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Abstract:

Adenovirus (Ad) is a promising gene therapy veetod is used currently in more than
23% of clinical gene therapy trials. The viral \@c¢cthowever, has drawbacks such as
immunogenicity, promiscuous tropism, and the ingbtb infect certain types of cells.
The focus of this work was to develop an improvedter through electrostatic formation
of a complex between negatively charged adenovamd positively charged cell-
penetrating peptides (CPPs), including Tat, Petietrgolyarginine and Pepl. The
resulting complexes were demonstrated to be caphtieansducing cells that lack the
coxsackie-adenovirus receptor (CAR) and are otlserdifficult to infect with native Ad.
The transduction efficiency of the complexes wasnaged by varying the multiplicity
of infection, complex formation time and ratio oPEs to Ad. The complexes improved
the transduction efficiency on CAR-negative celjsrhore than 100-fold compared to
unmodified Ad. Physicochemical characterizatiorgluding measurements of the size
and zeta-potential of the complex, was performedig¢termine the suitability of the
complex for in vivo gene delivery studies and investigate correlatidesween
physicochemical properties and gene delivery eficy. The size of CPP/Ad complex is
initially less than 300 nm, but stability studiesrformed in the presence of serum
indicate that the complex aggregates with seruar aft extended time. The results of the
present study indicate electrostatic modificatidnAd with CPPs provides a relevant
platform for developing effective Ad-based genedpg vectors.
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CHAPTER 1

INTRODUCTION

During the last three decades, progression inigh@ 6f genetics made it clear that many
diseases which affect humans are caused by geametfanctions. These malfunctions
lead to abnormal production of cellular proteinsistag disease. The ability to correct
these genetic defects would provide an advancemehe treatment of diseases caused
by genetic malfunctions (Friedmann and Roblin 19@gne therapy is a promising
strategy of treating diseases at a genetic levehtipducing genes to a target cell in
order to correct, restore, modify or enhance callattivities (Mountain 2000; Nathwani,
Benjamin et al. 2004). Gene therapy employs nudeid to prevent or treat acquired
diseases such as cancer (McNeish, Bell et al. 20@4)yological diseases (Ribotta 2001),
cardiovascular diseases (Katz, Swain et al. 200@herited diseases such as muscular
dystrophy (Inui, Okada et al. 1996) or cystic fikieo(Griesenbach, Geddes et al. 2006).
To implement gene therapy it is vital to understrapathogenesis of the disease, genes
that induce desired genetic modification and thévely mechanism of the genes to the

target tissues (Zaia 2007).



Based on the nature of the disease, gene therapgriabs can be therapeutic genes,
suicide genes, gene silencing materials or DNA wasc (Hwang 2006). Therapeutic
genes can be delivered to the nucleus of cellepair or substitute defective genes
andproduce therapeutic proteins (Ouma, Jonas eR(Hl2). Suicide genes can be
delivered to the nucleus of cancer cells wheregiree encodes a protein product that
causes cellular apoptosis (Mitry, Sarraf et al. ®(illat, Carrio et al. 2003). Antisense
oligonucleotides or siRNA can be delivered to thelaus of a specific target cell to
block the gene expression and silence a problergatie (Kang, Kim et al. 2000; Li, Fu
et al. 2005). DNA vaccines can be delivered intadiigic cells or muscle cells to be
converted into a protein vaccine and manipulateirtirmune system (Donnelly, Wahren

et al. 2005).

The use of gene transfer to cure diseases startéioei 1990s. Since then over 1,843
human gene therapy clinical trials have been pexor In the last 5 years, over 413
clinical gene trials have been carried out (Wil€i2). The first human gene therapy
clinical trial was conducted to cure a patient wildenosine deaminase (ADA)
deficiency that damages the immune system (Sherifdri). The trial involved the
treatment of T-cells extracted from the patieniriiyoducing genes that correctly encode
ADA. The treated cells were then administered adke patient. After the clinical trial
the patient exhibited a provisional response and Wwather treated with enzyme

replacement therapy.

The first clear-cut success in the field of gerexdpy was treatment of two children with
X-SCID, an immunodeficiency disease caused byrhbiiity of T-cells to differentiate.

The patients were treated with murine leukemia svicarrying complimentary DNA
2



capable of encoding the cytokine receptor esseintiiie delivery of differentiation and
growth signals to progenitarells (Cavazzana-Calvo, Hacein-Bey et al. 2000). The tria
was successful in correcting the disease, but dubhe 20 patients who received the
treatment, five developed leukemia and one diedlgHdd®000). Studies suggested the
development of leukemia was attributed to retrdviiene insertion to host cell genome
(Couzin and Kaiser 2005). These side effects patmtnent of diseases using gene therapy
in jeopardy. The practicability of gene therapy wagsestioned earlier when a trial
involving 18 year old patient with ornithine traassamylase deficiency (OTC) died
after being treated with the pilot version of a gerector based on that used human
adenovirus (Raper, Chirmule et al. 2003). The cadsdeath was later associated with

the patient’'s immune response to the adenovirabve@ollon 2000).

Studies have concluded that the most difficult iemagje in the field of gene therapy is
developing the right vector for gene delivery (Varand Somia 1997). Depending upon
the vector used to deliver the genetic materiadsiegtherapy can bex vivo or in vivo
(Figure 1.1). In rvivo gene therapy, cells extracted from a patient &atéd outside the
body and administered back to the patient (Nal@dbil). The treated cells induce the
desired therapeutic changex vivo gene therapy has to be tailored to a patient. Hanhce
incurs high manufacturing costs and quality-conlifficulties. InIn vivo gene therapy,
gene therapy materials are directly administeredht patients using gene delivery
vectors. With this technique the gene delivery @ecan be used for different patients.
Hence, in vivo gene therapy has reduced application costs butiresqa more

sophisticated vector. Systemation vivo gene therapy usually causes the wide



dissemination of particles leading to the transdmctof undesired tissues and

complicating immune responses (Mountain 2000).

:'/—‘ ~ . . /
/= Genetic materials
packed in
fi' delivery vectors I/
/ Genetic materials

packed in

/f delivery vectors

Genetically modified cells

ex vivo in vivo

Figure 1.1:Ex-vivo or in-vivo gene therapy.

For effectivein vivo gene delivery, gene delivery vectors are requi@cefficiently

maneuver through a number of barriers. These Ilosircen be divided into extracellular
and intracellular (Figure 1.2). The vector hasitst fovercome extracellular barriers to
reach the surface of the target cell. Dependingthen type of administration, gene

delivery vectors have to escape the vascular systedhlocal tissue matrices. Gene
4



delivery vectors have to avoid degradation by eres/mnd neutralization by antibodies
(Lechardeur, Sohn et al. 1999). Then, the vectsrtbaassociate with the target cell by
binding to specific cellular receptors which faete recognition and internalization

through endocytosis (Wu, Wilson et al. 1989).

Once associated with the target cells, the vectésrtb overcome intracellular barriers.
The gene delivery vector has to go through the lgsdsomal network if the vector
avoids exocytosis (Luzio, Mullock et al. 2001). Was have to escape the
endolysosomal network at optimum location withiosd vicinity to the nucleus before
being degraded by the harsh environment (Cho, Kiah. 2003). After the vector reaches
the nucleus the genetic material has to be unpadkesl unpacking has to be done at a
close proximity to the nucleus or after entering tiucleus to avoid interaction with
degradative enzymes. The genes unpacked outsideutieus have to passively diffuse
through the nuclear pore to enter the nucleus.torecan also utilize the vulnerability of
the nucleus membrane during mitosis to gain actesaicleus for gene transcription

(Wilke, Fortunati et al. 1996).
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Figure: 1.2 Stages of internalization and transpbgene delivery vehicle (adapted from

(Ramsey 2006))

In addition to efficiency, gene delivery vectorsvéao be safe. Gene delivery vectors
should not cause undesired innate and adaptive mamesponses. Innate responses will
elicit elimination of transduced target cells whddaptive responses developed by the
patient will neutralize re-administrated vectoranc® target cells are found in a
heterogeneous surrounding or distributed withirfeddnt parts of the body, vectors

should have specificity to target cells. The vecstould accommodate large sized

()}



genetic materials for delivery. Once delivered, Wleetor should not promote random
integration of genetic materials into the host ammsome which may cause integrational
mutagenesis. The gene should reside as an episom&grate into the chromosome at
the desired site. The vector has to fulfill theickslevel of gene expression, whether it is
transient expression in cases of vaccines, reglktpression in cases such as diabetes
or life time expression in cases such as hemoplilrally, the vector should be easy to

produce in high titer and production should be pensive.

Currently gene delivery vectors are divided inta teategories: viral and non-viral.
Viruses have the natural ability of introducingith@vn gene into cells for reproduction
and cause an array of diseases. Viruses are o$ih however, as vehicles to deliver
genes to treat disease in a patient. These virasegeplication defective and carry
therapeutic genetic materials instead of their ayeme. Of the current ongoing and
completed gene therapy clinical trials 70% uselwectors (Wiley 2012). Various
viruses such as retrovirus, adenovirus, lentivirasfpes simplex virus and adeno-
associated virus (AAV) have shown promise as gesligaty vectors. Adenovirus is the
leading viral vector in gene therapy clinical tsiglsed in 23% of trials performed so far)

followed by retrovirus (Figure 1.3).

Adenovirus (Ad)-based gene delivery vectors hamaraber of favorable futures and are
being applied widely in clinical gene therapy sia(Benihoud, Yeh et al. 1999;

Mizuguchi and Hayakawa 2004). Ad has transient gex@essions and can transduce
dividing and non-dividing cells. Unlike retrovirusd does not integrate into the host
genome, thus does not lead to undesired integadtimmitation. Ad can accommodate

large transgenes. Ad however, induces inflammatomnune responses and can be
7



neutralized by preexisting host immunity. In aduhti Ad has native promiscuous
tropism. Ad employs the coxsackievirus and adengvieceptor (CAR) to target and
infect cells (Bergelson, Cunningham et al. 1997@pé&nhdency on the receptor prevents
gene transfer into cells lacking CAR (CAR-negatiwehich includes many advanced
tumor cells, peripheral blood cells, hematopoietiem cells, vascular smooth muscle
cells (SMCs) and dendritic cells (Wickham 2000; Mgachi and Hayakawa 2004).

Adenovirus is discussed in detail in the next secti

RNA transfer
1%

Lentivirus

Herpes simplex 3%
virus
3%

Poxvirus
4%

Adeno-associated
virus
5%

Lipofection
6%

Vaccinia virus
6%

Figure 1.3: Gene delivery vectors used for genmtheclinical trial (Wiley 2012).

Genetic and chemical modification strategies hasenbused to broaden transduction
efficiency of Ad in a receptor-independent manr@ne promising approach involves
genetic modification of the fiber/knob and capsidtgins to insert small peptides, such
as RGD, that enhance CAR-independent translocdttigne, Mahfouz et al. 1999;

Ogawara, Rots et al. 2004; Kreppel, Gackowski.e2@D5). Chemical modification is an



alternative approach to genetic modification tHiives a wide range of amino acids in
the capsid to be modified with polymers (e.g., PIB6G PLL) or peptides after

conventional production and purification of theugr(Kaplan, Pennington et al. 1998).

One approach to chemically modifying the virushe tise of cell penetrating peptides
(CPPs) to increase transduction efficiency of Atie TTPPs electrostatically bind the
surface of the virus and introduce an alternatiathyway for transporting the virus into
the cell by functioning in place of the fiber/CARteéraction. CPPs are peptides that
typically contain less than 30 amino acids and Haa@n shown to possess the ability to
translocate peptides, oligonucleotides, plasmid Daé large proteins into a wide range
of cell types (Lewin, Carlesso et al. 2000; TorichiRammohan et al. 2001; Tseng, Liu
et al. 2002; Snyder, Saenz et al. 2005; Mae andje¢la?006). In addition, CPPs have
been shown to have low toxicity. The peptides amgegorized typically as either
polycationic or amphipathic. Polycationic CPPs highly cationic peptides with high
isoelectric points mainly composed of arginine ysine. In comparison, amphipathic
CPPs have basic and hydrophobic amino acid clustieich interact with the lipophilic

regions of the cell membrane. CPPs are discussgetail in section 3.

