsid uncoating, intracellular
transport and signalling via both pathways requftether elucidation. Thus, gaining a
greater understanding of the early stages of Adéciion via FX bridging the virus to
HSPGs is an important step in improving the knogéaf this pathway. The present
study employs a series of pharmacological intereasin vitro to investigate cellular and

signalling events occurring during FX-mediated Aifgction.
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Figure 4.1. Ad5 infectivity pathway.

In vitro Ad5 uses CAR as its primary attachment receptor, this promotes binding of the
penton base RGD motif to avp integrins. This then triggers clathrin-mediated endocytosis
and partial virus disassembly. Ad5 enters the low pH endosomes, pVI is released and the
endosomes are lysed. Cytosolic Ad5 binds dynein and is transported along microtubles
towards the MTOC. The virus docks to the nuclear pore complex receptor CAN/Nup214
and the viral DNA is imported into the nucleus for subsequent transcription and
replication.
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4.2 Results

4.2.1 Role for PKA, PI3K and p38MAPK in FX-mediated Ad5 intracellular
transport

The effect of kinase inhibitors that have previguséen reported to affect cell entry and
intracellular transport of Ad via the CAR pathwayerne analysed for effects on FX-
mediated Ad5 cellular trafficking (Let al., 1998b; Suomalainest al., 2001). Human
adenocarcinomic alveolar basal epithelial A549sc&lkere preincubated with the PKA
inhibitor H89 dihydrochloride (40 uM), the PI3K iitor LY 294002 hydrochloride (100
uM) or the p38 MAPK inhibitor SB 203580 (10 uM). lSewere then were exposed to
Ad5 in the presence of FX and the kinase inhibiforsl h at 4°C to allow for cellular
binding, followed by 3 h at 37°C, providing sufficit time for virus internalisation and
transport to the MTOC. Using confocal microscopg #ffects of each of the kinase
inhibitors on FX-mediated Ad5 cytosolic transpodswisually assessed. By 180 min Ad5
trafficking to the MTOC was disrupted in the preseif all inhibitors. Unlike the control
conditions, in the presence of the compounds theswlid not colocalise in a punctuate
spot at the MTOC, but instead formed a diffuse guattaround the perinuclear region.
When colocalisation of Ad5 with the MTOC was qufaetl it was found to be
significantly reduced in the presence of FX by caimation with PKA, PI3K or p38
MAPK inhibitors (Figure 4.2). This suggests a regmient for these kinases for efficient

Ad5 intracellular trafficking via FX-mediated AdBfection.

4.2.2 Screening a library of kinase inhibitors for effects on FX-mediated
Ad5 gene transfer

A collection of 80 different kinase inhibitors wenavestigated for their affects on FX-
mediated Ad5 transduction in SKOV3 cells (Table)4.The Tocris Kinase Inhibitor
Toolbox library was a kind gift from Dr. Jo Mounttb (University of Glasgow) who
obtained the set from Tocris Bioscience. The |pnaas designed to selectively target a
diverse range of cellular kinases. SKOV3 cells egpivery low levels of CAR (Kirdt al.,
2002) and therefore allow for a more specific inigagion of the Ad5:FX pathway. All
kinase inhibitors were screened at the same do26 pM for the first 3 h, followed by 10
MM for the remainder of the assay. This shift intna@entrations was primarily to
accommodate experimental design. Of the 80 kinaebitors tested, 23 caused a
significant reduction in FX-mediated Ad5 transdantiand exhibited no significant

difference compared to levels of Ad5 transductionnion-FX control conditions, as
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assessed bf-galactosidase expression at 48 h post-infectiah subsequent statistical
analysis (Figure 4.3). These consisted of a widegeaof divergent kinase inhibitors
including; IkB kinases, protein kinase C, TGRype | receptor activin receptor-like
kinases, epidermal growth factor receptor, rho-$&apleen tyrosine kinase, checkpoint
kinases, cyclin-dependent kinases, met kinase, gentoactivated protein kinase, Akt
kinase, glycogen synthase kinase 3 and c-Jun N#alrkinases. However, as the same
dose of each inhibitor was applied to the cellspynaf the described inhibitors were found
to cause substantial cytotoxicity as visually asseds therefore were excluded from
additional analysis. ER-27319 is an inhibitor ofegm tyrosine kinase (Syk) (Moriyaal.,
1997). This compound significantly reduced FX-mestiaAd5 transduction (Figure 4.3).
When quantified, this inhibitor caused approximat8b% decrease in cell viability
compared to untreated control conditions after adiation with cells for 48 h (Figure
4.4). Syk has not previously been described inticglato Ad5 infection, therefore this
inhibitor was chosen for further studies as it kbxt Ad5:FX gene transfer with a

minimally toxic effect.
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Figure 4.2. Ad5 transport in the presence of PKA, PI3K and p38MAPK inhibitors.

(A) A549 cells were incubated with PKA, P13K or p38MAPK inhibitors for 30 min at 37°C
then 10,000 vp/cell of Alexa Fluor-488-labelled Ad5 (green) in the presence of FX and the
different kinase inhibitors were allowed to bind cells for 1 h at 4°C, followed by
incubation at 37°C for 3 h prior to fixation and staining for pericentrin (red). Examples of
colocalisation of Ad5 with pericentrin are indicated by the yellow arrows. Scale bar = 20
um, applicable to all images. (B) % cells with colocalisation of Ad5 with the MTOC marker
pericentrin was calculated by analysing at least 5 separate 40x microscope fields per
condition. *p<0.05 as compared to control conditions as determined by one-way ANOVA
and Dunnett’s multiple comparison post-test. Error bars represent SEM (n = 5/group).
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Figure 4.3. Effect of kinase inhibitors on FX-mediated Ad5 gene transfer.

SKOV3 cells were incubated with 20 uM of each kinase inhibitor for 30 min at 37°C, washed, then incubated with 100 pul serum free media with 1000
vp/cell Ad5 in the absence or presence of FX and 20 uM kinase inhibitor for 3 h at 37°C, followed by the addition of 100 ul media containing 20% serum
and further incubation at 37°C. Ad5 transgene expression was quantified 48 h post-infection. Kinase inhibitors are listed in Table 4.1 *p<0.05 as
compared to plus FX conditions and not significantly greater than minus FX conditions, as determined by one-way ANOVA and Bonferroni’s multiple
comparison post-test. Error bars represent SEM (n = 4/group).
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Table 4.1. Kinase inhibitor library.
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List of the 80 kinase inhibitors from the Tocriscreen™ Kinase Inhibitor Toolbox’.

No. Compound Name Main target
1 AG 490 EGFR
2 ML 9 hydrochloride MLCK
3 AG 213 EGFR and PDGFR
4 Fasudil hydrochloride CDK and ROCK
5 GF 109203X PKC
6 Genistein EGFR
7 LY 294002 hydrochloride PI3K
8 uo126 MEK
9 PD 98059 MEK
10 | Y-27632 dihydrochloride p160ROCK
11 | SB 202190 p38 MAPK
12 Olomoucine CDK
13 LFM-A13 BTK
14 | ZM 336372 c-Raf
15 | ZM 449829 JAK3
16 | ZM 39923 hydrochloride JAK3
17 | GW 5074 c-Rafl
18 PP1 Src
19 | SB 203580 hydrochloride p38MAPK
20 (-)- Terreic acid BTK
21 PP 2 Src
22 [ SU4312 VEGFR
23 | SP 600125 JNK
24 Purvalanol A CDK
25 Purvalanol B CDK
26 Rottlerin PKC
27 | SB 431542 TGF-BRI ALK5
28 | SB216763 GSK-3
29 | SB 415286 GSK-3
30 Arctigenin IkBa
31 NSC 693868 CDK, GSK-3
32 | SB 239063 p38 MAPK
33 | SL327 MEK1 and MEK2
34 Ro 31-8220 mesylate Broad spectrum
35 | Aminopurvalanol A CDK
36 | API-2 Akt
37 GW 441756 NGF receptor tyrosine kinase A
(TrkA)
38 | GW 583340 dihydrochloride EGFR
39 Ro 08-2750 NGF
40 | TBB CK2
41 1,2,3,4,5,6-Hexabromocyclohexane JAK2
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42 HA 1100 hydrochloride ROCK

43 BIBX 1382 dihydrochloride EGFR

44 | CGP 53353 PKC

45 | Arcyriaflavin A CDK4/cyclin D1
46 | ZM 447439 Aurora B

47 ER-27319 Syk

48 ZM 323881 hydrochloride VEGFR-2/KDR
49 | ZM 306416 hydrochloride VEGFR

50 |[IKK16 IKK

51 Ki 8751 VEGFR

52 10-DEBC hydrochloride Akt/PKB

53 | TPCA-1 IKK

54 | SB 218078 ChK1

55 | TCS 359 FLT3R

56 | PD 198306 MEK

57 Ryuvidine CDK 4

58 | IMD 0354 IKK

59 | CGK 733 ATR, ATM
60 | PHA 665752 CMET

61 PD 407824 ChK1, Weel
62 LY 364947 TGF-BRI

63 | CGP 57380 MAPK

64 | PQ401 IGF1R

65 Pl 828 PI3K

66 | NU 7026 DNA-PK

67 D 4476 CK1 and TGF-BRI ALK5
68 | EO 1428 p38MAPK
69 H 89 dihydrochloride PKA

70 | FPA 124 Akt

71 | GW 843682X PLK

72 Iressa EGFR

73 | SU5416 VEGFR

74 1-Naphthyl PP1 Src

75 Dorsomorphin dihydrochloride AMPK

76 | BIO GSK-3

77 | SD 208 TGF-BRI

78 Compound 401 DNA-PK

79 | BI78D3 cJNK

80 |SC514 IKK

Abbreviations: epidermal growth factor receptor (EGFR), myosin light chain kinase
(MLCK), platelet-derived growth factor receptor (PDGFR), cyclic nucleotide-dependent
protein kinase (CDK), rho-associated protein kinase (ROCK), protein kinase C (PKC),

mitogen-activated protein

kinase kinase (MAPK),

mitogen-activated protein

kinase/extracellular signal-regulated kinase kinase (MEK), rho-associated kinase
(ROCK), Bruton's tyrosine kinase (BTK), Janus tyrosine kinase 3 (JAK3), c-Jun N-
terminal kinase (JNK), transforming growth factor-p type | receptor (TGFBR1) activin
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receptor-like kinase (ALK), glycogen synthase kinase-3 (GSK-3), nerve growth factor
(NGF), casein kinase-2 (CK2), IkB kinase (IKK), checkpoint kinase 1 (ChK1), polo-like
kinase (PLK), vascular endothelial growth factor (VEGF), FMS-like tyrosine kinase 3
receptor (FLT3), insulin-like growth factor receptor (IGF1R), DNA-dependent protein
kinase (DNA-PK).
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Figure 4.4. Effect of ER-27319 on cell viability after 48 h.

SKOV3 cells were infected with 1000 vp/cell of Ad5 in the presence of FX and 20 uM
ER-27319 for 3 h, followed by 10 uM ER-27319 for a further 45 h, when a MTT assay
was performed. *p<0.05 as compared to Ad5+FX treated cells as determined by one-
way ANOVA and Dunnett’s multiple comparison post-test. Error bars represent SEM (n

=4/group).
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4.2.3 Effect of ER-27319 on FX-mediated Ad5 cell attachment and
intracellular transport

The effect of ER-27319 on FX-mediated Ad5 cell @itaent and intracellular
trafficking was investigated. Firstly, Ad5 binding SKOV3 cells was assessed. The
compound resulted in no significant difference @flidar binding compared to control
conditions in the absence or presence of FX ingigait acts at a post-entry level
(Figure 4.5). Next, A549 and SKOV3 cells were inatga with 20, 50 or 100M ER-
27319 and fluorescently labelled-Ad5 in the preseat FX for 1 h at 4°C and then
fixed after 15 min, 60 min or 180 min at 37°C. lotfb A549 and SKOV3 cells, virus
binding to the cell surface and subsequent inteyaiddn were not decreased in the
presence of ER-27319, as assessed visually (Hg@rand Figure 4.7). In the presence
of FX control conditions, Ad5 trafficked efficiegttoward the nucleus. By 60 min Ad5
was found to be colocalised with the MTOC, as swifior using the pericentrin
marker. This is in contrast to cells incubated vialR-27319, in which Ad5 trafficking
was observed to be substantially disrupted (Figu& and Figure 4.7). This was
evident at all doses of ER-27319 but the effect masle more prominent as the dose
was increased. In the presence of the kinase tohithe virus did travel toward the
nucleus, however it accumulated within the perieaclregion and did not form
punctuate colocalised spots with the MTOC stairtiog more diffusely around the
nucleus. At 180 min, the pattern of Ad5 in the pree of ER-27319 remained
dissimilar to control conditions, with the virushibited from fully colocalising with the
MTOC and preventing efficient trafficking. The pentage of cells where complete
MTOC:virus colocalisation did occur were quantifiadd the number of cells was
found to be significantly decreased in the preserfcER-27319 demonstrating the
ability of this compound to disrupt Ad5 intraceultransport compared to controls
(Figure 4.8). Coincubation of cells with ER-2731&sulted in no displacement or
abnormal staining of the MTOC as shown by immunodyemistry experiments
staining with an antibody against pericentrin. Gantcations of up to 100 uM ER-
27319 have been usadvitro in previous publications (Moriyet al., 1997). However,
to ensure the effects on intracellular transposeoted in this assay were not as a result
of ER-27319 induced toxicity, we assessed the &ffet such concentrations on cell
viability at the 180 min time point. ER-27319 didve a negligible effect on cell
viability at the higher concentration, however tdid not reach statistical significance
(Figure 4.9).
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Figure 4.5. Effect of ER-27319 on Ad5 binding to SKOV3 cells.

SKOV3 cells were preincubated with 20 uM ER-27319 for 30 min prior to the addition
of 5000 vp/cell of Alexa488-labelled Ad5 in the absence or presence of FX.
Fluorescently labelled Ad5 binding to cells was quantified by FACS analysis. NS = non
significant, p>0.05 as compared to matched control conditions as determined by one-
way ANOVA and Dunnett’s multiple comparison post-test. Error bars represent SEM (n
=4).
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Figure 4.6. Effect of ER-27319 on FX-mediated Ad5 trafficking in A549 cells.

Cells were incubated with ER-27319 for 30 min at 37°C then 10,000 vp/cell of Alexa488-labelled Ad5 (green) in the presence of FX and ER-27319 were
added for 1 h at 4°C, followed by incubation at 37°C for 1 h or 3 h prior to staining for pericentrin (red). Examples of fluorescently-labelled Ad5
colocalisation with pericentrin are indicated by yellow arrows. 63x magnification, scale bar = 20 um, applicable to all images.
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Figure 4.7. Effect of ER-27319 on FX-mediated Ad5 trafficking in SKOV3 cells.
Cells were incubated with ER-27319 for 30 min at 37°C then 10,000 vp/cell of Alexa555-labelled Ad5 (green) in the presence of FX and ER-27319 were

added for 1 h at 4°C, followed by incubation at 37°C for 1 h or 3 h prior to staining for pericentrin (red). 63x magnification, scale bar = 20 um, applicable
to all images.
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Figure 4.8. Effect of ER-27319 on Ad5 colocalisation with the MTOC.

The percentage of SKOV3 cells with complete colocalisation of Ad5 with pericentrin
was calculated by analysing at least 5 separate 40x microscope fields per experimental
condition. *p<0.05 as compared to control conditions at the individual time points as
determined by one-way ANOVA and Dunnett’s multiple comparison post-test. Error
bars represent SEM (n =5).
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Figure 4.9. Effect of ER-27319 on cell viability after 4 h.
Cells were incubated with 20 uM, 50 uM or 100 uM ER-27319 for 4 h and a cell
viability MTT assay was performed. Error bars represent SEM (n = 4).
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4.2.4 Effect of the Syk inhibitor BAY 61-3606 on FX-mediated Ad5
infectivity

To investigate whether the inhibition of Ad5:FX getransfer caused by ER-27319
was as a result of the compound blocking Syk agtitihe effects of an alternative Syk
inhibitor, BAY 61-3606 (2-[7-(3,4-dimethoxyphenyhidazo[1,2-c]pyrimidin-5-
ylamino]-nicotinamide dihydrochloride), on FX-metid Ad5 infectivity were
analysed. The mechanisms of action of both compouliffier (Moriyaet al., 1997,
Yamamotoet al., 2003). ER-27319 is reported to inhibit the tynesphosphorylation
of Syk induced by the IgE receptor,sF@ceptor | (FERI) in mast cells but not in
human peripheral B cells, whilst the more poterd highly selective inhibitor BAY
61-3606 prevents Syk activity in an ATP competitilenner in mast cells and
basophils and shows efficacy in monocytes and ephiis (Moriya et al., 1997;
Yamamoto et al., 2003). Therefore, fluorescently labelled-Ad5 lngd and
intracellular transport in the presence of FX andreasing doses of BAY 61-3606
were assessed in SKOV3 cells using confocal miomgcAd5 cellular binding and
trafficking to the nucleus in the presence of thi@bitor did not differ to Ad5 plus FX
control conditions (Figure 4.10). Next, the effeétBAY 61-3606 on FX-mediated
Ad5 transduction in SKOV3 cells was analysed. Thvess no significant difference in
Ad5 gene transfer in the absence or presence dfitiase inhibitor, hence BAY 61-
3606 did not affect FX-mediated Ad5 infectivity ¢are 4.11).

