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Abstract

Adenoviruses (Ads) have been well studied for usecancergene therapy.
However, low levels of the primary receptor, coxsaadenovirus receptor
(CAR), in tumorcellshas been shown to be a factor in low transgene expression.
To increase Ad infectioof breastcancer cells we constructed a hum@adS
targeted to HER3/4 receptors by the insertion of the HER3/4 ligand, the HRG EGF
like domain. These growth factor egators are overexpressed on breast cancer, as
well as other cancezells

Here we have shown higher transgene expression levels after infection of breast
cancer cells expressing high levels of HER3/4 by the modified virus, compared to
the wild-type bindng virus. Furthermore, we have shown expanded tropism of the
modified virus to Chinese hamster ovary ctiist are refractory to infectidoy the
wild-type binding virus. Competition with either the HRG E{&eé domain or
solubleAd virus fiber knob suppted these results. Howeveyene transfer ta
breast cancer xenograft model was not improved by the addition bétagulin
(HRG) EGFlike domain.

We comparedinding andnternalizationof the modified virus tehat ofthe wild-

type binding virusAs expected,he wild-type virusboundand was taken up into
CAR+ cells within 10 min. The modified virus was similar @AR+ cell lines.
Surprisingly,in CAR- cells, very little binding orinternalizationof the modified
virus was detectedithin 10 min.When reassessed under stringent conditions used
in binding andinternalization assays, there was no detectable reporter gene

expression after infectioof CAR- cells with either virus. Moreover, fluorescence



microscopy demonstrated that longer incubatioresinmcreasethternalizationof

the modified virus into CAR cells, consistent with the origingtansgene
expression assaybhus, the modified virumternalizationinto CAR- cells appears

to bedelayed compared tfaternalizationof the wildtype bindirg virus

We have shown differences in bindingternalization and gene expression after
modification of Ad to bind to HER3/4in addition to CAR. Further study and
modifications of this vector should result in an effective gene therapy vector for

breastor other cancers.
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Abreviations and Nomenclature

A4881 Alexa 488 dye

aai amino acids

Ad i adenovirus

Ad21 adenovirus serotype 2, subgroup C

Ad5171 adenovirus serotype 5, subgroup C

Ad127i adenovirus serotype 12, subgroup A

Ad3571 adenovirus serotype 35, subgroup B2

AdLuc(HRGiber) i the virus targeted by HREGFlike domain also encoding
the reporter gene luciferase

AdLuc(wt-fiber) T the control virus encoding the reporter gereiférase anavild-
typebindingfiber, also called AALC8¢uc

AdLCS8c-luci called AdLuc(wtfiber) in this document

AKT T serine/threonine kirse, also known as protein kinase B (PKB)

BAP T biotin acceptor protein

CCAC1 Canadian Council on Animal Care

CAR' coxsackieadenovirus receptor

CHO1T Chinese hamster ovary cells

CHO-al2i CHOcellst r ansf ected with human U2 integr,]
CHO-CAR

CHO-al2lHER3iCHO cel ls transfected with human U2

CHO-CAR CHO cells transfected with CAR

CHO-CAR/HER3i CHO cells transfected with CAR and HERS3

CHO-NT 1 CHO cells not tansfected with any exogenous surface receptor

CMV i cytomegalovirus

CPET cytopathic effect

CPZi chlorpromazine

DMEMiDul beccobdés Modi fied Eagle Medium

DT 1 diphtheria toxin

EEALT early endosome antigen 1

EGFi epidermal growth factor



eGFPi enhanced geen fluorescent protein

EGFRi epidermal growth factor receptor

ERT estrogen receptor

ErbB31 human epidermal growth factor receptor family 3 (HERS3)
FGF2i fibroblast growth factor 2 (basic)

FGFRIT fibroblast growth factor receptor

FX'i vitamin K-dependat blood coagulation factor X

GEFi guanine nucleotide exchange factor

GFPT1 green fluorescent protein

HEK T human embryonic kidney cells

HEPESI 4-(2-hydroxyethyl}1-piperazineethanesulfonic acid
HER1T human epidermal growth factor receptor family

HER21 human epidermal growth factor receptor family 2 (ErbB2, neu)
HER31 human epidermal growth factor receptor family 3 (ErbB3)
HER41 human epidermal growth factor receptor family 4 (ErbB4)
HRG1 heregulin

HSPGI heparin sulfate proteoglycans

hTERTT human telomerase reverse transcriptase

HVR i hexon hypervariable regions

ifu 7 infectious units

IGF171 insulinlike growth factor 1

IGF1RT insulin-like growth factor 1 receptor

IHC i Immunohistochemisty

ITR T inverted terminal repeat

kbi kilobase

Kd 1 dissociation constant

kDai kiloDalton

LRPT lipoprotein receptoerelated protein

MEM 7 Minimum Essential Medium

MOI i multiplicity of infection

mTORT mammalian target of rapamycin



NHST N-hydroxysuccinimide

NLST nuclear localization site

NPCi nuclear poreomplex

NRGT neuregulin

OTC1 ornithing transcarbamylase

PBSI1 phosphate buffered saline solution

PBS++ i phosphate buffered saline solution with additional calcium and
magnesium

PET phycoerythrin

PEx- Pseudomonas exotoxin

PFUT plague forming ung

PH1 pleckstrin homology

PI3KT phosphatidylinositel4,5-bisphosphate-Rinase

PISKCAT phosphatidylinosite#,5-bisphosphate-Binase catalytic subunit alpha

PIP2i phosphatidylinositel,5-bisphosphate

PIP3i phosphatidylinositol(3,4,5iphosphate

PMSFi phenylmethylsulfonyl fluoride

PRT progesterone receptor

PSAT prostate specific antigen

PTENT phosphatase and tensin homolog

pTP1 adenoviral precursor terminal protein

RCA'T replication competent adenovirus

RGD1 arginineglycine-aspartic acid tpeptide sequence

RLB i reporter lysis buffer

RLU T relative light units

s-knobi soluble wildtype Ad fiber knob

TFP1 tetrafluorophenyl

TORCL1i target of rapamycin complex 1

TP adenoviral terminal protein

ts 11 temperature sensitive mutant of Ad2

TSC1/2i tuberous sclerosis protein 1/2



vp i viral particles
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1.1 Breast Cancer

1.1.1 Breast cancer background

Breast cancer is the most common cancer in Canadian women, and the second
leading cause of cancdeath among wome(). 20-30% of breast cancer patients
develop metastatic disease, which remains difficult to {/@at

Breast tumors have been classified in multiple ways, and some classification
schemes, such as ER+ (estrogen receptor) or HER2+ (human epidermal growth
factor receptor family 2 (ErbB2, neu)), can result in different treatment og8pbns

A recent review outlined six breast cancer subtypes, which differ based not only on
ER/PR (progesterone receptor)/ HER2 status, butadsiher important growth
related geneand ultimate tumor prognos(3). These subtypes are: batke,
HER2-enriched, normal breabke, luminal A, luminal B and clauditow (7).
Another recent article included an additional subtype, called molecular apocrine
(9). The number and composition of the subtypes remains controversial. For
example, the so called tripleegative breast cancers (HRR-/HER2) are further
subdivided by Erolest. al.primarily into the basdike and claudidow subtypes

(7). However, though these two subtypes are comprised mostly ofriepglative

breast cancers, some of the cancers in each of these groups would be positive for
some of the receéprs ER, PR and/or HER2. This results from the use of a large
number of other genes to stratify the cancers, as opposed to simply ER, PR and
HER2. Additionally, the other breast cancer subtypes also contain a small
percentage of the tripleegative breasumors(7). Thus, many changes to breast

tumor subtype classification, as well as changes hoffytoints to determine gene



amplification or protein expression l@made comparisons between different
studies difficult(8). Furthermore, there are also some questions as to the existence
of some of the groups, for example ti@mal breastike group, as it may be due

to contamination of normal breast tissue in si@sp7; 10). As a esult, when
looking at breast cancer subtypes, it is essential to describe how the breast tumor

samples were stratified; and which genes or proteins were used.

1.1.2 Breast cancer PI3K pathway overview

There are many signalling pathways which have b&éews to be important in
breast cancer. One such pathway is the phosphatidylindsibisphosphate -3
kinase (PI3K)/ AKT (protein kinase B, PKB)/ mammalian target of rapamycin
(mTOR) pathway (Figure 1.1, reviewed(ii)).

The PI3K pathway is implicated in cell growth and survival, and is onéeof t
pathways activated by growth factdi@. Activation of growth factor receptors,
such as the HER2/HER3 (ErbB2/ErbB3) heterodimer, results in tyrosine kinase
activation of the receptor, phosphorylation of the intracellular domain and
activation of signalling pathways, including that of PIG The PI3K regulatory
subunit, p8, binds to phosphotyrosineatifs and releases inhibition tfie p110
catalytic subunif11). PI3K converts phosphatidylinositd|5-bisphosphate (PIP2)

to phosphatidylinositol(3,4,8yiphosphate (PIP3),12; 13) which recruits AKT to

the plasma membran@4-16). AKT activation results in multiple downsam
events, including activation of the mTOR containing compound target of

rapamycin complex 1 (TORCXL7-19). There are also many inhibitod this



Growth Factor Receptors

4E-BP1

Cell growth, protein synthesis

Figure 1.1: PI3K-AKT signalling downstream of a growth factor receptor.
PhosphatidylinositeB kinase (PI13K) is activated downstream of grovVeittor
receptor (such as the HER2/HER3 heterodimer). The regulatory subunit of
(p85) binds to phosphotyrosines located on active receptors. The p110 ce
subunit phosphorylates phosphatidylinositcs-bisphosphate (PHp to PIR;.
Phosphatase ardnsin homolog deleted on chromosome 10 (PTEN), opp
PI3K activity by dephosphorylating PIRo PIR. Proteins with pleckstrir
homology (PH) domains are recruited to the membrane to bingl UEh as
AKT and PDK1. AKT is phosphorylated by PDK1 and PD#® become fully
active, at which point AKT moves from the membrane to the cytoplasm
nucleus to phosphorylate many downstream proteins. AKT has an effe
many pathways, including activation of the mTOR pathway, leading to
growth and proliferabn. (Modified from Meieret al.(2005) (1)



pathway, including the weHknown tumor suppressor phosphatase and tensin
homol og (PTEN), a phosp®@®tidylinositol 30
Multiple proteins within the PI3Kathway can be mutated resulting in increased

pathway activation. Activating mutations of PI3R1-24), as well as loss of
functionmutationsin the negative ragators PTEN and tuberous sclerosis protein

1 and 2 (TSC1/2(7; 25) have beeproduced Interestingly, in brast cancer, PI3K
catalytic subunit U (PIK3CA) mutations are
in Section 1.1.1(26), however, the highest frequency of BIBA mutations is

found in the rare subtype, metaplastic breast cafid@r Other PI3K pathway

changes tend to cluster more with specific subtypash as the loss of PTEN

within the basalike subtype(11).

There have been many attempts to inhibit this pathway, with only modest success

(27, 28). Targeting this pathway can be difficult, since mTOR inhibition has been

shown to increase PI3K activity through a negative feddlmap (7; 25).

1.1.3 Breast cancer treatments

As with many types of cancer therapy the risk of recurrence and death must be
bdanced with treatmentelated adverse effects, in order to give the optimal
treatment to the patient. The specific treatments depend on tumor staging and
characteristics, and increasingly on gene expression pr¢#@#s Additionally,

there are differences with treatment recommendations nationally or locally, and
these are constantly changi(@p; 30). However, in general, Canadian data for

breast cancer treatments are similar to other coumtriesgiong31).



Most US women with breast cancer undergo surgery (mastectomy or-breast
conserving surgery)32). The last 30 years has seen a shift towards breast
conservation treatment, however, mastectomy is still recommended for abeut one
third of European womef29). Other than surgery, treatments administered include
radiation, chemotherapy and hormone dipg1(32).

Chemotherapy can be either neoadjuvant (prior to the main therapy) or adjuvant
(postoperative), but is not always requiréD). Chemotherapy is given in many
different regimens, depending on the tumor profi®). Anthracyclines are
recommended for most patients, while taxanes may also be of significant benefit
(29). Trastuzumab(Herceptin), a monoclonal antibody targeted to HERZ2, is
recommended for patients with HER2 overexpressing or amplified t(@@rs
Radiation therapy is often given prior to hormone theragdter surgery and
chemotherapy(29; 30). As with other treatments, radiation therapy can differ
between patients, depending on tumor profizss.

Endocrine therapy is generally administered if at leebs®% oftumor cells are
positivefor ER by immunohistochemistry (IHC), though this may vary by region
(29; 30). The choice of agent for endocrine therapy depends on the diagnosis and
the womends m&@nopausal state

Unfortunately, at this time metastatic breast cancer (stage IV) is considered an
incurable cancer, but some of the treatments outlined above, in addition to new
treatments being tested, can allow women with this digeastain an acceptable

quality of life (30).



However, since breast cancer remains the second leading cause of cancer deaths in
Canadian women, there remains a need for novel treatments, especially in some

breast tumor subtygesuch as basdke, HERZ2enriched and claudilow (6; 7).

1.1.4 Breast cancer gene therapy

Gene therapy is the themgic transfer of nucleic acids into celB3). In cancey

this cantake the form of replacement of a defective gene, such tsnor
suppressor gene, activation of the immune system towards tumor cells, or specific
killing of tumor cells, among other actio(34; 35). The most common target of
gene therapy is cancer, accounting for about 64% of clinical {3&)s Many
viruses are being examined for use as vectorsidétivery oftherapeutic genes;
however the most common virus examined for use in gene therapy is adenovirus,
accounting for almost one quarter of clinical trigd6). Viruses can be modified to
selectively replicate in tumor cells. These oncolytic viruses can be further modified
by arming with additional transgené€37). AdenovirusegAds) have also been

tested as oncolytic viruses in breast cai(88y37).

1.2 Adenovirus

1.2.1 Adenovirus background
Ads were first discovered associated with respiratory infections and isolated from
adenoid tissues in the 195@8; 39). Ad infections can range from asymptomatic

to lethal, but are usually benign in people with normal immu3idy40; 41).



There are oveB0 human Ad serotypes, with a select few primarily studied for gene
therapy usé41; 42). These viruses are divided into six subgroups (G)obased

on characteristics ranging from hemagglutination properties to Bbifuence
homology(35; 41; 43; 44). Within the viral subgroups, Ads tend to cluster into
tropism for similar cell types arellular receptors, which mediate viral binding and
internalization(41). Subgroup C adenovirusesciuding adenovirus serotype 5
(Ad5), are the most extensively characterized, and the most well studied for use as
gene therapy vector@5). This document will focus primarily on Ad5, and any
other Adserotype will be specifically named. Ad2, another well studied subgroup

C Ad, with 95% sequence similarity with Ad5, will also be frequently mentioned.

1.2.2 Adenovirus genome and capsid structure

Ad5 contains a double stranded DNA genome of approxign&@lkb, which
encodes around 39 identified proteins, and possibly many @#@r6). The early
genes areequired for transactivation of the other viral genes and for viral genome
replication, while the late genes are primarily structural pro(@5s45).

The Ad5 capsid is a neenveloped, icosahedral structu®®100 nm in diameter

with pseudo T=25 symmetiy0; 47; 48). The capsid is formed primarily by three
major proteins: the facets by trimers of hexon protein, the vertices by pentamers of
penton base proteinnd the fiber protein, which protrudes from the vertiG&s

52). The knob domain of fiber and the penton base protein play roles in Ad binding
andinternalization respectively41). The capsid can be divided into 252 protein

subunits, or capsomeres: 240 hexon trimers and 12 penton pentaB)efBhe



capsid also contains five minor proteins (proteins VI, VI, IX, llla dwd2),
which stabilize the capsid structui@4; 49-52, 54; 55). Additional encapsidated
proteins are associated with the DNA genome: terminal protein (TP), protein VII,

mu and protein \(34).