Due to these described characteristics, CPPs asgtiactive option for increasing the
transduction efficiency of Ad. Forming complexestvieen CPPs and Ad may be
achieved through either covalent or noncovalesichthent of CPPs to the Ad capsid. In
fact, Grattonet al. (Gratton, Yu et al. 2003) and Lehmusvaataal. (Lehmusvaara,
Rautsi et al. 2006) reported that pre-incubatio@BPs with Ad derived fromrosophila
Antennapedia homeodomain (pen) or human immunadafig virus type 1 transcription

transactivation (Tat) protein with adenovirus impgd adenoviral transduction of cancer
9



and endothelial cells. In the case of covalent dempgormation, specific linker
molecules are needed to facilitate the associdt@ween CPPs and the cargo; however,
this approach limits complex formation flexibilittNoncovalent complex formation,
which is simpler from a technological standpoint/dlves electrostatic binding between
positively charged CPPs and negatively charged ocafthapter two will discuss

materials and method used by our study in detail.

The objective of this study was to evaluate thespial of the non-covalently formed
CPP/Ad complexes to transduce cells the virus wowaldinfect normally. In the study,
four CPPs with different futures were used to foh@ complexes. The first two CPPs are
polycationic Tat and amphipatic Pen which have baead by Grattoret al. and
Lehmusvaaraet al. for intracellular delivery of adenovirus (Grattoviy et al. 2003;
Lehmusvaara, Rautsi et al. 2006). The other twosC&® a polyarginine(pArg), with
nine argine residues and Pepl. The pArg peptiddduaso improved translocation of
proteins and liposomes (Tseng, Liu et al. 2002)l, Bep1 has been shown to carry cargo
into cells after non-covalent attachment (Morrigpbllier et al. 2001; Gros, Deshayes et
al. 2006). These four CPPs were selected to fiadb##st working CPP to translocate Ad
into CAR-negative cells. The resulting CPP/Ad compl were compared against native
Ad alone and were characterized physically and atedly. Chapter 3 and chapter 4

discuss my findings in detalil.
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1.1 Adenovirus
1.1.1 An overview of Adenovirus

Adenovirus was first isolated from human adenadues in 1953 (Rowe, Huebner et al.
1953). Adenoviruses are responsible for acute maspy diseases, urinary tract

infections and gastrointestinal infections. Curiyembhore than 50 adenovirus serotypes
have been isolated from different animals. Outef ¢tharacterized adenovirus serotypes,
type 2 and 5 serotypes have been studied in gefail dnd are being used as gene

transfer vectors.

1.1.2 Structure of Adenovirus

Adenovirus is a 36 kbp linear double-stranded DiN@&lecule non-enveloped virus with
an icosahedral shaped capsid protein. The virushzsticle size of between 70 to 100
nm in diameter and mass of 150 MDa. The capsidspansible to protect and preserve
the genome. The capsid is composed mainly of 2@meapsid faces, 12 penton-base
vertices, and 12 fiber/knob proteins emanating fresch of the 12 vertices (Rux and
Burnett 2004). Each capsid face is made up of X®iheapsomeres. The hexon faces are
glued to each other with adhesive protein IX (p(Krcinitti, van Oostrum et al. 1989).
Penton base is found at the vertices of each h&tmnfibers protrude from each penton-
base have three distinct regions. These are N+tairtails that fasten to the penton base,
a shaft domain and a C-terminus knob. Fiber pretamd penton-bases have motifs that
bind to cell surface integrin and receptors to litate endocytic uptake (Zubieta,

Schoehn et al. 2005).

11



Tail Shaft Knob

Figure 1.4: Structure of adenovirus. Fiber prosimanate out of the surface of the

capsid.

1.1.3 Generations of Adenovirus

The adenovirus genome encodes five early trangmmiptnits (E1A, E1B, E2, E3 and
E4), three delayed early transcription units (pIXa2 and E2 late) and one major late
transcription unit (L1 to L5) (McConnell and Impale 2004). The E1A gene products
activate DNA transcription while the E1B gene pradudisengage apoptosis. The E2
gene encodes viral DNA replication while E3 genedprcts regulate cellular immune
responses of viral infection and aid in releasehef virus. Modulation of transcription
and translation are among the tasks of E4 geneupt®dnd delayed early transcription
units. The late gene products are used to gengrateapsid of the virus (McConnell and

Imperiale 2004).

Adenovirus vectors are grouped into three genaratimsed on early gene modifications
(McConnell and Imperiale 2004). The first genenatieectors have E1 and/or E3 gene
deletions. E1 gene deletion makes the vector &pbic deficient. Complimentary cells

such as the 293 cell line are needed for vectadymtion of this generation. These cells

possess an adenoviral genome containing the Elsgéhereover E3 genes encode
12



proteins that are responsible for protecting irddatells from the immune system. This
generation is capable of carrying up to 8.2 Kbgerie (Danthinne and Imperiale 2000).
The second generation vectors are created by rempd@2 and E4 genes in addition to
El and E3 genes. These deletions allow a maxinfuld ¢&bp foreign DNA insertions
(Danthinne and Imperiale 2000). Like the first-getien vectors, the second-generation
vectors are produced with a complimentary cell.limbe first and second generation
adenovirus vectors trigger an immune responseamdists making these generation good
vaccine vectors (Imler 1995; Tatsis and Ertl 20B4Hwever, immune response impedes
the application of these viruses as gene delivestors. Helper-dependent generations
have complete deletion of adenovirus genome extteptiTR and the encapsulation
signal. This gutless high capacity generation camycup to 30 Kbp of foreign genetic
materials (Parks and Graham 1997). The high capaltdws expression of larger genes

with reduced cellular immunogenicity associatechwiite viral genes.

1.1.4 Infection Pathway of Adenovirus

The adenovirus infection pathway involves a seaksteps. In the first step the virus
binds to the cell membrane. This step is mainly iated by the fiber protein. The knob
domain of the fiber protein binds to a particuld@aspma membrane protein called the
coxsackie B virus and adenovirus receptor(CAR) (Hownderson et al. 2003). CAR is
an extracellular transmembrane protein that belémdgse immunoglobulin super family
(Bergelson, Cunningham et al. 1997). Next, the getiase links with integrin receptors
on the cell through the argentine-glycine-aspatid (RGD) motif (Wickham, Mathias
et al. 1993). In addition to CAR and integrin, hysilysine-threonine-lysine (KKTK)

motifs found in the shaft domain of the fiber pintand heparin sulphate proteoglycans
13



found on the cell plasma membrane aid cell attachrt®&mith, Idamakanti et al. 2003).
These interactions between the virus and cell sarfaatrices lead to receptor-mediated
endocytosis (Meier and Greber 2003). After endagigtiothe virus enters the cytosol
encapsulated with in an endosomal membrane. Asrtiesome acidifies capsid proteins
undergo conformational change (Seth, Willingharale1985; Furcinitti, van Oostrum et
al. 1989; Greber, Willetts et al. 1993), where ¥ires partially disassembles, upsets the
endosomal membrane and escapes into the cytopl@saihgm, Smiley et al. 1977).
Upon escape from the endosome, the virus partadssciate with the dynein/dynactin
motor complexes, which guide the particles alongratubules to the nucleus (Kelkar,
Pfister et al. 2004). Once in the proximity of thecleus, microtubules release the virus
particles, which bind to the nuclear pore compl&teper, Suomalainen et al. 1997).
Virus particles disassemble and further viral DNsA\transferred into the nucleus to

complete infection of the cells.

1.1.5 Adenovirus as a Gene Delivery Vector

Adenovirus has been utilized as a gene deliveryclel{Benihoud, Yeh et al. 1999).
Thus far, adenovirus has been used for more th&h @&3gene delivery clinical trials
(Wiley 2012). The capability to carry up to ~30Kbgenetic material to both dividing
and non-dividing cells with high transgene expm@ssnade the viral vector appealing.
Adenovirus can generate high levels of short teansgene expression in most tissues
except hematopoietic cells, adenovirus receptdciget cells cancerous cells and muscle
cells. Adenovirus does not integrate genetic materinto the host genome. Hence it
eliminates insertional mutagenesis. Most peoplesheexisting immunity to the virus.

Patients will also develop neutralizing antibodifer administration. The adaptive

14



immunity to the virus hampers the efficacy of thector upon readministration.
Systematically administered adenovirus accumulatesthe liver and induces an
inflammatory response. The death of Jesse Gelsiageatient suffering from Ornithine
Transcarbamylase (OTC) deficiency and enrolled grer@e therapy clinical trial that used
an adenoviral vector, is a sad reminder to how i@dvihe immune response to the virus
can be (Marshall 1999). These drawbacks complita¢edevelopment of adenoviral

vectors.

cytoplasm

€

\__—-

microtuble/dynein
mediated transport

Figure 1.5: Cellular attachment and internalizatbbadenovirus. Fiber and penton base

proteins interact with cell receptors to allow gkl entry and intracellular trafficking.
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1.2 Cell-Penetrating Peptides

1.2.1 Definition and Properties of CPPs

Cell-penetrating peptides (CPPs) are short regigypéides which are capable of crossing
a biological membrane. These peptides consist € than 30 amino acids and can
mediate movements across a cellular membrane h@ocytoplasm and progress into
intracellular pathways. CPPs translocate into cellthout cytotoxic effects (Saar,

Lindgren et al. 2005). CPPs include protein-tragida domains (PTD), membrane-
translocating sequences (MTS) and synthetic cethipable peptides which can
overcome extra and/or intracellular restrictionsbadmolecules to be internalized by
cells. CPPs induce internalization activity and idagndosomal release of many
molecules. Cargos such as plasmid DNA (Ignatovizizhe et al. 2003), nucleic acid

(Meade and Dowdy 2007; Crombez, Aldrian-HerradaleR009), oligonucleotide (Mae

and Langel 2006), liposomes (Kale and Torchilin 20@eptides (Yang, Wang et al.
2006) and proteins (Matsushita, Tomizawa et al.120€an be attached to a CPP
covalently or non-covalently, forming nanoparticldsat cells can internalize in a

receptor-independent manner.

1.2.2 Discovery of CPPs

The first CPP was discovered by Frankel and PabtOB8 (Frankel and Pabo 1988).
They observed that the human immunodeficiency wiraissactivating regulatory protein
(Tat) could be internalized by cells. In 1991 Jokb al. discovered that Drosophila
Antennapedia homeodomain could translocate intoamal cells (Joliot, Pernelle et al.

1991). A short while later in 1996, the Derogtsal. demonstrated that the 16 amino acid
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residue peptide pAntennapedia, commonly called tpatie (RQIKIYFQNRRMKWKK)

can be covalently bound to cargo and translocatedells (Derossi, Calvet et al. 1996).
In 1998, the minimum peptide sequence of Tat (YGRRQRRR) necessary for
cellular uptake was identified by Vives al. (Vives, Brodin et al. 1997). In 2001,
Wenderet al. (Wender, Mitchell et al. 2000) and Futakial. (Futaki, Suzuki et al. 2001)
investigated and identified a polyargenine aminad agesidue that can initiate

internalization of molecules into cells.

