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Front cover picture: Detection of baculoviruses displaying EGFP on their capsids (green). The nuclei of DMEM
cultured Ea.hy926 cells were recognized by anti-lamin A/C antibody (red).

Back cover picture: Detection of intermediate filaments (vimentin) (red). The nuclei of DMEM cultured Ea.hy926
cells were stained with DAPI (blue).
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ABSTRACT

Gene therapy involves the transfer of genetic material into a cell, tissue or whole organ in order to cure a
disease or to improve the clinical status of the patient. The aim of this thesis was to enhance and extend
the transient gene expression properties of baculovirus. In addition, the effect of cytoskeleton on the
baculoviral transduction of mammalian cells was studied.

We found that the high and long-term production of cre-recombinase is toxic to mammalian cells.
In addition, the cre-recombinase gene cloned under a mammalian promoter was expressed also in E.coli
causing serious problems in the cloning procedures. In order to prevent the side effects, an optimized
expression cassette was successfully constructed for the cre-recombinase to be used in all applications of
Cre-loxP technology.

The transgene expression varies often in baculovirus-mediated transduction and is generally
lower in cell types other than those of hepatic origin. We found that the woodchuck hepatitis virus post-
transcriptional regulatory element (WPRE) boosted transgene expression. Culture conditions were also
found to have a strong effect on the transduction efficacy. The highest gene expression was achieved with
the combination of optimized cell culture medium together with a WPRE-bearing virus.

The cytoskeleton network is an essential structure regulating the transport of viral DNA to the
nucleus in gene delivery. We clarified the mechanism behind the effect of the cell culture medium. The
results suggested that the optimized culture medium mediates the reorganization of the vimentin network
in the cells which leads to improved access of baculoviral nucleocapsids into the nucleus.

Baculovirus-mediated gene expression is transient. Baculoviruses have many advantages
compared with viral vectors capable for long-term transgene expression. Baculoviruses are neither
replicative nor pathogenic for vertebrate cells and have a large capacity for incorporation of foreign
genes. Therefore, we generated a baculovirus-Epstein-Barr hybrid vector in order to achieve sustained
transgene expression in mammalian cells.

In conclusion, novel baculoviruses were developed resulting in increased and prolonged gene
expression in vertebrate cells. In addition, this thesis provides new insights concerning the nuclear entry
of baculoviruses in mammalian cells.

Universal Decimal Classification: 577.218, 578.841
National Library of Medicine Classification: QZ 52, QU 470, QU 475, QW 51, QW 165, QU 350

Medical Subject Headings: Gene Therapy; Gene Transfer Techniques; Genetic Vectors; Transduction, Genetic;
Baculoviridae; Gene Expression; Transgenes; Recombinases; Integrases; Herpesvirus 4, Human; Hepatitis B Virus,
Woodchuck; Regulatory Elements, Transcriptional; Culture Media; Cytoskeleton; Intermediate Filaments;
Vimentin; Nucleocapsid; Butyric Acid
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TIIVISTELMA

Geeniterapian pyrkimyksend on siirtdd geneettistd materiaalia soluihin tai kudokseen ja ndin
hoitaa tai lievittd sairauden aiheuttamia oireita. Geeninsiirtoon kédytetdén seka viruksiin pohjautuvia etta
synteettisia vektoreita eli geeninkuljettimia. Tdassd vaitoskirjassa olen tutkinut hyonteisviruksen
(bakulovirus) toimintaa nisékéssoluissa ja pyrkinyt muokkaamaan siina olevan siirtogeenin ilmentymista
ja ilmentymisen kestoa paremmin geeninsiirtoon soveltuvaksi.

Vaitoskirjan ensimmaéisessa osatydsséd havaittiin korkean ja pitkékestoisen Cre-rekombinaasin
ilmentymisen olevan toksista nisakdassoluille. Liséksi ongelmaksi muodostui Cre:td ilmentdvén
nisdkdssoluissa toimivan viruspromoottorin (CAG) toimiminen myds bakteerisoluissa (E.coli). Tama
aiheutti vakavia ongelmia vektoreiden tuottamisessa. N&md ongelmat ratkaistiin optimoimalla Cre:n
ilmenemiskasettia siten, ettd ilmentyminen tapahtui vain nisék&ssoluissa, ja sielldkin ilmentyminen oli
viéliaikaista ja rajoitettua. Tat4 uutta ilmenemiskasettia voidaan k&yttad kaikissa Cre-loxP teknologian
sovellutuksissa. Tdm4 kasetti oli my0s oleellinen osa neljannen osatyon bakulovirusvektoria.

Siirtogeenin ilmentyminen vaihtelee bakulovirusvélitteisessa geeninsiirrossa ja on yleensd
heikompi muissa kuin maksaperdisissd soluissa. Toisessa o0sajulkaisussa geenin ilmentymista
voimistettiin liittdméalla metsdmurmelin hepatiittiviruksen post-transkriptionaalinen saatelyelementti
(WPRE) osaksi bakuloviruksen ilmentymiskasettia. Liséksi soluviljelymediumilla, jossa transdusoituvia
soluja kasvatettiin, havaittiin olevan merkittdva vaikutus transduktiotehokkuuteen. Paras siirtogeenin
ilmentyminen saatiin aikaan yhdistdméalla optimoitu soluviljelymedium ja muokattu bakulovirus, joka
sisélsi WPRE- saatelyelementin.