1.2.3 Adenovirus life cycle

Ad infection, or the Ad life cycle, is a process that usually begins with cell entry
and culminates in production of new viral particles. It is often measured by gene
expression, viral genome regiton or production of infectious viruses. The Ad

life cycle takes between 236 hours (hrs) to complete and can produce up to*1x10
infectious virions per infected cell (Figure 1(2p). This life cyde contains many
steps; a brief outline of which is described here, while viral binding and endocytosis
will be examined in greater detail in later sections (Sections 1.2.5, 1.2.6, and 1.2.8).
The binding of Ad to cells is thought to occur by a step pocess(41; 56).
Primary Ad binding is to the coxsackaelenovirus receptor (CARja fiber knob
(57-63). This binding is thought to bring the virus into clgseximity to the cell

to allow for the secondanbgorhb)d5d63ng of pent
Secondary binding generally initiates clathmediated endocytos(§4-68).

Capsid disassemblyeginssoon after binding, and in some situations fiber was
shown to be released from virion at cell surface, though fiber remains asdociat
with the cell(69; 70). The virus escapes from the endosome, evading degradation

by the lysosomé69; 71). The cellular PKC activation has been linked to endosomal



escape, and recent evidence has linked an intapsid protein, pVl, to endosome
lysis (70; 72, 73). This protein is released from the capsid during disassemBly

The virus is transported by the microtubule network to the nuclear pore complex,
with further capsid destruction en roufé4-76). Binding of virus to different
receptors may result in alternative intracellular pathway<9). Nevertheless, Ad

was shown to accumulate perinuclearily about 60 minutes (min) after infection
(80). The capsid is fully disassembled at the nuclear pore complex (NPC), and the
protein complexed NA genome enters the nucle{@; 81-83).

Once inside the nucleus, early genes (E1, E2, E3 and E4) asssxqiB4). The

E1l gene products are required for transcription of the other early genes, and
ultimately trigger genomeeplication (34; 45). About 8 hrs post infection,
replication is initiated (35; 84). The viral DNA is synthesized by strand
displacement in one continuous strand, using the viral precursor terminal protein
(pTP) as a primef35; 84; 85). Replication can be initiated at either viral inverted
terminal repeat (ITR), and the displaced strand can also serve dsteefiop
replication by the formation of a panhandle struc{B8£e87).

Following DNA replication, late gene expression occurs. Proteins under the control
of themajor late promoter are primarily structural proteins, which-agtemble

and package the genome into the nucl@s 85). The virus is released by cell

lysis, and can then spread to other 0@ 45).

10



Clatherin

(Coxsackie- &CH mediated
adenovirus endocytosis

receptor) car

Nucleus

Figure 1.2: Wild-type adenovirus life cycle.

The virus first binds to its primary ksurfacereceptor, CAR, through the kno
domain of the fiber protein. The second interaction of the virus occurs thr
viral penton base bi ndsiamglbstdo the celt
surface, which triggers clathrmediated endocytosis of the vird$e capsid is
partially disrupted and escapes to the cytosol by lysis of the endosome, w
is transported rapidly to the nuclear pore complex. The capsid undergoes-
disassembly and releases the genome into the nucleus. Inside the,ribele
viral genes are transcribed and viral DNA replication and assembly of new
occur. (Adapted from Bilboat al (1998)(2))
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1.2.4 Acenovirus as a cancer therapeutic

Ad is well studied as a gene therapy ve36r 88). This virus haveen investigated

as an antitumor virus almost since its discovery. Unmodified Ad was used to treat
cervical cancer in 1956, where treatment resulted in some tumor necrosis in more
than half the patients between four and ten days after virus adminis{G4i@9;

90). However, in this case survival was s@nificantly extended, and all patients
eventually succumbed to cang88; 90). Since thatime, modifiedAds have been

used for cancer therapy, including first generation gene therapy vectors; helper

dependent gene therapy vectors and oncolytic Ads.

1.2.4.1 First generation adenovirus vectors

Various modifications have been made to the Ad genome to malkeatuseful as

a gene therapy vector. First generation Ad vectors contain deletions in the E1
region, which render the viruses replicataefective(35; 91). These vectors must

be replicated in E1 complementing cell lines such as human embryonic kidney
(HEK)-293 cells(35; 92; 93). Furthermore, other viral genes can be deleted from
the Ad genome in order to incorporate large transgenes, since Ad genomes larger
than aound 38KkB in size are less efficiently packa¢g@® 94). The E3 regions

often deleted from first generati Ad vectors in order to increase the space for
transgene insertion, since the E3 region is not required for viral replidawano

(34; 35). Together, these deletions result in a cloning capacity of up to §3%kb

12



Despite the fact thdirst generation Ads generally do not complete the entire viral
life cycle in host cells, transgenes encoded by the viral genome can be expressed at
high levels when controlled by strong promoters.

Many different transgenes have been inserted into tla¢ ggnome. For cancer
gene therapy some of these include: tumor suppressor gegep53), genes
encoding prodrug activating enzymesg. HSV-TK, to activate ganciclovir) or
immunomodulatory genes to trigger immune reactions to the t(B4p95-98). In

2003, a p53 encoding Ad delivery vector, Gendicine, achieved regulatory approval
in China(99; 100). This vector appears to be effective, with minimal side effects
(99-101).

Despite the deletion of the E1 genes in first generation Ad vectors, there is some
leaky expression of viral genes which can lead to the induction of aitahti
immune respons@5; 102 103). In 1999, there was a death associated with an Ad
clinical trial for a genetic defect (ornithine transcarbamylase deficiency, OTC)
(104). The patient, Jesse Gelsinger, had been given a large dose of the virus into
the liver blood supply, which resulted irsgstemic immune response to the vector
(104). This case highlighted the need to balance risks with potential clinical benefit,
something that must be considered with any therapy, not prs¢ gherapy.

Increasing Ad targeting could help mitigate some of these risks (see Section 1.2.11).

1.2.4.2 Helperdependent adenovirus vectors

In order to decrease the immunogenicity of Ad vectors and increase the cloning

capacity, a helpedependentofi gut | ess o0 Ad ¥5p35008rThisvas cr eat
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virus @ntains the minimum viral sequences requirectigfor replication and
packaging of the viral genome, and thus requires a helper virus to provide proteins
needed intrans for genome replication and capsid producti@d; 35). These
viruses have a coding capacity of up to 37 kb, though the viral genome must be

stabilized with @st ufeduencedslessahqri2édde s i

1.2.4.3 Adenovirus as an oncolytic therapy

Oncolytic viruses replicate in tumor cells, resulting in cell lysis and da&in).
Targetirg these viruses for selective replication in tumor cells is expected to make
a more effective tumor treatmgi07; 108). Oncolytic Ads with deletions in EXB

55K have reached commercialization in Chi@m¢orine H101), and phase Ili
clinical trials in the US (Onyx015)L00, 101, 109. There was evidence of patient
response to this virus, however some of the studies did not include many patients
or long term surwial data (101). Both H101 and Onyx015 are generally
administered intratumorall{d01).

These viruses (H101 and Onyx015) were originally thought to replicate selectively
in tumor cells lacking p53, however later evidence has questione(8#i$09).
Certain tumor cells expssing wildtype p53 were permissive to Onyx015
replication, while other p53 negative tumor cell lines required-&3B in order to
replicate Onyx01%110, 111). It appears that Onyx015 tumor selectivity is actually
related to another EXB5K function, late Ad mRNA expo(tLl12 113). Deletions

of both E1B55K and E1B19K have also been studigd14 115. Other

manipulations to targeincolytic Ads includedeletion of virusassociated RNAs
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(VA-RNASs) and deletions of part of the E1A binding site for Rb (D24p(116,

117).

1.2.4.4 Transcriptional targeting of adenovirus

Ads can also be rendered oncolytic by placing the E1A gene under the control of a
tumor specific prooter (98). For example, the human telomerase reverse
transcriptase (hTERT) or the prostate specific antigen (PSA) pron{@8r£18

119. Our lab is examining the utility of the mammaglobin promoter as a breast
cancer selective promotgl20). This promoter controls the expression of
mammaglobin, a protein of unknown function discovered by an increase of RNA
levels in beast cancer biopsies relative to normal breast t(ds2i.

Transcriptional targeting ialso useful for targeting the expression of a transgene
encoded by firsgeneration or helpetependent Ad§108). This targeting should

aid in limiting transgene expression in Amor cells, thus should decredbke

risk of toxicity resulting from this therapy.

1.2.4.5 Advantages of adenovirusaagene therapy vector

There are many advantages to the use of Ad as a gene therapy vector, compared to
other gene therapy vectors. These include: infection of quiescent cells, infection of
many cell types (broad tropism) and lack of integration intchtiet genome40;

122-126). More important for a gene therapy vector targeting cancer are: the

relative easefananipulation compared to other viruses, the ability to produce high
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titre stocks, and the accommodation of relatively large inserts (up to 8kb in a first

generation virus{40; 122-124).

1.2.4.6 Disadvantages of adenovirus as a gene therapy vector

Unfortunately, there are also disadvantages to using Ad for gene therapy, including
pre-existing immunity to Ad5and high immune response to the Ad vector itself
(discussed in Section 1.2.10.@3). A virusinduced inflammatory response is
provoked by tissue macrophages and activated dendritic cells, and this may lead to
elimination of Ad and reduced antitumor efficg8®). This effect is inherent in the
virus, as the innate and adaptive immune responses combine to clear ttypevild

Ad (33; 127). Furthermore, Ad has distinct liver tropism, which can result in side
effects if the liver is not thetget organ, such as in breast cancer therapy (discussed
in detail in Section 1.2.10.3)28).

Ubiquitous expression of the primary and secondary Ad receptors can also pose a
problem(64; 129 130). CAR and integrins are expressed on many cell types (see
Sections 1.2.5.1 and 1.2.6.1); allowing infection of Ad in many cell typ2%

124). Furthermore, lack of CAR expression on tumor cells can decrease Ad
infectivity in these tumor cells, decreasing effectiveness of Ad as a tumor therapy
(88, 101 131-136). This can be circumvented by retargeting Ad to receptors
overexpressed on tumor cells.

In order to fuly understand the requirements for Ad retargeting, first-tyijse Ad

binding and receptor mediatedernalizationmust be examined in detail.
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1.2.5 Adenovirus primary receptor

Ad utilizes a twestep process for infection: first binding to the primeegeptor,
CAR, to concentrate at the cell surfdd&; 56). Then the binding to the secondary
r e ¢ e pikavUbsintddrin, is thought to be required for vimaternalization(41;

56).

1.2.5.1 Coxsackiadenovirus regator (CAR)

CAR is the primary receptor for Ad subgroup C, along with several other Ads, and
the coxsackie B virug40; 41, 57; 60). This receptor is important for viral
attachmen(57; 60), and its presence has been shown to be necessary for infection
(137, 138. CAR is a 46 kilodalton (kDa) type | transmembrane protein of
immunoglobulin superfamily that is normally found in the tight junc(ég 57,

137 139-141). The normal function of CAR is in binding CAR on another cell,
resulting in celcell adherencg141; 142). CAR appears to be important in
developmet, and overexpression of murine CAR in mice can lead to
cardiomyopathy through MAPK pathway activati@l; 143 144). Interestingly,

CAR activation has also been shown to suppress tumor cell prolifefadbn

The CAR protein is expressed in many tissues including brain, liver, heart, lungs,
kidneys, and the mRNA is also present in many different cell tifle60; 126,

130).
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1.2.5.2 Fiber structure and CAR binding sites

Ad5 fiber is a homotrimeric protein o8& kDa which contains three domains: tail,
shaft and knol§42, 146-149. The Nterminal tail length igl4 amino acids (aa),

and this domain acts to anchor the fiber protein to penton on the vertices of the virus
(146-149). T he 3pyd fiber ahafbjoins the tail to the knob domélid6

149). The shaft length varies with Ad serotype, and this may influence the ability
of the fiber knob to bind CARL50-152). The Gterminal, globular knob is essential

for fiber trimerization, and necessary and sufficient for CAR bin(b8g146-149,

153. The fiber knob has a thrdaded propellertsucture, with each blade formed

by t wo a nsheetp@mnected by flexilide loops (Figure (58)150; 153.

CAR is known to bind on the lateral surface of the knob, between adjacent
monomers, with a very high affinity (dissociation constant, Kd = 1.7 nM) (Figure
1.3)(4; 64; 140 154, 155. The AB loop of the fiber knob has the most interaction
with CAR, with the DG loop also contributing to CAR bindirg; 150).
Interestingly, CAR binding to Ad fiber is stronger than CAR to itéeff9 156).

The fiber knob binds to CAR with potentially three receptors per Kapth54

155), however both the existence and the necessity of clustering of CAR is unclear
(42). The activation of CAR does not appear to be requaedral internalization

since receptors lacking thet€rminal tail and transmembrane domain still function

in viral internalization(157159. Though a sing extracellular CAR domain, the

D1 domain, appears to be sufficient for binding to knob, the other receptor domains

are likely required for cellular functiofl56; 157). Activation of CAR can play a
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CAR

Figure 1.3: Fiber knob trimer complexed with CAR.

Three CAR receptors are shown in aqua. The trimeric knob patiéw12
(subgroup A)is shown at the center, in grey, red, blue and yellow. The (
binding site (AB loop) is in yellow, and each CAR receptor can be :
interacting with one knob trimer. The HI loop is found on the exposed su
of each molecule of theimer (indicated by arrows, in blue), at a distance fr
the CAR binding site. The HI loop is one of the common sites usec

retargeting the adenoviral capsid. (Modified from Bewley et al. (1899)
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role in viral infection, however, as viral activation of CAR can lead to an
inflammatory response in human respiratory ddlss, 160).

Fiber has other effects on infection, in addition to CAR binding. Viral escape from
the endosome may be dependent on releaBbearf based on information gained
from a temperature sensitive Ad2 mutdst] (161, 162), though recenevidence
indicates that endosomal escape is related to the release of pVI from the interior of
the capsid(72). Furthermore, fiber can also affect intracellular trafficking; Ad5
containing Ad35 (subgroup B2) fibers are not releasexh fthe endosome in the
same manner as wiiype Ad5(163). The CAR binding of free Ad fiber may also
play a role in viral spreadja disruption of CARdependent intracellular junctions
(41; 137). Though CAR has been shown to be important for Ad infection in many
cell lines, it is not essential. Subgroup C Ads ciemd fland enter cells using only

the secondary receptors, however this is not necessarily as effi€iént 65).

1.2.6 Adenovirus secondary receptor

1.2.6.1 JWotreédPr i ns (U

The secondary r @me fiUdegrin6b67). Thedesrecépwors U
are members of large family of heterodimeric adhesion molecules expressed on the
surface of many cell typdd1; 60; 126). They normally mediate cellular adhesion

to extracellular matrix, and regulate many important biological processes, including

proliferation and apoptos{466, 167).
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1.2.6.2 Penton structure and integrin binding sites

In Ad5, and all other Ads except Ads 40 and 41 (subgroup F), penton binds to
integrins by an RGD (argly-asp) motif, which is likely located at the ends of
flexible loops(41; 64; 168172. Though this RGD location may help keep the
motif away from the fiber shaft, there may still be steric hindrance from the nearby
fiber protein(172 173). Steric hindrance has been shown to limit integrin binding

to Ad12 (subgroup A), though the RGD loop of Ad12 is known to be less flexible
than thabf Ad2 (174). The interaction between penton and integrins (Kd rRNdp

is of lower affinity than that of fibe€CAR (175). Up to 5 receptors can bind to each
homopentamer, thus binding of Ad causes clustering and activation of integrins,
which signals cytoskeletal changes important for vimgdrnalization(175-178).
Integrin binding may also lead to destabilization of penton, affecting the release of
fiber from the capsid and further capsid destabilizafiot).