1.2.3 Classification of CPPs

CPPs can be grouped into three classes based onotiggn. The first group is
composed of CPPs derived from naturally occurringgins. This includes Tat, a CPP
derived from human immunodeficiency virus transweting protein (Tat) (Vives,
Brodin et al. 1997) and penetratin derived from doyghila Antennapedia homeodomain
(Derossi, Joliot et al. 1994). The second grougasprised of model CPPs that are
developed based on functionality without any horggldo natural sequences. These
CPPs include polyarginine and polylysine (Mitch#&lim et al. 2000). The third group of
CPPs consists of chimeric sequences. This inclirdasportan which is composed of the
neuropeptide galanin and an amino acid derived fn@sp venom, mastoparan (Pooga,
Hallbrink et al. 1998) and Pepl composed of N-teaghihydrophobic motif, a
linker/spacer domain, and a hydrophilic lysine rdbmain derived from the nuclear

localization sequence of simian virus 40 T antifdorris, Depollier et al. 2001).

Another method to classify CPPs is by their comnpoaperties. CPPs have two

common properties, amphipathicity and positive gharCPPs incorporate positively
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charged amino acids (e.g., arginine and lysinejngithem a net positive charge at
physiological pH. These CPPs include Tat and polyoe homopolymers such as
polyarginines and polylysines peptide. These peptare called polycationic CPPs. All
CPPs other than polycationic homopolymers are gpaphic CPPs. Some amphipathic
CPPs have distinct hydrophobic and hydrophilic gairt their sequence. Other
amphipathic CPPs have the hydrophobic and hydropdmino acids distributed within

their sequence.

1.2.4 Mechanism of Internalization
1.2.4.1 Early Study

Understanding the internalization mechanism of CRP®ssential for the effective
delivery of their cargo. Earlier studies reportldttinternalization of CPPs occurred in
receptor and energy-independent manner (Lundbeiksti¥m et al. 2003; Vives 2003).
Studies showed that internalization occurs at lemvgerature, which indicated an energy-
independent pathway (Derossi, Calvet et al. 199@&n&ér, Mitchell et al. 2000).
Furthermore, similar translocation efficiency of GPP and its reverse sequence
demonstrated that internalization was independénspecific sequence and receptor
(Futaki, Suzuki et al. 2001). It was suggested thatinternalization mechanism of a CPP
was due to direct interactions of lipid membrand atrong lipid-binding affinity of a
CPP (Drin, Mazel et al. 2001). Translocation of gtestin in model membrane systems
appeared to support an uptake mechanism in whi@RRwith a high number of cationic
amino acids can cross the plasma membrane by agyeinelependent pathway (Thoren,
Persson et al. 2003).The validity of the early Esiduggesting an energy-independent

translocation of CPPs, however, was later quedtione
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1.2.4.2 Current Studies

Numbers of studies were conducted to reevaluatentBealization mechanism of CPPs
across the plasma membrane. These studies demeddtrat transmembrane potential is
required for the peptides to be absorbed by neaimdl charged lipid bilayer systems
(Terrone, Sang et al. 2003; Ziegler, Blatter et2@03; Henriques and Castanho 2004).
Moreover, several investigations suggested that dpparent energy-independent
internalization mechanism of CPPs proposed by aéinkee studies were due to artifacts in
the cell-fixation (Lundberg, Wikstrom et al. 20@3ichard, Melikov et al. 2003). Despite
the studies conducted to reevaluate the cellultakeppathway of CPP across the plasma
membrane, detailed understanding remains uncléadieS suggested several types of
translocation mechanisms. For example, Tat-dempagtides and penetratin were shown
to internalize by an energy-dependent endocyt@is ( Cottin et al. 2003; Vives 2003).
Recently, it became evident that these CPP camu#igple pathways for cellular entry,
depending on the context of the experimental candst(Duchardt, Fotin-Mleczek et al.

2007).

The internalization mechanisms of CPPs into caksdebated. Discrepancies between
studies are attributed to the use of different gglés, incubation conditions and cargo or
label. Properties of CPPs, such as sequence, nelength, secondary structure, and
charge delocalization can influence the uptake ieisim of the peptide. Properties of
the associated cargo, such as size, concentratohability of the cargo to interact with

cell surface can also factor into the uptake mesharof the peptide. Studies have

proposed endocytotic cellular entry pathways (Joiwistison et al. 2005) such as
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macropinocytosis (Nakase, Niwa et al. 2004), cae@Fittipaldi, Ferrari et al. 2003) and

non endocytotic membrane perturbation (Henriques@astanho 2004).

1.2.4.3 Factors Affecting Internalization

Cellular uptake of CPPs is determined by the icteva of the CPP with the cell
membrane surface. Several studies have reportédhibanteraction of cationic CPPs
with the negatively charged cell membrane is du¢heopresence of heparan sulphate
proteoglycan (Drin, Cottin et al. 2003; Richard, IMev et al. 2003; Fischer, Kohler et
al. 2004; Ziegler and Seelig 2004). This electrisiateraction leads to binding of CPPs
and heparan sulphate on the membrane surfaceiggdrtendocytotic internalization of
the complex (Fuchs and Raines 2004). Studies Hawwrsthat anti-HS antibodies that
inhibit binding of CPP to heparan sulphate and catent polyanionic compounds such
as dextran sulphate and heparin weakened the atiteation pAntp, Tat, and these CPPs
coupled to a cargo (Suzuki, Futaki et al. 2002; <oty Marty et al. 2003). These
findings suggested that the role of the peptide beyestricted to aiding the attachment

of cargo to the cell membrane.

In addition to the cationic properties of CPPs msidshowed that other properties
influence translocation. Studies have shown sondrdphobic residues contributed to
the membrane binding and translocation (DerosdveCa&t al. 1996; Fischer, Zhelev et
al. 2000). Derossi et al. showed hydrophobic resscalayed a role in membrane binding
and translocation (Derossi, Joliot et al. 1994)tik@rmore, Mitchell et al. and Wender et
al. proved that a guanidinium group of arginindlitated cellular uptake of arginine rich

CPPs (Mitchell, Kim et al. 2000; Wender, Mitchetl &. 2000). Another noteworthy
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finding is that CPPs of similarly high (pl 10-18oelectric points (pl) showed dissimilar
internalization activities and some CPPs with lomspch as integrin (pl 5.49) showed
good cellular uptake (Mueller, Kretzschmar et &08&). In addition, homopeptides of
similar length polymers of arginine showed highptalke activity compared to lysine,
histidine or ornithine (Mitchell, Kim et al. 2000T.he length of the sequence and the
conformation of the CPP are proposed factors thet pnportant roles in the cellular
uptake of CPPs (Fischer, Zhelev et al. 2000). Fargtudies showed concentration of
CPPs attaching to the membrane affects the traat&boc mechanism. Above certain
concentrations, cellular uptake for Tat and nanoarg occurred through energy-

independent direct uptake instead of endocytosigli@rdt, Fotin-Mleczek et al. 2007).

A factor that may influence the translocation mexsm is the nature of the cargo
coupled to the CPPs. In cases of CPPs coupledrg¢,cthe internalization mechanism
was influenced by the size of the conjugate (Zuhwisser et al. 2002). Despite the fact
that different CPPs are internalized into cell®tiyh endocytosis or energy-independent
mechanisms, cellular uptake of these CPPs coupit#d high molecular weight cargo
occurred via endocytosis (Console et al. 2003; bengl et al. 2003; Takeshima et al.
2003). Studies have shown that CPPs coupled to-rhabcular-weight maleimide-

derivatized phospholipid are internalized by endosi (Console et al. 2003).

1.2.5 CPPs of Interest
1.2.5.1 Penetratin

Derived from the highly conserved 60-residDeosophila melanogaster Antennapedia

homeodomain protein, Penetratin is one of the imesistigated CPPs (Derossi, Calvet et
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al. 1996). It was determined that the third helxrésidue peptide (residues 43-58) was
responsible for translocation (Derossi, Joliot et1894). The penetratin sequence is
composed of several positively charged basic aracids interspersed throughout the
hydrophobic residue. Hence, Penetratin has a lowphgmathicity. Penetratin has low
toxicity in cells and did not show membrane perdtidn in model membrane systems
(Magzoub, Eriksson et al. 2003). Even though tleegss involved in internalization is
still controversial, recent studies suggest thdtilee uptake of penetratin is largely due
to an endocytotic mechanism. Penetratin promatdeaytosis by binding to cell surface
glycosaminoglycans (Drin, Cottin et al. 2003; FisghKohler et al. 2004) Studies have
shown that Penetratin has successfully facilitatelular delivery of oligonucleotides
(Astriab-Fisher, Sergueev et al. 2002), siRNA (Loerd), EI-Andaloussi et al. 2007) and

PNA (Chaubey, Tripathi et al. 2008) vitro andin vivo.

1.2.5.2 Tat

In the 1980s, Frankel & Pabo reported that HIWahs-activatingrotein (Tat) was able
to penetrate cells (Frankel and Pabo 1988). L#teras proven that a shorter truncated
Tat solely composed of basic amino acid and nudtezlization sequence (NLS), Tat
(48-60) promotes effective internalization (Viv&spdin et al. 1997). The initialization
mechanism that Tat takes has been broadly debResnt studies however, suggested
that Tat uses macropinocytosis and/or Clathrin-ddpet endocytotic mechanism
(Richard, Melikov et al. 2003; Wadia, Stan et &02; Ziegler and Seelig 2004). The
mechanism is initiated by the binding of the peptid anionic glycosaminoglycans on
the plasma membrane (Richard, Melikov et al. 2088¢cher, Kohler et al. 2004) A

similar uptake mechanism was reported for Tat/camgugates (Lundberg, Wikstrom et
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al. 2003; Wadia, Stan et al. 2004). Tat has shdala ability to carry a wide range of
macromolecules into cells without compromising e&lility (Zorko and Langel 2005).
Recently, macromolecules such as liposomes (Tanchéind Levchenko 2003),
oligonucleotides (Astriab-Fisher, Sergueev et @02, and plasmid DNA (Rudolph,
Plank et al. 2003) (Rudolph et al. 2003) conjugatdth Tat showed effective

translocation into cells.

1.2.5.3 Polyarginines

In the early 2000s, homopeptides attracted thedstef investigators as candidate CPPs.
Polymers of arginine, lysine, histidine or ornithif similar length were studied and
polyarginine demonstrated superior cellular uptakenpared to other homopeptides
(Mitchell, Kim et al. 2000). Studies showed polyange with 8 to 10 arginine molecules
internalized into cells most efficiently (Futakiuf&iki et al. 2001). Efficiency of
polyarginine compared to other homopeptides sugdesiat the cationic property of the
amino acid residues was not the only factor affigctinternalization. In fact, the
guanidinium group of arginine was mainly resporesibbr cellular uptake (Wender,
Mitchell et al. 2000). A study by Mitche#t al. supported this argument by showing that
cellular uptake of polyarginine failed when theogfen of the guanidine was replaced by
oxygen (Mitchell, Kim et al. 2000). Polyargininends to the cell surface heparan
sulphate to facilitate uptake by endocytosis (Fuahd Raines 2004). Nakase el al.
reported macropinocytosis pathway as an uptake amesin (Nakase, Niwa et al. 2004).
The study further reported that the uptake of paojyane in the presence of
macropinocytosis inhibiters depended on the lemgtpholyarginine which suggests the

possibility of an additional pathway contributing their uptake (Nakase, Niwa et al.
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2004). Nonetheless polyarginine has facilitatedciedfit intercellular delivery of siRNA
(Kim, Christensen et al. 2006), plasmid (Kish, Teuet al. 2007) and different proteins

(Futaki, Suzuki et al. 2001; Wright, Rothbard et24103).