4.2.5 Syk gene and protein expression

Syk expression at the gene and protein level was arealysed in SKOV3 and A549
cells. In these experiments human colorectal adeoomma SW620 cells were
employed as a positive control as previous stute® shown them to have high levels
of Syk (Leroyet al., 2009). First, relative expression of Syk was siygated by qRT-
PCR performed on cDNA derived from the three cgtles. gRT-PCR demonstrated
high levels of Syk expression in positive contrtV&0 cells, whereas the presence of
Syk in SKOV3 and A549 was undetectable (Figure ¥.¥2estern blot analysis was
performed to assess the expression of the Sykiprnot&wW620, SKOV3 and A549 cell
lysates. In concordance with the qRT-PCR results 8gs detected in SW620 cells,
whilst both SKOV3 and A549 cell lysates were negatior Syk protein expression
(Figure 4.12).
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Figure 4.10. Effect of BAY 61-3606 on FX-mediated Ad5 intracellular transport.
SKOV3 cells were incubated with BAY 61-3606 for 30 min at 37°C, washed, then
10,000 vp/cell of Alexa488-labelled Ad5 (green) in the presence of FX with BAY 61-
3606 were allowed to bind cells for 1 h at 4°C, followed by incubation at 37°C for 0, 60
or 180 min prior to fixation. 63x magnification, scale bar = 20 um, applicable to all
images.
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Figure 4.11. Effect of BAY 61-3606 on FX-mediated Ad5 transduction.
SKOV3 cells were incubated BAY 61-3606 for 30 min at 37°C, washed, then incubated
with 1000 vp/cell Ad5 -/+ FX and BAY 61-3606 for 3 h at 37°C. Ad5 transgene
expression was quantified 48 h post-infection. Error bars represent SEM (n = 4).
*p<0.05 as compared to plus FX conditions, as determined by one-way ANOVA and
Dunnett’s multiple comparison post-test. NS = non significant, p>0.05.
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Figure 4.12. Syk kinase expression in SW620, A549 and SKOV3 cells.

(A) RNA was extracted from SW620, A549 and SKOV3 cells and converted to cDNA.
gRT-PCR was performed on the samples to detect Syk. Error bars represent SEM (n =
4). (B) SW620, A549 and SKOV3 cell lysates were subjected to western
immunoblotting and detection with an anti-Syk antibody. 70 ug of each protein
sample was loaded onto a 10% gel and Syk was probed with 2 pug/ml of the primary
mouse monoclonal anti-Syk antibody and a rabbit anti-mouse HRP secondary antibody
(1:1000 dilution).
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4.2.6 Mechanism of action of ER-27319

Through personal correspondence with Dr. Juan Riy®ational Institute of Health,
Bethesda, Maryland, USA) additional informationtbe mechanism of action of ER-
27319 was obtained. Dr. Juan Rivera was an aufitbe@aper entitled “ER-27319, an
acridone-related compound, inhibits release ofgantinduced allergic mediators from
mast cells by selective inhibition of &ceceptor I-mediated activation of Syk”. From
this communication it was noted that ER-27319 doet bind directly to Syk or
interfere with the Syk ATP binding site. The compduselectively binds to the
immunoreceptor tyrosine-based activation motif (MAof the FeERI gamma subunit
in mast cells and does not directly interfere V@8itk activity (Figure 4.13). This ITAM
is encoded for by the consensus amino acid seqUBME®-X-x-Y-Xx-X-(L/1)-(Xn=6-9)-Y-
x-x-(L/1) in which x can represent any amino acs&kKOV3 and A549 cells are reported
to be negative for FERI expression, as documented on the NCI-60 database
(http://dtp.nci.nih.gov/docs/misc/common_files/célit.html).
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Figure 4.13. Mechanism of action of ER-27319 in mast cells.

Antigen-induced receptor dimerisation of the Fc receptor leads to phosphorylation of
the receptors' ITAMs by Src-family protein tyrosine kinases (for example, Lyn, Lck and
Fyn). Phosphorylated ITAMs act as a membrane docking site for cytoplasmic Syk. ER-
27319 binds to the ITAMs of the FceRl gamma subunit, thereby blocking the Syk
binding site and preventing Syk from becoming activated.
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4.2.7 ITAM-containing viral proteins

It was postulated that ER-27319 may be bindingncakernative ITAM-containing
protein present in these cells or on Ad5 itself #rateby disrupting viral intracellular
transport. Previous studies have reported ITAMsresged in several viral proteins
including the mouse mammary tumour virus (MMTYV) elope protein (Env) (Katet
al., 2005), the Kaposi’'s sarcoma-associated herpes(itf8HV) K1 protein (Leet al.,
1998), the Epstein barr virus (EBV) latent membraraein 2A (LMP2A) (Fruehling
et al., 1997), the Simian Immunodeficiency Virus (SIV)gaéve regulatory factor
protein (Dehghaniet al., 2002), the Bovine leukemia virus (BLV) gp30 piote
Hantaan virus G1 (Mowt al., 2007) as well as several others. Therefore huAdhn
subgroup C protein sequences were analysed use@gwissProt database for the
presence of conventional ITAM sequences and “ITAk1 motifs with different
numbers of residues (n) between the two Y-x-x-l/hduwles. Sequence scanning of the
Ad2 and Ad5 proteomes were preformed in search mih@ acids encoding for
potential ITAMs. Two ITAM-like sequences were fouad the hexon protein (Figure
4.14 and Table 4.3). Although previous work hascdesd flexibility in the ITAM
encoding sequence, neither of the potential AdS5MEAstrictly followed that reported
for FceRl gamma subunit, instead of the of the eatienal 7 amino acid residues
between the two Y-x-x-I/L modules as in FceRl gamrtige hexon ITAM-like

sequences expressed 17 or 22 amino acids (Tabénd.Bigure 4.14).
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Table 4.2. ITAM containing viral proteins.

Viral proteins encoding ITAM sequences. The canonical ITAM residues are highlighted
in red.

Virus protein Amino acid sequence Reference
MMTV Env AYDYAAIIVKRPPYVLL (Katz et al., 2005)
EBV LMP2A HSDYQPLGTQDQSLYLGL (Fruehling et al., 1997)
BLV gp30 DSDYQALLPSAPEIYSHLSPTKPDYINL | (Reichert et al., 2001)
SIV Nef GDLYERLLRARGETYGRL (Dehghani et al., 2002)
Hantavirus-G1 GCYRTLGVFRYKSRCYVGL (Humphrey et al., 2005)
(NY1)
Rhadinovirus R1 HNEYNHLNELNMIEQYDWL (Damania et al., 1999)

Table 4.3. Searching the Ad proteome for ITAMs.
The Ad5 proteome was scanned using the SwissProt database for the presence of

ITAM sequences (Yxx(L/1)x,Yxx(L/I). The canonical ITAM residues are highlighted in
blue.

Hexon QWSYMHISGQDASEYLSPGLVQFARATETYFSL

Hexon ASTYFDIRGVLDRGPTFKPYSGTAYNAL 17
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(A)

Figure 4.14. Ad5 hexon ITAMs.

(A) Ribbon diagram of an individual Ad5 hexon monomer (green) highlighting the
positions of the four Yxx(L/I) amino acids motifs (blue and red). (B) Ribbon diagram of
the Ad5 hexon trimer (monomers in green, cyan and pink) highlighting the relative
positions of the ITAM-like motifs (blue and red). These images were generated using
POLYVIEW-3D (http://polyview.cchmc.org/polyview3d.html) (Porollo et al., 2007).
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4.2.8 ITAM containing cellular proteins

By performing literature searches the presenceTé&M amino acid sequences in
cellular proteins were investigated. These are ridest in Table 4.4. The NCI-60
database was employed to investigate the possikpgesgsion of these ITAM-
containing cellular proteins in SKOV3 and A549 selis these cell types were used to
define the original phenotypic effects. The prase@zrin, radixin and moesin (ERM)
were highlighted as the most likely ITAM-containipgotein candidates to be present
in SKOV3 and A549 cells, thus this ERM family obpgins were investigated further.

Table 4.4. ITAM-containing cellular proteins.
Proteins encoding ITAM sequences. Canonical ITAM residues are highlighted in red.

Protein Amino acid sequence Reference

CD3y DQLYQPLKDREDDQYSHL (Haks et al., 2002)
CD36 DQVYQPLRDRDDAQYSHL (Dave et al., 1997)
CD3e NPDYEPIRKGQRDLYSGL (Sommers et al., 2000)
CD3tz-1 NQLYNELNLGRREEYDVL (Yudushkin et al., 2010)
CD3¢-2 EGLYNELQKDKMAEAYSEI (Lysechko et al., 2005)
CD3¢-3 DGLYQGLSTATKDTYDAL (Gil et al., 2001)

FceRIB DRVYEELNIYSATYSEL (Furumoto et al., 2004)
FceRly DGVYTGLSTRNQETYETL (Sakurai et al., 2004)
DAP12 ESPYQELQGQRSDVYSDL (Lanier et al., 2000)

lga ENLYEGLNLDDCSMYEDI (Kraus et al., 2001)

IgB DHTYEGLDIDQTATYEDI (Gazumyan et al., 2006)
Merlin EMEYLKIAQDLEMYGVNYFAI (Barrow et al., 2006)
Ezrin MLEYLKIAQDLEMYGINYFEI (Rozsnyay et al., 1996)
Radixin MMEYLKIAQDLEMYGVNYFEI (Urzainqui et al., 2002)
Moesin VLEYLKIAQDLEMYGVNYFSI (Urzainqui et al., 2002)
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4.2.9 Ezrin, radixin and moesin gene expression

ERM proteins are important regulators of the celitex, capable of interacting with
both the plasma membrane and filamentous actinu(€ig.15). Furthermore, these
proteins can control signalling pathways througéirtiability to bind transmembrane
receptors and link them to downstream signallingngonents (Dransfielet al., 1997;
Ruppeltet al., 2007; Tanget al., 2007). Ezrin, radixin and moesin gene expression
SKOV3 and A549 cells was therefore assessed. Esipresvas investigated by qRT-
PCR performed on cDNA, derived from the both cglies. All three members of the
ERM family were present in both SKOV3 and A549 gFigure 4.16). Moesin
showed the highest levels of expression, in pderdn SKOV3 cells. Ezrin was found
to be more highly expressed in SKOV3 cells than 3&4vhilst radixin was expressed
in lower quantities in both cell types. Next ERMof@in expression was assessed by
western blot analysis. ERM proteins were expresséide protein level in both SKOV3
and A549 cells (Figure 4.17).

Receptor
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Dimer/Oligomer
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Figure 4.15. Schematic of ERM activation.

In the active conformation, the N-terminal domain of ERM proteins (red) binds to the
C-terminal actin-binding domain (green). The oa-helical domain is in orange.
Phosphatidylinositol 4,5 bis-phosphate (PIP2) binding to the N-terminal and
phosphorylation of the C-terminal induces and stabilises the unfolded active
conformation, allowing the N-terminal domain to bind transmembrane receptors and
the actin-binding domain to interact with actin filaments. This figure was adapted
from lIvetic et al. (Ivetic et al., 2004).
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4.2.10 Effects of ER-27319 on ERM protein expression

The effects of ER-27319 on viral intracellular fieging and the expression of ezrin,
radixin and moesin were investigated. SKOV3 ceksanincubated with ER-27319 and
fluorescently labelled-Ad5 in the presence of FX Toh at 4°C and then fixed after O
min or 180 min at 37°C and stained using antibodgainst ezrin, radixin or moesin.
IgG controls for all antibodies were negative fospecific staining. At the 0 min time
point there was no specific colocalisation of Adiivthe ERM proteins (Figure 4.18).
As previously shown, the compound severely disidigt@5 intracellular trafficking by
180 min. The compound did not cause any obviouereifices in the expression or
localisation of the ERM proteins compared to cdntronditions (Figure 4.18).
However the staining of all three proteins was alalg with differences in their
expression even within the untreated control comakt at the different time points,
making it difficult to draw a clear conclusion, hever under these conditions no gross

difference was observed.
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Figure 4.16. ERM gene expression in A549 and SKOV3 cells.

RNA was extracted from A549 and SKOV3 cells and converted to cDNA. gRT-PCR was
performed on the samples to detect ezrin, radixin and moesin expression. Error bars
represent SEM (n = 4).
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Figure 4.17. Ezrin, radixin and moesin protein expression in SKOV3 cells.

SKOV3 cell lysates were subjected to western immunoblotting and detection with an
anti-ezrin, anti-radixin or anti-moesin antibody. Lanes represent replicate SKOV3 cell
lysate samples. 50 pg of each protein sample was loaded onto a 10% gel and probed
with either the primary rabbit polyclonal antibody anti-ezrin (1:750 dilution), the
rabbit monoclonal anti-radixin (1:1000 dilution) or the rabbit monoclonal anti-moesin
(1:2500 dilution) and a swine anti-rabbit HRP secondary antibody (1:1000 dilution).

156



(A)

Ezrin

180 minutes
Untreated Ad5+FX & ¥
B e 5.

Ad5+EX+20uM.

Ad5+FX+1000M

Ad5,

Figure 4.18. Effect of ER-27319 on ERM proteins expression and FX-mediated Ad5
cellular trafficking.

SKOV3 cells were incubated with media alone, 20 uM or 100 uM ER-27319 for 30 min at
37°C then 10,000 vp/cell of Alexa Fluor-555-labelled Ad5 (red) in the presence of FX with
20 uM or 100 um ER-27319 were allowed to bind cells for 1 h at 4°C, followed by
incubation at 37°C for 3 h prior to fixation. Cells were stained using (A) 1:200 dilution of a
polyclonal rabbit anti-ezrin antibody (green), (B) 1:200 dilution of a monoclonal rabbit
anti-radixin antibody (green) or (C) 1:200 dilution of a monoclonal anti-moesin (green)
antibody. Nuclei were counterstained using DAPI.
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4.3 Discussion

Among the first consequences of viral binding tbutar receptors is the activation of key
intracellular signalling pathways. This study wased at investigating the involvement of
a broad range of kinases and cellular proteingvoiig Ad5:FX engagement with HSPGs,
by employing small molecule inhibitors to decipldependencies on individual signalling
molecules. The study was also designed to devettipiAfectivity screening technologies

prior to the initiation of Chapter 5.

Initially compound inhibitors of PKA, PI3K and p39\PK were tested for their effects on
Ad5 intracellular transport in the presence of HXese kinases have previously been
reported to have a critical role in Ad5 traffickirand nuclear targeting via the CAR
pathway (Liet al., 1998b; Suomalaineet al., 2001). In previous experiments, cells were
preincubated with the kinase inhibitors at 37°C 36r min and drugs were kept present
throughout virus binding, internalisation and geleéivery (Li et al., 1998b; Suomalainen
et al., 2001), therefore this experiment was designed similar manner using the same
concentrations i.e. 40M of the PKA inhibitor H89 dihydrochloride, 1Q@M of the PI3K
inhibitor LY 294002 hydrochloride or 1QM of the p38MAPK inhibitor SB 203580.
Coincubation of cells with the compounds in thespreee of Ad5 and FX disrupted
efficient viral intracellular transport as demoastd by the decreased levels of MTOC
colocalisation by 3 h post-infection compared tatoal conditions. In the presence of the
PI3K or p38MAPK inhibitors MTOC colocalisation wasduced by greater than 40%,
whilst in the presence of the PKA inhibitor by abh@0%, indicating a critical role for
these kinases in efficient Ad5 nuclear targeting thie FX pathway (Suomalainehal.,
2001). In addition to the study by Bradshetval., reporting a important role for the penton
base RGD motif for optimal cell entry in the preserof FX, these data suggest overlap
with classicain vitro CAR-mediated infection mechanisms (Bradslehal., 2010).

Next, a broad library of kinase inhibitors (n = 8®re screened to evaluate any having an
affect on Ad5 gene transfer in the presence of RXSKOV3 cells. Similarly to the
previous experiment, cells were preincubated whth inhibitors for 30 min prior to the
addition of virus. However in this case, as the hanof compounds to be tested was quite
large, all compounds were used at the same dosavArage concentration of ~10 uM
was recommended by the manufacturer for severdleo€ompounds, therefore cells were
first incubated with Ad5 in the presence of FX &@duM compound in 100 pl serum free
media for 3 h, followed by the addition of 100 pedia containing 20% serum, thus giving
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a final concentration of 10 uM compound in 10% sefar the remainder of the assay. At
these concentrations several compounds previoushcribed as important for Ad5
infection were not highlighted as having a role kiX-mediated Ad5 gene transfer
including inhibitors of MEK (e.g. U0126) (Farmet al., 2009), PI3K (e.g. LY 294002
hydrochloride or PD98059) (Liet al., 1998b) and p38MAPK (e.g.SB 203580
hydrochloride) (Suomalaineret al., 2001). This could be due to differences in
experimental design, for instance other studiesehased higher concentrations of
compound (> 20 uM), investigated earlier stageAds infection and more subtle effects
of kinase inhibition using confocal or electron romcopy (Farmeret al., 2009;
Suomalaineret al., 2001). This was highlighted by the fact that mststudy at higher
concentrations H89 dihydrochloride and LY 294002 roghloride resulted in inefficient
viral trafficking toward the nucleus by 3 h, howewa lower concentrations did not
significantly decrease Ad5 gene transfer at 484t pdection. However, it cannot be ruled
out that kinases known to be activated followingoAiinding to CAR are not the same as
those involved in Ad5:FX engagement with HSPGgearhaps there are subtle differences
between the pathways. On the other hand, someeahthbitors used in this screen were
employed at concentrations above their previousported IGy values and in turn may
have resulted in non-specific effects and causéxtantial cytotoxicity thereby making
full interpretation of their effects on FX-mediatdd5 gene transfer difficult. For example
the highly potent MEK inhibitor PD 198306 has ansg@alue of 8 nM, whilst at
concentrations above 1 uM can decrease ERK, ce8ks and PI3K activity (Ciruelet
al., 2003). The cdk4 inhibitor Ryuvidine, has ornsd®@alue of 6 uM for cdk4 in a range of
cancer cell lines but has also been reported te bgiotoxic potential (Ryet al., 2000).
Therefore, the inhibitor chosen for further studgswhe synthetic compound ER-27319 as
this resulted in > 90% decrease in FX-mediated gelte transfer, whilst causing minimal

toxicity.