Binding to and activation of integrins are required for clathmediated
endocytosis of the virus in most cell lin@2; 64). The activation of the receptor
activates PI3K, and other downstream proteins, and this pathway activation is also
required for viralinternalization as PBK inhibitors can inhibit Ad gene delivery

(63, 179. PI3K activity was previously shown to be triggered by pentuahraot

fiber (62, 165). I nterestingly, t herJsintegsin, assvi dence |
o p p o s ebgdintegrim, mdy also play a role in viral endosomal esd&pe180).
However, a recent paper demonstrated thatrine a s e d e xvpstineegris i on of U
resulted in increased Ad transducti@iBl). Thus, the precise role of specific

integrin dimers in Adnternalizationin all cell lines is not fully established.
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It has been shown that viruses with mutated integrin binding sites can enter cells,
though this appears to be delayg€& 163). The mechanism of this entry is unclear,
however it may be related to multiple CAR recruitm@dt 182). It has been shown

that Adinternalizationnto some cells occurred through other mechanisms, such as
factor X mediated liveinternalization(183), further discussed in Section 1.2.10.3.
However, these additional entry mechanisms likely do not play a major role in
internalizationof unmodified Ad into mostumor cells.

Macropinocytosis, anothénternalizationmechanism, is also activated by penton
binding to integrin, among other activation mechanigfh84). The role of
macropinocytosis in virainternalization though linked, is not clear (further

discussed in Section 1.2.8.3).

1.2.7 Norcanonical adenovirus binding and infection

Natural infection at the apical sidépolarized cells may require other factors, such

as those released from activated macrophages, including the chemokine8CXCL
(185). This allows the localzt i on o f ,Jbneqin annhe apldal surface,

and subsequent adenoviral enttg5).

Subgroup C adenovirus also binds to alternate receptors thaeckatennfection

in some cell lines. Ad5 knob interacts with MHC [, but the region of interaction
does not appear to overlap with the CAR binding site, and this receptor alone is not
sufficient to mediate infection after overexpression in hamster (1§ 187).
VCAM-1 (41; 188-190) and lactoferri191-193) can also enhance Ad infection in

cells expressing these emtors. Furthermore, binding to blood components also
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enhances scavenging by macrophages, including Kupffer cells, the resident
macrophages in the liver (reviewed193). The KKTK sequence in the fiber shaft

is also important, as mutation will modify Ad tropiga1; 194, 195). It was thought

this motif interacts with heparin sulfate proteoglycans (HSPG), and mutation of this
site can reduce virus delivery to the livgd, 194196). More recently, it was
shown that hexon binding to Factor X is important in iAternalizationinto
hepatocyte$183). This will be discussed in detail in Section 1.2.10.3, adenovirus

liver tropism.

1.2.8Internalization of adenovirus

Adenovirus entersells primaiily by binding to integrin, which results in clathfin
mediated endocytosis, however otir@ernalizationmechanisms have been seen
in specific situations. Othanternalizationmechanisms may also play a role in

internalizationof retargeted adenovirusegpending on the receptor targeted.

1.2.8.1 Clathrinmediated endocytosis

Clathrinmediated endocytosis is a type of recepiadiated endocytosid97).
Activation of receptors, such as integrins, allows the recruitment of clathrin to the
plasma membrane through clathdapendent accessory proteins (such as Eps15)
or adaptor proteins (such as &P(56; 197). A clathrinrich region, called a coat,

is assembled at the membrane prior to induction of membrane cur{@&idye

Further downstream endocytic events are likely not clapetific, as the proteins

important in these event®.(. dynamin) are also important in other clathrin
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independent endocytic mechanis(®97). Dynamin regulates the constriction and
budding of clathrircoated pits, and thus is important in fission of newly formed
coated pitgrom the plasma memane(198 199). PI3K can activate rac and cdc42
to induce actin polymerizatidi63; 165, which can play a role in clathrmediated
endocytosis in some situations, including virdernalization(197, 200). Prior to
fusion with a lysosome fodegradationor recycling of the receptdo the cell
surface, the endosonfieses with a sorting endosor{201; 202). This process is
regulated by Rab5 and EEA201; 202).

Inhibition of clathrirmediated endocytosis can be achieved by dominant negative
proteins, such as K444ynamin andDN-Esp15(203-205). Potassium depletion,
AP-2 inhibition and chlorpromazine (CPZ) treatments are other methods of
inhibition (206-208). Both CPZ and potassium depletion are thought to prevent or
remove the clathrin lattices from the cell membrg@87, 209 210. CPZ
additionally appears to assemble clathrin and2Aébmplexes on the endosomal
membraneg(207; 210). Unfortunately, these inhibitors do not always inhibit
clathrinmediated endocytosis specifically, since many endocygchanisms
share many characteristics (see revi@®8)). For example, dynamin has been
shown to play a role in nedlathrin internalization including caveolirmediated
internalizationand some types of macropinocytogi84; 211). Furthermore, most
clathrirmediatedinternalizationinhibitors also inhibitinternalizationof fluid
phase markers (macropinocytosis), making it diffidoltdistinguish these two

internalizationrmechanism$208). However, since macropinocytosis appears to be
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unimportant in Ad2 infection, being able to distinguish theseihigrnalization

mechanisms may be less important in this th€s).

1.2.8.2Internalizationof adenovirus by clathrimediate endocytosis

Ad5 has been shown to enter cells primarily by clatdgpendent endocytosis6,

68; 212). Early electron microscopy studies showed Ad2 and Ad5 within clathrin
coated pitg213-215). Others have shown the entry of Ad2 and Ad5 to be through
coated or uncoated vesiclEsS; 69; 216218).

Inhibition of proteins important in clathAmediatedinternalization has been
shown to inhibit adenoviralinternalization or infection. Fluorescently or
radioactivelylabelled Ad internalizationwas inhibited by dominant negative
proteins: DNEsp15, clathrin fragments, K44dynamin, and DARab5 (reviewed

in (56; 169) (203 217-219. Many of these dominant negative proteins also inhibit
infection, as measured by transgene expreg86Gnl65 203 217-219). Clathrin

and Esp15 inhibition are specific to clathnrediated endocytosis, while dynamin
and Rab5 are downstream piogimportant in both clathridependent and some
types of clathriaindependent endocytosis.

Disruption of the actin cytoskeleton by cytochalasin D inhibits Ad entry and
infection (165 214). Dominant negative versions of the aqbolymerization
inducing GTPases rac and cdc42 also decrease Ad @&Xri165. Ad binding
results in other cytoskeletal rearrangemsenihcluding filopodial extensions,
lamellipodia formation and membrane rufflii§3). This has been attributed to

penton binding to integrins, howew#ser interactions may also be important since
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there is anincrease in filopodia with the addition of soluble filpgotein to cells
(42).

Signalling is also important in Ad entry, especially by the PI3K pathg3y165).

PI3K activation was shown to be important in virmernalization but not
attachmen{(62; 165. The adaptor molecule, p130CAS, linking src and PI3K, is
also important for Ad entrfl165 220).

Ad binding may also activate pathways not required ifdernalization For
example, p125FAK can act upstream of both PI3K and MAPK, and is activated
upon Ad entry. However, dominant negative forms of FAK do not inhibit Ad
internalization(62; 165), suggesting that the virus has alternate mechanisms for
activation of the PI3K pathway. Interestinglgithough the MAPK pathway is
activated during infection, it does not appear to be importanttEnnalization(62,;

221).

Growth factor receptor activation could circumvent the need for integrin binding,

by activating PI3K to mediate Adternalization(165 179).

1.2.8.3 Adenovirus and macropinocytosis

Macropinocytosis is the nereceptor mediatethternalizationof fluid and other
molecules found on or near the surface of the plasma membrane. This process is
activaed by integrin binding or EGF stimulation, among other signalling pathways
(56, 222 223. The PI3K pathway has been shown to be important in multiple

stages of macropinocytosf{$84). Membrane ruffling is triggered bRI3K, and

26



when the ruffles collapse they form uncoated vesicles called macropino&gBnes
224).

Ad2 was shown to activate macropinocytosis in many different cell (2@3.
Similar to clathrinmediated Adinternalzation v ibtegrins and Rho GTPase
activity were shown to be required for Algpendent macropinocytosis formation
(63; 64; 203). However, macropinocytosis was shown to occur even with inhibition
of virus internalizationby K44A dynamin 1, a dominant negative inhibitor of
clathrirmediatedinternalization(42; 203 217-219). Furthermore, an amiloride
derivative has beeshown to inhibit macropinocytosis without inhibiting all Ad
internalization(203). Although, the amiloride derivative does inhibit Ad endosomal
escapg203).

Since macropinocytosis can occur under conditions which inhibit Ad infection
(K44A dynamin), this process is not thought to be important in Ad2 or Ad5
internalizaion (203). However, macropinocytosis has been implicated as an
importantinternalizationmechanism for Ad3 (subgroup B1) and Ad35 (subgroup
B2) (225 226). In conclusion, though macropinocytosis occurs frequently with Ad
infection, there are other entry mechanishat appear to play more important roles

in subgroup C entry, such as clathnrediated endocytosis.

1.2.8.4Internalizationof adenovirus by other mechanisms
Though most Adnternalizationis thought to be clathrimediated, mechanisms

such as caveolanternalizatiormay play a role in specific situations. Caveolae are

Afl-alskped i nvaginations of the pltlasma
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(56; 227). Formation of caveolae requires a stimulus (such as ligand binding), actin,
Rho GTPase, and dynam{@228-230). After formation, caveolae can fuse with
endosomes or go to other cellular locations, such as the endoplasmic reticulum
(231 232. Ad internalizationis linked with caveolirmediatedinternalizationin
lymphocytes(212). Furthermore, the addition of bovine Ad4 knappears to
changeheinternalizationof Ad2 to caveolirmediated in CHO cell ling$8). One
important line of evidence linkinoternalizationof these Ads to caveolin is the
inhibition of caveolae foration by dominant negative caveoliror knockdown of
caveolinl, and subsequent decrease in gene expre@8pAl2 233 234). This

and other mechanisms of Aaternalizationhave not been fully examined in many

cell lines.

1.2.9 Detection of adenovirus hiing andinternalization

Adenoviral infection is often measured by transgene expression or viral replication,
which is the ultimate goal of viral delivery and therapy. However, these
measurements do not address the adtt@tnalizationmechanism, and caonly

detect those infections which result in the measured downstream ou&grgerfe
expression). Results of measurements of radioactive padrttelmalizationwere

not equivalent to those of reporter gene expression (green fluorescent protein, GFP)
in a study of an FGFBetargeted Aq235. More recentnternalizationassays have

used fluorescence to detect viral particles, either through geneticatlifiedo
capsid proteinse(g. pIX-GFP), or covalent labeling of the Ad capsid with a

fluorescent moleculé8; 236). However, there has been difficulty in distinguishing
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the real signal o& low number ofnfectious particles from "biological noise" af
high number ohorinfectious particle4237). The effect of these neinfectious
particles on infectious viral gene expression is uncles important to investigate
virus binding andnternalizationin vitro, to be able to more easily understand the

more complex environment of vivoviral vector administration.

1.2.10 In vivo delivery of adenovirus
The goal of any gene therapy vacts generally delivery othe transgene to the
proper cells withira patient. Two challenges that are important to consider for Ad

therapyin vivoare Ad immunogenicity and Ad liver tropism.

1.2.10.1 Adenovirus immunogenicity

As previously mentioned endifficulty with in vivodelivery of Ad vectors is pre
existing immunity to Ad5. It has been estimated that3@®% of people have
neutralizing antibodies to Ad5, depending on the population studi2é).
Additional mechanisms cause rapid clearance of Ad from b(288. Some of
these include innate immune responses by macrophages or demtdistand tte
activation of complement proteins in the blo(2B89-243. Other mechanisms
include adaptive immune responsas;h as neutralizing antibodiespre-exposed
individuals, and uptakef the virusand infectionof other body organs, especially

the liver(239, 244).
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1.2.10.2 Modification of adenovirus immunogenicity

One method of preventing or decreasing Ad immunogenicity is by genetic
modification, such as mutations in hexon or swapping hexom different
serotypeg245), as this is the most immunogenic éapsidprotein(246). Another
method is using various types of shiatgifor the Ad particlg¢247-250), including
polyethylene glycol (PEG(251) or other polymer @ats(239. However there is
some evidence that shielding is not enough to prevent Ad immunog€g2i4¢8y

252). Another method to reduce neutralization by antibodies is to inject the virus
directly into the target tissue, such as into the tumor for cancer gene therapy.
Though thisstrategyshauld increase the amount of viras the primary sitethis

does notid intargeting metastatic tumors.

1.2.10.3 Adenovirus liver tropism

Another important challenge to Ad usevivois its innate liver tropism. Ad has
been showrio be taken up by the liver, including hepatocytes and Kupffer cells
(liver macrophageq)193 238 253 255).

Internalizationinto the liver was recently shown to be mediated primarily by
vitamin K-dependent blood coagulation factors through binding to lipoprotein
receptosrelated protein (LRP) and heapa sulfate proteoglycans (HSPGH)63

256). Previous studies demonstrated theitirer CAR nor intgrin appeato be
important for entry into hepatocyt¢494;, 195 257, 258). The most efficient
vitamin K-dependent blood coagulation factor for Ad binding appears to be factor

X (FX) (256). Ad5 was shown to bahto FX (Kd =229 pM) with a 4fold stronger
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affinity than to CAR(183). The Ad protein which binds to FX is hexon, and this
binding is reduced or eliminated when the hypervariable region of hexon is
modified (183). Hexon modification of Ad may affect the route of intracellular
transport, even though it doesndt seem to &
with regards to FX mediated internalizati(iB3). HSPGs also interact with Ad
through factor IX, FX or complement binding protdii(163 259).

In contrast to the hexon studies, a more recent study has implicated fiber in a more
prominent role in FX mediatedternalzation(260). Ad35 liver transduction is four
orders of magnitude less efficient than Ad5, and modified Ad5 vectors containing
fibers from other serotypes oftshow less hepatotropism, despite the presence of
Ad5 hexon(260-264). In a study using an Ad5 virus with an Ad35 fiber (Ad5/35)

FX was shown to inhibit tradsiction (determined by GFP expression) by
inhibiting intracellular trafficking of the virug260). In addition, this study
confirmed the interaction of FX witAd5 hexon and the enhancement of Ad5 (not
Ad5/35) infection of HSP&xpressing cell§260). Additionally, the failure of
transduction in this study may be lirkkéo the Ad35 fiber in Ad5/35, sindée
addition ofAd35fiberto Ad5has previously been shown to affect Ad5 intracellular

transportwithout FX (163).

1.2.10.4 Decreasing adenovirus liver tropism
Since Ad Iinding to blood coagulation factors appears to be mediated by hexon
hypervariable regions (HVR), mutating these regions may prevent binding to FX

(183). Decreased liverinternalization has been demonstratddliowing i.v.
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injection ofmicewith a virus containing large insertiom HVRS5 (183). Another
group has shown decreddever tropism using vectors encoding different peptide
modifications of hexon HVR265. Recently, specifigoint mutations in Ad5
hexon hypervariable regions were shown to decrease hepatocyte transofuction
vivo (266). Additionally, X-bp, a snakelfeinagkistrodon Acuty$rotein that binds
human and murine FX with high affinity, has also been shown to block FX

mediated Ad liver transduction in mi¢259).

1.2.11 Adenovirus targeting

CAR expression is low in many tumors and cancer cell lines, which leads to
decreased infection by A8, 131-136, 193. Furthermore, decreasing CAR
expression has been associated with increasing tumorigeandtynalignancyn

an LNCaP prostate cancer progression md@eél7, 268. Additionally, low Ad
infection in the more progresseell line can be increased by the restoration of
CAR levels(267).