1.2.5.4 Pepl

Pepl is a chimeric and amphipathic peptide compog&tterminal hydrophobic motif,
a linker/spacer domain, and a hydrophilic lysinghrdomain derived from the nuclear
localization sequence of simian virus 40 T antigévierris, Depollier et al. 2001). The
hydrophobic motif is required for traversing theappha membrane and to facilitate
complex formation with cargo. The hydrophilic moig required for intracellular
trafficking while linker/spacer domain separates anterlinks the hydrophobic and
hydrophilic motif (Morris, Depollier et al. 2001Pepl has to first bind to phospholipids
on the cell membrane, initiate conformational clem@nd prompt cellular uptake
through direct translocation (Morris, Depollier at 2001). Rapid dissociation of Pepl
from its cargo after internalization reduces th#iuence of the CPP on biochemical
activity and the final destination of its cargo (Ms, Depollier et al. 2001). Pepl has
been shown to promote internalization of a widegeaaf proteins such as protein Kinase

(Maron, Folkesson et al. 2005), PNA and antibo(arris, Depollier et al. 2001).
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CHAPTER 2

MATERIALS AND METHODOLOGY

2.1 Cell Lines

Human embryonic kidney (HEK293) and mouse fibrobi@d8H/3T3) cell lines were
purchased from the American Type Culture Collect{&TCC, Manassas, VA). The
HEK293 cell line was cultured in Dulbecco’s ModdieEagle’s Medium (DMEM)
(Gibco-BRL, Grand Island, NY) with 10 % fetal boeiserum (FBS), and the NIH/3T3
cell line was cultured in DMEM with 10 % calf ser(@S). The cells were subcultured

every 2 to 3 days and stored in a humidified ineoibat 37 °C with 5 % C®

2.2 Production of Adenovirus

Recombinant adenovirus (Ad) with an E1/E3 deleton packingacZ reporter gene
was purchased from Capital Biosciences (RockviMi®)) and amplified by infecting
HEK?293 cells in 10 cm dishes. The infected cellsev@cubated until the cytopathic
effect was observed after which three freeze/thgwles were performed to lyse the
virus-producing cells. Ad contained in the celldies was isolated and purified using a

Vivapure Adenopack purification kit (Sartorius StagdArvada, Colorado) by following
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the manufacturer’s protocol. The viral titer (cflfiwas measured by X-Gal staining of

HEK?293 cells infected with serially diluted viruses

2.3 Synthesis of Cell Penetrating Peptides

Cell penetrating peptides, Tat (YGRKKRRQRRRC), FRQIKIWFQNRRMKWKKC),
pArg (RRRRRRRRRC) and Pepl (KETWWETWWTEWSQPKKKRKYCyvere
synthesized by EZBiolab (Westfield, IN). A cysteresidue was added to the C-terminus
end of each peptide. The purity and uniformityted peptides were analyzed using NMR
and HPLC. Peptides were then diluted in HEPES b(ffiel 7. 4) at a concentration of 2
pg/ul and aliquoted and stored at -80 °C. The isoete@inint and net charge of CPPs
were calculated with a peptide property calculafoom GenScript (Table 4.1)

(GenScript).
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Table 2.1 Selection of CPP sequences.

Hydrophilic

CPP charge Isoelectric Hydrophobic MW
CPPs sequence .
atpH7 Point % % (g/mol)
Pen RQIKIWFQNRRMKWKKC 7 12.3 41 35 2350
Tat YGRKKRRQRRRC 8 12.5 67 0 1663
pArg RRRRRRRRRC 9 13.0 90 0 1527
Pepl KETWWETWWTEWSQPKKKRKVC 3 10.2 41 32 2951




2.4 Formation of CPP/Ad complexes

Complexes were formed through electrostatic conjogeof Ad and CPPs (Figure4.1).
The Ad particles were diluted in HEPES buffer (pkt)7at desired multiplicity of
infection (MOI) of 5, 10, 30, 40, 50 or 100. CPP/éamplexes were prepared by adding
CPPs to the virus in a drop-wise fashion and vamgexgently. The mixture was then
incubated at room temperature for various timesptimize the CPP and Ad interaction.
As the CPP was added to the negatively chargedhéaovalent electrostatic attraction

formed the CPP/Ad complex.

Ad CPP CPP/Ad
Figure 2.1 Schematic of CPP/Ad complex formation.

2.5 Particle Size Measurements

A Brookhaven 90Plus Dynamic Light Scattering (DLBistrument (Brookhaven
Instrument, Inc., Worcestershire, UK) was used tasare the hydrodynamic diameter
of the complexes. Complexes were diluted in DMEMhwA0 % CS (pH 7.4) to a
concentration of 1 x T0cfu/ml and were maintained at 26. The light scattering was
measured at 90° relative to the laser source. Tdrécle size of complexes in each
sample was calculated from six repeat measuremanthiree samples where each

measurement acquired data over 30 seconds.
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2.6 Zeta-Potential Measurements

A Brookhaven 90Plus ZetaPALS (Brookhaven Instrumémt., Worcestershire, UK)

was used to measure the zeta-potential. Samples diketed in phosphate buffered
saline (PBS, pH 7.4) to a concentration 1 X &f/ml and volume of 1,500 pl. Zeta-
potential measurements were performed in triplicated the zeta potential of each
sample was calculated from ten repeat measuremdrgie each measurement acquired

data for 30 seconds.

2.7 Transduction of CPP/Ad

Transduction of CPP/Ad was studied on CAR-negaltiVid/3T3 cells. The cells were
seeded 24 hours prior to transduction at 2.5 %cklis per well in a 12 well plate. The
cells were then infected with Ad and CPP/Ad at gmetOls (5, 10, 50, or 100). An
MOI of 40 was used for further studies to assueegtesence of MOI greater than 30.
Quantitative levels of transduction were measur@dhdurs post transduction using the
chemiluminescence-based, Beta-Glo assay (Promegg Madison, WI), which
guantifiesp-galactosidase protein expressed from the taporter gene packaged by the
virus. The quantity off-galactosidase was measured in terms of relatfat lunits
(RLUs) with a Lumat LB9507 luminometer (EG&G, Besttl, Bundoora, Australia).
Reporter gene expression was normalized to tothll@eprotein, which was quantified

by a bicinchoninic acid (BCA) protein assay (Pieloe, Rockford, IL).

2.8 Statistical Analysis

Statistical analysis was performed by One Way Asialpf Variance (ANOVA) with

Holm-Sidak method to compare the difference betwdenmeans of two groups. An
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overall significance level of 95% was acceptedigsifscant. Mean values with standard

error are reported and all experiments were peddri triplicate.
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CHAPTER 3

RESULTS

3.1 Transduction of CPP/Ad Complex

CPP/Ad complexes were prepared by incubating Ad @RdP for 60 minutes at a
concentration of 6.25 pg of CPP pef 2@l. CAR-negative NIH/3T3 cells were infected
with unmodified Ad and CPP/Ad complexes, and thelM@s varied from 5 to 100 to
evaluate the effect of MOI on transduction effi@ggifFigure 5.1). The results of the gene
expression study confirmed that the unmodified Ad, expected, is unable to infect
CAR-negative cells. The virus alone resulted in lofectivity with no notable increase
in infectivity as the MOI was increased. All CPP/&dmplexes showed significantly
higher levels of gene expression at each MOI coatptr native Ad, verifying the ability
of the CPPs to efficiently translocate Ad into CARgative cells. At an MOI of 50,
Tat/Ad, Pen/Ad and pArg/Ad produced a 50-fold immment in gene expression
compared to the unmodified Ad whereas Pepl/Ad stawdy a 36-fold improvement.
Gene expression resulting from the CPP/Ad complek@sot increase significantly at

MOlIs greater than 30.
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Figure 3.1 Transduction study of CPP/Ad complexilk waried MOI.

3.2 Effect of Incubation Period on Transduction

Formation of CPP/Ad complexes is dependent on relgtetic interaction between
positively charged CPPs and negatively charged Wdubation of CPPs and Ad
facilitates the interaction and formation of themgdex. To evaluate the effect of
incubation period on the transduction efficiencypRZAd complexes were prepared by
varying the incubation period from 5 to 90 minutedile keeping constant the
concentration of CPP (6.25 pg CPP/2@) and the MOI of the virus. High transduction

efficiency was observed for all CPP/Ad complexempared to unmodified Ad at all
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incubation periods. The incubation period at wiited optimum infectivity was achieved,

however, varied for each individual CPP/Ad comp(égure 5.2).
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Figure 3.2 Transduction study of CPP/Ad complexeth waried times allowed for

CPP/Ad complex formation.

Tat/Ad complexes showed significantly higher trardobn efficiency when incubated
for 15 minutes compared to 5 minutes. Longer intabgperiods produced only minor
improvements of gene transduction for the Tat/Achplex. The transduction efficiency
of Pen/Ad, pArg/Ad, and Pepl/Ad was maximized after incubation period of 60
minutes, and further increase in the incubationetimd no improvement on the

transduction efficiency of CPP/Ad complexes. Basedthese results, an incubation
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period of 60 minutes, which gives optimal gene expion for all the CPP/Ad

complexes, was used for the remainder of the study.
3.3 Effect of Concentration of CPP and Type of @RA ransduction

CPP/Ad complexes were formed using CPP concentsatianging from 0.1 to 50 pgflo
Ad to determine the effect of concentration of Ce® the formation of CPP/Ad
complexes and the transduction of CAR-negativescdlhe results show that CPP/Ad
complexes formed from high concentrations of CPHsbi&ed better efficiency than
complexes formed at low concentrations (Figure.5[Bgre was a substantial increase in
transduction over the CPP concentration rangelof®6.25 ug/19Ad for all four CPPs
explored in the study. Transduction levels contthteincrease beyond this initial CPP

concentration range, but at a much lower rate.

Pen/Ad produced the highest level of cell transdaabver the entire concentration range
of CPPs. Tat/Ad was the second most effective cemfllowed closely by pArg/Ad.
Pepl/Ad produced the lowest gene expression oeeertlire concentration range. At the
highest CPP concentration, Pen/Ad showed 100-fogghen transduction efficiency
compared to unmodified Ad. At this concentratiomnsduction of Tat/Ad and pArg/Ad
were approximately 95-fold higher than unmodified, Avhile the Pepl/Ad transduction

was only 66-fold higher compared to unmodified Ad.
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Figure 3.3 Transduction study of CPP/Ad complexik waried CPP to Ad ratio.

3.4 Effect of Serum on Transduction of CPP/Ad

Serum proteins can have a substantial impact ontréresduction efficiency of gene
vectors due to electrostatic affinity between pesly charged complexes and negatively
charged serum proteins. Although an ultimate gath wany gene vectors is systemic
administration of the vector in a protein-rich eovnment, most transduction studies of
complexes are performed in serum-free medium. is $tudy, however, transduction
experiments using CPP/Ad complexes at a concemtrati 6.25 pg CPP/£0Ad were
performed in the presence and absence of 10 % @SedBon the results of this

comparative study, the serum did not significamtfect the transduction of Tat/Ad or
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Pen/Ad complexes (Figure 5.4). In contrast, thasdaction efficiency of Pepl/Ad and

pArg/Ad complexes decreased by 63 and 30 %, respéctin the presence of serum.
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Figure 3.4 Transduction study of CPP/Ad complexre$heé presence and absence of

serum.