ER-27319 was previously reported to selectivelybitSyk activity (Moriyaet al., 1997).
Syk is a 72 kDa, non-receptor tyrosine kinase thats as a key mediator of
immunoreceptor signalling. This cytoplasmic proteisn expressed prevalently in
haematopoietic cells but is also found in a widage of non-haematopoietic cells
including fibroblasts (Yamadet al., 2001), oesteoclasts (Mocstial., 2004), hepatocytes
(Tsuchidaet al., 2000), endothelial (Yanagt al., 2001), neuron-like cells (Tsujimue

al., 2001) and epithelial cells (Ulanoehal., 2005) suggesting Syk has a broad range of
functions in multiple biologic processes beyond tmenune system. Syk is classically

activated via ITAMs, present either in the cytopi&s tail of the receptor itself or on
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receptor-associated transmembrane adaptors (FA®. In addition, Syk has been
reported to be activated through G-protein-coupkszkptors (Waret al., 1996) and by
integrins which do not contain conventional ITAMst linstead employ ITAM-containing
adaptor proteins such as DAP12 or fr¢Rlocsaiet al., 2006). Previously an involvement
of Syk kinase in relation to Ad5 infectivity hastnioeen described. Therefore, it was
decided that investigation into a role for Syk wbude of interest and ER-27319 was

chosen for additional experimentation.
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Figure 4.19. Spleen tyrosine kinase.
(A) Syk domain structure (B) Schematic of the Syk signalling pathway. Figure taken from
Mocsai et al. 2010 (Mdcsai et al., 2010).
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In the kinase screen experiment, ER-27319 wasdedta concentration of 3(M for the
first three and a half hours, followed by 181 for the remainder of the assay. These doses
were similar to those used in a previonwitro study in which ER-27319 was reported to
have an IG, value of 10uM for inhibition of Syk in human and rat mast cellMoriya et

al., 1997). Although 48 h coincubation with this corapd did result in a decrease in cell
viability, this was not thought to be the primaeason for the significant reduction in FX-
mediated Ad5 transduction in SKOV3 cells. Consetlyem order to analyse the effects
of the compound after shorter incubations and ftifiects on the early stages to Ad5
infection, intracellular transport of fluorescentipelled Ad5 in the presence of FX was
investigated. When cells were incubated with insirea doses of ER-27319 in the
presence of Ad5 and FX, intracellular traffickingasv substantially disrupted. The
compound prevented efficient colocalisation witle thiTOC by 180 min as assessed
visually and quantitatively, therefore in contr&stAd5 plus FX control conditions. For
Ad5 to reach the nucleus a series to sequentipk siee required including endocytosis,
partial capsid disassembly, endosomal escape, wmimrie based transport to the MTOC
and nuclear import. This inhibitor appeared to eaaipost-entry block in viral infectivity
and had an effect at the later stages of traffgkinindering MTOC accumulation. It
appeared as though the virus was trapped in amaliee cellular compartment in a
perinuclear region and at 180 min in SKOV3 cells s particularly evident. This data
demonstrates the ability of the ER-27319 to preedfitient Ad5 intracellular transport

and infection in the presence of FX.

In order to investigate the effects of ER-27319 Amb infectivity it was important to
understand the compounds mode of action. In a guevstudy ER-27319 is reported to
selectively inhibit the tyrosine phosphorylatiordaactivation of Syk induced by the 4Rl
receptor in mast cells (Moriyat al., 1997). Syk is characterised by a C-terminal lenas
domain, two N-terminal Src homology (SH2) domaimsl awo intervening domains, A
and B (Figure 4.19). The tandem SH2 domains bindigbosphorylated ITAMs (D/E)-x-
X-Y-X-X-(L/1)-(X n=6-9)-Y-X-X-(L/1) of the cytoplasmic region of receptorThe tyrosines
embedded within this motif are necessary and seafftdor ITAM signalling. This triggers
Syk activation and initiates downstream signallihg.the study by Moriyaet al. the
compound prevented the phosphorylation of Syk ieduay the phosphorylated ITAM of
the FeRI y subunit (Moriyaet al., 1997). ER-27319 was described as specific for &8yk
at concentrations up to 10M it had no effect ZAP-70, another member of th& &ynily

or the downstream target PLy@-in Jurkat T cells (Lavet al., 1996; Moriyaet al., 1997).

The compound did not affect the activity of Lyn &&®, a Src family member, which is
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responsible for the phosphorylation ofeR¢ receptorp andy subunits leading to Syk

binding, indicating it was not preventing recegtbosphorylation (Moriya&t al., 1997).

In order to further analyse the effects of usingyk inhibitor on Ad5 intracellular
transport and gene transfer, an alternative kinak@itor BAY 61-3606 was utilised.
BAY 61-3606 is reported to be a potent and speaffigbitor of Syk acting in an ATP-
competitive manner (Yamamodb al., 2003). It has an I§gvalue of 10 nM in mast cells
and demonstrated greater than 626-fold selectoxrgr other tyrosine kinases such as Lyn
and Src (Yamamotet al., 2003). It also has been shown to be effectivalibiting the
release of various inflammatory mediators in bagspB cells and monocytes (Yamamoto
et al., 2003). Therefore although both inhibitors areorégd to decrease Syk activity it is
evident the mechanism by which BAY 61-3606 act$edif from that of ER-27319. This
compound was employed to investigate whether it lvoaffect FX-mediated Ad5
infectivity. In this study, the coincubation of SKQ cells with increasing doses of BAY
61-3606 did not affect Ad5 intracellular traffickiror FX-mediated Ad5 gene transfer at
48 h post-infection. This data suggests that EREQ#Bay not be disrupting FX-mediated

infectivity via an effect directly related to Syktevity.

To investigate this, the expression levels of Sy&ur cells were investigated by gRT-PCR
and western blot analysis. Syk has previously t&®mvn to be present on a range of non-
haematopoietic cell lineages including human margneguithelial cells (Ruschedt al.,
2004) and several types of airway epithelial c8llanovaet al., 2005). However, gRT-
PCR and western blotting of SKOV3 and A549 cellsested no detectable Syk gene or
protein expression. This is in agreement with presistudies (Ulanovat al., 2005).

Therefore it was confirmed that ER-27319 was nastg its effects via Syk inhibition.

In order to find out additional information on tipeecise mechanism of action of ER-
27319 the authors of the PNAS publication entitl&R-27319, an acridone-related
compound, inhibits release of antigen-induced gibermediators from mast cells by
selective inhibition of Fc receptor I-mediated activation of Syk” were cotgdc The
compound does not bind directly to Syk but instbawls to the ITAM of the Rl
gamma subunit, thereby preventing the interactietavben the Syk SH2 domains and the
doubly phosphorylated ITAMs. In the study by Morgtal. the compound did not prevent
activation of Syk via binding to phosphorylatedp IgTAMs, therefore implying a
specificity in the interaction between ER-27319 ahd ITAM of the FeRlI gamma

subunit. However, Syk possesses high structurzibiléy and can recognise a variety of

163



Chapter 4 | Results

phosphorylated ITAMs that vary both in sequence enthe length of the intervening
amino acids between the SH2 binding motifs (Tabd¢ &Kumararet al., 2003). In a study
by de Molet al., the seven amino acids between the phosphorytitt] binding motifs
YETL and YTGL of the FeRI gamma chain ITAM were replaced by a non-peptidic
flexible and a rigid propynylbenzoy linker of siiillength (de Mokt al., 2005). Both
ligands exhibited comparable affinities for Sykrétgy indicating that the spacer region
between the two phosphotyrosines do not contridotebinding. Therefore it was
hypothesised that ER-27319 may also bind to additioT AM-containing proteins other
than that of the FRRlI gamma subunit. This hypothesis was developeal aur model

system.

Several viral ITAM signalling domains have beenvwasly described. These are, in
general, thought to enhance viral pathogenesisteyfering with normal antigen receptor
signalling. A study reported the presence of anNTIsignalling domain encoded within
the B-retrovirus MMTV env gene which can associate with Syk and participatesrus-
induced mammary tumours (Kagzal., 2005; Rost al., 2006). Mutation of this ITAM
prevented the induction of tumours and alteredepast of oncogenic activation (Kagét
al., 2005; Rosst al., 2006). In addition, the K1 protein of KSHV comtgsian ITAM
sequence capable of binding to SH2 domain conigipnoteins (Leeet al., 1998). The
EBV LMP2A also possesses an ITAM to which Syk cardi{Fruehlinget al., 1997) and
regulates downstream PI3K/Akt pathway signallingvé8 et al., 2000). Several other
viruses including rhadinovirus, bovine leukaemieusj Hantaan virus and African horse
sickness virus contain ITAM domains. Therefore, doethe variety of viruses which
express functional ITAMs, the possible presenca obnventional ITAM sequence or the
“less stringent” ITAM-like sequence, Y-X-X-(L/1)-(N-Y-X-X-(L/1), on the Ad5 capsid
proteome was investigated. Two ITAM-like sequengese identified on the hexon
protein. However, neither QWMHISGQDASEYLSPGLVQFARATEYFS. or
ASTYFDIRGVLDRGPTFKPYSGTA/NAL conformed to the canonical ITAM sequence,
having variation in the spacing between the Y-XBEX) motifs. However, the possibility
of a direct interaction between ER-27319 and th& éabsid could be further investigated
using SPR. This could be performed by coating edve&asensor chip with Ad5 and passing

20 uM ER-27319 over the chip to assess potential bgndin

Rather than ER-27319 binding to a virus ITAM it wasstulated that it could be binding to
a cellular ITAM-containing protein and thereby disting efficient FX-mediated Ad5
trafficking. The previously reported cellular prioie possessing an ITAM domain are
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listed in Table 4.4. The majority of these are inmoneceptors and transmembrane adaptor
molecules but several more ubiquitously expresseddellular proteins are also included.
Employing the NCI-60 database
(http://dtp.nci.nih.gov/docs/misc/common_files/céft.ntml) as a tool to scan for the
presence of ITAM-containing proteins in SKOV3 an84A cells, it was found that the
ezrin, radixin and moesin were the most likely ddatks to be expressed in both cell
types. The ERM family of proteins act as reguldtess-linkers” between the plasma
membrane and the cortical actin cytoskeleton. Theyse from gene duplication in
vertebrates and their structures are closely mlateaturing a N-terminal membrane
binding domain of approximately 300 amino acidswnas FERM (Four point one Ezrin,
Radixin, Moesin) and a C-terminal domain containiagmajor F-actin binding site
(Funayamaet al., 1991; Garyet al., 1995; Gouldet al., 1989; Lanket al., 1991). ERMs
have widely distributed expression pattermsvivo, ezrin is most highly enriched on the
apical side of polarised epithelial cells, whilatlixin is abundant in the liver and moesin is
predominantly found in endothelial cells but iscafgesent in a subset of epithelial cells
(Amieva et al., 1994; Berrymaret al., 1993). Of note, ezrin and moesin can bind to
heparin and the ezrin N-terminal domain can linkdgcan-2, a HSPG, to the actin
cytoskeleton (Granés al., 2003; Lanket al., 1988; Lankest al., 1991). Previous work
has demonstrated the expression of all three ERi¥ejmrs in a range of cultured epithelial
and fibroblastic cells (Hayaslt al., 1999; Maedaet al., 1999). In this study gRT-PCR
and western blot analysis confirmed the presencezah, radixin and moesin in both
SKOV3 and A549 cells. Both moesin and ezrin hawenlreported to directly interact with
Syk in an ITAM dependent manner and mediate sigmgalby the leukocyte adhesion
receptor P-selectin glycoprotein ligand 1 (Urzaingiwal., 2002). Therefore this family of
ITAM-containing proteins were investigated as pta&ntargets for ER-27319 induced
effects on Ad5 infectivity.

It is of interest that in the recent publication Bgrmeret al. the authors speculate that
p44/42 MAPK does not exert its effects on the slibleg localisation of integrins through
a direct interaction but perhaps instead via ara@aflular integrin activation protein such
as talin, a protein which mediates integrin inside-signalling by direct binding of its
FERM domain to the cytoplasmic tail of integrinsa{@erwoodet al., 2002; Farmeet al.,
2009). However, currently this is only a hypothesisl requires additional study. Radixin
also demonstrates integrin activation activity,nigecapable of binding to integrinf:,
thereby enhancing its adhesive activity (Tahgl., 2007).
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We investigated whether ER-271319 in the absenpeesence of Ad5 plus FX could alter
the cellular distribution of ERM expression. Intcued epithelial cells ERMs are reported
to be expressed both in the cytoplasm and at then@d membrane where they are
localised to actin rich regions such as microvilliffling membranes, cell-cell borders and
cleavage furrows (Hayashat al., 1999). ERMs can exist in an inactive or active
conformation (Gargt al., 1995). Binding to the membrane lipid phosphatitgitol 4,5-
biphosphate (PHp results in the phosphorylation of a conserve@dhme in the actin
binding site and localisation of ERMs to actin-ricfembrane extensions (Barmttal.,
2000; Hayashet al., 1999). This also involves the small GTP-bindimgtein Rho (Matsui

et al., 1998). In addition, ERM proteins are reportedot phosphorylated on tyrosine
residuesin vivo (Thuillier et al., 1994). Conversely, dephosphorlyation leads tar the
translocation to the cytoplasm (Fiewttal., 2004). It was hypothesised that as ERMs play
a role in the regulation of the plasma membranmsigleton and signalling cascades, they
may have a role in the early stages of Ad5 infectieurthermore, it was postulated that
ER-27319 could interfere with the efficient actieat of ERMs, disrupting their function
in virus infected cells. Unfortunately, from immuwytochemistry results analysing the
distribution of ezrin, radixin and moesin in SKO¥8lIIs it was difficult to draw a clear
conclusion as to whether ERM expression is alt@ndtie presence of Ad5 or ER-27319
compared to untreated control conditions. Thersuisstantial variation in the expression
of all three proteins in untreated cells at théedént time points. For example with regards
to ezrin staining at 0 min in control cells, thepeession is evenly distributed throughout
the cytoplasm, whereas at 180 min it is more comatd around the nuclei. These
disparities made it almost impossible to dissecy anbtle changes which may be

occurring.

For immunocytochemisty and confocal experimentfis agere fixed in 4% PFA for 15
min and permebilised in 0.1% Tween20 for 10 mimpto staining for the ERM markers.
Ideally this would immobilise the antigens, whildill retaining authentic cellular and
subcellular architecture and permitting the antibodhindered access. However it may be
that these conditions were too severe. Alterndikation methods were investigated. In a
study by Hayahiet al. several fixatives were assessed for there abibtyinactivate
enzymes such as phosphatases without strong cHenodification and the effects on the
distribution of C-terminally phosphorylated ERMs reeanalysed (Hayaslat al., 1999).
The fixatives included 1% or 4% PFA, ethanol/acetanethanol and trichloroacetic acid
(TCA). The antibody used specifically recognisete@ninally phosphorylated ERMs but
not non-phosphorylated ERM proteins. This antibodyd not produce any
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immunofluorescence signals in PFA-treated cells anly gave rise to signals in TCA
fixed cells indicating a sensitivity of these piateto fixation methods (Hayaskt al.,

1999). It would be of interest in future work to gioy this TCA method of fixation and
analyse ERM distribution in SKOV3 and A549 cells alddition, to specifically look at the
role of ERM protein function in Ad5 infectivity, RNA silencing or chemical inhibiton of

these proteins would be attractive options.

Finally, taking a different approach to investiggtithe mechanism of action of ER-27319
the compounds structure was assessed. This isthesiyic, acridone-related compound
(Moriya et al., 1997). Acridone (18-acridin-9-onejs a tricyclic ring, having nitrogen at
10" position and ketone group &t Position (Figure 4.20). It's derivatives have poesly
been reported to possess antiviral activity agdmsh RNA and DNA viruses including
Semliki forest, coxsackie B, Western equine encid)aherpes simplex, Epstein barr,
pseudorabies, dengue viruses and cytomegalovirkanitapichatt al., 2000; Itoigawaet

al., 2003; Krameret al.,, 1976; Lowdenet al., 2003). Several different targets and
metabolic points have been suggested as potengdlators of these effects. Acridone-
related compounds are reported as acting on nigdsoby intercalating viral DNA and
RNA strands (Stankiewicbrogon et al., 2010; Stankiewicz-Drogoet al., 2008), as DNA
topoisomerase Il inhibitors (Goodedl al., 2006) and as inducers of interferon (Stogch
al., 1986). Moreover, a study by Zarubasal. demonstrated a direct antiviral effect of
10-carboxymethyl-9-acridanone (cycloferon) aga&d® in HepG2 cells (Zarubaex al.,
2003). Treatment with the drug significantly reduicke yield of infectious virug vitro
and affected the structure of intranuclear virusedr inclusions. The authors suggest the
ability of the drug to suppress the late stageth@fadenoviral cycle, late DNA replication
and/or packaging into virions during viral assem{@grubaewet al., 2003). Many of the
potential modes of action for these compounds appeanvolve post-nuclear entry,
transcription and replication stages of viral itifea. In the current study it appears as
though ER-27319 is causing effect prior to nuclesport, however due to its structural
similarity to other acridone derivatives previouslgscribed, a similar nuclear target can

not be ruled out and is of certain interest.
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Figure 4.20. Compound structure.
Chemical structure of acridone and its derivative ER-27319.

The dynamics of intracellular transport depend wosvbinding and extracellular signals
transmitted via plasma membrane receptors beirmyed| by the corresponding signalling
cascades and cellular proteins. In this study, re¢venases including PKA, PI3K and
p38MAPK were identified as critical to efficient Fidediated Ad5 intracellular transport.
These are no doubt part of extensive signallingyays along with the reorganisation of
cellular proteins required for effective viral isteon. The identification of the compound
ER-27319 as an inhibitor of Ad5 nuclear targeting gene transfer was a novel finding,
however a major challenge within this project wasdentify the substrates of ER-27319,
in order to obtain a comprehensive understandintypef this inhibitor was causing effect.
Unfortunately within the time frame of this projettwas not possible to conclude the
precise mechanism of action of ER27319 and deterimaw it was causing such dramatic
effects on Ad5 intracellular trafficking and nuadletargeting. Several aspects of this
investigation warrant further study, such as tHe of ERM proteins in Ad5 infection, as
selective targeting of such cellular componentsigmalling pathways could have potential
as antiviral therapies. Understanding the intries@f Ad5 infection is a difficult process

but will ultimately aid in the prediction and maaualption of the host response.
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5.1 Introduction

A large body of recent work has focused on predgdiX-mediated Ad5 transduction, by
investigating strategies to block the direct intéian of the Ad hexon with the coagulation
factor. Methods such as genetic manipulation ofvthes capsid or polymer conjugated Ad
complexes have been studied, as discussed earlieisithesis (Albat al., 2009; Shortt
al., 2010; Subret al., 2009). The use of pharmacological agents incdweparin,
warfarin and X-bp in animal studies have highlightee efficacy of a drug intervention
approach, however such drugs are not ideal thexapia gene therapy clinical setting due
to anticoagulation properties and toxicity profil@stoda et al., 1998; Bradshavet al.,
2010; Waddingtoret al., 2008). Less attention has been placed on inastg novel
therapeutically viable pharmacological approachesblock Ad transduction in the
presence of FX but this area may hold great praniikerefore, this study was aimed at
identifying an inhibitor of FX-mediated Ad5 transgeexpression, with ultimately the

vivo utility of this approach.