Thus, use of Ad for gene therapy could benefit from retargeting of the virus to the
targe cells, such as cancer cells. Transcriptional targeting can be usestrtot

gene expression (see Section 1.2.4.4), but modification of the virus capsid is likely
essential for gene transfer to low CAR expressing cells. This can be achieved by
genetiaetargeting of the virus, swapping fibers with other Ad serotypes, or various
strategies to conjugate the virus with a targeting molecule. Additionally, there is a
need to detarget the virds preventinternalizationin theliver, as well as other

normalcells expressing theild-typevirus receptors CAR and integrins.
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1.2.11.1 Adenovirus detargeting

Prevention of Ad binding to CAR and integrin has been proposed to be important
for retargeting Ad269 270). A substantial effort has been made to knock out-wild
type Ad binding by multiple mechanisn(i271). Genetic mechanisms of ablation
have been used, including ablation of GRROb interaction§154). The Mizuguchi

lab is one of several to show sessful liver tropism reduction by modification of
CAR and integrin binding272-274). In contrast, others have shown that penton
modifications that alter inggin binding have little effect on liver transductir®4;

275. This is consistent with the more retatudies showing the importance of
hexon binding to blood factors in liver tropisfd83. Thus, as previously
mentioned, detargeting Ad liver tropismay requireinterfering with hexon
interactions with blood factors (see Section 1.2.10.4).

Bispecific molecules targeting the virus to other receptors often inhibit CAR
binding, at least partially, by preventing knoleractions with CAR, and can also

be considered as a detargeting stra(@§y) (see Section 1.2.11.4).

1.2.11.2 Genetic retargeting of adenovirus fiber

Genetic modiftations in multiple locations of several Ad proteins have been
examined for retargeting utility, including fiber, hexon and plX76-285).
Incompatibility ofinsertions in the viral proteins can be a limiting factor in targeting
ligand incorporation, including disruption of viral protein structural integrity and

reduction inligand targeting capacit{193).
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Of the viral sites chosen for genetic modification, fiber knob is the most common

(286). One reason for this thatfiber knobis locatedelatively far from the surface

of the viral capsid, and thusas thepotential to be free of at ledasome steric

hindrance which may affect insertions closer to the capsid surface. Steric hindrance

has been reported with the RGD binding domains in Ad12, and this appears to

prevent all five RGD motifs in a penton base from binding integrin at the same ti

(174).

Within the fiber knob there are multiple options for insertion of a peptide for
retargeting. A popular insertion site is theeZminal domain of fier knob. This

location has been shown #llow relatively efficient physical interaction with

receptorg284; 287, 288). Successfully incorporated targeting motifs include RGD

motifs and heparhbinding polylysine motif (K7 or K20j193 284, 287, 289, 290).

However, thus far, only ligands up to 30 aa in size have been inserted, other than

the nonstructural biotin acceptor protein (BAR84;, 287, 289).

Ot her targets for insertion include fiber
sheetg4150). Many of these loops occur on the surface of fiber knob, and thus likely

have the ability to incorporate foreign ligands with lesgcstiral limitations than

other siteg150). Lord et. al. (2006) tested the effectivenesisthe insertion of an

RGD containing peptide -¢hBets€andDjHuanhdl, t he | oo
and | and J291). They demonstrated that the most effextinsertion point for

b i n dbsintpgridwas the HI loop, followed by CD, and lastly(291).

The fl exible HI | oogrands;iepatukarty atiractigefadr he H and

modification, since this loop is oriented away from the viral particle, is not required
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for CAR binding and does not contribute to trimer assembly (Figuré148)150,

276 277, 292). The HI loop has been a focus for insertion of small peptide ligands,
including FLAG, RGD, polylysine, and transferrin receptor binding pep{@i#s

278 286, 291-294). Furthermore, the insertions of RGD or polylysine have been
shown to be effective for tumor transductiorvivo (295297). HER2, a receptor
overexpressed in many breast cancer cells, has also been targeted using an affibody
(small protein affinity ligand) inserted into the HI looppo€ AR-ablated fibe(193

298). Thus, the HI loop of fiber knob remains an attractive target fantig

insertion.

1.2.11.3 Genetic retargeting of other adenovirus proteins

Other Ad capsid targets, such as hexon and plX, are located at or relatively near the
surface of the capsid, and binding of modifeagsid surfaceroteirs to alternate
receptos may be sterically inhibited by the presence of fib¢276-285 299).
Despite thisAds have been sucaslly targeted by fusinghe Gterminus ofplX

to many ligands, including polylysine and a sirdl@main antibody (llama heavy
chain only) against CD6G280, 300). The insertion of the latter, a relatively large
molecule, successfully enhanced vector targeting to C[3®&). Interestingly, the
insertion of the biotin acceptor protein (BAP) into thee@minus of pIX did not
allow binding to biotinylated ligand801). However, other large molecules, such
as GFP and enhanced green fluorescent protein (eGFP), havedresitally

inserted successfully into thet€minus of plX, to dbw for visualization of the
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virus (236, 302). It appears that the type of ligand inserted may gredibgtathe
presentation of the ligand on the viral surfat@3).

Despite its location on the capsid surface, hexon is attractive as a targeting protein,
since this is thenost abundant protein on the viral surft83. Insertion of an

RGD containing peptide has been shown to increase gene transfer to aeortic smooth
muscle cells, which araot efficiently infected with unmodified virug283).
However, another study modifying hexon with a different RGD peptide into
showed no gene expression in differegit lines(286). The hexon variable regions

can incorporate relatively large ligands, including the 71aa BAP pi@@303).

As with pIX, ligand choice may be important in successful incorporation into hexon
(193). Due to other roles for hexon in infection, insertion of a targetgamt into

hexon may also decrease liver transduction and immunogenicity of the virus which

could be beneficial for some gene therapy applicdti@3 193 246).

1.2.11.4 Other adenovirus targeting

There are also negenetic mechanisms that have been examined to retarget Ad.
Adapter molecules linkignthe virion, generally fiber knob, to théernateeceptor

have been used to target A804 305. They generally have the advantage of
decreasing Ad binding to CAR93 306).

An early adapter metule used fibroblast growth factor 2 (FGF2, basic FGF)
bound to a neutralizing Ad antibod$07, 308). This was shown to redirect viral
tropism from CAR to fibroblast growth factor receptor (FGE&®)6), increasing

gene expression after infection with the FGFRye¢#ed virus compared to non
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targeted viruse$306 309 310. A later study showed that FGF2 targeting is
required incis (bound to vector) to increase gene expres&as).

Ad has been targeted to EGFR by tise of an engineered binding site on the Ad
capsid and a corresponding one on epidermal growth factor (EGF) to target the
virus to EGFR(269). In another study, A was targeted to HER2 by the fusion of

a trimeric HER2 antibody to the CAR ectodomé3il). This bispecific molecule
decreased virusncoded luciferase expression in HEB3 cells, allowed binding

to HER2 expressing cells, and showed increased luciferase expression in most
HERZ2positive cellswith the exceptionof the ovarian tumor cell line SKOS

(31)). Thus, insomecase factors in addition to receptor binding, such as virus
internalizationor entry into the nucleus, mayfectexpression of the reporter gene.
Another important consideration is that, as with many of the bispeudiecule
targeted Ad vectors, this vector likely retained integrin bind8id). As a result,

these vectors could potentially utilize wilgoe adenoviralinternalization
mechanisms for cell entry.

However, this is not the case for all bispecific retargeting mechanisms. Melanoma
cel | s |isegrins mage béen effectively targeted by EGFR and-1RF
ligands fused to anpenton antibody(62; 179. The length of the bispecific
molecule may influence bridging between penton and the target receptor.
Additionally, internalizationof suchvirusesis likely indepemlent ofthe wild-type
mechani sm of pent oniftdgnndsinat gxpressed onnthee gr i n,

target cell, and penton itself is likely bound by the bispecific molecule.
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The use of bispecific molecules has been somewhat limited due to potential
instability (279, 305 311 312). Thus, this method may not be as effective at
altering virus tropism, or at eliminating CAR binding as genetic modifications are.
Ads have also been successfully targeted to EGFR after shielding the vector with
poly hydroxypropylmethacrgimide (pHPMA) polymers to block neutralizing
antibodies, with either EGF or cetuximab (eBGFR antibody) covalently linked

to the polymer313 314). Cetuximab targeting demonstrated that EG&iReted
internalizationdoes not require activation of the receptor, since this antibody does
not activate EGFR. This strategy does still require an exogenoesynaoided to

the virus prior to administration, and therefore is potentially unstable, as are
bispecific molecules bound to Ad.

Other targeting strategies, including swapping of Ad5 fiber with fibers from other
Ad serotypes, primarily subgroup B fibers,vhabeen shown to result in
transduction of cells expressing the cognate receptor for the new fiber (reviewed in
(193 315). Fibreless Ads have also been modified by fusing a targeting moiety to
exogenous trimerization domains, for example that derived from the Moloney
murine leukemia virus, which replaces fiber in the capsid stru¢8ir@. This
platform has been used to add fégs, affibodies, or other targeting liganesg(
RGD), to the vecto(317). An affibodyfused to fibrin has been used successfully
to target a knobless Ad to HER218). Unfortunately, the complete deletion of
fiber, or other extensive capsid modifications can result in lower virus production

due to problems in capsid assemi}©3d. Thus, there are advantages to
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maintaining the virus structure as much as possible, to retain effective

encapsidation, virion assembly, and virion maturation.

1.2.11.5Internalizationof retargeted adenoviral vectors

Redirection through nenative targets could have unanticipated intracellular
effects (235, and this may affect viral infectiyit at different stages from
internalizationto transgene expression. Retargeting Ad to FGFR was shown to
influence virus binding and trafficking, detected by changes in transgene activity
or accumulation of radioactively labelled virg235. However, other factors
affecting other life cycle stages were also likely involved because the changes in
gene expression could not be entirely accounted for by virahadteation(235).

The same paper also demonstrated second messenger signalling after virus binding,
but this signalling was not mediated by FGFR activa{R86). Tumor targeting
using PEG shielding and a peptide ligand was also recently shown to modify the
endocytic profile of Ad319). Significant inhibition of reporter gene activity was
shown with a macropinocytosis inhibitor, as well as inhibitors of clatinediated

endocytosis and lipid rafts, although the latter aigo inhibited unmodified Ad.

1.2.11.6 Targets for adenovirus cancer gene therapy

In many cases, the goal of cancer gene therapy involves the expression of a
transgene by cancer cells. Expanding adenovirus tropism is required for such cancer
gene therapydue primarily to low expression of CAR on tumor cgll81-133

193. Targeting with RGD or polylysinbas been popular, but since the target
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receptors are expressed on many cells, these ligands do not necessarily mediate
cancerselective transductioft50). In contrast, receptors overexpressed on tumor
cells, for example growth factor receptors, may make an excellent new target for
Ad. Overexpression of growth factor receptors has been coyrfamd to be a
driver in tumor growth(165). Furthermore, growth factor receptors often activate
signalling pathways similar to integrin, allowing for the potanfor these factors

to replace the function of integrin in Adternalization(165. This includes the

PI3K pathway, shown to be importantvifid-type Ad internalzation (165).

Retargeting of Ad to FGFR has resulted in both increased internalization and
transgene expressi¢@35). In this case signalling by FGFR or through PI3K was
not required235). Furthermore, with Ad targeted EGFR or EpCAM, CAR or
integrin signalling were not needed, nor were receptor ligands used in this situation,
so there was likely no signalling pres€s@®4). Surprisingly, inhibition of integrin
binding has been shown to enhance FGFR retargetaéuctérdalization(306).

Thus, targeting Ad to a growth factoceptor is a viable strategy for gene transfer

to tumor cells. For breast cancer, HER3 may provide an excellent target receptor

for an Ad gene therapy vector.

1.3 HER3 Receptor

1.3.1 HER3overview
HER3, an 180kDa glycoprotein, was first identified in 1,989 a transmembrane
receptor tyrosine kinag820, 321). This receptor is also known as ErbB3, and is

member of the human epidermal growth factor receptor family (HER), which also
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includes the prototypic member EGFR, as well as HERA or ErbB2and HER4
(ErbB4) (321). The entire receptor family has a similar mode of action, where
ligand binding induces homor heteodimerization, an increase in tyrosine kinase
activity, phosphorylation of the receptor, recruitment of effector proteins, and
downstream signallind322-325. HERS3 is overexpressed in breast and other
cancers,(321; 326) and thus would make a potentially fidetarget for gene

therapy.

1.3.2 HER expression and role in breast development

A recent review described the roles of the HER family in normal and malignant
breast biology327). HER3, as well as HER2 and HERA4, also play important roles
in neural and cardiovascular system development and mainte(3ic827). All

HER family members play a role in mammary development, primarily during
puberty, pregnancy and lactati@R7). Increased expression of HER3 is seen in
mammary tissue during pregnancy, where HER3 signalling through PI3K plays a
role in morphogenesi821; 327, 328. HER3 was also shown to be important for
the maintenance of the luminal phenotype of breast epith¢Bas).

HER4 is important for lobuloalveolar development, and HER4 activation and
downstream signalling through STAT5 was shown to be required in the breast
during lactatiorn(327; 330). A soluble fragment of HER4 that can localize to nuclei

and mitochondria seems to mediate HER4 funct(B82%; 331).
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1.3.3 HER3 ligands

Heregulin (HRG, also known as neuregulin, NRG) 1 andcdingU a fiodns b

of each) are ligands for both HER3 and HERA4, though not other receptors in this
family (332-334). These ligands bind through their E@ke domairs (55 aa) to

the receptor§333-337). Ligand binding is thought to stabilize the receptor in an
open conformation, allowing interaction between reced®28-325 338). Either
homo or heterodimerization of receptors is generally thought to be required for
recepor activation and signalin@39; 340).

HRG binding to HER3 was enhanced when HER3 was dimerized with KER®2
341). Furthermore, HRG induced phosphorylation of HER2 in breast cancer cells
(335). Initially, this result led to the incorrect conclusion that HRG bound to HER2
(335), though this was later disprové€siB6, 342-344). However, as a result of the
activation of HER2 (au), HRG is also called neu differentiation fag@83 335).
HER2 dimerizes with HER3, and both receptbexome phosphorylated in the
presence of HRG345 346). HER?2 itself has no known ligan@332), and appear

to be in a receptor conformation that is able to dimerize constitu(i3a%).
Surprisingly, HRGhas recently been shown to binddfs a n @b ititegrins, but

the binding of HRG to HER®Kd = 1.9nM)is 70fold stronger than to integrin
(347 348).

In conclusion, HRG binds to HER3 or HER4, inducing hemor
heterodimerization with other receptors, including HER2, and initiates a

transmembrane signal through receptor activa{sdi, 349, 350).
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1.3.4 HERS3 activation

HERS is part of a family of receptor tyrosine kinases, but thigtece unique in

that it has been shown to have no tyrosine kinase adBsty. Early studies using

a chimeric EGFRHER3 receptor demonstratédat EGF bindingto the EGFR
extracellular domain resulted in phosphorylation of the HER8rfinal domain,
which resulted in mitogenic activi{52). Furthermore, the sameigteric receptor

was shown to have less phosphorylation than the other family members after EGF
addition, and less phosphorylation of other downstream prof@s3$. Thus, the
receptor likely requires dimerization with another family member to be fully
activated by phosphorylation of thet€minal tyrosine and to signal effectively
(330, 340. Additionally, HER3 itself has been shown to be phosphorylated by
HERZ2 (345). More recently, HER3vas phosphorylatd after HRG additiorto a

cell line expressing exogenous HER3 and EGFR, while EGFR was not
phosphorylated, since HRG does not bind EG¥R). Interestingly, a recent paper
has demonstrated that HER3 is not completely kinase dead, but the HER3 kinase
activity is about 100dold less active than the EGFR kina@54). Therefore,
HERS3 would still require other family members for effective signaliBtgyt 355).