3.5 Significance of Free CPPs as Translocation #sgen

The importance of pre-incubating CPPs with Ad tonfoa CPP/Ad complex was
evaluated by comparing CPP/Ad complexes with Adedddirectly to cell culture
medium containing the same concentration range R®P @.e., 2.5 — 5Qg/1F Ad)
without first forming complexes. Ad and free CPRssplution exhibited greater gene

expression than unmodified Ad alone and showed sdey@endency on the CPP
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RLUs/ug of total cellular protein

RLUs/ug of total cellular protein

concentration (Figure 5.5). Compared to the preéatmomplexes, however, viruses and

free CPPs were significantly less efficient thae @PP/Ad complexes, which exhibited

5- to 14-fold higher gene expression than Ad aed {LPPs.
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Figure 3.5 Transduction study of CPP/Ad complexas$ Ad mixture with free CPP for

a) Tat/Ad, b) Pen/Ad, c) pArg/Ad and d) Pepl/Ad.
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3.6 Physicochemical Properties of CPP/Ad Complexes

The surface charge and hydrodynamic diameter oCfRB/Ad complexes were studied
to better understand the physicochemical propedssociated with the most efficient
complexes. CPP/Ad complexes were prepared with tGP¥eI ratios ranging from 0.1 to
50 pg CPP/10Ad. The zeta-potential of the complexes was medasanel revealed that
binding of CPPs to Ad modifies the overall surfabarge of the negatively charged Ad.
While the surface charge of the unmodified Ad wasasured to be -21 + 4 mV, the
maximum surface charge of the CPP/Ad complexes waasured to be 12 + 2 mV
(Figure 5.6). No significant difference was obsednieetween the surface charges of
CPP/Ad complexes composed of different CPPs. Acdimeentration of CPP increased,
however, all CPP/Ad complexes exhibited an increasairface charge. The increase in
charge was sizable from concentration of 0.1 up.86 pg CPP/T0OAd and only

moderate for higher concentrations.

The mean hydrodynamic diameter of the CPP/Ad coxeglevas also measured as a
function of CPP to Ad ratio over the range 0.1 @b sg CPP/1DAd (Figure 5.7). As
CPPs were added to the virus, the size increased tine size of the virus alone (i.e.,
approximately 100 nm) to more than double the siz¢he virus. As with the zeta-
potential measurement, the greatest change in dydamic diameter occurred within
the concentration range 0.1 to 6.25 pg CPPAID Table 5.1 lists the size of the CPP/Ad
complexes at this higher concentration of 6.25 Pfg/Ad. Worth noting is that the
hydrodynamic diameter remained below 300 nm foC&8P/Ad complexes as long as the

concentration was not increased above 25 |fgAtD Above this concentration, the
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diameter of complexes composed of pArg/Ad or TatiActeased significantly to sizes

greater than 300 nm.
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Figure 3.6 surface charge characterizations of B®PRbmplexes as a function of CPP

concentration.

Table 3.1 Size of Particles

Hydrodynamic Diameter

Particle

(nm)
Ad 115+ 12
Tat/Ad 226 +48
Pen/Ad 219 +54
pArg/Ad 231 +50
Pepl/Ad 217 £52
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3.7 Stability of CPP/Ad Complexes

The stability of the CPP/Ad complexes was evaluabtgd measuring the size of
complexes in the presence and absence of serurfuasten of incubation time (Figure
5.8). The complexes were prepared at a concenirafi®.25 pg CPP/fOviruses. The
complexes were then incubated at room temperatungedium with (i.e., 10 % CS) and
without serum. For both cases the results showteena of increasing particle size with
increasing incubation time. The increase in the sikthe complex was much greater,
however, in the presence of serum than in the @leseinserum. The size of each CPP/Ad
complex in the presence of serum was approximdtelly times higher than the size in

the absence of serum.
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CHAPTER 4

DICUSSIONS

The ability of CPPs to deliver macromolecules sashpeptides (Yang, Wang et al.
2006), liposomes (Pappalardo, Quattrocchi et a0920siRNA, (Crombez, Aldrian-
Herrada et al. 2009) and DNA (Ignatovich, Dizhe akt 2003) across the plasma
membrane of a wide range of cell types without raysoxic side effects makes the
peptides explored in this study an attractive optior gene delivery. To further
demonstrate the usefulness of these CPPs (Tat, p2g, and Pepl) that have high
isoelectric points and a net positive charge astggical conditions, the peptides were
evaluated to determine if they could electrostéltichind Ad and transform cells

otherwise hard to infect using Ad alone.

Forin vivo application, the best way to facilitate the transif cargo into a target cell is
to simultaneously position both the translocatigerd and cargo near the cell. Although
studies have shown that CPPs can associate witlpl#sena membrane of cells and
transfer cargo through the membrane without fornairmpmplex with the cargo (Kosuge,
Takeuchi et al. 2008) a more efficient approach ldiatilize complexes formed between
the translocation agent and the cargo. In thisyst@PP/Ad complexes were formed

electrostatically by incubating CPPs (positivelyarded) and Ad (negatively charged).
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The transduction ability of CPP/Ad complexes wampared to Ad in the presence of
free CPPs to determine if the improvement in trao8dn was the result of complexes
formed between CPPs and Ad or the result of thé¥esGettling onto the surface of the
cells. The CPP/Ad complexes exhibited a 14-foldhbrggene expression than the virus in
the presence of free CPPs, illustrating the impaeaof complex formation. Thus, the
ability of the CPPs to form the CPP/Ad complexndraportant criterion that plays a role

in the transduction efficiency and was further stddby evaluating incubation time

required to form the best working complex.

By knowing the optimum complex formation time, oc@n avoid inefficient complex
formation due to short incubation periods as welbhaoid formation of large aggregates
resulting from long incubation periods, both of alhireduce the transduction efficiency
of the complex. As the results of the study shawereasing the incubation time for
complex formation improved the gene delivery effimy of all CPP/Ad complexes
studied. Slightly different trends of transductiefficiency were observed, however, for
the different kinds of CPP/Ad complexes. For examplen/Ad, pArg/Ad and Pepl/Ad
showed optimum transduction after an incubatiomoplenf 60 minutes. Tat/Ad produced
its highest level of gene expression after onlypariinute incubation period, the lowest
incubation period of all the peptides. This levélgene expression after such a short
incubation period demonstrates the ability of Tattickly associate with Ad and form
complexes sooner than the other peptides, evenglththe charge of the peptide is
similar to Pen and pArg (Table 5.1). This resulygests that the overall charge of the

CPP is not the only factor that influences the fation of the CPP/Ad complexes. Both
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the charge and arrangement of the cationic amirds gatays a role in the formation of

CPP/Ad complexes.

The potential of CPPs to efficiently deliver caigalependent on the cellular association
of the CPP to the target cell and the mechanisrwliigh the CPP/cargo is transported
into the cell. The mechanism of membrane transiocatf CPPs and cargo, however, has
yet to be identified definitively (Zorko and Lang&005; Duchardt, Fotin-Mleczek et al.
2007; Patel, Zaro et al. 2007) and there are auimiyj studies regarding whether the CPP
internalization mechanism involves energy-dependstdocytosis or a non-endocytic
mechanism (Drin, Cottin et al. 2003; Richard, Meliket al. 2003; Ziegler, Nervi et al.
2005). Despite the fact that different CPPs intkzeainto cells through different
mechanisms (i.e., endocytosis or energy-independembrane perturbations), recent
observations have indicated that internalizationthefse CPPs occurs via endocytosis
when the CPPs are coupled with high molecular weggingo (Console, Marty et al.
2003; Lundberg, Wikstrom et al. 2003). These figgirsuggested that the role of the
peptide in this case is may be limited to facilitgtattachment of cargo to the cell
membrane. Nevertheless, the results of the curstidy show different levels of
transduction induced by different CPPs of simil&wygicochemical properties, which
suggest that it is unlikely the CPP serves onlyfaadlitate attachment with the cell
membrane. Instead, the CPP is likely facilitatiefjutar association and influencing the
mechanism of membrane translocation, which othaxs lieported to be dependent on
properties of the CPP such as sequence (Muellatzgechmar et al. 2008), net charge
(Magzoub and Graslund 2004), number and arrangeraerttydrophobic residues

(Magzoub and Graslund 2004), numbers and arrangeshemginine residues (Zaro and
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Shen 2003), concentration (Duchardt, Fotin-Mleczek al. 2007) and other

physicochemical properties of the complex formed.

Our study showed that each of the four CPPs hasalitli¢y to translocate Ad into cells
that are hard to infect, albeit with varying degre¢ efficiency. This is attributed to the
different properties these CPPs possess which einfe membrane binding and
translocation of CPP/Ad. CPPs used in the study lhfferent sequences, net charges,
numbers of arginine residues, and amphipathicigbl(@ 5.1). For example, Tat (Frankel
and Pabo 1988) and pArg (Mitchell, Kim et al. 20G0¥ highly charged peptides
containing cationic, basic amino acids that arehllyidwydrophilic (e.g., arginine and
lysine). In comparison, Pen (Derossi 1995) is atigepwith low amphipathicity
consisting of several positively charged basic améids interspersed throughout a
hydrophobic region of the peptide, and Pepl (Deshayeitz et al. 2004) is an

amphipathic peptide with hydrophilic, hydrophobradinker domains.

In the gene delivery studies, Pen/Ad showed redftitiigh gene expression compared to
all the other CPP/Ad complexes. Tat/Ad and pArg(Ae., peptides with a large number
of arginine residues) produced lower levels of gerpression compared to Pen/Ad,
except at the highest concentration (50 uYAL). Pep1/Ad, which has distinct cationic
and hydrophobic regions, low net charge and fevnarg residues, exhibited the lowest
efficiency compared to the other CPP/Ad complexd®se fact that Pen/Ad was more
effective compared to Tat/Ad and pArg/Ad indicatkat the high number of arginine
residues does not guarantee a high level of treastm. In fact, studies have shown, in
addition to the positively charged amino acids dess, some hydrophobic residues

contributed to the membrane binding and translona{Derossi, Calvet et al. 1996;
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Fischer, Zhelev et al. 2000). Also, poor efficienaly Pepl/Ad, relative to the other
CPP/Ad complexes, further supports the likelihobdtta high net positive charge
improves complex formation and the level of cellulatake, at least to some degree. In
addition to the number of arginine residues andigepcharge, some researchers have
claimed that amphipathicity affects translocatidmlity of a CPP since this property is
thought to be important in membrane interaction{DMazel et al. 2001). The results of
this study, however, found no direct relationshigtween amphipathicity and
translocation efficiency. In fact, the amphipat@iePs, Pen and Pepl, were both the best

and worst performing peptides, respectively.

Another factor that influenced the transductioncéghcy is concentration of the peptide
(i.e., the relative ratio of the peptide to viruis) this study, the transduction efficiency of
the complex increased by orders of magnitude foCBIP/Ad complexes up to a CPP
concentration of 6.25 pg/i0d and increased thereafter by only a moderateuamo
Based on this observation there is likely an effecamount of CPP that can completely
coat the surface of the virus, thereby hinderinditexhal CPPs from binding to the
complex. Consequently, further increasing the cotraéion of CPP only moderately
improved the level of transduction. The moderatprowement in transduction was a
result of the combined effect of some additionalding between the CPP and CPP/Ad
complex and free CPPs that remained unbound teiths. Physicochemical properties
(e.g., size and charge) showed similar trends.n&sGPP concentrations increased, size
and surface charge increased dramatically for &P&d complexes up to a CPP
concentration of 6.25 ug/i®\d and leveled off as the concentration increaseybnd

this point. This observation further supports thmgestion that at these high CPP
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concentrations, the peptides may have completediedathe surface of the virus, thereby

hindering additional CPPs from binding to the coempl

The goal of the present work was to produce a Ce&R@mplex capable of efficiently
transducing cells the virus would not infect onaign. The results show that the best
CPP/Ad complex was Pen/Ad, which improved the tlanson of CAR-negative
NIH/3T3 cells by 100-fold compared to the unmodifidd. The Pen/Ad complex
performed better than similar complexes reporteathers. For example, Gratt@hal.
reported that noncovalent modifications of Ad wRen improved the gene delivery
efficiency of the virus to monkey kidney fibroblastlls by 10-fold (Gratton, Yu et al.
2003). Lehmusvaaret al., however, reported the same modification onlyrionpd gene
delivery by 2-fold (Lehmusvaara, Rautsi et al. 2008B1ese differences in the level of
cell transduction can be attributed to severaldiactincluding the cell type, method of
complex formation, MOI and virus purity. These gosureported also that Tat is
sometimes as effective as Pen (Gratton, Yu et08I32Lehmusvaara, Rautsi et al. 2006).
Similarly, the present study found that Tat/Ad g#dg/Ad performed nearly as well as

Pen/Ad at high concentrations.