During the past two decades a fundamental changeobeurred in the drug discovery
process, with a growing trend toward the use ohhigoughput screens (HTS). HTS of
large compound libraries in search of lead candsla a phenomenon which has invaded
a diverse range of fields, both in the pharmacabaod academic sectors (Andersgbn
al., 2010; Ingleset al., 2007; Johnstost al., 2002). The aim being to test a great number
of compounds against target molecules in a shemgef time, by combining automation
with translation of well defined traditional bentdp assays into miniaturized 96-, 384- or
1,536-microwell plate formats and large scale datalysis. HTS is a multilevel process,
comprising several key stages; target validatiossag development, primary and
secondary screening, data analysis, absorptiomribdison, metabolism and excretion
(ADME) investigation, toxicology assessments anchegation of lead compounds
(Johnstoret al., 2002). The primary screen is therefore just ttigal step of an integrated
process (Figure 5.1). Here, a HTS strategy wassddvin order to assay > 10,000
compounds in search of those which prevented Aattsttuction via the FX pathway.

The well documented Ad5:FX interaction resultingAd5 binding to hepatocyteas vivo
indicates that several steps of this pathway mayesas potential targets for intervention
(Bradshawet al., 2010; Kalyuzhniyet al., 2008; Vigantet al., 2008; Waddingtoret al.,
2008). The drugability of a given target is critit@the success of any HTS and the ability
of X-bp to bind to the FX Gla domain and decreasi® Aver gene transfer in mice for
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example, highlights the feasibility of the Ad5:FX4thway to be effectively modulated by a
ligand (Liuet al., 2009; Waddingtort al., 2008). Having a well defined target, this study

commenced at the assay development stage in thepFdESSS.

Assay development

Compounds Actives Hits Leads

: Structural
Synthesis verification

Figure 5.1. Steps of the HTS process.
Graphical summary of the integrated steps involved in the HTS process.

A suitable starting library is of critical importea (Bleicheret al., 2003; McGoverret al.,
2002). Previously the generation of compounds weecigd by chemical structures and
selectivities rather than on pharmacological proger In this regardin vitro affinities
were optimised at the expense of solubility, meliakstability and permeability properties
and often compounds which appear to be promisiag éandidates are not always suitable
for further medicinal chemistry exploration, whiphecludes their progression (Bleiclatr
al., 2003). In addition, seemingly attractive hits dai to exhibit obedient structure-
activity relationships (SAR) which can lead to ttemination of such compounds, as
without a well defined target, SAR is the only dable means of compound optimisation.
Hits develop into lead compounds through comprekensssessment of their chemical
integrity, biological actions, synthethic assed#ihi SAR and ADME properties
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(Hodgson, 2001). Screening libraries of compounitls drug-like properties is preferable,
possessing improved ADME and toxicity propertiesytare likely to reduce the number of
false positives or nuisance compounds (cytotoxietemjents or positively charged
compounds) identified in the primary screen andréte of attrition at the later stages. The
library chosen for this screen was the PharmacoébgDiversity Drug-like Set from
Enamine (additional information describing thisréity, including chemical structures can
be obtained from http://www.enamine.net). Design this set was based on
pharmacological properties rather than on the cbanstructure of compounds. For each
compound a profile of 3081 predicted pharmacoldgim@perties was generated by
Enamine and any compounds possessing toxic sigsatwere removed, then
pharmacological profiles were clustered for the ofshe structures, thereby generating a
varied assortment of 10,240 low molecular weightajority < 500 Da) drug-like

compounds.

Today, robust cell-based screening approachesoanenonly used to identify biologically
active compounds in viral screens (Andersataad., 2010; Baldicket al., 2010; Basuet al.,
2011). Despite often being more labour intensiv@dpction of large quantities of cells
and virus, the inherent variability of assay parfance due to differences in cell passage
number and handling etc.) they have the benefinofe realistic screening parameters
compared to virtual screening technologies, withopteconceived idea of the compounds
mechanism of action or safety profile. Configurimgsays to function within the
constraints imposed by HTS (simple protocol wity &eps, low volumes, microtitre plate
format, short assay time, easily measured readmurt)be difficult and only a subset of
biological assays are amenable (Inglesal., 2007). In this study the FX-mediated Ad5
transduction pathway and routinely used cell-bas#sttivity protocols were exploited to
design a robust Ad5 fluorescence reporter geneddd3& using SKOV3 cells (CAR) in

the presence of FX.

Identification of a novel small molecule inhibitof FX-mediated Ad5 transduction could
have several benefits over alternative methodsvef tetargeting. An attractive incentive
for using a pharmacological approach to prevent Aejpatic gene transfer, is that there is
no requirement for genetic manipulation of Ad5 d¢apgsoteins, which can often be very
time consuming and interfere with large scale vpusduction (Albaet al., 2009). As for
regulatory issues regarding the use of such viruse$e clinic, capsid modified Ad5
vectors would require additional toxicology andetgfstudies to be performed. Regarding
polymer conjugated Ad complexes, this process weslcoating the entire capsid in a
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synthetic shield, which may result in decreasediajf of the virus not only to FX but

alternative native receptors. The use of altereafid serotypes devoid of FX binding is
also a viable option, however a vast array of ga#etd clinical data has been obtained
using Ad5, for which novel and less commonly usedters lack. Identification of a safe
compound which specifically blocks Ad5 binding t& Br FX-mediated Ad5 gene transfer
may hold great promise for preventing unwantedrlivansduction and decreasing Ad5

related hepatoxicity in the clinical setting.

As the screen is designed to identify inhibitord~afmediated Ad5 transduction, any hits
may also have potential value as a treatment agaatsrally occurring disseminated Ad
infection. In healthy individuals Ad infection isastly self-limiting, however in immune
comprised individuals (e.g. suffers of hereditamymunodeficiencies, AIDS patients or
haematopoietic stem cell transplant recipients tgaieg immunosuppressive treatment)
Ads exploit the impaired immunological response aad cause more prolonged, severe
and even life threatening disease. Infections canifest in diverse clinical syndromes,
ranging from upper and lower respiratory tract asse (kerato)conjunctivitis or
gastroenteritis to more serious complications idiclg hemorrhagic cystitis, hepatitis,
myocarditis, coagulopathy, encephalopathy, nephoitimulti-organ failure (Abzuegt al.,
1991; Chuangt al., 2003; Echavarria, 2008; Straussbergl., 2001). Disseminated Ad
infections are often fatal, reaching a mortalitieraf 50%, whilst pediatric transplantation
patients are yet more prone to the disseminatexhskés with mortality rates up to 83% in
immunodeficient children (Chakrabastial., 2002; Munozt al., 1998). Despite this, Ad
can be detected in peripheral blood 3 weeks poothe onset of clinical symptoms,
thereby leaving a wide therapeutic window by whihreat the potentially life threatening
disseminated infection (Liogt al., 2003).

There are currently no formally approved antivegkents available that specifically treat
Ad infection. In some clinical cases cidofovir ({B)3-hydroxy-2-
phosphonylmethoxypropyl)cytosine) and ribavirin pet-ribofuranosyl-1,2,4-triazole-3-
carboxamide) have been employed and have demamutstemime efficacy against Ad
infection (Lenaertset al., 2006; Neofytost al., 2007). Ribavirin is a purine nucleoside
analogue that shows efficacy against RNA and DNAisas (Lenaertgt al., 2006;
Pawlotskyet al., 2004). Cidofovir is an acyclic nucleoside phospdite analogue that is
used as a broad-spectrum antiviral agent (Baika., 1987; De Clercq, 2003However
the efficacy of these compounds is contentioushag have not been rigorously tested in
randomised controlled clinical trials for theirieHicy in treating Ad infection (reviewed by
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Lenaertset al. (Lenaertset al., 2008)). This suggests a gap in the market foelective
anti-adenoviral compound, as such potential schegsnmay warrant investigation in this

regard.

In recent years, several low molecular weight conmagis identified from HTS assays have
shown successes in modulating viral functions (B&l@t al., 2010; Basuwet al., 2011;
Hoffmannet al., 2011; Larsoret al., 2008; Micheva-Viteveet al., 2011; Muelleret al.,
2008; Thompsoset al., 2010). One such study developed a fluorescensedbassay using
hepatitis C virus (HCV) with a firefly reporter &creen 1 million small molecules for
blockers of HCV entry and identified a potent aetestive HCV inhibitor from the HTS
process (Baldiclet al., 2010). Another study employed 200,000 compoumdstested the
library in a cell-based system to identify small leswle antagonists of HIV-1 latency
(Micheva-Vitevaet al., 2011). These reported successes highlight thetbiéty of using a
HTS to find an inhibitor of FX-mediated Ad5 transtion.

Advancements in the understanding of the mechanisrdsrlying Ad5 liver transduction
has created several targets for drug discovery. dihe of this study was to screen a
pharmacologically diverse library of drug-like cooymds to identify a safe inhibitor of
FX-mediated Ad5 transduction. To efficiently asaertwhether compounds exert such
biological activity, a robust fluorescence-basedSHias developed using SKOV3 cells
(CAR®™) seeded in a 384-well microplate format to analf@émediated Ad5GFP

infection.
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5.2 Results

5.2.1 Design and optimisation of an assay compatible with HTS

It has been previously described in this thesis sawkral publications that co-incubation
of Ad5 with 10pug/ml FX causes a substantial increase in Ad5 tractgehin vitro andin
vivo compared to Ad5 alone (Bradshaval., 2010; Waddingtoret al., 2008). In this
study, initial optimisation and validation experimig® were performed to convert this
frequently employed assay into a high throughpuDSR cell-based screen in order to test
10,240 compounds for their ability to inhibit FX-thated Ad5 gene transfer.

5.2.2 Plates — 384-well assay format to increase assay robustness

Several different types of well plates were tedtedheir suitability in the HTS assay set-
up. These included both 96- and 384-well formatsliBIND 96-well flat clear bottom
black, low volume 384-well flat clear bottom blackelIBIND® 384-well flat clear bottom
black, 384-well optical imaging flat clear bottortack and Greiner Bio One 384 p-clear
flat bottom black cell culture microplates. 384 lgar flat bottom black cell culture
microplates (catalogue number 781091, Greiner Bie)Qvere chosen for the HTS. The
SKOV3 cells adhered to these plates and they atofee high quality fluorescence
imaging using the IN Cell Analyser 2000. Furtherentiie 384-well set up increased the
robustness of the assay, decreasing amounts aémsagequired (cells, number of plates,
volumes of media, compound, virus, FX and storggges etc.) and this format was time

and cost effective.

5.2.3 Cells — optimal seeding densities

To examine the effects of cell density, SKOV3 celeye seeded at densities ranging from
750 cell/well to 5000 cell/well in 384-well plateat a density of 1500 cell/well the cells
adhered to the plates, were not washed off duiongd dispensing and aspirating steps
and were not over confluent at 72 h after seedngg allowing for clear image acquisition
using the IN Cell Analyser 2000 and accurate segmtien of cells with the IN Cell
Developer Toolbox V1.6 analysis software. Therefmr@ensity of 1500 cell/well in 5@
media was chosen for the HTS assay. Prior to stpttie assay the cells were tested for
mycoplasma infection and found to be negative.
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5.2.4 Control-based method of normalisation

In vitro FX has been reported to cause up to log-fold asme in Ad5 transduction
compared to conditions in the absence of FX (Brads#t al., 2010; Parkeet al., 2006;
Waddingtonet al., 2008). When tested in this study in SKOV3 cell300 vp/cell of Ad5

in the presence of 10g/ml FX resulted in high levels of GFP expressiahijlst in the
absence of FX the levels were low (~41-fold differe) (Figure 5.2). GFP expression was
treated as the primary readout, with clear posiind negative controls and a large signal
window in which to investigate compounds inhibitif-mediated Ad5 gene expression.
Therefore, this assay was very accommodating to dbatrol-based method of
normalisation and this method was chosen as stdragiguaroach for dealing with sources of
HTS variability; fixed positive and negative consraon each plate, allowing for the
normalisation of the test data to the controls aswplesentation of data as percentage
inhibition of FX-mediated AA5GFP expression.

5.2.5 Designing robotic liquid handling protocols

As the compounds were dissolved in 100% DMSO it wagortant to investigate the
levels of this organic solvent tolerable to thdscahd the activity of the assay in order to
minimise the number of dilution plates required aodacilitate assay automation. The
impact of DMSO concentrations was examined prior diesigning liquid handling
protocols and the production of replicate mothaitgd. This was performed by manually
infecting cells with 1000 vp/cell of Ad5 in the @mee or presence of FX and increasing
concentrations of DMSO (0.2 — 1%). A concentratdri% DMSO was well tolerated by
the cells as assessed by MTT assay and did natt éf’e-mediated AA5GFP expression
after 48 h (Figure 5.2). Therefore, a final DMSOeentration of 1% was compatible with

this assay.

A major focus of the experiment was to design timtic liquid handling protocols in the
minimum number of steps possible, whilst still ntaining assay integrity in order to
decrease random variability (e.g. errors whicheadige to technical or instrumental issues)
and systemic variability (e.g. errors which arisee do differences between reagent lots,
buffer preparations or incubation times) that cbote to ‘noise’ associated with
experimental data. Furthermore, this was a keyofaict order to keep costs down, an
important consideration when performing a HTS. @guently, 32 mother plates were

produced, in which compounds were at 0@ in 100% DMSO, leaving the outer
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columns 1, 2, 23 and 24 empty to later allow fayeiacorporation of assay plate controls.
In order to facilitate assay automation, daughtateg were produced, in which Ad5 was
incubated with the compound or DMSO, whilst in #esay plate FX or serum free media
alone was preincubated on the cells. The contdrtteecdaughter plates were added to the
relevant wells of the assay plates, followed by tbatrol additions. This gave a final
concentration of 1000 vp/cell of Ad5 in the absenceresence of 1(0g/ml FX plus 10
uM compound. An important quality control featureaMTS is good plate design. All
assay plates contained an equal number of pogitiewells of Ad5) and negative (16
wells of Ad5+FX+DMSO) controls, the locations of mh in columns 2 were reversed in
column 23 in an attempt to reduce the influencpaiéntial intra-plate positional and row
effects (Figure 5.3). No positive or negative cohar test wells were located on the outer
most columns (1 and 24) to decrease intra-plate ed@ted variability. In an effort to
monitor and reduce the influence of inter-plateiatatity and the incidence of false
positives, three replicates of each plate contgitie controls and test compounds were

produced providing an n = 3 for each compound.

In an additional attempt to aid assay automatiesteiad of washing cells and re-adding the
compounds after 3 h incubation at 37°C, an equiainve of media containing 20% serum
was added to the cells, resulting in a final conmubaoncentration of aM in 10% serum
containing media on the cells. At no point durihg aissay did the concentration of DMSO
exceed 1% and for the majority of the time (~45dmhained at 0.5%. Following 48 h
incubation at 37°C, the media was removed, the gedre washed in PBS and fixed in 4%
PFA prior to staining with 10 pg/ml Hoechst 3334203810 pg/ml propidium iodide.
Throughout the liquid handling steps the cells @@ adherent to the plates and the

fixation and staining provided good conditions ifoaging.
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Figure 5.2. Effect of DMSO on SKOV3 cell viability and assay activity.

(A) SKOV3 cells were incubated with increasing concentrations of DMSO for 48 h and then
a MTT assay was performed. (B) Cells were infected with 1000 vp/cell of Ad5 in the
absence or presence of FX plus DMSO. Ad5 transgene expression was measured 48 h
post-infection. *p<0.05 as compared to non-FX conditions as determined by one-way
ANOVA and Dunnett’s multiple comparison post-test. Error bars represent SEM (n =

3/group).
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Untreated I - FX (positive control)

0 +FX + 10 pM compound B + FX + DMSO (negative control)

Figure 5.3. Assay plate layout.

Schematic of the 384-well assay plate, highlighting the position of the positive and
negative controls. Yellow = untreated controls, green = compounds, purple = negative
controls and grey = positive controls.

5.2.6 Design of imaging analysis conditions

5.2.6.1 Acquiring

The image acquisition settings on the IN Cell Asaly 2000 were developed and
optimised to produce a robust assay delivering kpggiity fluorescence images. A single
10x image of the centre of each well of the 384}pkte was captured of Hoechst 33342
nuclear staining (40 ms exposure time), GFP exmes60 ms exposure time) and
propidium iodide non-viable nuclear staining (45 exposure time). The conditions were
optimised in order to capture both the MIN and M&XP control wells without saturation
or under-exposure, whilst maximising the signaldew. Fast hardware autofocus options
were chosen, which optimise the quality of the isg®gnd along with the short exposure
times contributed to the speed of acquisition. Awividual 384-well plate took
approximately 15 min to image using the optimisetbmated conditions. Each acquisition
captured thousands of cells (average > 3,500 pelisfield of view), thus providing a
reasonable size database by which to calculatésesu
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5.2.6.2 Analysis

Images were analysed using IN Cell Developer ToolWd.6 software, a high content
cellular analysis package that utilises a vast yarod user-definable parameters,
calculations, measures and output formats to attowndividualised assay analysis. The
primary output measure of this assay was chos@F&sintensity normalised to viable cell
count per field of view. Therefore in order to dbtaan accurate measure, precise
segmentation of the cells and GFP was critical.|®arcstaining with Hoechst 33342 and
non-viable nuclear staining with propidium iodideabled per cell data to be obtained. As
nuclei were more uniform in shape and more easpasted from one another than the
heterogeneous SKOV3 cell population, the stainedenwvere first segmented based on
size and shape, and then the segmented nuclei wgext to seed the segmentation of
individual cells (Figure 5.4). During the optimisat steps, the bright-field images of cells
were also used as an approximate outline of cajpshCells were classed as viable or non-
viable depending on propidium iodide staining. GEpression was segmented based on
the signal intensity (Figure 5.4). Intensity-basedasurements can fluctuate or decrease
for a given set of plates depending on whetherobitime plates were assayed on the same
day, therefore it was important to perform preliaryn checks of GFP intensity prior to
starting the analysis on any given day. Severalsores/classifications were defined and
results were calculated. In order to prevent skgwafiresults due to compound toxicity
non-viable cells were discarded from the analysid a measure of GFP intensity per
viable cell per field of view was calculated (Figus.5). Under optimised conditions each
384-well plate took approximately 25 min to analyath the IN Cell Developer Toolbox
software. Sufficient viable cell counts and the ipos and negative controls widely
separated from each other allowed for a reprodecsignal window (Figure 5.6). The
signal was normalised to controls on each plate to&l final readout reported as
percentage inhibition of FX-mediated AD5GFP expoessLow levels of GFP expression
in the absence of FX in this CA® cell line compared to in the presence of FX arel th
analysis design enabled consistently high signdlaickground ratios (calculated by the
equation averaggx/averaggmn control), a commonly used parameter employed to
estimate the separation or range of an assay signdbw (Sittampalanet al., 1997).
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Figure 5.4. Design of image analysis conditions — signal window.