Thus, hough HER3 is unable to form homodimesich are effective for
signaling HER3 does retain the ability to transphosphorylate its own intracellular
domainto a limited exten{340, 354).

Activation of HER3 is also affected by intracellular factors, in addition to ligand
binding and phosphorylation by its dimerization partner. A recent $taslghown

a role for cytohesins, Rd&e small GTPases, in activation (phosphorylation) of
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EGFR and HER3356). Cytohesins were shown to interact directly witGRR

(356). Furthermore, inhibition of cytohesins by chemical antagonism or
knockdown decreased EGFR and HER3 activation, and overexpression increased
this activaion (356).

The phosphorylated -@rminal domain of HER3 agfisa binding site for PI3K,

grb2, shc, src, and other signaling molec{820). PI3K isone of the most well
studied of the downstream pathways. Six binding sites for PI3K have been
identified on the HER3 @erminal domain, and the p85 subunit itself hasnbee
shown to bind to HER8321; 357). PI3K binding is rare in the HER family. The
only other member tbind PI3Kdirectlyis HER4, which contains only one binding
site (359). Furthermore, PI3K, andont P L Co activat®d fraiesr® can
substitute for HER3 activatior§359. Evidence from systemic profiling of
phosphotyrosine interaction sites suggesas different downstream pathways are
activated by receptors in this family depending on which receptor partners are

dimerized(327).

1.3.5 HER family endocytas
Most studies on endocytosis of HER family receptors have concentrated on EGFR,

and much less is known about other family members.

1.3.5.1 EGFR endocytosis

EGF binding to EGFR has been shown to result in rapid endocytosis into clathrin

coated pits(360). Early studies have shown rapid clustering of ligesxckptor
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complexes which are internalized and ultimately degraded in the lysd8é6d)e

Direct interaction of the receptor with APard the clathrirassociated protein
complex was show(B62). A di-leucine motif in the EGFR @&rminal domain was
shown to be important for this interacti¢gh32). There is evidence that only
dimerization of the receptor is required forternalization and not receptor
activation or downstream signallin@63 364). However, there remains some
controversy in the EGFR endocytosis field, as other studies have shown activation
to be important in endocyto360).

EGFR was shown to be the only HER family member to be rapidly internalized
(365, while the other receptors in the family were shown to be endocytosis

impaired(353).

1.3.5.2 HER2 and HER4 endocytosis

The details of HER2 internalization remains somewhat controversial. An early
study showed that HER2 can slow down EGFR internalization, and that HER2 does
not contain an internalization signal in the cytoplasmiic (861). Other studies

have shown HER?2 is not endocytosed or delivered to endog86@867). There

is also evidence that HER2 is not associated with the clathrin adaptor prot&in AP
(3698). In contrast, a more recent study sBswnHER2 to complex with adaptin,
clathrin, Espl5 and dynamin@69). Other studies have shown that HER2 is
endocytosed, but rapidly recycled back to the plasmeanbrang which may
explain at least some of the contrasting ¢aé370, 371). A recent study has also

shown that the internalization signals in the receptor dimer must be ideatgal (
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homodimers) to result in internalizatiq872). This study also showed HER2
internalization after the binding of a HER2 inhibitory peptide EBound to GFP
(372. This pepide, EG1, was previously shown to bind to the extracellular domain
of HER2 and inhibit phosphorylatiof873). This internalizationappeared to be
clathrirmedidged in the ovarian cancer cell line SKEBY but was not induced in

the breast cancer cell line SKBR3. This study also linked phosphorylation of HER2
to internalization372).

There is very little information regarding HER4 internalization specifically. An
early study has shown that with a chimeric EGFR containing the HERA4 intracellular
domain, there was little downregulation of the receptor from the cedicigind no
change in the receptor hdife with the addition of EGKE353).

In summary, there remains conflicting data regarding HER2 internalization and no
conclusive evidence of HER4 internalization, in contrast to EGFR. Although there
may be some variability between different cell lines and conditions, there is little
doubt that differences do exist in internalization mechanisms between the receptors

in thisfamily.

1.3.5.3 HER3 endocytosis

HER3 was shown to be taken up slowly after HRG bindBigd). Since this
internalizationis slover than EGFR, thimternalizatiormechanisms may not be the
same(353 374-376). Internalizationof HER3 does appear to be dependent on the
C-terminal tail, as with other recepsoof this family. In an experiment with a

HER3EGFR chimera, the chimera with the HER3 intracellular domain showed a
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threefold lowerinternalizationrate than EGFR353). However, the receptor half

life andthe rate ofdownregulation from the cell surface were closethimse of
EGFR than other receptors testé853). Furthermore, in this experiment
endogenous HER receptor levels were low, indicating that the HER3 intracellular
domain may not require other receptors as partners to medetgilization(353).

A recent study examined HER®ternalizationin porcine aortic endothelial cells
(PAE) expressing exogenous HER3 and EGFR ianehdogenosly expressing
breast cancer cell lines (SKBR3 and MZF(346). They demonstrated ligand
independentinternalizationof HER3 and colocalization with early endosam
antigen 1 (EEA1) Additionally, they showedan increase of HER3 on the cell
surfacefollowing clathrin siRNA inhibition(346). Furthermore, they demonstrated
that though HER3 does not inhibit endocytosis raflioactive EGF in cells
expressing both EGFR and HER3 to the same degree as HER2 does in cells
expressing EGFR and HER2, there appears to be some inhibition when cells are
stimulated simultaneously with bofRG and EGK346).

Other recentstudies showHER3 may play a role in the prevention of HER2
internalizationinto SKBR3 cells induced by the HER2 inhibitor HQsee also
Section 1.3.5.2§372).

HRG itselfis taken up inside ced] as showmn a study in which 80%f cells show
internalizationof an HRGGFP fusion pragin within 30 min in the breast cancer
cell line MDA MB 453 (375. Though HRG was shown to be degradeter
internalizationin a separate experimemternalizationrof HRG was not as rapid as

that of EGF in the SKBR breast cacer cell ling(376).
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Thus, though there is evidence that HERS3 is endocytosed, this is likely slower than

EGFR, and may not be ligand dependent.

1.3.6 Receptor recycling and/or receptor degradation

EGFR degradation was shownlie lysosomal and mediated by the-&8quitin
ligase, Cbl(360G 377). In contrast, the EBbiquitin ligase Nrdpl (neuregulin
receptor degradation proteifh) was shown to mediate HER3 ubiquitination and
subsequent degradatid878-380). There are conflictingeports of lysosomal
degradation of HER874, 376, 379). One study has shown only partial inhibition
of HER3 degradation by the lysosomal inhibitor chloroquin@7€). More recent
evidencesuggestshat NrdpldivertsHER3 to the lysosome after HRG stimulation
(379. Furthermore, whether or nlgsosomaldegradation is induced by ligand has
also been debatg@46, 374 376, 379. If the HER3 degradation pathway is not
ligand induced, it is kely a basal degradation pathw@y6). This idea is supported
by the shorter hallife of HER3, when compared to EGRRB53 374-376, 381).
Additionally, there is also evidence for recycling of HER3 back to the cell surface,

as this can be inhibited by the recycling inhibitamansin(374).

1.3.7 HER nuclear translocation
There are putative nuclear localization sites (NLS) on all EGFR family members,
ard a review was recently published outlining the currently understood role of each

family member in the nucley869 382).
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Nuclear localization of EGFR has been shown in several tissues, and has been
associated with poor prognosis in multiple tumor types, including breast cancer
(383-389). Nuclear localization of both EGFR and HERZ2 has been linked to cancer
therapy resistang@89-391).

Nuclear HER2 is involved in transcriptidrectivation of genes rated to cancer,
including COX2 (392-394). Interestingly, though HRG treatment can increase
nuclear HER2, a kinase deficient HER2 doeslocdlize to the nucleu869 392

3949).

A cleaved form of HER4, 41CD, has been shown to be active intracgtiudad is

also thought to act in the nucleus in a complex with STAEH; 395 396).
Surprisingly, 4ICD has been linked to both shorter patient survival and improved
response to therapthusits role remains ambiguoy882 397, 398). Full length

HER4 has been seen in the nucleus of some normal(888s400).

Full length HER3 has also been observed in the nucleus, though its role remains
unclear(321; 401; 402). In pancreatic cancer, low nuclear HER3 appears to predict
higher risk of recurrencé03 404). A truncated form of HER3 has also been
detected in the nucleus, and has been linkedttivagion of the Cyclin D1 gene

promoter(405).

1.3.9 HER3 expression and role in cancer

HERS3 and the other EGFR family members are all known to play @nrolncer,

to some extent, though their roles and levels a2y).
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1.3.9.1 Other family memberso role in
EGFR and HER2 are overexpressed in mamgceis, such as lung and breast
cancerq326 406). These receptors are considered cancer drivers, ihd&gR2

has been shown to require HER3 to drive breast c4B868r407). Interestingly,

HERS is not thoughto drive cancer alon@58, 407).

Contrary to the other family members, there has been some evidence Bt HE
expression might be a marker for good prognosis in some cancers, through
induction of apoptosig408 409. However, the full role of HER4 in different
cancers is still not entirely cleé@826 406). HER4 expession has been linked to
positive ER status in breast cancer, and it is possible that HER4 expression is
regulated by estroge(827). Full length HER4 and theleaved variant (4ICD)

might also have different functisrfrom each othdn breast cance@10).

1.3.9.2 HER3 role in cancer

HERS3 has been shown to be oexpressed in breast and ovarian cancers, among
other cancer§321, 326, 411-417). Furthermore, HER3 is often overexpressed in
tumors which overexpress HER®21; 326). The HER2/3 complex has been shown

to be an important breast cancer driver, and is considered the most oncogenic dimer
of the HER family(321; 418420). Additionally, HER2overexpressing transgenic

mice have been shown to overexpress HER3 at the proteir(4@igl

However, a recent review has found the prognostic value of HER3 expression in
breast cancer as inconclusive, because some studies have demonstrated HER3

association with poor prognosis, and some with good prog(izeA24). HER3
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expression has also been associated with acquired resistance to hormone therapy
using tamoxifen and fulvestrant in the fpRsitive MCF7 breast canceretl line

(425. Interestingly, unlike the rest of the HER family, there are no reported
mutations of HER3 coding sequences in human malignancies, only ovesgpre

of HER3 mRNA or protei§358 426, 427).

1.3.9.3Cancer signalling pathways

EGFR family members can activate many signalling pathways depending on which
family members are activated. HER3 contains six PI3K binding (8843, and the

PI3K pathway is activated by HER3 phosphorylation in the HER2/3 heterodimer
(358 428). Activation of the PI3K pathway has been linked to breast tu(Bad.

The ras/MAPK pathways can also be activated througRR2 phosphorylation
(358 428). Src activation has been shown to be important for HER2/3 downstream
effects ina murine fibroblast model system, possibly by stabilizing the HER2/3

dimer in breast cancer ce(18).

1.3.10 HER family inhibition

1.3.10.1 Inhibition oHER signalling

Kinase inhibitors have been developed which target the HER family in geaigral (
neratinib), or certain members specificallyy.the EGFR targeted gefitini§327,
429431). Since HERS3 has been shown to lack an effective kinase, these inhibitors
are generally not thought to act on HER3 dire(3ly1). However, the inhibition of

the kinase active partner of a HER3 heterodimer may prevent HER3 signalling.
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Specifically, prevention of signaling by HER2/3 dimers is an important strategy for
breast cancetherapy(321, 418). Unfortunately, inhibitors are more effective at
decreasing HER2 autophospylation than HER2 phosphorylation of HERS3,
which can undermine the efficacy of such thergd6, 432 433).

Other mechanisms of HER family inhibition have been examined, including
ectodomairbinding monoclonal antibodies. The best known of these is
trastuzumab, a HER2 targeted humanized mouse antibody, whglshown to
induce regression of breast tumors with HER2 amplificai#2Y; 434). Another
HER?2 targetig antibody, pertuzumab, has been shown to act through prevention
of HER2 binding to HERS3, and can disrupt ligand induced PI3K signg{iag

435). Furthermore, there are two HER3 targeted antibodies;IMMand AMG

888, but these antibodies are still in early clinical tr{as7; 436).

1.3.10.2 Resistance to HER inhibition by HER3 activation

One proposed mechanism of resistance to HER family inhibition is through
activation of signaling by other HER familyemberg327). HER3 overexpression

has been linked to resistance to the EGFR inhibitor gefitinib, as well as other
inhibitors(437). This increase in HER3 levels corresponded with AKT reactivation
(437). Interestingly, infbition of signalling pathways other than EGFR, notably
PI3K, did not increase HERS3 levéi37). The authors did not identify the pathway
downstream of EGFRhat is responsible for the increase in HER37). There are

also other mechanisms by which HERS3 is able to mediate resistance to HER family
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inhibition, whichgenerally result in increased HER3 signalling, but do not involve

HERS3 overexpressiof#33).

1.3.11HERS as a target for gene therapy

HER family members have been used as Ad binding targets, mengicneously

in Sections 1.2.11.2 to 1.2.11479 304 311).

HRG has also been used as a targeting
of the HRG gene) have been fused to the viral envelope glycoprotein, gp70, of the
Moloney murine leukemia virug438), to successfully target the virus to breast
cancer cells expressing HER3 and HE®38. HRG fused to the Ad penton
protein was also used to target noral gene delivery resting in gene expression

in MDA-MB-453 breast cancer ce($39.

In summary, HER3 is overexpressed on many breast cancer cell lines and tumor

samples. Therefore, it is a viable candidate receptor for retargeted Ad gene therapy.

Examining the binding andhternalizationof a retargeted Ad, as well as gene
expression would be important in understanding how such a virus would function

biologically and clinically.

1.4 Summary of thesis

Our lab previously constructed a virus, AdLuc(HRker), targeted to the HER3
receptor, as the initial step in generating a ptatffor breast cancer targeted Ad
gene therapy (see Methods Section 2.2.1, and our previous publi@&jionhis

virus was targeted to HER3/4 by inserting the coding sequence of thdikeGF
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domain of HRG into the HI loop of the fiber knob. Vdemonstrated that this
insertion did not impede fiber trimer formation or viral replication in the packaging
cell line, HEK293 (Figure 1.4 and 1.8)). The insertion in the HI loop was not
expected to affect viral binding to CAR, and as alte#us retargeted virus was
expected to bind to and infect cells expressing HER3, HER4, CAR and/or integrin.
A control virus, AdLuc(wdfiber), was expected to only bind to and infect cells
expressing CAR and/or integrin.

In this thesis, Chapter 3 dedws our characterization of this virus through
infection of breast cancer and other cells differing in surface expression of the
receptors HER3/4 and CAR vitro andin vivo. Chapter 4 examines the binding of
the retargeted virus to cells, and the intémaséion mechanism of the retargeted
virus, compared to the witype binding virus.

We are the first to show expanded tropism by an HRS&lified Ad into cells not
normally infected by wiletype binding Ad. These included cells expressing high
levels of he HRG receptors HER3 and HER4, as well as other cells. This expanded
tropism provides some resistance to competition by soluble Ad fiber knob.
Surprisingly, this expanded tropism did not translate to a mouse xenograft model.
We also examined the bindiof the retargeted virus to cell lines expressing either
CAR, HERZ3, neither or both receptors. Surprisingly, there was very little binding
to any cell line, except those expressing exogenous CAR, despite high levels of
gene expression after infection witlllkuc(HRGHfiber). Similarly,internalization

of either virus was not high, except in CARells. Also, AdLuc(wAfiber)

internalizationwas higher than AdLuc(HR@ber) internalizationin most cell
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Figure 1.4: Expression of wildype and modified fiber proteins.