Studies have also shown that the initial electtastateraction of CPPs with anionic cell
membrane surfaces is an important factor for thtakep of all cationic CPP-cargo
complexes (Deshayes, Morris et al. 2005; Duché&alin-Mleczek et al. 2007; Poon and
Gariepy 2007). The presence of competing anionitenah can limit the interaction

CPPs with an anionic cell membrane surface, réistgicellular uptake (Fischer, Bieber
et al. 1999). Mosin vitro transduction efficiency studies evaluate complexeshe

absence of serum. The present study, however, aedlthow adverse the effects of
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competing anionic serum were to transduction efficy. Even though the cellular uptake
of CPPs and their cargo is often reduced in thesgmee of serum, the results of the
present study show that serum did not significamthibit or promote the transduction
efficiency of Tat/Ad or Pen/Ad complexes. Othersédaeported similar findings where
uptake of CPP-cargo complexes by Hela cells wasffietted by the presence of serum

(Saalik, EImquist et al. 2004).

While the performance of Tat/Ad and Pen/Ad wasingiacted significantly by serum,
Pepl/Ad and pArg/Ad were both negatively affectgdhe presence of serum. Contrary
to these observations, Morret al reported that an advantage of Pepl is a lack of
sensitivity to serum (Morris, Depollier et al. 2Q00Morris et al., however, observed that
the impact of serum on the performance of Peplriipen the concentration of the
peptide (Morris, Depollier et al. 2001). The appardiscrepancy between these earlier
studies and our own can be explained by concentimthat were reported as being either
lower or slightly higher than the concentrationgdisn the present study. Similarly,
Kosugeet al. explored sensitivity of arginine-based peptidesécum and investigated
specifically the impact of the number of arginiesidues (Kosuge, Takeuchi et al. 2008).
They found that peptides with more than 8 argines®dues became sensitive to serum
proteins due to differences in the valency withuse(Kosuge, Takeuchi et al. 2008). The
9-residue pArg peptide used in the present studyseasitive to serum, likely a result of
a high capacity to bind to serum. The decreasmmsduction efficiency of pArg/Ad and
Pepl/Ad illustrates that the sensitivity of com@exo serum is not only dependent on
the cationic properties of the peptide, but alstepirally dependent on how the cationic

basic amino acids are arranged within the peptide.
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The physicochemical properties (e.g., size andgehasf the peptide/virus complex were
measured to better understand the characteristsmimted with highly efficient CPP/Ad

complexes and to ensure their suitability ifovivo gene delivery. Based on the dynamic
light scattering and zeta-potential measurememis, size and surface charge of the
different CPP/Ad complexes were similar at a gieemcentration, independent of the
particular CPP. For example, the hydrodynamic diamef the CPP/Ad complexes at
their optimal incubation periods was smaller th&® 3m, a desired range to prevent
edemain vivo, for concentrations of CPP lower than 25 p§/¢bus. Although these

properties were similar, the transduction efficiernd the different CPP/Ad complexes
was quite different, further supporting that th&écefncy of each CPP is more closely
related to the particular amino acids residue secpi®f the peptide than to the overall

charge of the peptide or the resulting charge @GRP/Ad complex.

The surface charge of CPP/Ad complexes is alsorgern. A high positive charge
adversely affects the stability of the complex aaduces the effectiveness of complexes
as a delivery agent (Kwoh, Coffin et al. 1999). Wherum had only a minor effect on
the transduction efficiency of the CPP/Ad compléxe high surface charge poorly
affected the stability of all of the CPP/Ad commsex The CPP/Ad complexes used in
this study formed aggregates when stored beyond offtenal incubation period,
regardless of the presence or absence of seruhough similar trends were observed in
both environments due to the high positive chacgejplexes incubated in a protein-rich
environment exhibited particle sizes four timegéarthan the corresponding complexes
incubated in a protein-free environment. This défece in size indicates that aggregates

between oppositely charged CPP/Ad complexes anaseere formed when complexes
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were incubated with serum. Clearly improvementsirteebe made to reduce the surface
charge of the CPP/Ad complexes. The use of polyietswould reduce sensitivity to

serum (e.g., polyethylene glycol) in combinationthaCPPs may be a potential route for

improving serum stability.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The focus of the present study was on developingrgmnoved adenoviral based gene
delivery vector that can efficiently transform ties that lack CAR necessary for the
infection pathway of the virus. We evaluated if GRiBuld form complexes with Ad and
function in place of the fiber/CAR interaction t@ansport the virus into cells lacking the
CAR. CPP/Ad complexes were produced using sim@etiestatic association. Complex
formation and transduction efficiencies of the fQRP/Ad complexes were optimized by
varying the incubation period and the ratio of theptide to virus. The CPP/Ad
complexes showed improved transduction efficienoyngared to the virus alone,
indicating that the CPPs are capable of promotiagstduction of cells that are otherwise
hard to transform using only the virus. The tramsidm efficiency of Ad was improved
by more than 100-fold. Pen/Ad produced the higlrastsduction efficiency followed by
Tat/Ad, pArg/Ad, and Pepl/Ad. Even though Pepl/Adswthe least efficient, the

complex still improved gene expression by 66-fadhpared to Ad alone.

In this study, the size of the complexes is appab@rforin vivo gene delivery, although
in its current state, the high positive surfacerghaf the complex is likely to result in

undesired interactions with serum proteins. In toldli the complexes provide untailored
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cell targeting. Surface charge can be reduced mgus low concentration of CPP. In
addition, incorporating high molecular weight pdtydene glycol (PEG), a safe and
biocompatible polymer commonly used to prolong tirveulatory lifetime of proteins,
drugs, and nanoparticles (Kochendoerfer 2003; @tsiNagasaki et al. 2003), can
provide the desired property. The issue of untadasell targeting can be tacked by using
cell specific ligand in combination with CPP and@®E

To advance beyond the laboratory stage, it iscatitio address the drawbacks associated
with adenovirus. In addition to the inability téfieiently infect certain types of cells,
adenovirus has serious drawbacks such as immureiiyeand promiscuous tropism. A
variety of approaches have been attempted to ingpnowmunogenicity of adenovirus.
One of the most common attempts used to diminighstisceptibility of the virus to
immune inactivation and inflammatory immune resgsnisas been to coat the surface of
the virus with PEG. This process called PEGylatreduces susceptibility of the virus to
immune inactivation and initiation of inflammatarmmune response (Aliabadi, Brocks
et al. 2005). Adding the element of PEGylation vhtegy to CPP/Ad conjugate will

improve the stability and reduce susceptibilityrtonune response of the complex.

Genetic modification of Ad may reduce promiscuougpism and immune response
associated with the virus. The crucial role plapgdiber and knob proteins of the virus
in transduction prompts the genetic modificatiorthefse proteins. Studies have shown
that transduction efficiency of the virus has shalependency on the length of the fiber
protein (Legrand, Spehner et al. 1999; ShayakhmataolvLieber 2000; Vigne, Dedieu et

al. 2003). Further, complete removal of the knomdim has been established as a way to
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ablate tropism (Magnusson, Hong et al. 2001). Gemebdifications and replacement of

the fiber and knob protein will further overcome tiirawbacks associated with the virus.

54



CHAPTER 6

REFERENCES

Aliabadi, H. M., D. R. Brocks, et al. (2005). "Polgric micelles for the solubilization
and delivery of cyclosporine A: pharmacokineticg amdistribution.”
Biomaterials 26(35): 7251-9.

Astriab-Fisher, A., D. Sergueev, et al. (2002). fiitigates of antisense oligonucleotides
with the Tat and antennapedia cell-penetratingigegt effects on cellular
uptake, binding to target sequences, and biolagiorss.” Pharm Res 19(6): 744-
54,

Benihoud, K., P. Yeh, et al. (1999). "Adenovirustees for gene delivery."” Curr Opin
Biotechnol 10(5): 440-7.

Benihoud, K., P. Yeh, et al. (1999). "Adenovirustees for gene delivery."” Current
Opinion in Biotechnology 10(5): 440-447.

Bergelson, J. M., J. A. Cunningham, et al. (1998plation of a common receptor for
Coxsackie B viruses and adenoviruses 2 and 5.h8ei275(5304): 1320-3.

Bergelson, J. M., J. A. Cunningham, et al. (1998plation of a common receptor for
coxsackie B viruses and adenoviruses 2 and 5.h&ei275(5304): 1320-1323.

Cavazzana-Calvo, M., S. Hacein-Bey, et al. (200Bgne therapy of human severe
combined immunodeficiency (SCID)-X1 disease." Scee(New York, N.Y
288(5466): 669-72.

Chaubey, B., S. Tripathi, et al. (2008). "Singlataedose and repeat-doses toxicity of

anti-HIV-1 PNA TAR-penetratin conjugate after irgeaitoneal administration to
mice." Oligonucleotides 18(1): 9-20.

Cho, Y. W., J. D. Kim, et al. (2003). "Polycatioarge delivery systems: escape from
endosomes to cytosol." J Pharm Pharmacol 55(6)3421

55



Console, S., C. Marty, et al. (2003). "Antennapexutid HIV transactivator of
transcription (TAT) "protein transduction domaimsbmote endocytosis of high
molecular weight cargo upon binding to cell surfgbeosaminoglycans." J Biol
Chem 278(37): 35109-14.

Couzin, J. and J. Kaiser (2005). "Gene therapyGAlkinger case ends, gene therapy
suffers another blow." Science (New York, N.Y 307(3): 1028.

Crombez, L., G. Aldrian-Herrada, et al. (2009).réw potent secondary amphipathic

cell-penetrating peptide for siRNA delivery into miaalian cells.” Mol Ther
17(1): 95-103.

Danthinne, X. and M. J. Imperiale (2000). "Prodoctof first generation adenovirus
vectors: a review." Gene Ther 7(20): 1707-14.

Derossi, D. (1995). "Antennapedia homeodomain thelik as a peptide and
oligonucleotide vector.” Restor Neurol Neurosci)8(17-8.

Derossi, D., S. Calvet, et al. (1996). "Cell intdization of the third helix of the
Antennapedia homeodomain is receptor-independgi@itl Chem 271(30):
18188-93.

Derossi, D., A. H. Joliot, et al. (1994). "The thhelix of the Antennapedia
homeodomain translocates through biological menmdsdn) Biol Chem 269(14):
10444-50.

Deshayes, S., A. Heitz, et al. (2004). "Insight itite mechanism of internalization of the

cell-penetrating carrier peptide Pep-1 through conétional analysis."
Biochemistry 43(6): 1449-57.

Deshayes, S., M. C. Morris, et al. (2005). "Celhgteating peptides: tools for
intracellular delivery of therapeutics." Cell Moifé Sci 62(16): 1839-49.

Donnelly, J. J., B. Wahren, et al. (2005). "DNA ei@es: progress and challenges." J
Immunol 175(2): 633-9.

Drin, G., S. Cottin, et al. (2003). "Studies on thiernalization mechanism of cationic
cell-penetrating peptides.” J Biol Chem 278(331%2-201.

Drin, G., M. Mazel, et al. (2001). "Physico-chenticquirements for cellular uptake of
pAntp peptide. Role of lipid-binding affinity." Eur Biochem 268(5): 1304-14.

56



Duchardt, F., M. Fotin-Mleczek, et al. (2007). "8neprehensive model for the cellular
uptake of cationic cell-penetrating peptides." Tica#(7): 848-66.

Duchardt, F., M. Fotin-Mleczek, et al. (2007). "Aneprehensive model for the cellular
uptake of cationic cell-penetrating peptides." Tica#(7): 848-866.