SKOV3 cells were infected with 1000 vp/cell of Ad5GFP in the absence or presence of FX.
At 48 h post-infection cells were fixed and stained with Hoechst 33342. Cells were imaged
using the IN Cell Analyser 2000 and images were analysed using the IN Cell Developer
Toolbox. Nuclei (blue), cells (pink) and GFP expression (green) were segmented based on
their staining, size, shape and intensity. 10x magnification, scale bars = 50 um.
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Negative control Cytotoxic agent
(98.8% viable cells) (6.9% viable cells)

Hoechst 33342
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Propidium iodide
staining

Merge

Figure 5.5. Design of image analysis conditions — defining non viable cells.

SKOV3 cells were infected with 1000 vp/cell of Ad5 in the absence or presence of 40 uM
T0501-7827 (Enamine, Ukraine), a cytotoxic compound. After 48 h cells were fixed and
stained with Hoechst 33342 and propidium iodide. Cells were imaged using the IN Cell
Analyser 2000 and images were analysed using the IN Cell Developer Toolbox. Nuclei
were segmented based on Hoechst 33342 staining and non-viable cells were segmented
based on propidium iodide staining. Once parameters were defined, the IN Cell Developer
Toolbox was used to calculate the number of viable cells. 10x magnification, scale bars =
50 um.
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Figure 5.6. Testing screening control conditions.

SKOV3 cells were infected with 1000 vp/cell of AA5GFP in the absence or presence of FX.
At 48 h post-infection cells were fixed and stained with Hoechst 33342, imaged using the
IN Cell Analyser 2000 and analysed using Developer Toolbox. (A) Trellis heat map of the
assay plate highlighting the plus and minus FX control conditions. (B) Quantification of
GFP intensity normalised to the number of viable cells per field of view for the positive
and negative control wells. *p<0.05 as compared to non-FX conditions. Error bars
represent SEM (n = 16).
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Table 5.1. Traditional screening assay versus the HTS format.

Parameters Traditional High throughput
screening assay screening assay

Plate Up to 96 well, clear 384 well, black, clear bottom

Cells 2x10* 1.5x10°

Virus 1000 — 10000 vp/cell 1000 vp/cell

Well volume 200 pl 50 ul

FX 10 pg/ml 10 pg/ml

Liquid handling Manual Robotic
Assay components added | Assay components added
singly simultaneously

Compound stock Dry powder, individual tubes | Dissolved in DMSO, preplated

Controls Row B Column 2 and 23

Incubation times 3h,45h 3h,45h

Reporter gene B-gal, GFP, luciferase GFP

Data normalisation To protein content -|To % viable cells - imaging
measured by BCA assay Hoescht 33342 and propidum

iodide staining
Detection method Victor Wallac2 IN Cell Analyser 2000,
Developer Toolbox software

Readout RLU/mg of protein GFP intensity/no. viable cells

Toxicity analysed No Yes

No. screened 20-80 compounds/week 1000-3000 compounds/week

5.2.7 Assay validation

Using the assay conditions outlined above, thenapéid HTS protocol was tested using a
small subset of compounds selected from the Phalogical Diversity Drug-like Set
compound library in order to validate the assaymfat Principle component analysis
(PCA) plots were generated by Dr. Murray Robertgamiversity of Strathclyde,
Glasgow), describing the diversity in chemical spa€ the 10,240 compounds from the
library (Figure 5.7). Chemicals can be charactdrizg a wide range of ‘descriptors’. Here
‘chemical space’, a term often used in place ofltrdimensional descriptor space’, is a
region defined by a particular choice of descriptand the limits placed on them (Dobson,
2004). In this instance these parameters inclutiedntolecular mass, lipophilicity and
topological features of each compound. From thic@&®dpounds were initially chosen to
assay based on the spread of compound chemica spiin the library (compound 1.Ds
supplied in the appendices to this thesis). When8h compounds were plotted within a
worldwide database for >80,000 various marketeddswklopmental drugs, the so called
World Drug Index (WDI) (Derwent WDI, Derwent Infoation Ltd., 14 Great Queen
Street, London, WC2B 5DF, U.K), compounds were nelatively small area of chemical
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space compared to the substantially larger datAsethe compounds from this library are

designed as ‘drug-like’ small molecules this wasxgsected.

The 80 compounds were assayed on the same da douws384-well plates to compare
the variability of the assay format and reprodditibiof inter and intra-plate controls
(Figure 5.8). The positive and negative controlsengositioned in columns 2 and 23 (as
described in section 5.2.5) and 20 compounds wested in triplicate across the plates.
The assay provided a robust and reproducible asgagl window; in the presence of FX
there was an approximate 16-fold increase in GEéhsity/no. of viable cells compared to
conditions in the absence of FX. The Z' factorhe most widely used method to assess
HTS quality, being reflective of both the assaynaigdynamic range and the data variation
associated with the signal measurements (Zlehady, 1999). The Z’ factor is calculated

by the equation:

Z' =1 — (3 X SDuax controL + 3 X SDmin control) / (Averagauax controL— Averagevin

CONTROI.)

(SD = standard deviation)

The individual Z' factors from each of the four f@a were 0.48, 0.6, 0.63 and 0.58
(average = 0.57). The combination of a high sigodtackground ratio and an average
Z'factor > 0.5 indicates the control-based methbdaia processing and hit identification
strategy would be suitable for the HTS and theyasseobust and reliable. Whilst several
of the 80 compounds in this screen caused a signifidecrease in GFP intensity/no. of
viable cells compared to plus FX conditions, ordynpound numbers 48 and 64 reached
the 75% inhibition of FX-mediated Ad5 transductimut-off, and as expected the majority
of compounds were inactive in this assay (Figui®).5These data validate the HTS

protocol and the activity of the Pharmacologicalddsity Drug-like Set compound library.
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Figure 5.7. Priniciple component analysis of the compound library.
PCA plots of (A) the chemical spread of the 10,240 compounds in the library (blue), (B) 80
of the most diverse compounds from within the set (red) and (C) the 80 diverse

compounds (red) plotted against the WDI (green).
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Figure 5.8. 80 compound screen in SKOV3 cells to validate the HTS method.
A collection of 80 diverse compounds from the Pharmacological Diversity Drug-like Set compound library were tested on SKOV3 cells for their ability
to inhibit FX-mediated Ad5 transduction using the HTS assay protocol. *p<0.05 compared to plus FX conditions as determined by one-way ANOVA

and Bonferroni’s post-test. Error bars represent SEM (n = 3).



5.2.8 HTS to identify inhibitors of FX-mediated Ad5 gene transfer

Based on the preliminary data and assay optimrsatiaodies, 10,240 compounds from the
Pharmacological Diversity Drug-like Set library wescreened in the HTS at a single
concentration of 1QuM in triplicate wells. Over 96 384-well assay pktaere run
throughout the screen over a period of several sieekiploying a 75% inhibition of FX-
mediated ADSGFP expression as the criterion fah&rrevaluation, 288 compounds were
identified as hits (Figure 5.9 and Figure 5.10)e TAast majority of compounds screened in
this assay were considered inactive, as definedhbyassay parameters i.e. caused no
inhibition (Figure 5.10). In total the number ofnepounds causing 0% inhibition of FX-
mediated AA5GFP expression was 7,603, whilst 2¢¢48pounds appeared to cause some
inhibition (> 0% < 75%) but did not reach the sgemt 75% cut-off for selection for
further screening (Figure 5.10).

The 288 compounds resulting in over 75% inhibiteuated to a ~2.8% hit rate for the
HTS. In the presence of the 288 compounds FX-medis8d5GFP expression was
significantly decreased compared to plus FX cortooiditions as determined by Student t-
tests (Figure 5.10B). However this 2.8% hit ratesviigher than was expected (< 1%
(Koresawaet al., 2004; Sillset al., 2002; Yarrowet al., 2003)), suggesting cytotoxic
compounds or false positives from assay variati@rewincluded. Nonetheless, in an
attempt to avoid missing potential hits the 288 pounds were selected for further
analysis and their effects were re-evaluated iacasdary assay using a similar screening

format.

5.2.9 Enhancers of FX-mediated Ad5 gene transfer

A number of the compounds screened in this assagedaa substantial increase in FX-
mediated Ad5GFP expression, with compounds enhgriilb gene transfer by up to 10-
fold (Table 5.2 and Figure 5.11). Further study sradistical analysis of compounds which

enhance Ad5 gene transfer was outside the scapésatudy.

Table 5.2. Summary of compounds enhancing FX-mediated Ad5 gene transfer.
Fold
increase 1 2 3 4 5 6 7 8 9 10

No. of
(o] LI 4370 | 1945 | 762 273 122 67 39 9 10 6
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Figure 5.9. HTS of the Pharmacological Diversity Drug-like Set.

SKOV3 cells were infected with 1000 vp/cell of Ad5GFP in the absence or presence of FX plus 10 uM compound. At 48 h the cells from the 10,240
compounds tested were fixed and stained with Hoechst 33342 and propidium iodide, then screened for their ability to inhibit FX-mediated Ad5GFP
expression using the IN Cell Analyser 2000 and Developer Toolbox analysis software. Compounds causing > 75% inhibition, as indicated by the red
line, are highlighted in blue.
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Figure 5.10. HTS inhibitors of FX-mediated Ad5 gene transfer.

(A) Graphical summary of HTS data, highlighting compounds causing > 75% inhibition in
blue, those causing between 0 and 75% inhibition in light blue and those causing no
inhibition in grey (B) The 288 compounds causing > 75% inhibition. Error bars represent
SEM (n = 3/compound).
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Fold increase in FX-mediated Ad5GFP expression

Compound

Figure 5.11. HTS enhancers of FX-mediated Ad5 gene transfer.

Graphical summary of the HTS data showing the large number of compounds from the
Pharmacological Diversity Drug-like Set which caused an increase in FX-mediated Ad5GFP
expression.
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5.2.10 HTS quality control

Minimal assay signal variation and high signal-txkground ratios are important factors
in HTS. There was a high signal-to-background rétio each of the 32 sets of plates
assayed, the minimum being 7.5:1 and in most cases several fold higher with the
average being 29.82 + 3.93-fold (Table 5.3). Thgmtade of the signal window and its
reproducibility further confirms the suitability t¢iiis assay to the control-based method of

data normalisation.

A plot of the percent inhibition from the 32 setsagsay plates classified by plate row and
the plate row median data value indicates thatisay was well behaved and the majority
of compounds were inactive and exhibited activayels similar to the plus FX control
conditions (i.e< 0% inhibition of FX-mediated Ad5 gene transfer)g(ite 5.12). There
was a minimal trend toward positional bias depegdihthe plate row, with every second
row (rows B, D, F, H, J, L, N and P) having a irased median activity value compared to
the next (rows A, C, E, G, |, K, M and O) (Figurd ). Systemic positional bias such as
row, column or edge effects can result in falsatpues or negatives in such large datasets.
Therefore all 288 compounds identified as hits frhra HTS were selected for further

analysis to minimise the risk of bypassing potérttige hits.
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Table 5.3. HTS data quality control review.
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A summary of the signal-to-background ratios for each of the 32 sets of 384-well plates

assayed.

Plate I.D. Signal-to-background ratio
1 13.26
2 15.93
3 50.25
4 20.03
5 25.22
6 40.05
7 30.00
8 21.89
9 52.30
10 7.54
11 20.53
12 32.32
13 9.81
14 8.73
15 10.02
16 17.55
17 15.46
18 15.04
19 12.69
20 38.65
21 35.43
22 35.93
23 97.81
24 13.57
25 10.21
26 36.48
27 9.68
28 37.69
29 38.57
30 27.96
31 61.401
32 92.14

Average 29.81771 £3.93
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Figure 5.12. Plate positional effects.

(A) Graphical summary of the HTS data categorised by plate row A to P. Each row is
separated by colour. (B) Plot of plate row median percentage inhibition of FX-mediated
Ad5GFP expression with the median trendline.
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5.2.11 Secondary screening of compounds

In the secondary assay the 288 most active comgdumich the initial screen were retested
at the same concentration of §M in triplicate wells using the same assay fornTdite
secondary screen was repeated twice on separasi@ats. On completion of these assays
the majority of compounds described as hits fromghmary screen were disqualified as
false positives; either not causing any inhibit{@03 of the 288 compounds — 36%) or as
causing less than 75% inhibition of FX-mediated Agine transfer (167 of the 288
compounds — 58%) (Figure 5.13). Several marginal fnom the primary screen did not
reach the cut-off of 75% inhibition when retestetth 28 of the 288 compounds causing
50-75% inhibition (Figure 5.13). A total of 17 comynds were identified as reproducibly
causing greater than 75% inhibition in this assag aausing a significant decrease
compared to plus FX conditions as determined by-vomg ANOVA and Dunnett’s
multiple comparison post-test. Therefore theseirmreary hits were selected for further

analysis (Figure 5.14).

5.2.12 Effects of preliminary hits on cell viability

The 17 compounds identified as preliminary hitsrfrthe HTS assays, were assessed for
effects on cell viability by propidium iodide nuelestaining and MTT assay. Two of the
compounds were found to be toxic to cells (makirtgtal of 3 of the 288 compounds in
the secondary screen causing cytotoxicity - ~1%guife 5.15). Therefore, a further two
compounds were disqualified from the preliminaryt hist and the remaining 15

compounds were selected for further analysis antualaesting.
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Figure 5.13. Secondary screen.

Compound

B >0-50% inhibition
0% inhibition

B >50-75% inhibition

B >90% inhibition

(A) The 288 active compounds from the HTS were rescreened in a secondary assay using
the same format as before. Compounds causing > 75% inhibition are highlighted in blue.
(B) Inhibitors of FX-mediated Ad5GFP expression categorised by the percentage inhibition

and separated by colour.
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Figure 5.14. Preliminary hits.
The 17 compounds which caused > 75% inhibition in the secondary screen. Error bars
represent SEM (n = 3/compound).
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Figure 5.15. Effects of preliminary hits on cell viability.

SKOV3 cells were incubated with 10 uM compound for 3 h, followed by incubation with 5
UM compound for a further 45 h when cell viability was assessed. (A) Cells were fixed in
4% PFA and stained with Hoechst 33342 and propidium iodide. Cells were imaged using
the IN Cell Analyser 2000 and total cell counts and viable cell counts were performed
using the IN Cell Developer Toolbox software. (B) MTT assay was performed. *p<0.05 as
compared to control conditions as determined by one-way ANOVA and Dunnett’s
multiple comparison post-test. Error bars represent SEM (n = 3/compound).
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5.2.13 Manual testing of preliminary HTS hits

In order to confirm the activity of the 15 compounmits from the HTS it was important to
test them in the standard 96-well manual assaydgrwithout the use to assay automation
such as robotic liquid handling equipment and hegimtent cellular screening analysis
equipment including the IN Cell Analyser and IN Id@eveloper Toolbox software. This
assay was repeated three times. This assay furtiieswed down the preliminary hits to
five compounds validated as causing > 75% inhibitd FX-mediated Ad5 gene transfer
(Figure 5.16). The five inhibitors were identifie$ T5424837 (abbreviated to T'837),
T5550585 (T'585), T5660138 (T'138), T0503-0831 (§31) and T5960817 (T'817) from
the Pharmacological Diversity Drug-like Set librarfhe compounds had molecular

weights ranging from 334 to 423 Da (Figure 5.16).
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Figure 5.16. Manual testing of preliminary hits.

SKOV3 cells seeded in 96-well plates were infected with 1000 vp/cell of AdA5GFP in the
absence and presence of FX plus 10 uM compound in 100 pl serum free media. After 3 h
100 ul media containing 20% serum was added to cells. After 48 h cells were washed in
PBS and lysed. GFP expression from the cell lysates was analysed using the Victor Wallac2
plate reader at 450 nm absorbance. Blue = compounds causing > 75% inhibition, grey = no
inhibition and navy = < 75% inhibition. Error bars represent SEM (n = 4/compound).
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Figure 5.17. Structures of the 5 candidate hit compounds.
The chemical structures of the 5 compounds identified as consistently causing > 75%
inhibition of FX-mediated Ad5 gene transfer.
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5.2.14 IC5o determination of the candidate hit compounds

In an attempt to rank the compounds by percentalgibition and potency of the effect,
eight serial 2-fold dilutions of each of the fiverspounds were prepared and assayed on
SKOV3 cells with FX-mediated Ad5 transgene expassis the readout. Instead of using
Ad5GFP, AdSlacZ was employed in this assay and didsnot hinder the compounds
activity, as assessed by % inhibition of FX-media#&l5 transgene expression, indicating
their effects are independent of the viral repogene. All compounds ablated FX-
mediated Ad5 transduction at the top concentratadr0 and 2QuM, having G values
below 4.5uM. Compound T'817 was the most potent with agy@lue of 0.47. The other
four compounds produced very similar dose respousees, with low levels of inhibition

at the lowest concentration of 0.{46l.