(A) In vitro translation and trimerization assay. Plasmid expression ve
encoding wt fiber, fiber modified by insertion of the B domain of HRG
into the HHoop (HRGfiber), or the monomeric firefly luciferase, as a contr
were translateih vitro in the presence 8¥S-methionine. The resulting produc
were either loaded without boiling (top panel) or boiled for 5 minutes pric
loading (bottom panel) and resolved by SBSGE. The positions of fibe
monomer and trimer are indicated to the right.\(Bsterrblot analysis of fiber
content in purified AdLuc(HR@iber) and AdLuc(wAfiber) virions. Viral

particles (2.5 x 1viral paticles (vp) per lane) were either loaded directly o
the gel (without boiling, lanes marked UB), or boiled for 5 minutes prio
loading (lanes marked B) and resolved by SEXSGE. Following transfer tc
PVDF membranes, samples were probed for fiber pr@tep panel) and for
hexon protein (bottom panel). The positions of fiber trimers and monomel
indicated to the right. The arftexon antibody did not recognize denatui
hexon(3).
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Figure 15: Growth curve for AdLuc(wAfiber) and AdLuc(HRGiber).

Monolayers of HEK293 cells were infected (in duplicate) with indicated virt
at a multiplicity of infection (MOI) of 5 plaque forming units (PFU) per cell &
cells were harvested at indicated times post trdecFollowing the release o
cell-associated virus by two cycles of freeze/thaw, the viral titer in each se
was determined by plaque assay on HEK293 cells. Error bars are equal

standard deviation and most are smaller than the syr(8)ols
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lines, which is opposite from gene expression experimé&tgpeating a gene
expression assay in a similar manner toittiernalizationassay yielded results
similar to theinternalizationassay.

Microscopic examination ointernalizationwas more consistent with transgene
expression, with the number of AdLuc(iBRiber) inside the cell higher than
AdLuc(wt-fiber). Colocalization of virus with receptor was as expected, with
AdLuc(wt-fiber) colocalizing primarily with CAR, while AdLuc(HR@&ber)
colocalized with both HER3 and CAR.

Ultimately, our data demonstrateddLuc(wt-fiber) and AdLuc(HRGiber)
binding andinternalizationinto CAR+ cells after 10 min at room temperature or
37°C. This results in high levels of transgene expression. AdLuc{fie®
binding andnternalizationinto CAR- cells appeared to occhetween 10 min and
30 min at 37°C, but high transgene expressioth expanded virus tropism require

long exposure timespptentially up ta30 min) to be observed.
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2.1 Cell culture

2.1.1Generalcel culture

All cell lines used are adherent human breast carcinoma, unless otherwise noted.
BT549a, BT549b, MDAVIB361, MDA-MB-453, SKBR-3, T47D and ZR751

cells were cultured ilRPMI medium 1640 (31800, Invitrogen). CHO (Chinese
Hamster Ovary) cell lineand derivatives were culturedihbu | beccod6s Modi fi e
Eagle Medium high glucose (DMEM2803082, Gibcohigh glucose is 4.§/L).

The mouse breast cancer cell line MT1A2 (derived at McMadteversity,
Hamilton, Ontario, Canad#340), the human ovarian cancer dele SKOV-3, the
human glioblastoma celine U118MG, the humarhabdomyosarcoma cell line
RD, and the human cervical cancer cell lideLa were maintained iDMEM.
MCF7, MDA-MB-231, MDA-MB-468 and A549 Humanlung carcinoma) cells
were cultured in either RPMI or DMEM high glucose. HEB3 cells(human
embryonic kidney cells transformed with the left end of /28 were cultured in
Minimum Essential MediumMEM, 61100,Gibco). All media wersupplemented

with 10%fetal bovine serum (12483, Gibco), PSF (Antibiatimycotic, 15240,
Gibco) and 20@M L-glutamine (25030, Gibco).

Additionally, two separate isolates of BT549 cells (here designated BT549a and
BT549b) were used, which demonstrated diffef@AR levels (Figures 3.1 and 3.2,

and Table 3.1)These differences may be explained by the diffemethodsised

to detect the receptors, or differences in expression levelheattime of
measurement. Thus, we used the receptor lanelasured at the time of each

infection to categorize the cell lines.
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2.1.2 CHO cell lines

A series of stable CHOansfectants were used for multiple experiments. @HO
(not transfected with any exogenous receptor) was acquired from Dr. Zhixiang
Wang (University of Alberta) CHO-CAR (transfected with the coxsackie
adenovirus receptor (CAR)), and CHI2 (transfected ith an unrelated receptor,
human U?2) wereacquied fram Dr. Jeffrey Bergelsiuniversity of
Pennsylvaniaj57).

The CHQOal2/HER3 and CHECAR/HER3 stable cell lines were generated as
follows: CHOal2 and CHGCAR were transfected with plasmid phErbB3
encaling HER3 (from Open Biosystems, MHS1638051190, Human MGC
Verified FL cDNA (IRAT), clone ID 6147464) using Lipofectamine 2000 (11998
019, Invitrogen). Cell lines were sorted by flow cytometry into individual wells of
96-well plates based on HER3 expriess and stable clones were selected with 100
e g/ ml Hy g r o myQ@l0, rnvitrBgen). EXpession of receptors was
detected by flow cytometry (seégbre 2.1, flow cytometry methods can be found
in Section 2.8). We selected clones F3 for GEIHER3 and C12 for CHO
CAR/HERS for further use. Elsewte these clones will be referred to as GHO

al2/HER3 and CHECAR/HERS3, respectively.

2.2 Viruses
2.2.1 Virus construction and amplification
The viruses used in the following experingewere the control virus AdLuc(wt

fiber), also called AdLC8tuc (5), and AdLuc(HRGfiber) (3) (Figure 2.2).
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Figure 2.1: HER3 receptor levels in HER3 transfected CHO cells.

(A and B) CHQal2 cells and (C and D) CHOAR cells were transfected wit
a HERS3 encoding plasmid and sorted for HER3 expression into individual
of 96-well plates. Stable clones were selected with Hygromycin B and
tested for HER3 expression by flow cytometry. The proportion of cells pos
for HER3 are shown in (A and C), while the relative number of receptors o
cell surface are shown (B and D). The clone names are shown on the X ¢
compared to either (A and B) CH&2 or (C and D) CHECAR. The clones
used in future experiments are F3 for GAR/HER3 and C12 for CHO
CAR/HERS3 (striped bars).
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Figure 2.2: Schematic diagram of the recombinant plasmids and the re
strategy employed.

(A) Structure of AdLuc(HRiber) (previously designated AddI-HRG) and
its parent plasmids. The amino acid sequence of the fiber modification is <
below the schentiz of the recombinant virus. Ad5 fiber sequence was modi
only between Thge and Segss(see ado Figure 2.3). The amino acid sequer
corresponding to the EGlike domain of HRGU are in bol d
sequences are underlined and the amino acids between GTSH and NVP-0
U are represented by two da®msscan
be found in Figure 2.3. (B) Structure of the control virus AdLud{lagr)
(previously designated AdLC8ac [(5)]). Open reading frames and regulatc
sequences are indicated by broad arrows. Adenovirus sequences are in

by narrow black bars.
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AdLuc(HRGfiber) was constructed by Mabrouk Elgadi (McMaster University)
and the construction is outlined ilgEre 2.2. The viruses are both first generation
adenoviruses, containing deletions in the E1 and E3 regions (E1 deletion positions
456 to 3525 and E3 deletion position 28138 to 30465)|udikerasereporter gene

was inserted in place of the E3 region, under control of the human cytomegalovirus
(CMV) immediate early promoter. The differesdeetween the two virusese (1)

the insertion of the coding region of the B domain of heregulin (HRG) into

the HI loop d fiber knob, flanked by two linker sequencesAdLuc(HRGHiber),

(2) aloxP insertionin the E3 region of AdLuc(HR&@ber), and (3) insertion of

loxP sites flanking the packaging sequence in AdLudiver) (AdLC8cluc)

(Figure 2.2 and 2.3).

2.2.2 Viws titration

The viruses were amplified and purified using standard metddds Briefly, the
viruses were amplified in 20 to 4050 mm plates of HER93 cells, which
compensate for the E1 deletion in the viruses. Once the cell monolayers showed
complete cytopathic effect (CPE), the cells were harvested and the virus was
purified by cesiunchloride banding441). The virus was titred by plagque assay
(441) or Adeno X rapid titre kit(632250, Clontech). The Adeq¢titration method

uses antibody detection of ttee viral protein hexon as a marker for infection. The
titre of an AdLuc(wifiber) prep previously titred by plaque assay was about two
fold higher using the Adenr® method. The resulting titres are noted as pfu/ml

(plaque forming units, titred by plaqussay), or ifu/mKinfectious units, titred by
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ACA ctcgag gga tgc gga ggt gga gga gga tcc ggc gga
Thr Leu Glu Gly Cys Gly Gly Gly Gly Gly Ser Gly Gly

ggtggc agc ggt acc agc cat ctt gta aaa tgt gcg gag
Gly Gly Ser Gly Thr Ser His Leu Val Lys Cys Ala Glu

aag gag aaa act ttc tgt gtt aac gga ggg gag tgc ttc
Lys Glu Lys Thr Phe Cys Val Asn Gly Gly Glu Cys Phe

atg gtg aaa gac ctt tca aac ccc tcc aga tac ttg tgc
Met Val Asn Asp Leu Ser Asn Pro Ser Arg Tyr Leu Cys

aag tgc caa ccc ggg ttc act gga gca aga tgt act gag
Lys Cys GIn Pro Gly Phe Thr Gly Ala Arg Cys Thr Glu

aat gtg ccc ggg tgc gat act AGT

Asn Val Pro Gly Cys Gly Thr Ser

Figure 23: Final sequence of HRG insert and flanking fiber gene
AdLuc(HRGfiber).

The HRG sequence is in bold, the linker sequences are underlined and th
and Spel restriction digest sites are italicized. The sequencestaddgine Ad

fiber amino acid Thgeand ends at Seg (see also Figure 2.2).
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AdencX). The number of virus particles per ml (vp/ml) was calculated using
absorbance of the diluted viral preparation at2§9[442). A table of tle viral
preparations used, their titres and particle numbers is fouldbte 2.1 Virus
preparations 1, 2, and 4 were titred by plaque assay, while preparations 3 and 5
were titred by AdenX kit. The viruses were also confirmed to contain less than
onereplication competent adenovirus per 1e8 pfu or ifu vector, tested using the

replication competent adenovirus (RCA) tekt3).

2.2.3 Fluorescent labeling ofirus

Antibody labeling kits were used to label virus with either Cy2 (FluoroMnkb

Cy2 labelling kit, PA 32000, Amersham Biosciences) or Alexa 488 (A488, Alexa
Fluor® 488 monoclonal antibody labeling kit, A20181, Molecular Protigsth

dyes have absption spectra that peak at approximately 488 nm (€489 nm,
A488- 494 nm), and emission spectra that peak at 506 nm (Cy2) or 519 nm (A488).
Cy2 is a bifunctional Mydroxysuccinimide (NHSgster, while A488 is a
tetrafluorophenyl (TFP) ester moietyof® esters react with primary amines of
proteins to label proteins with the fluorescent dye. In order to conjugate the dye to
the virus, a procedure similar to that outlined in Leopold €74).was used. The
virus was first diluted to a concentration of 1e12 vp/ml with phosphaterkdff
saline solution (PBS) ++#BS (137 mM NacCl, 2.7 mM KCI, 10 mM N&lPQy, 2

mM KH2PQy), 0.1 g/L Cadl - 2H.0, 0.1 g/L MgCt - 6H0) +10% glycerol. The
Cy2 dye was r es ubll podiumbiatbonate, wbil@ the A488 dye . 1

was r esus pdaf@.2M sodium bitatbOnate. A range of dye dilutions
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Ratio of
pfu/ml vp to pfu
Number | Virus or ifu/ml | vp/ml or ifu Figures
AdLuc(wt-
1 fiber) 4.00E+09| 1.69E+12| 423 3.3B,4.11
AdLuc(wt-
2 fiber) 6.00E+09| 2.44E+12| 407 3.4,3.6,4.2
AdLuc(wt-
3 fiber) 2.62E+10| 3.96E+12| 151 3.8
3.3B, 3.4,
AdLuc(HRG 3.6,4.2,
4 fiber) 1.40E+09| 1.14E+12| 814 4.11
AdLuc(HRG
5 fiber) 8.75E+09| 2.55E+12| 292 3.8

Table 21: A table of unlabelled viral preparations used in thisdis and the

figures displaying the data in which the different preparations were used.
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were tested (see Section24.), and ultimately the virus was mixed with the
reactive dye in a 1:1 ratio (uswually 50 ¢l
temperature for 30 min (Cy2) or 1 firA48 8 ) , with mixing. Two ¢
glycine was added to stop the reaction (Cy2 only), and the entire mixture was
transferred to a SlidA-Lyzer MINI dialysis device (10,000 molecular weight-cut

off, 0.1 ml maximum volume§9576, Thermo Scientific) fatialysis. The solution

was dialysed against two changes of 500 ml of buffer (10% glycerol, 50 mM Tris

HCl pH 7.5, 10 mM MgGJ, 150 mM NaCl) over 24 hrs at 4°C. After removal from

dialysis, glycerol was added to the virus to a final concentration of 3@2than

virus was stored aB0°C until use.

The number of dye molecules per viral capsomere was calculated for each labelling

reaction Table 2.2). For Cy2 labelling, the molar concentration of the dye was

calculated by dividing the absorbance at 489 niter(gaubtracting the background

at 430 nm) by the extinction coefficient of Cy2 provided by the manufacturer

(150,000 cm*M™1). This was converted to molecules of dye per ml using
Avogadrodés number (6.022e23 moleeul es per
per ml (vp/ml) was calculated using absorbance of the diluted viral preparation at

260 nm (after subtracting the background at 430 nm). The dye to protein ratio was

then calculated by dividing the molecules of dye per ml by the number of viral
capsomereper ml (number of virus particles per ml multiplied by 252 capsomeres

per virion(53)).

For A488 labelling, the molar concentration of the dye was calculated by

multiplying the absorbance at 494 nm (after subtracting the background at 430 nm)
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Dye to Capsomere Figure

Dye Virus Ratio used
Cy2 AdLuc(wt-fiber) 3.1 4.1
Cy2 AdLuc(HRGHfiber) | 1.9 4.1
A488 | AdLuc(wt-fiber) 37.0 4.5,4.6
A488 | AdLuc(HRGiber) | 39.1 4.5,4.6
A488 | AdLuc(wt-fiber) 66.6 4.7
A488 | AdLuc(HRGHiber) | 34.4 4.7

Table 22: A table of labelled viral preparations used in this thesis and

figures they were used in.

69



by the dilution factor and dividing by the axttion coefficient of A488 provided

by the manufacturer (71,000 divi). This was converted to molecules of dye in
the total solution using Avogadrods number
total number of viral particles in solution was calculatedcetiaen dilution of the
viral stock (eg. 50 el of 1el2 vp/ ml i's 5e.
ratio was then calculated by dividing the total molecules of dye by the total viral
capsomeres.

The labelling procedusavereperformed in parallevith virus without dye present

to control for the effect of the labelling proceduom the virus. The labelled and
unlabelled virus were compared for infectivity using a limiting dilution assay (also
called endpoint method®#44 p7072). Briefly, a 96well plateof HEK-293 cells

was infected with a virus at dilutions betweer3land 1€13, with one column per
dilution. The wells were scored for presence or absence of infectidt).(E® this
method, it is essential that there be one dilution where all wells are infected and one
where all wells are not. The titre was calculated by graphing the ratio of wells with
visible CPE aday 10 or 1llagainst the log of the viral dilution. @&hPad Prism
(GraphPad Software, Inc.) analysis software was used to determine the tissue
culture infectious dose at 50% of maximum (TCID50) using a log(agonist) vs. dose
response curvg445. The addition of the dye made very little difference in
infectivity in HEK-293 cells. However, we cannot conclude that this procedure did
not affect binding to other receptors not expressed on-BiEXcells é.g.HER?3)

or infectivity in other cell lines.