Fillat, C., M. Carrio, et al. (2003). "Suicide geterapy mediated by the Herpes Simplex
virus thymidine kinase gene/Ganciclovir systentegh years of application.”
Curr Gene Ther 3(1): 13-26.

Fischer, D., T. Bieber, et al. (1999). "A novel naral vector for DNA delivery based on

low molecular weight, branched polyethyleniminefegt of molecular weight on
transfection efficiency and cytotoxicity.” Pharmatieal Research 16(8): 1273-
1279.

Fischer, P. M., N. Z. Zhelev, et al. (2000). "Sture-activity relationship of truncated

and substituted analogues of the intracellulavdeyi vector Penetratin.” J Pept
Res 55(2): 163-72.

Fischer, R., K. Kohler, et al. (2004). "A stepwdissection of the intracellular fate of
cationic cell-penetrating peptides.” J Biol Chem@8): 12625-35.

Fittipaldi, A., A. Ferrari, et al. (2003). "Cell nmdbrane lipid rafts mediate caveolar
endocytosis of HIV-1 Tat fusion proteins.” J Bidhé€n 278(36): 34141-9.

Frankel, A. D. and C. O. Pabo (1988). "Cellularaket of the tat protein from human
immunodeficiency virus." Cell 55(6): 1189-93.

Friedmann, T. and R. Roblin (1972). "Gene therapyhfiman genetic disease?" Science
175(4025): 949-55.

Fuchs, S. M. and R. T. Raines (2004). "Pathway#tdyarginine entry into mammalian
cells." Biochemistry 43(9): 2438-44.

Furcinitti, P. S., J. van Oostrum, et al. (198®&dénovirus polypeptide IX revealed as
capsid cement by difference images from electrarascopy and
crystallography.” EMBO J 8(12): 3563-70.

Futaki, S., T. Suzuki, et al. (2001). "Argininefripeptides. An abundant source of
membrane-permeable peptides having potential a®isafor intracellular protein
delivery." J Biol Chem 276(8): 5836-40.

57



GenScript. "Peptide Property Calculator.” frorp&t//www.genscript.com/ssl-
bin/site2/peptide_calculation.cgi.

Graham, F. L., J. Smiley, et al. (1977). "Charastes of a human cell line transformed
by DNA from human adenovirus type 5." J Gen Vir6(B: 59-74.

Gratton, J. P., J. Yu, et al. (2003). "Cell-perntegeptides improve cellular uptake and
therapeutic gene delivery of replication-deficiemtises in cells and in vivo." Nat
Med 9(3): 357-62.

Greber, U. F., M. Suomalainen, et al. (1997). "fdie of the nuclear pore complex in
adenovirus DNA entry." EMBO J 16(19): 5998-6007.

Greber, U. F., M. Willetts, et al. (1993). "Stepavidismantling of adenovirus 2 during
entry into cells.” Cell 75(3): 477-86.

Griesenbach, U., D. M. Geddes, et al. (2006). "Gbampy progress and prospects:
cystic fibrosis." Gene Ther 13(14): 1061-7.

Gros, E., S. Deshayes, et al. (2006). "A non-cotgdeptide-based strategy for protein
and peptide nucleic acid transduction.” Biochim@igs Acta 1758(3): 384-93.

Henriques, S. T. and M. A. Castanho (2004). "Cousages of nonlytic membrane

perturbation to the translocation of the cell pestétg peptide pep-1 in lipidic
vesicles." Biochemistry 43(30): 9716-24.

Henriques, S. T. and M. A. R. B. Castanho (2008nrisequences of nonlytic membrane
perturbation to the translocation of the cell peatétg peptide pep-1 in lipidic
vesicles." Biochemistry 43(30): 9716-9724.

Herman, J. R., H. L. Adler, et al. (1999). "In sifene therapy for adenocarcinoma of the
prostate: a phase | clinical trial." Hum Gene Th@{7): 1239-49.

Hollon, T. (2000). "Researchers and regulatorgcefbn first gene therapy death."

Nature medicine 6(1): 6.

Howitt, J., C. W. Anderson, et al. (2003). "Adermogi interaction with its cellular
receptor CAR." Curr Top Microbiol Immunol 272: 38%-

Hwang, L. H. (2006). "Gene therapy strategies fpatocellular carcinoma.” J Biomed
Sci 13(4): 453-68.

58



Ignatovich, I. A., E. B. Dizhe, et al. (2003). "Cplexes of plasmid DNA with basic
domain 47-57 of the HIV-1 Tat protein are trangfdrto mammalian cells by
endocytosis-mediated pathways." J Biol Chem 278{43)25-36.

Imler, J. L. (1995). "Adenovirus vectors as recomalpit viral vaccines." Vaccine 13(13):
1143-51.

Inui, K., S. Okada, et al. (1996). "Gene therapputhenne muscular dystrophy." Brain
& Development 18(5): 357-361.

Joliot, A., C. Pernelle, et al. (1991). "Antennajpgabmeobox peptide regulates neural
morphogenesis." Proc Natl Acad Sci U S A 88(5):4:86

Jones, S. W., R. Christison, et al. (2005). "Charéation of cell-penetrating peptide-
mediated peptide delivery."” Br J Pharmacol 1451893-102.

Kale, A. A. and V. P. Torchilin (2007). "'Smart"wdy carriers: PEGylated TATp-
modified pH-sensitive liposomes." J Liposome Re84): 197-203.

Kang, M. A., K. Y. Kim, et al. (2000). "The growthhibition of hepatoma by gene
transfer of antisense vascular endothelial groathadr.” J Gene Med 2(4): 289-
96.

Kaplan, J. M., S. E. Pennington, et al. (1998)t8Rbation of gene transfer to the mouse

lung by complexes of adenovirus vector and polgeetimproves therapeutic
potential." Human Gene Therapy 9(10): 1469-1479.
Katz, M. G., J. D. Swain, et al. (2010). "Cardiang therapy: optimization of gene

delivery techniques in vivo." Hum Gene Ther 213#%)1-80.

Kelkar, S. A., K. K. Pfister, et al. (2004). "Cylapmic dynein mediates adenovirus
binding to microtubules.” J Virol 78(18): 10122-32.

Kim, W. J., L. V. Christensen, et al. (2006). "Césteryl oligoarginine delivering
vascular endothelial growth factor siRNA effectivethibits tumor growth in
colon adenocarcinoma." Mol Ther 14(3): 343-50.

Kish, P. E., Y. Tsume, et al. (2007). "Bile acidgopeptide conjugates interact with
DNA and facilitate transfection.” Mol Pharm 4(15-203.

Kochendoerfer, G. (2003). "Chemical and biologmaiperties of polymer-modified
proteins.” Expert Opin Biol Ther 3(8): 1253-61.

59



Kosuge, M., T. Takeuchi, et al. (2008). "Cellulaternalization and distribution of
arginine-rich peptides as a function of extracaliyeptide concentration, serum,
and plasma membrane associated proteoglycans.biigg Chem 19(3): 656-64.

Kreppel, F., J. Gackowski, et al. (2005). "Combigedetic and chemical capsid
modifications enable flexible and efficient de- aethrgeting of adenovirus
vectors." Mol Ther 12(1): 107-17.

Kwoh, D. Y., C. C. Coffin, et al. (1999). "Stab#ition of poly-L-lysine/DNA polyplexes
for in vivo gene delivery to the liver." Biochim &hys Acta 1444(2): 171-90.

Lechardeur, D., K. J. Sohn, et al. (1999). "Metabmwistability of plasmid DNA in the
cytosol: a potential barrier to gene transfer.”" &&her 6(4): 482-97.

Legrand, V., D. Spehner, et al. (1999). "Fiberles®ombinant adenoviruses: virus
maturation and infectivity in the absence of fib@rVirol 73(2): 907-19.

Lehmusvaara, S., O. Rautsi, et al. (2006). "Utititycell-permeable peptides for
enhancement of virus-mediated gene transfer to huaraor cells.”
Biotechniques 40(5): 573-4, 576.

Lewin, M., N. Carlesso, et al. (2000). "Tat peptakrivatized magnetic nanoparticles
allow in vivo tracking and recovery of progenit@lls.” Nat Biotechnol 18(4):
410-4.

Li, H., X. Fu, et al. (2005). "Use of adenovirudidered siRNA to target oncoprotein
p28GANK in hepatocellular carcinoma."” Gastroenteqyl128(7): 2029-41.

Lundberg, M., S. Wikstrom, et al. (2003). "Cellfaae adherence and endocytosis of
protein transduction domains." Mol Ther 8(1): 148-5

Lundberg, P., S. El-Andaloussi, et al. (2007). ipely of short interfering RNA using
endosomolytic cell-penetrating peptides." FASEB (112): 2664-71.

Luzio, J. P., B. M. Mullock, et al. (2001). "Relatiship between endosomes and
lysosomes." Biochem Soc Trans 29(Pt 4): 476-80.

Mae, M. and U. Langel (2006). "Cell-penetrating fjisigs as vectors for peptide, protein

and oligonucleotide delivery.” Current Opinion ihdPmacology 6(5): 509-514.
Magnusson, M. K., S. S. Hong, et al. (2001). "Gierretargeting of adenovirus: novel
strategy employing "deknobbing” of the fiber." JMi75(16): 7280-9.

60



Magzoub, M., L. E. Eriksson, et al. (2003). "Comgan of the interaction, positioning,
structure induction and membrane perturbation pamnetrating peptides and
non-translocating variants with phospholipid vesscl Biophys Chem 103(3):
271-88.

Magzoub, M. and A. Graslund (2004). "Cell-penetgipeptides: [corrected] from
inception to application.” Q Rev Biophys 37(2): 195.

Maron, M. B., H. G. Folkesson, et al. (2005). "PH4@livery to the distal lung air spaces
increases alveolar liquid clearance after isopesterinduced alveolar epithelial
PKA desensitization.” Am J Physiol Lung Cell MolyRBlol 289(2): L349-54.

Marshall, E. (1999). "Gene therapy death promptgeve of adenovirus vector." Science
286(5448): 2244-5.

Matsushita, M., K. Tomizawa, et al. (2001). "A higfiiciency protein transduction

system demonstrating the role of PKA in long-lagtiong-term potentiation.” J
Neurosci 21(16): 6000-7.

McConnell, M. J. and M. J. Imperiale (2004). "Bigyoof adenovirus and its use as a
vector for gene therapy.” Hum Gene Ther 15(11)2182.

McNeish, I. A., S. J. Bell, et al. (2004). "Genertpy progress and prospects: cancer
gene therapy using tumour suppressor genes." GeselT(6): 497-503.

Meade, B. R. and S. F. Dowdy (2007). "ExogenoudigiRlelivery using peptide
transduction domains/cell penetrating peptidesV Bdug Deliv Rev 59(2-3):
134-40.

Meier, O. and U. F. Greber (2003). "Adenovirus erydiosis.” J Gene Med 5(6): 451-62.

Mitchell, D. J., D. T. Kim, et al. (2000). "Polyanine enters cells more efficiently than

other polycationic homopolymers.” J Pept Res 5&58-25.

Mitry, R. R., C. E. Sarraf, et al. (2000). "Detectiof adenovirus and initiation of
apoptosis in hepatocellular carcinoma cells afteé/pA3 treatment.” Hepatology
31(4): 885-9.

Mizuguchi, H. and T. Hayakawa (2004). "Targetednad@&us vectors.” Hum Gene Ther
15(11): 1034-44.

61



Morris, M. C., J. Depollier, et al. (2001). "A pége carrier for the delivery of
biologically active proteins into mammalian cellbldture Biotechnology 19(12):
1173-1176.

Morris, M. C., J. Depollier, et al. (2001). "A péte carrier for the delivery of
biologically active proteins into mammalian cellblat Biotechnol 19(12): 1173-
6.

Mountain, A. (2000). "Gene therapy: the first dezadrends Biotechnol 18(3): 119-28.