Nisékéssolujen sisaltdimé tukiranka on olennainen ja tdrked osa solun toimintaa. Tama
tukiverkosto sadatelee mm. virusten perimdaineksen kuljetusta solukalvolta tumaan. Kolmannessa
osajulkaisussa tutkittiin syitd ja mekanismia soluviljelymediumin aiheuttamaan tehostuneeseen
geeninilmentymiseen. Tulokset osoittivat, ettd optimoitu soluviljelymedium aiheuttaa solujen
tukiverkoston (vimentiinin) uudelleenjérjestymistd ja helpottaa ndin bakuloviruksen perimdaineksen
padsyd tumaan, mik& parantaa geeninsiirtotehokkuutta. Liséksi havaittiin, ettd soluviljelymedium
vaikuttaa positiivisesti myds muiden geeniterapiassa yleisesti kdytettavien virusten tehoon.

Bakulovirusvélitteinen  geeninsiirto  johtaa lyhytkestoiseen siirtogeenin  ilmentymiseen.
Bakuloviruksella on kuitenkin monia etuja, jotka puuttuvat kdytdssa olevista siirtogeenin pitkékestoiseen
ilmenemiseen kykenevistd vektoreista. Neljannessa osajulkaisussa kehitettiin bakulovirus-Epstein-Barr —
hybridivirus pitk&aikaista geeninilmentymistd varten. Tdma vaitoskirjatyo edistad osaltaan bakulovirusten
kehitysty6téa geeniterapian tarpeisiin. Tuloksia voidaan soveltaa myds laajemmin.

Yleinen suomalainen asiasanasto: geeniterapia; geenitekniikka; geenit; bakulovirukset; Epstein-Barrin virus
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1 INTRODUCTION

In 2007 alone, 7.9 million (around 13 % of all deaths) individuals died from cancer.
Moreover, the number of new cases is expected to increase over next decade reaching 12
million people in year 2030. In Finland, cancer was responsible for the deaths of 11 000
(22 % of all deaths) and cardiovascular diseases killed more than 21 000 (42 %) people in

2005 (http://www.who.int/en/). These alarming numbers are the basis for identifying

new methods to cure these diseases in conjunction with conventional treatments. One
new such promising technology is gene therapy.

Gene therapy is the application of molecular medicine to treat a disease. The
basic idea of gene therapy is simple: to introduce nucleic acids into target cells or tissues
resulting in either a full recovery from the disease or a slowdown in the progression of
the disease. The major limiting factors in gene therapy are safety, efficacy, specificity
and immune response against a vector.

More than 66 % of all vectors used in gene therapy trials are based on viruses

(http://www.wiley.com/legacy/wileychi/genmed/clinical/). Viruses possess an inherent

tendency for gene delivery and consequently the most popular gene therapy vectors are
genetically modified human viruses such as adenoviruses (Ads) and retroviruses. These
virus-based vectors have their own characteristic benefits, drawbacks and preferred
applications. Therefore the search for potential new virus vectors is still on-going.

Baculoviruses are a large group of insect infecting DNA viruses characterized by
the rod-shaped morphology of their virion. They have been used as biopesticides and as
tools for efficient recombinant protein production in insect cells. Baculoviruses are also
capable of entering into a wide spectrum of vertebrate cells making them a potential
new tool for gene delivery.

In this work, we developed novel baculoviral vectors for enhanced and long-
term gene delivery. We studied the feasibility of post-transcriptional regulatory element
and optimized culture conditions in order to enhance transgene expression of
baculovirus. The mechanism behind the positive medium effect is probably due to the
reorganization of intermediate filaments (vimentin), which leads to improved access of

baculoviral capsids into the nucleus. In addition, we created a baculovirus-Epstein-Barr



hybrid virus which combines the advantages of the baculovirus vector and prolonged

episomal gene expression achieved by the Epstein-Barr virus-based episome.

2 REVIEW OF THE LITERATURE

2.1 Gene therapy

Gene therapy was first defined as being a technique for correcting defective gene or
genes responsible for disease development. Nowadays it is defined as a delivery of
genetic material to somatic cells in order to treat, prevent or slow down disease. Several
approaches can be used in gene therapy: replacement of a mutated gene with a healthy
copy of the gene, inactivation of the mutated gene or introduction of a new gene into
the body to combat disease.