70



2.3 Flow cytometry

2.3.1 Receptor detection by flow cytometry

Cells were trypsinized, washed twice in PBS and resuspended at 4e6 cells/ml in
blocking buffer (1% human serum in PBS). For HER3, HERA4 or integrin detectio
le5 cells were aliquoted intoHER3bes and
phycoerythrin (PEronjugated mouse monoclonal antiman ErbB3, clone
66223, FAB3481P, R&D Systems; HER4,-B&hjugated mouse monoclonal anti
human ErbB4, clone 182818, FAB11®11R&D Systemspr U, integrin PE
conjugated mouse monoclonal antiman CB51, clone P2W7, FAB1219P, R&D
Systems) or isotype control (RIBnjugated mouse IgGIC002P,R&D Systems)

for 30 min at room temperature in the dark. For CAR detection, the aytibsed

was 20100 el of supernatant harvested from mouse hybridoma cells (RmcB,
ATCC# CRL-2379). The cells were washed with PBS + 0.5% BSA. If the primary
antibody was unconjugated, cells were then stained witlsl IE-conjugated
secondary antibodiGoatF ( aJF01P2B, R&D Systems) for 3@in, and washed
again. The cells were resuspended in &@BS + 5% formaldehyde and stored at
4°C before fluorescence was detected by a flow cytom&®€$Calibuy BD

Biosciences).

2.3.2 Flow cytometry analysis
Each cell line was analysed separately, since cell lines vary in properties such as
cell size and intracellular complexity. For each cell line, only live cells in single

cell suspension were analysed, by gating cells based on forward and side scatter
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(sizeand intracellular complexity). Mean fluorescence is the average fluorescence
of the entire sampl@after subtractions dhe mean fluorescence for the isotype or
control sample.

To calculatepercentof cells positive for receptor detection, isotype or rega
control samples were used to set gates (at 1% positive) for positive fluorescence.
The percent of cells positive for fluorescence was determined by the percent of cells
in the gate on a histogram.

To calculate percent of cells posititar fluorescenvirus detection, the percent of
cells inside a gate was used. This gate was placed on a dot plot of fluorescence
relative to a control fluorescenahannel so that only about 1% of the control
sample is positive, oaverage. The control fluorescence amelris a fluorescence
channel which wapredicted to be negative based on the emission spectrum of the
fluor used and is therefore expected to rem@latively consistet for a given cell

line. An example of this analysis can be seen in Figure 4.5.

2.4Westernblot analysis of receptor expression

2.4.1 Cell line receptor detection byesternblot

To detect cellular proteins, total cell lysates were prepared from washedy
incubation on ice for 20 min in lysis buffer (%M Trisi HCI (pH 7.5),150 mM
NaCl, 1% NP40, 1% Triton X100, 1% sodium deoxycholatel mM
phenylmethylsulfonyl fluorid¢ P MS F ) ganhofleach ofaprotiningeupeptin
and pepstatin). Cleared lysates were assayed for protein udingga@aBCA kit

(PierceRockfort, IL, USA).Inal | , 50 € g t gfdrdHR4 @gnd ©ARe i n
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analyses) were boiled for 7 min in sample buffer befesmlution by SDE8%
PAGE. Resolved proteins were eleetransferred topolyvinylidene difluoride
membranes. Blocked membranes were prdoedHER2, HER3, HER4 (rabbit
polyclonal antibodies anheu, C18 (Sant&ruz Biotechnology Inc., Santa Cruz,
CA, USA); anttErbB3, C17 (Santa CruBiotechnology Inc.); artErbB4 (Lab
Vision Corp., Kalamazoo, MI, USAjjuman CAR (mouse monoclonal antibody
RmcB; Upsate USA Inc., BillericaMA , U S A }actia (mdusebmonoclonal
antibody AC15; Sigm&ldrich Co.). Signals were detected using either
horseradish peroxidasmnjugatedantrmouse IgG or horseradish peroxidase
conjugated antrabbit IgG antibody (Pharmingen) and EGNesterndetecton

reagents (Amershamioscience).

2.4.2 Receptor expression in mouse xenografts and tissue samplégelsyern

blot

40 £g of protein for each sampleaswheated at 95°C in loading buffer (final
concentration: 3% glycerol, 1.5 M T#4Cl pH 6.8, 0.4% SDS30 ng/ml
bromophenol blue, 40 mM-@ercaptoethanol) for 5 min, prior to resolution by
SDS9% PAGE (BiecRad Mni-PROTEAN apparatysunning buffey. Resolved
proteins were electrvansferred tanitrocellulosemembranesn transfer buffer
(3.03 g/L Tris bae, 14.4 g/L glycine, 20% v/v methanol) for 90 min at 350 amperes
on Bio-Rad Mni-PROTEAN apparatusBlocked membrane$5% milk, 0.1%
Tween 20 in PBS)ere probed fothehumanproteinsHER3, CAR ofb-actin(antr-

ErbB3(C17), sc385 Santa Cruz Biotechnology, Incnouse monoclonal antibody
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RmcB). Signals were detected using either H&dhjugatedgoatantrmouse 1gG
(115035003, JacksonimmuroResearch Laboratories, In@) HRPconjugated
antirabbit 1IgG antibody (11-035-144, Jackson ImmuoResearch Laboratories,

Inc.),and ECLWesterndetection reagen{f®mershamnmBioscience.

2.51n vitro infection of monolayer cultures

Cells were plated in growth medium at an amount to b8®0O confluent at the

time of infection. For cells used for luciferase assays, the cells were plated4n a 24

well plate. The cells in the carcinoma panel (Figure 3.3) were plated at 1e5 to 2e5

cells per well, and CHO derivative cell lines were plated at 2e5 or 2.5e5 cells per

well. 2-3 wells were counted the day of the infection and used to caldbkate

number of infectious viruses per cathiltiplicity of infection, MOI). Virus was
dilutedinPBS++and 100 el was wused to infect the
adhere to the d¢ls for 30 min at 37°C before the wells were washed twice REBB

and fresh mediumwas added. The cells were incubated for the times indicated,

prior to analysis.

2.6 Luciferase assay

2.6.1 Luciferase assay af vitro infections
After infection as decribed in Section 2.5, the infected cells were incubated for 24
hrs (breast cancer cells) or 48 hrs (CHO cell lines) at 37°C, then washed twice with

PBS. The cells were |Iysed by the addition
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and incubation at rootemperature for 20 min. The plate was either frebagved

or stored at70°C until further analysis was performed.

After thawing, the lysed cells in RLB were removed from the wells by pipetting

and transferred to microfuge tubes. The lysate was centiifaig&2,000 >g for 2

min at 4°C, and the supernatant was transferred to fresh tubes. The amount of

luciferase in each lysate was detected using a luminometer (RabOgstima,

BMG Laboratories) and a luciferase detection kit (E4030, Promega), according to

kit instructions. Briefly, 20 | of l ysat e, or an appropriat

added in duplicate to a white 9¢ll plate. 100¢ | of |l uci ferase subs
dispensed by the luminometer into a single well immediately before the light

emission was nasured in relative light units (RLU) at five different gains. A

standard curve of luciferase (QuantiLum® Recombinant Luciferase, E170A,

Promega) was used to confirm that detection was in the linear range of the

l umi nometer and t o cse AfteeandlysisRielysateavase g | uc i f

stored at70°C.

2.6.2 Luciferase assay of in vivo infections

The luciferase assay of mouse tissue lysates were performed in a similar manner,

except the lysis procedure differed (S=xtion2.8.2).
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2.7 Competition assys

2.7.1 Competition assays with breast cancer cell lines

To generate soluble fiber knob protein, the sequence of AdScibersponding to

the fiber knob (lysine 398 to glutamic acid 581) W3R amplified and inserted
into the bacterial expressionagimid pET15 (Novagen, Darmstadt, Germany).
The resulting plasmid, pET1Ad5knob,was transferred to Escherichia coli BL21
(DE3) pLysS (Novagen). Afteinduction with 1mm isopropylthieb-galactoside

for 4 hrs at 37C, theprotein was extracted from thells under native conditions
and purifiedusing NiNTA agarose column (Qiagen, Toronto, ON, Canada).
Following extensive dialysis against PBS, the protein concentration was
determinediusing a BCA kit (Pierce).

In all, 2eg of soluble wildtype Ad fiber knd (s-knob) were added t@ x 10° cells

in 24-well dishes andhe cells were incubated at room temperature for 20 min.
Virus was theradded to the cells (100 vp per cell) and the incubation was continued
for an additional 30 min at room temperature. Theioradvas then removeahd

the cells were washed twice with PBS and overlaid with compieium. The
cells were incubated for 24rdy and then luciferase activity waketermined as
above.

For HRG competition experiments with cancell lines, 2 x10° cells in 24-well

pl at es wer e overl aid wi t h omedlud/F12Du |l beccod
(Invitrogen) media containing 0.25 mg of recombinant humaR G BGFlike
domain (R&D Systems) and incubated on ice for 30 Mirus (100 vp per cell)

was then added and imgation was continued fan additional 30 min on ice. The

76



cells were then shifted to roormmperature for 10 min before washing twice with
PBS. Following theaddition of the medium, the cells were incubated for 24 h at

which timeluciferase activity wasatermined as abo&ection 2.6.1)

2.7.2 Competition assays with CHO cell lines

CHO-NT, CHO-al2 and CH®al2/HER3 were infected as in Section 2.5, except

prior to virus infection the cells were incubated with 800 P BS suppl ement ed
recombinant human HRG1 E-lik& domain (296HR, R&D Systems) at 5

e g/ mli for 30 min on i c ®&FUktel dsgd forivious al | vy, t
infection was calculated based on the cell number plated (2.5e5 cells/well). Ten
micraliters virus diluted in PBS++ was added without removal of the HRG, and the

cells were incubated for an additional 30 min on ice, then 10 min at room
temperature (to allow for virahternalizatiorn). The wells were washed twice with

PBS and fresh mediunwas added prior to incubation at 37°C for 48 hrs. The

procedure for luciferase assay (Section 2.6.1) was then performed.

2.8 Mouse tumor model and in vivo infection

2.8.1 Mouse tumor model

All animal experiments were carried out in accordance with guieelof the
Canadian Council on Animal Care (CCAC) and were approved by the local animal
care committee of the Cross Cancer Institte. 1¢ or 2 x 1¢ ZR75.1 human
breast cancer cells were suspended in 25% Ma{i3§€234, BD Biosciences) in

PBSand ingcted intceach of two contralaterabdominal mammary fat pads10
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female NIH-IIl mice. An estrogen pelle{ 1 -ediradiol, SEL21, Innovative
Research of Americajas also implanted subcutaneously in each mouse at the
same time, to facilitate tumor growtnimals were housed in sterile surroundings
with standardized light/dark cycle and access to food aneraatibitum Tumor

growth was measured in three dimensions using digital calipers and the size
calculated using the formula for the volume of a typical ellipsoid: ®Bvol © / 6  x

width x length x depti@446).

2.8.2 Intratumoral injection of virus

After 40 days, the mice were separated into two groups with approximately equal
tumor volumes. One tumor per mouse wagdtgd with 3 x 1®pfu of either
AdLuc(HRGiber) or AdLuc(wtfiber) (5 mice each)This was repeatediceover

a total of one week. Mice were sacrificed 2 days after last viral injection, and tumors
and livers were harvested, flash frozen in liquid gém, and stored a80°C until

analysis

2.8.3Mouse tissue analysis

Mouse tissues welgomogenized bylissociation (@ntleMACS, Miltenyi Biotec)

in lysis bufferRLB (1 ml per 0.1 g of tissue). Lysates wémezen at-80°C, then
thawed and centrifuged@he cleared supernatant was transferred to fresh tubes, and
protease inhibitor(AMSF(P7626, Sigmpand protease inhibitor cockt#éiP-8340,
Sigma) wereadded to a 106 pportion for usan Westernblot analysis. Both this

Westernblot portion and the maining sample were stored &0°C. Protein
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concentrations were detected by BCA assay (Pierce® BCA Protein Assay Kit,
#23225, Thermo Scientific). Samples were analyzed for reporter gene expression
by luciferase assay (Section 2.6.1) and receptor exprelesiels byWesternblot

(Section 2.4.2).

2.9 Binding assays

2.9.1 Fluorescent virus binding (flow cytometry)

CHO cell lines were trypsinized, washed twice in PBS and resuspended in single

cell suspension at 2e6 cells/mlin PBS + 0.5% BSA+0.1% az=dé.1cel | s (50 ¢l
were aliqguoted into t ub dml MOhle5 v/cel). ¢ | of vi
Virus and cells were incubated 30 min on ice, then 10 min at room temperature.

The cells were washed with PBS + 0.5% BSA,
0.5%formaldehyde (v/v) and stored at 4°C before fluorescence was detected by a

flow cytometry as described in Section 2.3.2.

2.9.2 Cells binding to immobilized virus

In order to test binding between cells and virus, virus was bound to plates and the

amount @ cells that bound to virus was measured by a metabolic assay as follows.

The day before the experiment, 50 ¢l of v
PBS++ was added to wells in 9&ll polystyrene higkbinding plates (Costar,

#9018, Corning Inc.). Btes were sealed and stored overnight at 4°C. The next day

the plates were r i ns eblockwg buffer(PB86Q0.1%c oat ed i

BSA), then incubated for 1 fat room temperature to block ngpecific binding.
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The cell lines indicated were trypszed, counted and diluted in PBS to a final
concentration of 1e6 cells perfromttd | (50 ¢l
platesand the cells were added to the plate on ice and incubated for 1 hr, before
transferring to 37°C for 10 min. The wells waemashed with PBS, before the
addition of 200 el of PBS and 26Gel of res
Sigma). The plates were incubated for 4 hrs at 37°C before measurement of
fluorescence (excitation 570 nm, emission 585 nm) by a plate rdadddOgtar).

A standard curve of each cell line from 5e5 to 3.9e3 cells per well was used to

calculate the cell number bound to each well. This curve wagpsend run on the

same plateas the experimental samples, however, in this case the cells were not

washedoff the plate.

2.10Internalization assays and inhibition by CPZ

2.10.1 Fluorescent virugternalization (flow cytometry)

CHO cell lines were trypsinized, washed?BS + 0.5% BSA + 0.1% Azide or PBS

alone and resuspended at 1e6 cells/ml in kidBRESbuffer (140 mM NaCl, 4

mM KCI, 1 mM CaC}, 1 mM MgChk, 1 mM NaHPQs, 11.7 mM glucose, 0.2%

BSA, 5 mM HEPES, pH 7.4), with or without the clathnmmediatednternalization

i nhibitor chlorpromazine ( CH@rich).%& €g/ ml |,
cells(50e | ) wer e aliqguoted i minat3t°Q beorethand i ncub
additionof10e I of wvirus (final MOl 1e4 vpl/lcell).
30 min on ice, then 10 min at 37°C. The cells were washed with PBS, then

trypsinzed (0.5%in Versene, 0.2InM, 15090046, Gibco)for 10 min at 37°C to
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allow removal of virus not taken up by the cells. The cells were then washed with

PBS again, and finally resuspendedin0D PBS + 5% f or mal dehyde
at 4°C before fluorescence was detectefldw cytometry as described in Section

2.3.2.

A488 labeled transferrin (T13342, Molecular Probes) was used as a control for

internalizationand inhibition of clathrirmediatednternalizationby CPZ.