5.2.15 Effect of candidate hit compounds on FX-mediated Ad5 intracellular
transport

In order to gain more information of the mechansihaction of the five hit compounds,
their effects on fluorescently-labelled Ad5 trakileg in the presence of FX was assessed
in SKOV3 cells. Compounds were tested aubd and effects were analysed at 0, 15, 60
and 180 min time points. Apart from compound T'8bhe of the hits caused a substantial
decrease in Ad5 binding to the cell surface assasskvisually. However, intracellular
trafficking at all subsequent time points appedcete disrupted by each of the inhibitors,
with the most severe effects seen with T'817. mdtef forming a punctuate spot at the
MTOC by 60 min, the virus was more diffusely sieatin the perinuclear region in the
presence of each of the compound compared to the BKX conditions. When the
percentage of cells with which the virus particleslocalised with the MTOC were
quantified it was found that colocalisation wash#igantly reduced at 15, 60 and 180 min
with all inhibitors. These data from visual assessts of viral trafficking assays indicate
that the compound T'817 decreases cellular bindwgy)st the other four compounds
T'837, T'585, T'138 and T'0831 are causing theipiple effect post-cell binding and

disrupt intracellular trafficking to the nucleus.
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Figure 5.18. IC5 determination of the candidate hit compounds.

(A) Cells were infected with 1000 vp/cell of Ad5lacZ in the absence or presence of FX plus
0.15, 0.3, 0.6, 1.25, 2.5, 5, 10 or 20 uM compound in 100 pl serum free media. After 3 h
100 pl media containing 20% serum was added to cells. Transgene expression was
measured 48 h post-infection. Data was normalised to minus and plus FX control
conditions and represented at percentage inhibition. Error bars represent SEM (n =
4/compound). (B) Table represents the ICso values for each of the compounds. The ICs
was calculated by fitting a 4-parametre logistic non-linear regression model equation
using MasterPlex ReaderFit analysis software (Hitachi Solutions America, Ltd., MiraiBio

Group).
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Figure 5.19. Effects of candidate hits on FX-mediated Ad5 intracellular trafficking.

Cells were incubated with 10,000 vp/cell of Alexa488-labelled Ad5 (green) in the presence
of FX'and 10 uM compound for 1 h at 4°C, followed by incubation at 37°C for 0, 60 or 180
min prior to staining for pericentrin (red). Images were captured on a confocal
microscope at 63x magnification, scale bar = 20 um, applicable to all panels. White arrows
highlight examples of Ad5 accumulation at the MTOC.
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Figure 5.20. Effect of candidate hits on Ad5 colocalisation with the MTOC.

The percentage of SKOV3 cells with complete colocalisation of Ad5 with pericentrin was
calculated by analysing at least 5 separate 40x microscope fields per experimental
condition. *p<0.05 as compared to control conditions at the individual time points as
determined by one-way ANOVA and Dunnett’s multiple comparison post-test. Error bars
represent SEM (n=5/condition).

205



Chapter 5 | Results

5.2.16 Structural analysis and determination of hit compounds

Structural analysis of the compounds and follow lilpary design was performed by
Dmytro Kovalskyy (Enamine, Ukraine). Structural bse& of the five candidate hits
revealed that compounds T'817 and T'0831 may haae toward promiscuity (Bae#t
al., 2010; McGoverret al., 2002). T'0831 had several hydrophobic features ivery
compact spatial shape, which can confer bias toviedtophobic cavities on protein
surfaces. This could be the source of the obseaetdty and therefore may be unlikely to
produce highly specific and potent interactions. @order from Enamine, compound
T'817 no longer showed any inhibition of FX-medt&d5 gene transfer. This may be a
result of impurities within the initial batch, deunposition over time attributing to the
activity or the promiscuous nature of the compo(Baell et al., 2010; McGoverret al.,
2002). On the other hand, upon batch reorder tteetefof compounds T°'585, T'138 and
T'837 were reproducible and furthermore they digmartain common structural features
which increased their chances to be true positares may indicate a common mode of
action. Therefore, T'817 and T'0831 were no longevestigated in this study and
additional work focused on validating T'585, T'188d T'837.

A pharmacophore model is one which represents #yepkysico-chemical interactions
that mediate biological activity (Acharya al., 2011). An initial pharmacophore model
based on T'585, T°'138 and T'837 was generated afull@v up library designed around
each compound. The model was established in coliéiba with Dmytro Kovalskyy
(Enamine, Ukraine). Compounds T'585 and T°'138 stamilar 3-phenyl-5-methlene-
1,2,4-oxadiazole moiety, whereas T'138 and T'83¥ehaimilar substituted condensed
heterocyclic systems bridged to a 5-membered hgtelio ring via two atom linkers
(Figure 5.21). Hence, compound T'138 has featunas dverlap with both the other two
hits. In an attempt to align all three moleculeswdtaneously, a pharmacophore hypothesis
was suggested (Figure 5.21). The minimal core eatieiined as two heterocyclic moieties
bridged via 1-2 atom linker. The first moiety isSsanembered electron ring heterocycle
which may serve as a H-bond acceptor as well awtecipant in Van der Waals contacts
and the second moiety is larger by volume, lipaphitondensed heterocycle that may
serve as bulk Van der Waals contributor. The quhae (two fused six-membered
aromatic rings; a benzene ring and a pyrimiding)rand 1,3-benzodiaxane of T'138 and
T'837, respectively, are examples of this. The t4er8,5-dimethyl-1,2-pyrazole of T'585
is a bulky group that also obeys this model. Anitmtal enforcement is provided by
substitutions on both sides of the minimalist caMdth T'585 additional interaction is
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achieved bym-Cl-phenyl group attached to 5-position of oxazdéth T'837 2-phenyl
and 5-Br groups of 1,3-benzodiaxane moiety can beusce of extensive van der Waals
contacts. Finally, T'138 has substitutions on bb#terocyclic moieties. Based on these
considerations, additional compounds that resertiideminimalistic core with various
substitutions on the periphery were identified maBines stock collection. 28 compounds

were selected as a follow up library.
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Figure 5.21. Structural alignments.

(A) T'585 (green) with 7’138 (blue) (B) T’138 (blue) and T’'837 (red). Zones of high
topological identity are highlighted. (C) Structural alignment of all three hits. Common
minimal pharmacophore core is shown: 5-membered heterocycle with hydrogen bond
acceptor and aromatic feature linked to a bulky lipophylic feature. Figure provided by
Dmytro Kovalskyy (Enamine, Ukraine).
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5.2.17 Assessing the activity of hit T5424837 analogues

In an attempt to further validate the activity dB37 and to perform some preliminary
SAR analysis, T'837 and seven chemically relatedmaunds were ordered from Enamine
and tested for their ability to decrease Ad5 gemaesfer in the presence of FX. As in
previous experiments, T'837 decreased FX-mediatd8 Zkansduction in SKOV3 cells

(Figure 5.22). All of the analogues caused inhainittanging from 35 to 85% (Figure 5.22).
Three compounds T'5243639 (T'639), T'5306163 (T'L68nd T'5677956 (T'956)

resulted in levels of inhibition similar to the pat compound (Figure 5.22 and Figure
5.23). These data validates the parent T'837 comgb@nd suggests potential for more

potent analogues.

In an attempt to rank the compounds based on indrband potency, the ¥g of T'639,
T'163 and T'956 were determined and compared toptdrent compound. All inhibitors
produced similar dose response curves, with vataaging from ~1 to 5uM (Figure
5.22A and B). The Igfor T'837 (2.35uM) was very similar to the previously tested batch
of compound (2.47M). T'956 caused the greatest level of inhibitiorddhad an I of 3
uM, therefore this analogue, in addition to T'837swehosen for further studies. This
compound is structurally very similar to the parenith the addition of a benzyl ring
(Figure 5.22B).
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Figure 5.22. Assessing the activity of T'837 analogues.

Cells were infected with 1000 vp/cell of Ad5lacZ in the absence or presence of FX plus 10
UM compound T°'837 or 7 of its chemical analogues in 100 pl serum free media. After 3 h
100 pl media containing 20% serum was added to cells. Transgene expression was
measured 48 h post-infection. Data was normalised to minus and plus FX control
conditions and represented as percentage inhibition. *p<0.05 as compared to the parent
compound T’837 conditions as determined by one-way ANOVA and Dunnett’s multiple
comparison post-test. Error bars represent SEM (n = 4/compound).
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T'421 T571

Figure 5.23. Chemical structures of T'837 analogues.

The structures of T'837 and 7 chemically related compounds are shown. The analogues
are categorised by their percentage inhibition of FX-mediated Ad5 transduction in SKOV3
cells relative to the parent compound T'837.
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Figure 5.24. IC5; determination of compound T’837 and analogues.
(A) Cells were infected with Ad5 in the absence or presence of FX plus 0.1, 0.5, 1, 5 or 10
UM T°837 or chemically related compounds in 100 pl serum free media. After 3 h 100 ul
media containing 20% serum was added to cells. Transgene expression was measured
after 48 h. Data was normalised to minus and plus FX control conditions and represented
as percentage inhibition. Error bars represent SEM (n = 4). (B) Table represents the ICs
values for each of the compounds. The ICso was calculated by fitting a 4-parametre logistic
non-linear regression model equation using MasterPlex ReaderFit analysis software. (C)

Structures of T'837 and T'956.
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5.2.18 Assessing the activity of hit T5660138 analogues

The ability of T'138 to inhibit Ad5 transduction ie presence of FX was compared to
that of 10 chemically related compounds purchagedn fEnamine. All compounds
possessed the same basic structure as the T'18Btpar addition to having several extra
peripheral groups. This allowed for further validat of T'138 whilst simultaneously
investigating key functional groups within its stture. Several of the analogues (T'287,
T°'489, T'137 and T'432) caused no inhibition (Figus.25 and Figure 5.26). The three
compounds T'494, T'136, and T'376 inhibited FX-mateédd Ad5 transduction to similar
levels as the parent compound (~95 to 100%) (Fi§#® and Figure 5.26).

Next, serial dilutions (ranging from 10 to QuM) of the three most active analogues and
T'138 were prepared and assayed in SKOV3 cellsvieftort to grade the compounds in
terms of percentage inhibition and potency of tifece From this analysis, T'136 was
found to be the most potent, having argl¢alue of 1uM compared to 4.04M for the
parent, 4.91uM for T'376 and 5.33uM for T'494. T'136, am-Cl substituted analogue,
showed 4-fold improved g suggesting favourable hydrophobic contacts witk th
receptor and was the most effective compound m dssay, therefore it was selected for
further investigation in conjunction to the par&iit38.
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Figure 5.25. Assessing the activity of T’138 analogues.

Cells were infected with 1000 vp/cell of Ad5lacZ in the absence or presence of FX plus 10
UM compound T'138 or 10 of its chemical analogues in 100 ul serum free media. After 3 h
100 pl media containing 20% serum was added to cells. Transgene expression was
measured 48 h post-infection. Data was normalised to minus and plus FX control
conditions and represented as percentage inhibition. *p<0.05 as compared to the parent
compound T’138 conditions as determined by one-way ANOVA and Dunnett’s multiple
comparison post-test. Error bars represent SEM (n = 4/compound).
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Figure 5.26. Chemical structures of T'138 analogues.

The structures of T'138 and 10 chemically related compounds are shown. The analogues
are categorised by their percentage inhibition of FX-mediated Ad5 transduction in SKOV3

cells relative to the parent compound T'138.
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Figure 5.27. IC5 determination of compound T’138 and analogues.
(A) Cells were infected with Ad5 in the absence or presence of FX plus 0.1, 0.5, 1, 5 or 10
UM T’138 or the most active analogues in 100 pl serum free media. After 3 h 100 pl media
containing 20% serum was added to cells. Transgene expression was measured after 48 h.
Data was normalised to minus and plus FX control conditions and represented as
percentage inhibition. Error bars represent SEM (n = 4/compound). (B) Table represents
the I1Csq values for each of the compounds. (C) Structures of T'138 and T'136.
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5.2.19 Assessing the activity of hit T5550585 analogues

The third hit compound T'585 along with 11 additdrchemical analogues were studied.
As previously shown T'585 ablated FX-mediated Adansduction (Figure 5.16 and
Figure 5.28), as did another closely related comgdori402 (Figure 5.28 and Figure 5.29).
Of the remaining 10 analogues, 5 compounds (T'00827, T'011, T'009 and T'883)
showed some inhibition of Ad5 gene transfer busitgnificantly lower levels than the
parent, whilst 5 compounds (T'756, T'001, T'820,238 and T'036) resulted in no
inhibition (Figure 5.28).

Compounds T°'402 and T'585 are structurally very iemwith only a change in the
positioning of a chlorine atom (Figure 5.29). Irder to investigate whether this minor
chemical alteration could affect the activity oétbompound, dose response curves were
generated comparing the two most active inhibitorthis series. Whilst the shape of the
dose response curve was very similar for both camgs, T'402 was slightly more potent,
producing an Ig value of 4.43uM versus 4.67uM of T'585 (Figure 5.30). Due to the
effect of this compound, T'402 along with T'585 waselected for additional

experimentation.
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Figure 5.28. Assessing the activity of T’585 analogues.

Cells were infected with 1000 vp/cell of Ad5lacZ in the absence or presence of FX plus 10
UM compound T’585 or 11 of its chemical analogues in 100 ul serum free media. After 3 h
100 pl media containing 20% serum was added to cells. Transgene expression was
measured 48 h post-infection. Data was normalised to minus and plus FX control
conditions and represented as percentage inhibition. *p<0.05 as compared to the parent
compound T'585 conditions as determined by one-way ANOVA and Dunnett’s multiple
comparison post-test. Error bars represent SEM (n = 4/compound).
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Figure 5.29. Chemical structures of T’585 analogues.

The structures of T'585 and 11 chemically related compounds are shown. The analogues
are categorised by their percentage inhibition of FX-mediated Ad5 transduction in SKOV3
cells relative to the parent compound T'585.

219



(A)

(B)

(©)

Figure 5.30. IC5 determination of compound T’585 and analogue.
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(A) Cells were infected with Ad5 in the absence or presence of FX plus 0.1, 0.5, 1, 5 or 10
MM T’585 or its analogue 7’402 in 100 pl serum free media. After 3 h 100 pl media
containing 20% serum was added to cells. Transgene expression was measured after 48 h.
Data was normalised to minus and plus FX control conditions and represented as
percentage inhibition. Error bars represent SEM (n = 4/compound). (B) Table represents
the ICsq values for each of the compounds. (C) Structures of 7’585 and T'402.

220



Chapter 5 | Results

5.2.20 Investigation of compound effect on Ad5:FX binding

To investigate if the three hit compounds (T'837,3B and T°'585) and their active related
analogues (T'956, T'136 and T'402) were interferimgth Ad5 binding to FX, SPR
analysis was performed with the assistance of Dar& Kelly (University of Glasgow).
FX was covalently immobilised on a biosensor clmid aunning buffer, 1@M compound

or an equivalent volume of DMSO was passed overcthip in order to assess if the
compound was binding directly to FX (Figure 5.3Djrectly after injection of each
compound the chip was regenerated with EDTA andhingn buffer. There was a
negligible increase in response units (averageRU) after injection of each of the six
compounds (Figure 5.31) However this was thouigglkty to be the result of the injection
process and not due to a true interaction betwleertampound and the FX bound to the

chip.

In order to investigate if the compound was intengc with the virus and thereby
hindering Ad5 binding to FX, 1@M compound or an equivalent volume of DMSO was
preincubated with Ad5. Ad5 in the presence of eafctine six compounds or DMSO was
injected over the FX on the chip. Under Ad5 plus ™ control conditions, there was a
large increase in response units (up to ~60 RWicating virus binding to the FX
immobilised on the chip (Figure 5.32). When Ad5tive presence of each of the six
compounds was passed over the chip, the increasssjponse units remained at similar
levels (Figure 5.32). These data suggest thatbmitan of AdS5 with the transduction
inhibitors T'837, T'138, T'585 T'956, T'136 and TO2 does not interfere with Ad5
binding directly to FX.
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Figure 5.31. SPR analysis of compound binding to FX.

Sensorgram of 10 uM T'837, T’'138, T'585 T°'956, T'136 and T'402 injected over FX
immobilised to a biosensor chip for ~200 sec at a flow rate of 30 pl/min. Sensorgrams are
subtracted for the control DMSO injection.
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Figure 5.32. Effect of compounds on Ad5 binding to FX by SPR.
Sensorgrams of Ad5 in the presence of 10 uM T'837, T'138, T'585 T'956, T'136 and T'402
or DMSO injected over FX for ~200 sec at a flow rate of 30 pl/min.
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5.2.21 Effect of hit compounds on FX-mediated Ad5 cellular binding

To quantitatively assess if any of the six hit coonpds, T'837, T'138, T'585 T'956,
T'136 and T'402, caused their effect on Ad5 infeityi at the stage of Ad5:cellular
binding, SKOV3 cells were incubated with 5000 vji/o¢ fluorescently labelled Ad5 in
the absence or presence of FX plugiiDcompound for 1 h at 4°C. Of the six compounds,
T'138 and T'136 caused a significant decrease imketliated Ad5 cell binding compared
to plus FX conditions (Figure 5.33). This equated~25 % (T'138) and ~40% (T’'136)
inhibition of FX-mediated binding when normalised minus and plus FX control
conditions. The other compounds (T°'837, T'956, B5d T'402) caused no significant

difference compared to conditions in the preserideXaFigure 5.33).

5.2.22 Effect of compounds on CAR-mediated Ad5 transduction

In order to assess if the compounds could block #a®sduction via the classiaal vitro
receptor CAR in addition to FX-mediated transductti®549 cells were incubated with
1000 vp/cell of Ad5 in the presence of M T'837, T'138, T'585 T°'956, T'136 and
T°'402 with and without FX (Figure 5.33). Transgesression was measured after 48 h.
A549 cells express significant levels of CAR (Hida# al., 1999), therefore are a
commonly used cell line to study CAR-mediated tduasion, whilst also being positive
for HSPGs and thus susceptible to FX-mediated Aastuction (Bradshaet al., 2010).
Under control conditions, Ad5 transduction was sigantly increased in the presence of
FX (~6 fold) (Figure 5.33). All six compounds alddtAd5 transduction in the absence and
presence of FX. This data shows the ability osedlcompounds to inhibit both CAR and
FX-mediated Ad5 gene transfer.
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Figure 5.33. Effect of compounds on FX-mediated Ad5 binding to SKOV3 cells and
transduction in A549 cells.