Mueller, J., I. Kretzschmar, et al. (2008). "Comgpan of cellular uptake using 22 CPPs
in 4 different cell lines." Bioconjug Chem 19(12B63-74.

Nakase, I., M. Niwa, et al. (2004). "Cellular uptadf arginine-rich peptides: roles for

macropinocytosis and actin rearrangement." Mol TI@€6): 1011-22.

Naldini, L. (2011). "Ex vivo gene transfer and @mtion for cell-based therapies.” Nat
Rev Genet 12(5): 301-15.

Nathwani, A. C., R. Benjamin, et al. (2004). "Cuntrstatus and prospects for gene
therapy."” Vox Sanquinis 87(2): 73-81.

Ogawara, K., M. G. Rots, et al. (2004). "A noveattgy to modify adenovirus tropism
and enhance transgene delivery to activated vasentkothelial cells in vitro and
in vivo." Hum Gene Ther 15(5): 433-43.

Otsuka, H., Y. Nagasaki, et al. (2003). "PEGylatadopatrticles for biological and

pharmaceutical applications." Adv Drug Deliv Re(35 403-19.
Ouma, G. O., R. A. Jonas, et al. (2012). "Targetsdelivery methods for therapeutic
angiogenesis in peripheral artery disease." Vast M&3): 174-92.

Pappalardo, J. S., V. Quattrocchi, et al. (200@)ptoved transfection of spleen-derived
antigen-presenting cells in culture using TATp-8pmes." J Control Release
134(1): 41-6.

Parks, R. J. and F. L. Graham (1997). "A helpereddpnt system for adenovirus vector

production helps define a lower limit for efficieDNA packaging." J Virol 71(4):
3293-8.
Patel, L. N., J. L. Zaro, et al. (2007). "Cell pga@ng peptides: intracellular pathways

and pharmaceutical perspectives.”" Pharm Res 24197).-92.

62



Pooga, M., M. Hallbrink, et al. (1998). "Cell peration by transportan.” FASEB J 12(1):
67-77.

Poon, G. M. and J. Gariepy (2007). "Cell-surfacstgmglycans as molecular portals for
cationic peptide and polymer entry into cells." &iem Soc Trans 35(Pt 4): 788-
93.

Ramsey, J. D. (2006). Hybrid gene theapy vectongpeised of synthetic polymer and

noninfectious viruse-like paticles.

Raper, S. E., N. Chirmule, et al. (2003). "Fatategnic inflammatory response syndrome
in a ornithine transcarbamylase deficient patietibwing adenoviral gene
transfer.” Molecular Genetics and Metabolism 80)(1128-158.

Ribotta, M. G. Y. (2001). "Gene therapy strategieseurodegenerative diseases."
Histology and Histopathology 16(3): 883-893.

Richard, J. P., K. Melikov, et al. (2003). "Cellqatrating peptides. A reevaluation of the
mechanism of cellular uptake." J Biol Chem 2788B5-90.

Rowe, W. P., R. J. Huebner, et al. (1953). "Isolatf a cytopathogenic agent from

human adenoids undergoing spontaneous degeneiratisaue culture.” Proc
Soc Exp Biol Med 84(3): 570-3.

Rudolph, C., C. Plank, et al. (2003). "Oligomerghef arginine-rich motif of the HIV-1
TAT protein are capable of transferring plasmid DM#o cells.” J Biol Chem
278(13): 11411-8.

Rux, J. J. and R. M. Burnett (2004). "Adenovirusictiure.” Hum Gene Ther 15(12):
1167-76.

Saalik, P., A. Elmquist, et al. (2004). "Proteimgmdelivery properties of cell-

penetrating peptides. A comparative study." Bioagaie Chemistry 15(6): 1246-
1253.

Saar, K., M. Lindgren, et al. (2005). "Cell-penétrg peptides: a comparative membrane
toxicity study.” Anal Biochem 345(1): 55-65.

Seth, P., M. C. Willingham, et al. (1985). "Bindiofadenovirus and its external proteins
to Triton X-114. Dependence on pH." J Biol Chem (2G(: 14431-4.

Shayakhmetov, D. M. and A. Lieber (2000). "Depermdenf adenovirus infectivity on
length of the fiber shaft domain.” Journal of virgy 74(22): 10274-86.

63



Sheridan, C. (2011). "Gene therapy finds its nitNeat Biotechnol 29(2): 121-8.
Smith, T. A., N. ldamakanti, et al. (2003). "Adeirog serotype 5 fiber shaft influences

in vivo gene transfer in mice." Hum Gene Ther 147@)7-87.

Snyder, E. L., C. C. Saenz, et al. (2005). "Enhdnaggeting and killing of tumor cells
expressing the CXC chemokine receptor 4 by tranbBuanticancer peptides.”
Cancer Research 65(23): 10646-10650.

Suzuki, T., S. Futaki, et al. (2002). "Possiblestemce of common internalization

mechanisms among arginine-rich peptides.” J Bi@d@R77(4): 2437-43.

Tatsis, N. and H. C. Ertl (2004). "Adenoviruses/ascine vectors." Mol Ther 10(4):
616-29.

Terrone, D., S. L. W. Sang, et al. (2003). "Penietrand related cell-penetrating cationic
peptides can translocate across lipid bilayerbeénprresence of a transbilayer
potential." Biochemistry 42(47): 13787-13799.

Thoren, P. E. G., D. Persson, et al. (2003). "Uptaikanalogs of penetratin, Tat(48-60)
and oligoarginine in live cells.” Biochemical antphysical Research
Communications 307(1): 100-107.

Torchilin, V. P. and T. S. Levchenko (2003). "TAipdsomes: a novel intracellular drug
carrier." Curr Protein Pept Sci 4(2): 133-40.

Torchilin, V. P., R. Rammohan, et al. (2001). "TA&ptide on the surface of liposomes

affords their efficient intracellular delivery evahlow temperature and in the
presence of metabolic inhibitors."” Proc Natl Acail 3 S A 98(15): 8786-91.

Tseng, Y. L., J. J. Liu, et al. (2002). "Transleeaatof liposomes into cancer cells by cell-

penetrating peptides penetratin and tat: a kiratat efficacy study.” Mol
Pharmacol 62(4): 864-72.

Verma, I. M. and N. Somia (1997). "Gene therapyremises, problems and prospects.”
Nature 389(6648): 239-42.

Vigne, E., J. F. Dedieu, et al. (2003). "Genetimipalations of adenovirus type 5 fiber
resulting in liver tropism attenuation.” Gene Thé(2): 153-62.

Vigne, E., I. Mahfouz, et al. (1999). "RGD inclusim the hexon monomer provides
adenovirus type 5-based vectors with a fiber kmalependent pathway for
infection.” Journal of Virology 73(6): 5156-5161.

64



Vives, E. (2003). "Cellular uptake [correction aéke] of the Tat peptide: an endocytosis
mechanism following ionic interactions." J Mol Rgodt 16(5): 265-71.

Vives, E., P. Brodin, et al. (1997). "A truncateti/HL. Tat protein basic domain rapidly
translocates through the plasma membrane and atatesiin the cell nucleus." J
Biol Chem 272(25): 16010-7.

Wadia, J. S., R. V. Stan, et al. (2004). "Transoleci AT-HA fusogenic peptide
enhances escape of TAT-fusion proteins after ligftimacropinocytosis." Nat
Med 10(3): 310-5.

Wender, P. A., D. J. Mitchell, et al. (2000). "Tdhesign, synthesis, and evaluation of
molecules that enable or enhance cellular uptadetopd molecular transporters.”
Proc Natl Acad Sci U S A 97(24): 13003-8.

Wickham, T. J. (2000). "Targeting adenovirus.” G&herapy 7(2): 110-114.

Wickham, T. J., P. Mathias, et al. (1993). "Integralpha v beta 3 and alpha v beta 5

promote adenovirus internalization but not virua@iment.” Cell 73(2): 309-19.

Wiley. (2012). "Number of Gene Therapy Clinicalalsi Approved worldwide " The

journal of Gene Medicine, 2012, from

http://lwww.wiley.com//legacy/wileychi/genmed/cliailt.
Wiley. (2012). "Vectors Used in Gene Delivery Ctiall Trial " The journal of Gene

Medicine, 2012, from http://www.wiley.com//legacyleychi/genmed/clinical/.

Wilke, M., E. Fortunati, et al. (1996). "Efficacy a peptide-based gene delivery system
depends on mitotic activity.” Gene Ther 3(12): 1-423

Wright, L. R., J. B. Rothbard, et al. (2003). "Giganium rich peptide transporters and
drug delivery." Curr Protein Pept Sci 4(2): 105-24.

Wu, C. H., J. M. Wilson, et al. (1989). "Targetiggnes: delivery and persistent

expression of a foreign gene driven by mammaligulsgory elements in vivo." J
Biol Chem 264(29): 16985-7.

Yang, Y., X. Wang, et al. (2006). "Human Sgol isanellent target for induction of
apoptosis of transformed cells.” Cell Cycle 5(86®01.

Zaia, J. A. (2007). "The status of gene vectorgtertreatment of diabetes." Cell
Biochemistry and Biophysics 48(2-3): 183-190.

65



Zaro, J. L. and W. C. Shen (2003). "Quantitativeaparison of membrane transduction

and endocytosis of oligopeptides.” Biochem BiopRgs Commun 307(2): 241-7.

Ziegler, A., X. L. Blatter, et al. (2003). "Protetransduction domains of HIV-1 and SIV
TAT interact with charged lipid vesicles. Bindingeaihanism and thermodynamic
analysis." Biochemistry 42(30): 9185-94.

Ziegler, A., P. Nervi, et al. (2005). "The catiomell-penetrating peptide CPP(TAT)
derived from the HIV-1 protein TAT is rapidly trgmarted into living fibroblasts:
optical, biophysical, and metabolic evidence." Bieaistry 44(1): 138-48.

Ziegler, A. and J. Seelig (2004). "Interactionoé fprotein transduction domain of HIV-1
TAT with heparan sulfate: binding mechanism andrtielynamic parameters.”

Biophys J 86(1 Pt 1): 254-63.

Zorko, M. and U. Langel (2005). "Cell-penetratirgpides: mechanism and kinetics of
cargo delivery." Adv Drug Deliv Rev 57(4): 529-45.

Zubieta, C., G. Schoehn, et al. (2005). "The stmgcof the human adenovirus 2 penton.”
Mol Cell 17(1): 121-35.

Zuhorn, I. S., W. H. Visser, et al. (2002). "Inendnce of serum with lipoplex-cell

interaction: modulation of intracellular processingiochim Biophys Acta
1560(1-2): 25-36.

66



VITA
Adane Sebsibe Nigatu
Candidate for the Degree of
Master of Science

Thesis: EVALUATION OF CELL PENETRATING PEPTIDE/ADEBVIRUS
PARTICLES FOR  TRANSDUCTION OF CAR-NEGATIVE CEB

Major Field: Chemical Engineering
Biographical:
Adane Sebsibe Nigatu was born in Addis Ababa, fpihion June 6, 1983
to Tirsit Asfaw Amare and Sebsibe Nigatu. He grernuAddis Ababa,
Ethiopia with his brother and four sisters.

Education:

Completed the requirements for the Master of Seen€hemical Engineering
at Oklahoma State University, Stillwater, Oklahom@®ecember 2012

Completed the requirements for the Bachelor ofri&aen Chemical
Engineering at Bahir Dar University, Bahir Dar, ittia in July, 2006

Experience:

Worked as a Graduate Research and Teaching Assastére School of
Chemical Engineering, Oklahoma State Universitillv&ter, Oklahoma from
January, 2009 to December, 2012

Professional Memberships:

Active member of AIChE

Active member and officer of ChEGSA

Member of Omega Chi Epsilon (American honor socfetychemical
engineers)