2.10.2 Virus luciferase assay with CPZ inhibition

A procedure similar to Section 2.10.1 was performed, except that the final
resuspension was not in PBS + 5%aldehyde, but in 1 ml of mediuamd plated

into a 24well plate. The cells were incubated for 48 hrs at 37°C, and the procedure
for luciferase assy (Section 2.6.1) was then performed. A BCA asBagr¢g was

also performed to determine protein concentration of the samples.

2.11 Immunofluorescence Assays

2.11.1 Fluorescent virugternalization (microscopy)

This procedure is similar to Secti@b, except cells were plateat an amount to

be 70% confluentmthe day of the infectigmn a 24well plate containing a sterile
coverslip in each well. Only the cell lines CHI?/HER3 and CHECAR were
used in this experiment. Cells were counted tnettley were plated to determine
cell number per well for MOI calculations. Fluorescendlgdled viruses (Section
2.2.3) wereused for infection. Cells were incubated with virus for 30 min on ice,

then incubated for 10 min or 30 min at 37°C, before thegewashed three times
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with PBS. The cells were fixed on coverslips in 4% paraformaldehyde (P6148
500G, SigmaAldrich) in PBS and washed with 20 mM glycine in PBS, prior to
permeabilization with 0.4% Triton-£00 (R06433, BDH) in PBS. The cells were
washedhree times in PBS, and blocked in 4% BSA in PBS. The coverslips were
theninverted ontd20-3 0 | okprimary antibody in PBS, and incubated fohr at

room temperatureCoverslips were then washteatee timeswith 1 x PBS, prior to
incubation with secoraty antibody coupled with duiorophore.Coverslips were
washed three times with PBS and a final time with distilled water, priootmting

on slides using a 90% glycetBBS based medium containiag antifade L mg

of paraphenylenediamine/ml and Grig DAPI/mI). CHO-al2/HERS cells were
probed from HER3 expression using the primary antibody’ CErbB3, SE285,

Santa Cruz) at 1:200 dilution, and a Cy3 conjugated donkeyadtiit antibody
(712-165152, Jackson ImmuoResearch Laboratories, Inc.). CHEAR was
probed for CAR expression using undiluted supernatant harvested from mouse
hybridoma cells (IgG1, RmcB, CR2379, ATCC), and a ¥5 conjugated donkey
antrmouse antibody (71575150, Jackson ImmuoResearch Laboratories, Inc.).
The sample was then igad on a Zeiss 710 LSM equipped with a Plan
Apochromat 40x/1.3 Oil DIC M27 objective.

Images were processed using Imaris Software (7.6.0, Bitplane Scientific Software).
A surface was created based on the red channel signal (receptor: CAR or HER3) to
represent the edge of the cell. This surface was smoothed to area level detail of 1.00
pm, with absolute threshold adjusted to a level appropriate to the size of the cell,

making sure all cells present in the image are included. This surface was also set to
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70%transparency, to make visualization of the virus inside the cell clearer. Spots
were created to represent the virus, using an estimated diameter of 0.5 um. This
size is bigger than individual virus particles (~90 nm), but is appropriate because
the resoltion for a conventional light microscope for green and red fluorphores is
approximately 25800 nm and 30350 nm, respectively. By using a larger sphere

to represent the virus, we can be more accurate when judging a virus signal as inside
oroutsidetheel | . We al so included a category of
to include virus signals which were not clearly inside or outside the cell. Some of
the virus signals appeared bigger than 0.5 pm. When determining whether the virus
signal is outsideniside or on the edge of the cell, the surface and spots previously
created were used. The cells were viewed in 3D from many angles and each sphere
containing virus particles was put into one of the categories above. In order to
determine colocalization ofhe virus (green channel) with the receptor (red
channel), each channel was automatically scaled and colocalization was quantified
above a threshold value. Usually the threshold is determined by the mean of a
background area plus two standard deviationsprder to separate signal from
background. Based on a visual inspection of the colocalization module of the Imaris
Software, we chose to take a threshold of 10% of maximum intensity of each
channel in each stack. We did this consistently with every stagkired. This
threshold was more stringent than mean plus two standard deviations of

background, and gives an impression of the colocalization of the two signals.
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CHAPTERN3ertion of heregul i

adenovirus fiber tprroogiiesm exp

vi trbut not following intrat
mi c e

Portions of this chapter have been published previo{&ly

S. MacLeod performed all experiments in this chapter, exxepbted below.

M. Elgadi performed experimenits Figures 3.2, 3.3A, 3,5vith assistance from G. Bossi and U.
Sankar

K. Agopsowiczperformed mouse xenograft injections, virus injections and tumor removal for
Figures 3.7 and 3.8, and assisted with cell staining in Figure 3.1.

D. Sharon assisted withé Westerrblots in Figure 3.9.

A. Pisio contributed to the generation of the GIdRQ/HER3 and CHBCAR/HERS3 cell lines.

F. Graham and M. Hitt contributed to the design of experiments and analysis of results.
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3.1 Introduction

Research during the past tdecades has underscored the potential of adenoviruses
(Ads) as gene delivery vehicl@8) Subgroup ChumanAds (exemplified by the
most widelyused Ad5 and Ad2) attach to and enter host cells in astem
procesg56) The initial recognition/attachment step is mediatedirtigractions
between the knob compameof fiber protein orthe Ad capsid and the extracellular
domain of the coxsackiadenovirugeceptor (CAR) on the host cell surfd&g-

61) Thisattachmentd followed by a second interaction between the RGif in

the penton base of the virus capsid and salface integrins (secondary Ad
receptors), which allows viral entnjia receptormediated endocytosi§64-67)

Both the primary andecondary Ad receptors are expressed on a wide range of
tissues leading to the observed broad tissue tropism of AdR5 126
Unfortunately, a large number of tumor cells appear relatixefhactory to Ad
infection because of limited surface expressionthef primary Ad receptor(88;

131; 132 134 135 This observation has been a drivifggce behind recent
intensive efforts to generate Ad viral vectanigh altered tropism.

Fiber has been a major target of most attempts to Atteropism. The highly
flexible HI loopof fiber knoh oriented away from the virghrticle, is not required

for CAR binding and probably does rmintribute to trimer assembly, making the

HI loop a potential sitéor insertion of targeting ligands. Tavercome suboptimal
expression oCAR in cancer cells and to demonstrate the utility of the HI loop to
accommodate relatively large targeting ligands, we sought to expand the viral

tropism by insertion of the epidermal growthctor (EGF)}like domain of
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heregulinU (HRG) into the HI loop.H R G,lalso called neuregulin and Neu
differentiation factor(333 335 binds directly via the EGliike domain(334; 336,
337) to HER3/ErbB3 and/oHER4/ErbB4, members of the EGF receptor family,
which thenhomodimerize or heterodimerize witther family members initiate
atransmembrane signdB42 349 350) An HRGtargeted virus may bealuable
for the treatment of a number of human malignanamesding breast and avian
carcinomas, in which members dfER receptor family are frequently
overexpressed321; 407, 447)

Here we show that the modified virwgas more efficient than control virus im
vitro gene transfer toells expressing the cognate receptors for HRG. Moreover,
competition experiments with recdnant HRG or soluble knolxlearly
demonstrated that the modified virus was capablendéring cellsvia a novel
HRG-mediated pathway in addition tihe native CARdependent mechanism.
Addition of the HRG EGHike domain to the virus fiber knob confers e virus
the abilityto infect cell lines poorly infected by virus with native capsids, tarsl
infectivity is at least partially dependent on HRG bindingcdntrast, we did not
observe a difference in gene transfer betwtbenmodified virus and theontrol
virus following intratumoralnjections in a mouse breast cancer xenograft model.
We suggesthat this loss of differential infectivity could be due to the Humytal
concentrations of virus resulting from intratumoral injectiog propose that i
may be possible to improve this differential bycreasing virus dispersion
intratumorally either by modifyingvirus delivery or by using conditionally

replicating virus.
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3.2 Results

3.2.1Cell surface receptoexpressionn cell lines

In order to detanine whether viral bindingnternalizationand gene expression is
correlated with expression of receptors, cell surface expression of receptors were
measured by flow cytometry using antibodies as described in s@idn CAR

levels were measured beca@AR is the primary Ad receptor; and CAR levels are
linked to viral infectivity(40; 41; 57, 137: 138 448). L i k e-wtegsineformsU

the common half of the secondary Ad recepitbbz or Ubs, so U-integrin levels

could affect viralinternalizationand ultimately gene expressi@2-64; 67, 449,

450. HER3 and HER4 levels were measured since these are the receetors th
retargeted Ad, AdLuc(HR&ber), is expected to bind, and they may mediate
internalizationof this virus. Reeptor expression was measune@ ipanel of breast
cancer cell lines, in addition to control cell lines and CHO cell lines transfected
with relevant human receptors (Figure 3.1). Both the proportion of cells expressing
the receptor and the relative number of receptors per cell were measured, as both

of these values may have important effects on virus infection in cells.

3.2.1.1Expressiorof CAR

A high degree of variability in cell surface CAR was observed. A high proportion
of cells expressing CAR was detected in three out of nine breast cancer cell lines
(Figure 3.1A). These cell lines also expressed a larger number of receptors per cell,
compaed to the other breast cancer cell lines, and were considered CAR positive

(Figure 3.1B). The cell lines which expressed low numbers of receptors per cell
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Figure 3.1: Cell surface expression of receptors in various cell lines, meas
by flow cytometry.

Variability in receptor expression can be rs&®th in the proportion of cell
expressing the receptor (% positive: A, C, E, G) and in thevelatimber of
receptoron the cell surface (mean fluoresceidsotype control: B, D, F, H).
Both values are shown for each cell line for the receptors CAR (A, B), H
( C, D), H E R/nte¢rig (G, H).XCHQ® geltllined were not tested 1
HER4 or integrin expressioAll cell lines are breast carcinoma except for 1
control cell lines 293 (human embryonic kidney) and A549 (lung carcino
and the CHO cell lines transfected with the human receptors indicated. P.

this figure were previously presented in MacLebdil. (2012)(3).

89



generally also had a low proportion of cells which expressed the receptor, and as a
result were cosidered CAR negative in future experiments.

Unsurprisingly,both CAR transfected CHO cell lines expressed this receptor on
close to 100% of cells. These cell lines also had a larger number of receptors per
cell, and this number was much higher than ghgrocell line (8 to10 fold higher).

The magnitude of thealifference in receptor expression compared to the positive
breast cancer cells may be an important consideration in viral infection
experiments. Additionally, CH@AR/HER3 had more receptors per |célan
CHO-CAR. The CHO cell lines which were not transfected with CAR were

negativefor CAR expression, in agreement with previous reg6Ifs

3.2.1.2 Expression of HER3

HER3 expression was also variable in the different cell lines, and a large number
of HER3receptors were detected iseven out of nine breast cancer cell lines on
more than 97% of cells (Figure 3.1C and 3.1D). As a result, these cell lines were
considered positive for HER3. BT549b cells had both a low receptor concentration
and a low proportio of cells expressing the receptor, and was considered negative
for HER3. Oddly, MDAMB-231 cells had a low receptor concentration per cell,
but more than 70% of cells expressed these receptors. Due to the low receptor
concentrations, MDAVIB-231 cells were considered negative for HER3
expression.

Of the CHO cell lines, those which were transfected with HER3 expressed this

receptor on almost 100% of cells. However, though the number of receptors
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expressed on the surface of these cells was higher than-rigR&ve cell lines, it

was noticeably less than any of the HER3 positive breast cancer cellse&dta r
though these cell lines we also considered positive for HER3, the low receptor
concentration may lead to lower levels of viral infection in thedk lices.
Regardless, the numbers of HER3 receptors per cell in the HER3 transfected CHO

cell lines were similar to each other.

3.2.1.3 Expression of HER4

HER4 expression was also variable, and the relative number of HER4 receptors per
cell on most cellihes was low (Fure 3.1F). Furthermore, only four of the nine
breast cancer cell lines had more than 10% of ¢fle expressing HER4, but only
three of these cell lines expressed enough HER4 per cell to be above baseline
(Figure 3.1Eand 3.1F. All threeof the HER4 positive breast cancer cell linegals
expressed high levels of HERBDA -MB-231 were about 20% positive for HER4,

but with low HERA4 levels per cellhis cell line was also odd in HER3 expression,
wheremost ofthe cells expressaahly a lowlevel of HER3 receptors. Surprising,
though very few 293 cells expressed HER4, the average number of receptors per
cell was more than thrdeld higher than any of the breast cancer cell lines. Due to
the overall low levels of HER4 expression, the levélsiBR4 werenot used for

subsequerntell classification. CHO cell lines were not tested for HER4 expression.
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321. 4 Exprwmgeginon of U

Finally, the panel o.fintegrie éxpresdionAtl eedls wa s

expressedJ-integrin on morethan 90% of cellsHowever, there was some
variability in therelative number ofeceptors per cellwithin about a fivefold
range It is possible that cells with high&b-integrinexpression per cell could take
up both viruses more effectively, sincelbof these viruses retaintegrin binding
activity. For this studyall cells were considered positive forintegrin and this
receptor was not used for further cell categoriza@O cell lines were not tested

for U-integrinexpression.

3.2.1.5 Cel line categories

The panel of cell lines was divided roughly into four categories, based on HER3
and CAR expression and summarized in Table @)lcells which expressed
moderate to high levels of AR and HERS3, (ii) cells which expresséalv or
undetecable levels of CAR and high levels HERS, (iii) cells which expressed
moderate to high CAR but low leva#ER3,and (iv) cellswhich expressetery

low or undetectable levels of both CAR a@iBER3

Many of the cell lines outlined above were also assdssedceptor expression by
Westernblot analysis in a previous study carried out by M. Elgadi (McMaster
University, Figure 3.2). Though there were many similarities in the cell line
categorization, there were some differences (Table 3.1). Notable dii#erenc
include MDA-MB-361 cells, which appeared to express less CAR iftastern

blot analysis, and MDAVIBA-231, which appeared to express more CAR and less
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Cell line Category | CAR | HER3/4
(A) Flow cytometry andVesterrblot

A549 (i) + ++
MDA-MB-468 0] ++ +++
T47D (i) ++ +++
ZR-751 (i) ) +++
MCF7 (i) ) +++
MDA-MB-453 (ii) ®) .
SK-BR-3 (i) ) +++
293 (iii) ++ ()
(B) Flow cytometry

MDA-MB-361* (i) ++ +++
CHO-CAR/HERS | (i) ++++ |+t
MDA-MB-231* (i) ) +
CHO-al 2/HER3 | (ii) ) ++
CHO-CAR (iii) ++++ | (9)
BT549b (iv) ) )
CHO-al 2 (iv) ) )
CHO-NT (iv) ) )
(C) Westerrblot

SKOV-3 () +++ | (5)
HelLa 0] + )
MDA-MB-361* (i) ) +++
RD (i) ) ++
MDA-MB-231* (iii) + ()
BT549a (iv) ++ )
U118MG (iv) ) )

Table 31: Cell lines categorized by CAR and HER3 levels.

Receptor leels were measured by (B) flow cytometry (Figure 3.1) @stern
blot (Figure 3.2), or (A) both. In all cases the results were consistent bei
the two assays, except the cell lines MDKB-361 and MDAMB-231, each

marked by an asterisk.
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Figure 3.2: Expression of cell surface receptors in various cell lines.
Analysis of expression levels of HER2, HER3, HER4 and CAR in the indic
cell lines. Lysates were resolved by SBPAGE, blotted, and probed for th
indicated protms as described in Section 2.4.1. The position of molec
weight markers and their corresponding sizes (in kDa) are located to the
each panel. The/esterrb | o t-actm &s lolading control is shown in the bottc
panel. The data were generated, and this figure was created by M. |
(McMaster University). This figure was also previously presented in Macl
et. al.(2012)(3).
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