Binding of 5000 vp/cell of Ad5 to SKOV3 cells for 1 h at 4°C in the absence or presence of
FX plus 10 uM compound was analysed. (B) A549 cells were infected with Ad5 in the
absence or presence of FX plus 10 uM compound in 100 ul serum free media. After 3 h
100 pl media containing 20% serum was added to cells. Transgene expression was
measured after 48 h. *p<0.05 as compared to plus FX or #p<0.05 as compared to minus
FX conditions as determined by one-way ANOVA and Dunnett’s multiple comparison
post-test. Error bars represent SEM (n = 4/condition).
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5.2.23 Effect of compounds on Ad5 transduction in vivo

To investigate whether the compounds were actiwévo and decreased Ad5 transduction
and liver transduction, MF1 mice were injectedam@nously with a high dose of 1 x'10
vp/mouse of Ad5 luciferase in the absence or paseh 10uM T'138, T'136, T'585,
T°'402, T'837, T'956 or an equivalent volume of DMSQuciferase transgene expression
was visualised by whole-body bioluminescence imggand quantified 48 h after
administration. Mice were injected on two sepagdgs using an identical experimental
procedure and the data pooled from both experim@rtsup sizes: PBS n=7, Ad5 n =6,
Ad5+DMSO n =6, Ad5+T'138 n = 6, Ad5+T'136 n = 7dB+T'837 n = 7, Ad5+T’956 n

= 6, Ad5+T'585 n = 7 and Ad5+T'402 n = 6. As exptt Ad5 targeted the liver as
evidenced by the high levels of luciferase expmsgisually and quantitatively assessed by
whole-body bioluminescence imagiag) 48 h post-injection (Figure 5.34 and Figure k.35
There was no significant difference seen in the Alls DMSO control group, indicating
that the vehicle did not cause an effect on Adbdmactionin vivo (Figure 5.34 and Figure
5.35). However in the presence of i T°'138 and T'136 there were 6.7-fold and 4.6-fold
decreases respectively in luciferase expressionpaced to Ad5 and Ad5 plus DMSO
control conditions. This indicates that these twasely related compounds have activity
and cause an effewt vivo on liver gene transfer of Ad3he other four compounds T'585,
T°402, T'837 or T'956 caused no significant deceeas Ad5 transduction compared to the

animals in the Ad5 control groups under these dod (Figure 5.34 and Figure 5.35).

5.2.24 Effect of compounds on Ad5 liver accumulation in vivo

To assess whether the compounds affected Ad5dis@rmulation, tissues were harvested
48 h post-injection of Ad5 in the absence or preseof 10uM T°138, T'136, T'585,
T°'402, T'837, T'956 or DMSO and homogenates prodlid@NA was extracted from liver
tissue homogenates and vector genomes were gedrbyi gPCR. QPCR was performed
with Ad5 hexon specific primers, thus provided atuaate measure of Ad5 vector
genome accumulation in the liver. DMSO caused fecabn the level of Ad5 genomes in
the liver compared to the Ad5 alone group (FiguB5h In contrast, liver accumulation by
Ad5 was significantly decreased following incubatiwith 10 uM T°138. Neither the
T'138 analogue T'136 nor the other four compounds8%, T'402, T'837 or T'956

significantly reduced vector genomes present ifitiee.
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Figure 5.34. Effect of hit compounds on in vivo Ad5 transduction in MF1 mice.

Luciferase expression visualised by whole-body bioluminescence imaging 48 h after
intravascular administration of PBS, 1 x 10*! vp/mouse Ad5 alone or Ad5 in the presence
of 10 uM T'138, T'136, T'585, T°402, T'837, T'956 or DMSO in MF1 mice.
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Figure 5.35. Liver Ad5 accumulation and transduction at 48 h in vivo.

(A) Luciferase expression as assessed by whole-body bioluminescence imaging was
quantified at 48 h post-administration of PBS, Ad5 alone or Ad5 in the presence of 10 uM
T'138, T'136, T'585, T'402, T'837, T'956 or DMSO. (B) Viral and total genomic DNA was
extracted from liver samples taken 48 h post-injection. Vector genome accumulation was
quantified by qPCR. *p<0.05 versus Ad5 as determined by Student’s t-test. Error bars
represent SEM (n = 6/group).
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5.3 Discussion

Intravascular delivery of Ad5 is an attractive ®@ior targeting the vasculature at defined
sites, if not the only route suitable for targetthg multitude of micro-metastates required
for many cancer gene therapy applications. Follgweontact with blood, Ad5 interacts
with FX and mediates liver gene transfer (Kalyuyhei al., 2008; Waddingtoret al.,
2008). The initial aim of this study was to use &8SHo identify a small molecule which
specifically blocked FX-mediated Ad5 gene transfer prevent liver transduction.
Furthermore, such an inhibitor may hold promiseaasanti-adenoviral agent for the
treatment of life threatening disseminated Ad5 ¢titss in the bloodstream. While it
remains unclear whether FX binding by the virusised for Ad5 dissemination, blocking
this pathway may have fundamental beneficial efféat disseminated Ad pathogenesis in

addition to gene therapy applications.

During the initial phase of this study the traduéb methods of assessing Ad5 transduction
in the presence of FX were adapted to generatessayamenable to a HTS format. This
set-up stage is one of the most crucial aspecéssHTS and warrants adequate time to be
spent on optimisation (Sharlowt al., 2008; Shunet al., 2011). Here, an efficient,
automated 384-well cell-based assay was develapgo@timised using GFP as the output
measure. Figure 5.36 highlights the different stagk assay development which were
undertaken. Cell-based screen implementation ptesaveral challenges, including the
production of sufficient cells and virus for HTSaging and adherence of cells for the
assay, effects of compound exposure, cytotoxiciygl a@apture of the assay signal
(Johnstonet al., 2002). Identifying systemic errors prior to themomencement of the
screen is vital and efforts were made to contrelvariability of the assay in the context of
several factors, including: DMSO tolerance, reagieartd signal stability (Figure 5.36).
Having an easily quantifiable readout simplifiesl ayreatly aids in the efficiency of the
screening process (Johnstenal., 2002; Trasket al., 2009). In the presence of FX
Ad5GFP transgene expression was substantiallyasedecompared to non-FX conditions,
providing a robust and reproducible signal windewefage of ~30 fold signal-background
ratio) and therefore the control-based method omadisation of data was chosen (Shatin
al., 2011). Non-control-based methods of data normais such as the Z-score and B-
score (both plate-based statistical methods) & fabquently used HTS methods, which
can reduce the impact of systemic row/column e$féBrideauet al., 2003; Zhijin Wuet

al., 2008), but from preliminary testing this was @otmajor problem and control-based

normalisation was most suited to this assay (Shah, 2011).
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Select format, optimise assay, evaluate signal and reagent stablility, DMSO
tolerance and validate

Cell and virus Cell plating Compound Signal capture
production exposure

Assay requirements for HTS: robust signal, reproduc ible response and throughput

Figure 5.36. Cell-based assay development.

Additional challenges to the development and implementation of cell-based screens
beyond those associated with biochemical HTS formats. Figure adapted from Johnston et
al. (Johnston et al., 2002).

Many factors beyond biological activity can affédoe data quality from HTS. The multiple
automated steps involving the liquid handling ratmtwith aspirations, dispersions and
fluid transfers, the programmed high content catluimaging and handling of large
databases all contribute to systemic variation. §ihall scale screen of 80 compounds was
performed in order to test and validate the HTSqmal. The reproducibility of controls,
the high signal-to-background ratio and an ave#@fgetor of > 5 indicated that the assay

was suited to a HTS format.

From the primary screen, 288 of the 10,240 compsuested resulted in > 75% inhibition
of FX-mediated transduction and were identifiedpssdiminary hits. An initial hit rate of
~2.8% was higher than expected. Despite this, thi@ focus of the primary assay was to
create a list of potential hits, in a cost and tiefiective manner, therefore in an attempt
not to miss any such molecules all 288 were salefbe two rounds of secondary
screening. In order to distinguish assay variabfibm biological activity, the compounds
showing potential were tested on multiple occasiamsecondary screens and manually
using traditional routinely used methods. The fgssitive rate (i.e. false-positive rate =
[number of primary HTS actives — number of confidrats] x 100/number of primary
HTS actives) was ~94%. From the 15 hits identifirethe secondary screen as being non-
toxic and achieving > 75% inhibition, only five veedemonstrated to be active when
tested without the use of automated techniques, diecarding a further two-thirds of the
positive compounds. False positives from HTS aceramon problem, the consequences

of which depend on the time and resources spetha@nidentification and elimination in
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the follow up hit characterisation stage (Bridehal., 2003; Coaret al., 2009; Zhanget
al., 1999). A graphical summary of the hit identificat process is given in Figure 5.37.
These data highlight the necessity of repeatethtestf seemingly attractive compounds
and the requirement for hit validation. Howeverpitesthe high attrition rate, five repeat
positive hits were identified from a screen of @) 2nolecules (0.048% hit rate).

Upon further analysis, the compounds T'817, T'0831138, T'585 and T'837 were
identified as ablating Ad5 transduction in preseot&X, all of which had 16, values <
5.5uM. The compounds T'138, T'585 and T'837 primariitarfered with a post-binding
stage of the Ad infection pathway and all affeatdfttient virus trafficking to the MTOC,
as demonstrated by confocal microscopy. From tai/envestigation of candidate hits,
T'817 appeared to be the most effective, havinghlet potent effect on Ad5 transduction
(ICs0 = 0.47), intracellular trafficking and completelyepented Ad5 accumulation at the
MTOC. However, an additional factor which can cintte to false positives is the
presence of promiscuous compounds within the hbrelf (McGovernet al., 2002).
Following post-screen structural analysis T'817 andB831 were eliminated due to the
presence of sub-structural properties resemblingglof ‘frequent false hitters’ from other
screens (Baekt al., 2010; McGoverret al., 2002). Attempts to develop such peculiar or
promiscuous compounds into viable leads are oftélef and a great amount of time and
resources can be wasted on the characterisatithakaf hits (McGovernet al., 2002).
Therefore, efforts were focused on validating theepthree HTS hits, T'138, T'585 and
T°'837. Interestingly these three compounds shatetsiral features and fit within the one
pharmacophore model established by Enamine. This s&en as encouraging and
improved the chances of them being true hits. Maegothe fact that T'138 had similar
features to both T'585 and T'837 was a very positaspect. Therefore based on these
considerations mini-focused follow up libraries e/generated relating to these molecules
and structure-activity relationship analysis wasfgened. In vitro screening of the
analogues revealed novel hits with similar or inwe activity, thereby further validating
the initial pharmacophore model and the threeahiit compounds T°'138, T'585 and
T'837.
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Figure 5.37. Graphical review of the HTS.

20%

Of the 10,240 compounds screened in the primary screen, five validated hits were

identified from the HTS process.
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Several attempts were made to decipher the mecharfiaction of the six most promising
hits; T'138, T'136, T'585, T'402, T'837 and T'95@ hese compounds did not directly
interfere with Ad5 binding to FX, instead they parly caused a post-binding stage block
of the transduction pathway and all affected optinmdaracellular transport to the
microtubule organising centre, as demonstrated BR,Slow cytometry and confocal
microscopy. Investigation of a direct interactiatween Ad5 and the compounds could be
performed by employing SPR techniques; coating #d& biosensor chip and passing 10
uM of each compound or DMSO over the chip to monitompound:Ad5 binding.
Additionally, efforts to dissect the point of thelBtransduction pathway being targeted by
the compounds could be made, by performing timetiaddexperiments, i.e. add the
compounds 0, 15, 30 or 60 min post-infection. Salvearly points in the FX-mediated
pathway are well documented (Bradshetval., 2010), and this could help assess whether
the compound was having a critical affect priovit@l internalisation, endosomal escape

or nuclear import etc.

Potent compound effectsn vitro do not necessarily translate in the vivo setting.
However in this instancein vivo, 10 uM T'138 substantially reduced Ad5 liver
accumulation 48 h post-injection and, in additionits closely related analogue T’136,
dramatically reduced transgene expression at 48dtiptravenous administration of a
high viral dose (1 x 18 vp/mouse). This dose of virus was chosen as it prasiously
demonstrated to cause high levels of liver transdagn mice, thereby providing a clear
measure of compound effect (Albial., 2010). The activity shown by T'138 and T'186
vivo was a very promising result and this biologicaleef signifies the translational
potential of the compounds. In this experimentraylsi dose of 1uM compound was
tested, whilst it may be the case that the other tompounds, T'585, T'402, T'837 and
T°956, all of which have pharmacologically favoulabrofiles and none of which resulted

in clear toxicitiesn vivo, may show activity at higher doses or against loviral load.

A major factor for consideration in the potentigewf these molecules in the gene therapy
setting is that all six compounds ablate Ad5 traesdn both in the presence and absence
of FX, as assessed by assays in A549 cells. Arbitoiniwhich specifically blocks FX-
mediated transduction may hold great benefit fateypically administered Ad5 gene
therapy applications, when combined with vectoanggting strategies. However, as these
inhibitors appear to block Ad5 gene transfer viaRCAnd FX:HSPGs, they may not be
suitable for such applications. This assay wasgdesi to find inhibitors of Ad5

transduction, therefore this was always a possdiécome. Perhaps to look more
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specifically at FX-mediated Ad transduction, idéntig a small molecule which prevented
the direct Ad5:FX interaction could be more suigalihere are several ways such a assay
could be designed, such as employing SPR to sammpounds for those which blocked
Ad5 binding to FX, or if a cell-based assay wasfgable measuring the effect of
compounds on fluorescently-labelled Ad5 bindingSIKOV3 cells. Instead the inhibitors

identified in this study may be of more value ag-adenoviral agents.

As previously mentioned (section 5.1), in the im@urompromised host, human Ad
infections can culminate in disseminated and Ifedatening disease (Chakrabattial.,
2002; Munozet al., 1998). Although human Ads initially infect defohéarget tissues such
as the lung, eye and gastrointestinal system, missged infections can occur, manifesting
in serious clinical syndromes and are often fatdluanget al., 2003; Straussberg al.,
2001). There are however, no currently approveléctee anti-adenovirus treatments on
the market. Compounds T'138 and T'136, in partiguidentified in this study may be
suitable lead compounds for such an applicationsiog a potent effedin vitro and a
substantial reduction in Ad5 transductionvivo. Several other potential experiments could
be performed to investigate this further. Firsdy,assessing whether the inhibitors of Ad5
transduction can prevent viral replication. In tthesis, all work was performed using a
replication incompetent Ad5 vector. As 293 cellsgess the E1 genes and machinery
required for replication of this vectom vitro, it would be of interest to investigate if the
compounds when incubated with 293 cells infectedh wAd5, could prevent viral
replication and viral spread as assessed by theciioh of the cytopathic effect after 24 h
or performing MTT assays (Grahaet al., 1977). Assessing the effects of WT Ad5
replication in A549 cells, would also be of greatevance. Ultimately the anti-viral
potential of these inhibitors would be investigatedivo in a suitable animal model. As
human Ad replication is species specific, the u$eappropriate animal models is
important. Whilst mice are non-permissive to Ad9li@tion, Syrian hamsters are
permissive to replication and therefore a good rimdehich to examine the effects of the
small molecules (Dhaat al., 2012).

Whilst some pan-antiviral agents such as cidofamd ribavirin have demonstrated
efficacy against Ad infections, there is currently antiviral specific to Ad available
(Nishikawa et al., 2011; Taniguchiet al.; Ulrych et al., 2011). It would be worth
investigating if the compounds identified in thiady are selective to Ad5 or whether they
prevent transduction of other Ad serotypes. Testimgnel of Ads from each of the seven
species A to G to investigate the compounds effacAd infectionin vitro would be of
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interest, as Ads from species A, B, C and D aretrmosimon to infection in transplant
recipients (Kojaoghlaniaet al., 2003; Kroeset al., 2007). It has been reported that in
pediatric allogeneic stem cell transplantationgrds, of the 33 individuals positive for Ad
infection in one study, more than one serotype a@scted in 12 of the patients (Kross

al., 2007). Moreover, testing the effect of the compmsion other types of viruses, to

ascertain Ad specificity would also be of importanc

A recent study by Anderssoet al. developed a cell-based screen employing a GFP
expressing replication competent Ad vector to str@800 commercially available small
organic compounds to identify one that directlyimdtirectly affected adenoviral protein
expression in vitro (Andersson et al., 2010). One compound, namely 2-((2-
benzoylamine)benzoyl)amino)-benzoic acid, inhibxedl replicationin vitro and showed
efficacy against Ads from species A to F. Howeveré was nan vivo data reported with
this compound (Anderssacat al., 2010). Whilst several nucleoside analogues inhoi
replicationin vitro, few appear to work against disease and infectiaivo. Therefore, the
active in vivo inhibitors T'138 and T’'136 identified in the cuntestudy may be very
promising as lead compounds to treat Ad5 infectipaysticularly in the case of
disseminated Ad disease.

The compounds screened throughout this projectiriédl three major categories; those
which inhibit Ad5 transgene expression in the abseand presence of FX, those which
enhance FX-mediated Ad5 infectivity and those wlaalise no effect. The two types of
compounds showing efficacy may have strong margpeal. In the gene therapy setting,
compounds capable of enhancing Ad5 infection inpilesence of FX may be an attractive
option for improved treatment of solid tumours Maalised injection. Cancer accounts for
nearly 65% of the gene therapy trials to date, ihifollowed by cardiovascular disease
which account for a further 8.5%. This type of &gy could also be adapted for the
treatment of cardiovascular diseases, via coatitents with the Ad:FX:compound
complex to improve virus uptake in the vessel wétivestigation of potential Ad
transduction enhancers identified from this screertainly warrants further study. As
discussed, there is a clear gap in the marketriogfgective anti-Ad agent. Additionally,
such an anti-adenoviral agents may also serve @stemtial ‘safety valve’ in the gene
therapy clinical setting e.g. in case of unwant@dl veplication following administration
of an oncolytic Ad, an anti-viral could be givendombat viral spread and be used as an

additional measure of protection (Bauzbml., 2009).
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This study describes the development, optimisatiod implementation of a cell-based
HTS, in a miniaturised 384-well format, to find dim@olecule inhibitors of Ad5 gene
transfer in the presence of FX. Six promising Weyre identified, T'138, T'136, T'837,
T'956’ T'585 and T°'402 as being potent blockersfaf5 gene transfan vitro and two of
the compounds, T'138 and T'136, successfully redugd5 gene transduction following
intravenous delivery of the vecton vivo. These pharmacologically favourable small

molecules represent lead compounds for the devaopnof anti-Ad agents.
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This thesis has focused on investigating and méeatipg Ad5 interactions with host
factors, in particular coagulation FX, a kayvivo tropism determining event following
intravascular delivery of the vector. A greater emrstianding of Ad5:FX complex binding
to hepatocytes was gained through genetic manipalaf key amino acid residues in the
FX SP domain, which ablated FX-mediated Ad5 bindang transductiom vitro andex
vivo. The use of pharmacological agents, kinase irgribiand small molecules to interfere
with Ad5 gene transfer in the presence of FX was alvestigated. A screen of 80 diverse
kinase inhibitors and a robust high throughput extirey platform to assay 10,240
compounds from the Pharmacological Diversity Dnkg-ISet library were developed.
Through several rounds of screening, compoundsctefte cell binding, optimal
intracellular transport and potent inhibitors of SAdransduction in the absence and
presence of FX were discovered. Therefore, novehtsgto manipulate Ad5 gene transfer

in vitro andin vivo were successfully identified from this work.

A major hurdle to the development of gene therapiye lack of efficient vector targeting
strategies following intravascular administratitime optimal route for many applications
such as disseminated cancers and minimally invdeiveardiovascular diseases including
heart failure or ischemic cardiomyopathy (Boec#teal., 2004; Franzt al., 1997). Viral
vectors are used in almost 70% of clinical trialsgene therapy, approximately 24% of
which are based on Ads (www.wiley.com//legacy/willeiygenmed/clinical/). Ads, which
exhibit highin vivo transduction efficiency, expression of transgeadarge DNA payload
capacity, manufacturing feasibility and the ability propagate replication-defective
vectors in complementing cell lines, have showrorgjr promise for gene therapy
applications. These concepts have also led to Adyglused as molecular vaccine agents
(reviewed by Matthews and Barouch (Barouch, 201@&tthews, 2010)). In the gene
therapy setting, Ad5 the most commonly used Adarelshis shown therapeutic potential,
principally following local administration. Howeveihis efficacy is largely determined by
the route of administration, much of which is losice the vector enters the bloodstream.
Recent studies described an important pathwayAtatutilise once in the blood, that is,
the high affinity interaction between the virus bexprotein and circulating coagulation
FX (Kalyuzhniyet al., 2008; Vigantet al., 2008; Waddingtoret al., 2008). A broad range
of human Ad species have the capability to bind=Xo (Waddingtonet al., 2008). FX
mediates substantial liver gene transfer, decrgasia availability of the vector to target
tissues. Since this discovery, the interaction iA¥ has played a significant role in the
design of gene therapy vectors (Aldtaal., 2010; Albaet al., 2009; Kelkaret al., 2004;

Waddingtonet al., 2008). It is therefore important to understand @haracterise this
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pathway in detail for the efficient optimisation damlevelopment of such vectors for

clinical applications.

The haemostatic system provides physiological Hef¢nce and the coagulation cascade
modulates inflammatory activity and limits tissuanthge (Pet&ja, 2011). However, this
regulatory system can also be exploited by varathogens for infection (Lenmahal.,
2011; Sutherlandt al., 2012; Waddingtoret al., 2008). Several species of Ads bind FX
(Waddingtonet al., 2008), while coagulation FIX enhances species & and Ad31
infection via a high affinity interaction with theexon (Jonssoe al., 2009; Lenmaret al.,
2011). In the case of wildtype Ad5, respiratoryctrimfection commonly occurs following
inhaled droplet transmission. Various stimuli, udihg inflammatory responses at the
respiratory mucosa, may trigger exudation of plaspraponents (e.g. proteins involved in
coagulation, complement, fibrinolysis) from subbpltal microvessels (Perssaa al.,
1991). FX has been shown to be an efficient enhrasfcAd transductionn vitro, even at
1/100th the physiological level found blood sugmegtthe Ad:FX pathway may have
evolved to enhance natural Ad infectiomvivo (Jonssoret al., 2009). In addition herpes
simplex virus type-1 employs thrombin or a combmabf coagulation FXa and FVII for
increased infectivity (Sutherlaret al., 2007; Sutherlandt al., 2012). In the case of Ad5,
the FX Gla domain docks within the cup formed bghehexon trimer and the SP domain
tethers the Ad5:FX complex to hepatocytes throughdibg HSPGs, resulting in
subsequent receptor-mediated virus internalisggyadshawet al., 2010; Kalyuzhniyet

al., 2008; Waddingtoret al., 2008). Whilst it is evident that several typesvifises can
utilise components of the coagulation cascade deroto enhance transduction, several
other viral pathogens have also taken advantagtS®XGs as primary attachment receptors
in different tissues and cell types. These inclddenan immunodeficiency virus-1
(Endres=t al., 2008), AAV (Summerfordt al., 1998), human papilloma virus (Johnsbn
al., 2009) and herpes simplex virus (Shuitlal., 1999).

In this study, the critical HSPG-interacting resdwf FX for Ad5:FX complex attachment
to hepatocytes were identified. FX plasmid condtrueere generated with mutations in the
seven basic residues of the HBPE, previously défee R93, K96, R125, R165, K169,
K236, and R240 (Rezaie, 2000). SPR demonstratéanibt@tions did not affect binding to
Ad5. FX-mediated, HSPG-associated cell binding drahsduction were abolished.
Unfortunately due to the complex synthesis of Fiffjadilties in rFX production and scale-
up, in vivo studies were not performed. Several methods taawgpproduction could be
tested, such as increasing the concentration ahwit K or serum in the media, using
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suspension cells or co-transfection of the WT FXFX mutated constructs with an
intracellular processing enzyme, such as the ewdegse furin, required for efficient
biosynthesis (Drewst al., 1995; Preiningeet al., 1999). Ideallyjn vivo analysis would be
performed, in which 1@g/ml of the WT or rFX mutants would be injectedointarfarin-
treated mice 30 min prior to administration of AdBd liver transgene expression
assessment after 48 h. Nonetheless, botiitro andex vivo data generated indicated that
the cluster of basic amino acids in the SP domaadiated surface interaction of the
Ad5:FX complex. Therefore this study has broadethedexisting knowledge of the FX-
mediated Ad5 transduction pathway.

Future success in the development of safe, taryetetdrs for systemically delivered gene
therapy will rely on the detailed understandingcofmplex interactions of Ads with host
proteins. Aside from the Ad5:FX interaction, a rargf other endogenous proteins lead to
viral sequestration and prevent gene transfereod@sired cells or tissues. These include
KCs, neutralising antibodies, complement componeamighrocytes and platelets, amongst
others. Therefore it is evident thatvivo kinetics and Ad5 biodistribution are defined by a
range of host interactions. While many years oéaesh have been focused on altering the
tropism of Ad5 vectors, many of these studies hatempted to translate the knowledge
gained from CAR-mediatenh vitro mechanisms to relevant vivo pathways.The recent
change in research focus from classicahitro CAR-mediated infection to FX:HSPG-
dependent mechanisms, requires additional studide tperformed to assess the role of
different signalling pathways in the early stageEX-mediated Ad5 infection.

Post-binding events that occurr following FX-meditAd5 binding and the role of
kinases involved in virus internalisation, intrdokdr trafficking and successful
transduction were also investigated in this theSisnilar to their involvement in the CAR-
mediated pathway, PKA, PI3K and p38MAPK were fodadoe crucial for the optimal
intracellular trafficking in the presence of FX & CAR® cell line in vitro (Li et al.,
1998b; Suomalainee al., 2001). Here, from screening a panel of othergenahibitors,

a compound thought to have Syk kinase inhibitoivaigtwas found to have a profound
effect on FX-mediated Ad5 infectivity (Moriyet al., 1997). ER-27319 disrupted efficient
intracellular transport and decreased Ad5 transolucDue to the lack of Syk in the cell
lines tested, it was concluded that this effect wmagpendent of this kinase. Syk has not
previously been reported to have an involvemetdb gene transfan vitro. Instead ER-
27319 was postulated to be acting via ITAM expregsiellular proteins. The ITAM
containing ERM family, which act as cross-linkeetvieeen the plasma membrane and the

240



Chapter 6 | General Discussion

actin cytoskeleton were speculated to mediate ttenp effects of the inhibitor on Ad5
transduction. However, in the time frame imposedhiy study this speculation could not
be verified but warrants further investigation. Admhal experimentation could be
performed to knockout the effects of ezrin, radiaimd moesin proteins using an siRNA
approach, as previously shown to be effective falividual or combined knockdown
(Kanoet al., 2011), in SKOV3 or A549 cells and examine the&f on Ad5 trafficking.
This would give insight into their importance iretlhd5 infectivity pathway. Whilst the
effects of ER-27319 are interesting and it may $&din vitro as a tool to manipulate Ad5
gene transfer, as to our knowledge there are ner atbmpounds available which cause a
similar affect, its use in animals may be hinddsgdoxicity issuesin vitro the compound
results in ~35% cytotoxicity following 48 h incub@t, indicating that it may not be

suitable forin vivo application.

A wide range of methods of Ad targeting have bemretbped with varying success. These
include genetic engineering of the viral capsidb@tdt al., 2009), polymer-conjugated Ad
complexes (Yacet al., 2011), adaptor molecules (Reynoldsal., 2000), carrier-cell-
mediated delivery (Pereboeveat al., 2003), cell-specific Ad expression cassettes
(Fukazawaet al., 2010), promoters and microRNA-mediated tissueifipetransgene
silencing (Cawoocdkt al., 2009). The use of warfarin to decrease circujptevels of
functional blood factors (Parket al., 2006) or heparin to block HSPGs (Bradsleil .,
2010), have ablated unwanted Ad5 liver transductigoth innate and adaptive immune
responses against the Ads are efficient methodsauiestering the virus, greatly reducing
the circulating half-life of the vector for geneethpy applications. Gadolinium chloride
(Lieber et al., 1997), clodronate encapsulated liposomes (Wabl#l., 1997) and several
other methods to deplete KCs led to evasion, at legart, of an innate immune response.
These drugs however are sub-optimal for adminigetdo patients about to undergo a
therapeutic gene therapy procedure due to safstyessrelated to their anticoagulant
properties and toxicity profiles (Kumagetial., 2007; Ropposcht al., 2012). Therefore,
seeing the potential of a drug intervention appno#ee third study in this thesis attempted
to identify a novel and safe small molecule to rpatdte the FX-mediated Ad5 infection
pathway and prevent gene transfer. Such an inhibity also hold promise as an anti-Ad

agent.

Ad infections can be asymptomatic or cause loddldisease, such as respiratory tract
infections following inhalation via droplet transssion of species C Ads (Horej al.,
2001). However, the humoral response also playsmgortant role in controlling Ad
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infection and in individuals in which the immunessym is disabled, infection can become
invasive (Echavarria, 2008; Hierholzer, 1992). {chh manifestations can be aggressive
leading to hepatitis, hemorrhagic cystitis, paniitisa meningoencephalitis and
disseminated disease (de Mezervélal., 2006; Khooet al., 1995). They depend on the
underlying disease, affected organ, virus serogypkpatient age, being particularly severe
in children (Echavarria, 2008; Licst al., 2003). Ad infection has also been detected in
peripheral blood from immunocompromised patientsigmificant proportion of whom
(82% of paediatric patients in one study (Lietnal., 2003)) then go on to develop life-
threatening disseminated adenoviral disease (Lieh al., 2003). In the
immunocompromised host, disseminated Ad diseaseletisal in most instances
(Chakrabartket al., 2002).

While it is uncertain whether FX binding by Ad upoontact with bloodstream is used for
viral dissemination, it was hypothesised that blloegkhis pathway may be advantageous
for limiting disseminated Ad hepatitis and for gaherapy applications where avoidance
of liver gene transfer is desirabl&€herefore a high throughput screening platform to
identify small molecule inhibitors of the Ad5:FX tbavay was developed. Using a
fluorescence and cell-basedh vitro HTS 10,240 small molecules from the
Pharmacological Diversity Drug-like Set library weevaluated. Primary and secondary
screening identified 15 compounds that reduced Ediated Ad5 gene transfer by > 75%
without causing cytotoxicity. Upon further analysisree compounds, T'837, T'585 and
T'138 were identified as consistently ablating Al&nsduction both in the absence and
presence of FX. As virtually all CAR and FX-medthtgene transfer was prevented by
these compounds, such inhibitors may be more deitbanti-viral agents rather than for
gene therapy applications. However, it would alsmbinterest to investigate if the small
molecules identified here also block integrin-méatiainfection. This could be performed
by conincubation of 1M of each compound with an integrin targeted vesach as
Ad5RGDA4C, which has been genetically engineerambidain anv integrin binding ligand

in the HI loop (Dmitrievet al., 1998; Majhenet al., 2009), to assess affects on vector

transduction.

Without formally approved antiviral drugs againstishavailable, there is a gap in the
market for such a pharmacological agent (Dropeiial., 2010). Several drugs including

ribavirin, cidofovir and ganciclovir, have been tegs in clinical settings or in animal

models and the results are variable (Lindenetas., 2010; Taniguchet al., 2012; Ulrych

et al., 2011; Yabikuet al., 2011). Cidofovir is most commonly used to trealtiAfections,
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but treatment outcome is often disappointing (Oebat., 2010; Taniguchet al., 2012). In

a retrospective study of Ad infection in patientsdergoing haploidentical stem cell
transplantation, approximately 43% of individuaksceiving cidofovir alone to treat
disseminated Ad infection died (Taniguchi al., 2012). Additionally, many currently
licensed drugs target the same viral protein, tred DNA polymerase, and drug resistance
is an emerging problem (Dropulet al., 2010). Furthermore the toxicity associated with
some antiviral agents limits their use (Dropudical., 2010). Safer and more effective

drugs directed against new viral targets are reduir

Candidate small molecules identified in this thestse investigated in further detail. They
did not directly interfere with Ad5 binding to FXystead they primarily caused a “post-
binding” stage block of the Ad infection pathwaydadisrupted optimal trafficking to the
MTOC, as demonstrated by SPR, flow cytometry andamal microscopy. The three lead
compounds T'837, T'585 and T'138 shared commonctiiral features and additioniad
vitro screening of compound analogues revealed novsl wiith similar or improved
activity. Whilst several compounds have previoubgen demonstrated to block Ad
transductiorin vitro, very few have shown efficadg vivo (Anderssoret al., 2010; Oberg
et al.,, 2012). Here, intravascular administration of il T°'138 and its analogue T'136
substantially reduced Ad5 gene transfevivo at 48 h post-administration. Therefore, this
study successfully identifies novel and potent $mradlecule inhibitors of Ad infection

pathways which may be attractive for the developgroéanti-Ad agents.

Additional studies will be performed to investigafethe small molecule inhibitors
identified in this study prevent Ad replication.cBuan inhibitor may also be useful in the
gene therapy clinical setting and its administrativay act as a safety control for unwanted
replication of oncolytic Ads (Bauzoet al., 2009; Diacontet al., 2010). The requirement
for more potent effects of oncolytic Ads equates thigher risk of replication-associated
side effects, such as innate immune reactions@fdity (Diaconuet al., 2010). The novel
compounds found in this study may be suitabletierAd replication-associated symptoms
in the clinic and improve their safety profiles.dddition to the inhibitors of Ad infection,
the small molecule enhancers of Ad5 transducti@mtifled in this study warrant future
study. Such compounds may have potential, in catipm with FX for increasing Ad5
transduction efficiency following localised deliyee.g. intra-tumoural injection of the

vector.
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In summary, the work presented here increases th#erstanding and potential

exploitations of the FX-mediated Ad5 infection pa#ty. In addition, potent inhibitors of
this important pathway boiim vitro andin vivo were identified, which represent promising

lead candidates for anti-adenoviral drug develognamd gene therapy applications.
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Appendix 1. 80 compound subset from the Pharmacological Diversity Drug-like Set
library

Compound I.D. ‘ Molecular weight
T6157156 479.60
16147393 278.10
16157679 209.3
15797151 356.43
76045662 256.34
75938260 368.34
15243644 280.37
T6005553 275.32
75888802 413.34
T5895535 190.16
75982390 378.78
76090409 315.37
75786618 204.25
T5786988 354.4
T5786231 273.26
T6195375 404.25
76205233 215.72
76205606 293.40
T6037038 264.24
76538287 323.44
76260188 125.12
T6296542 167.63
76530803 272.78
76531308 334.05
76391409 189.21
76394162 277.34
T5666758 317.36
T6467204 314.23
76465064 254.46
T6464837 206.29
T6456691 205.64
16449216 209.27
16421771 193.19
16426611 332.74
T6437770 289.81
T6466171 270.39
T6475407 234.25
T6486717 216.30
76494910 205.75
16226934 193.17
76339082 258.1
76330125 220.01
76330009 236.33
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16159723 313.29
76024950 374.44
15971725 245.61
15603728 442.54
15617403 531.99
15618922 367.40
T0506-1018 319.24
15330666 517.60
T0503-2971 358.27
T0501-4889 325.37
T0510-1910 354.45
T0511-5084 476.56
T0514-6922 469.48
15250021 364.46
15676844 279.27
15749380 354.39
75509594 305.78
75508544 219.24
75359005 342.33
T0517-7883 294.42
T0500-2894 328.24
15419299 306.16
15240685 326.36
T0519-4248 361.91
T0519-9051 430.52
T0515-0234 173.21
T0516-4802 380.35
T0514-9644 327.47
15343938 286.29
75380460 252.17
T0500-5518 379.41
T0501-2198 303.40
T0501-7827 469.53
T0502-2012 276.38
15473838 455.44
15474623 230.30
15476447 262.28
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