The first clinical gene therapy trial was started in 1989 (Rosenberg et al., 1990). In
this study, the patients with an advanced cancer were given a retrovirus containing
neomycin as a marker transgene. The first successful and encouraging clinical gene
therapy treatment in order to treat adenosine deaminase (ADA) deficient in a four-year
old patient occurred on September 14 in 1990 at the U.S. National Institutes of Health
(Blaese et al., 1995). Retroviruses were used to carry the correct human ADA gene to the
T-lymphocytes. Since then, the number of clinical trials has increased and today more
than 1579 approved gene therapy trials have been registered. The greatest proportion of
these trials (over 64 %) is cancer related and often carried out using terminally-ill
patients (www.wiley.co.uk/genmed/clinical). Most clinical trials are in phase I or II, less
than 3.5 % being in the Phase IIl. Most gene therapy trials are performed in USA (64.8
%) and Europe (29 %), but also Asia (3.4 %) is a new growing player in this field (Jia and
Kling, 2006).

The gene therapy field has also encountered some failures (Hughes, 2007). In
1999, an 18-years old youth, Jesse Gelsinger, died in a gene therapy trial of ornithine
transcarbamylase deficiency (OTCD) at the University of Pennsylvania. Gelsinger’s
death was proven to be caused by the Ad used in the trial (Raper et al., 2003). In 2003,
French scientist reported that three children of nine developed leukemia in a trial of

severe combined immunodeficiency (SCID) trial (Hacein-Bey-Abina et al., 2003a). The



leukemia was demonstrated to have been caused by vector (Moloney murine leukemia
virus) integration leading to the activation of the growth-promoting proto-oncogenes
which caused clonal T-cell proliferation (insertional mutagenesis) (Hacein-Bey-Abina et
al., 2003a; Hacein-Bey-Abina et al., 2003b). Later, a fourth case of leukemia was
observed in the same trial and since then one of these children has died (Hacein-Bey-
Abina et al., 2008). In addition, one out of 10 children developed leukemia in a similar
SCID gene therapy trial conducted in London (Howe et al., 2008). In this case, leukemia
was caused by the activation of the proto-oncogene (LIM domain only 2; LMO2). This
same gene was also dysregulated in a number of the severe adverse events in the
French trial (Hacein-Bey-Abina et al., 2008). In 2007, a 36-year-old woman, Jolee Mohr,
died in a gene therapy trial of rheumatoid arthritis in the University of Chicago Medical
Center. Mohr’s death was not linked to gene therapy; experts claim that the AAV-vector
used in the trial was unlikely to be responsible. The recombinant DNA advisory
Committee noted that Mohr apparently died from a fungal infection and a large blood
clot. She was also taking anti-inflammatory drugs (Kaiser, 2007, Williams, 2008).
However, these adverse events are rare when one takes into account the large number
of on-going trials (1579 trials in December 2009). Indeed, gene therapy can be
considered as a safe treatment compared with the conventional therapies. For example
2 million US citizens suffer drug interactions each year and about 5 % of these
individuals die because of drug toxicity (Lazarou et al., 1998).

The first commercial gene-therapy drugs for anti-cancer gene therapy were
launched recently in China (Guo and Xin, 2006). The first approved product was
Gendicine (Shenzhen SiBiono GeneTech Co. Ltd.), which consists of a replication-
defective adenoviral vector engineered to express p53, leading to the death of tumor
cells (Peng, 2005). The second commercially available gene therapy vector is the
oncolytic Ad H101 (Sanghai Sunway Biotech Co. Ltd.), which kills tumor cells
oncolytically (Lu et al., 2004a). These first therapeutics indicate that gene therapy is
becoming part of modern medicine and will soon represent an alternative to the present
clinical treatments. The first western world approved novel gene therapy drugs are

expected to enter the markets soon (Osborne, 2008).



2.2 Gene transfer vectors

2.2.1 Introduction

Gene transfer means the delivery of nucleic acid encoding for a therapeutic or marker
protein (gene/s) to the target cells. The administration of gene/s requires a
transportation vehicle, called a vector, which encapsulates the gene/s and carries the
gene into the target cell. The vector binds to the target receptor and is internalized. The
genome containing the desired gene/s is then transported into the cell nucleus, where it
is expressed episomally or is integrated into the host cell genome. Every step in this
entry process and the subsequent expression of the gene/s represent potential barriers
to successful gene therapy (Figure 1).
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Figure 1. The challenge of gene delivery. The efficient gene transfer and transgene expression is a
consequence of successful and accurate design of the vector and expression cassette.



The ideal gene transfer vector would target to a desired tissue at an adequate
transduction efficiency and causes transient or stable therapeutic gene expression
without any side effects. None of currently used vectors fit fully into a definition of
ideal vector: they have their own advantages, weaknesses and applications. A
comparison between baculovirus and the most commonly used gene transfer vectors is
shown on the table 1.

Table 1. Characteristics of the commonly used gene transfer vectors compared to baculovirus (Thomas et
al., 2003; Waehler et al., 2007; Schaffer et al., 2008).

Size Capacity ~ Duration of ~ Advantages Disadvantages Clinical

(nm) (kb) expression Applications
Baculovirus  25-50 x >100 Transient High titers Large size, Immunogenic Protein and vaccine
(ACMNPV) 250 - 300 Large capacity production

Non-human pathogen
Easy production

Ad 70 -100 <8 Transient High titers Pre-existing immunity Cancer
Broad tropism Targeting Cardiovascular
High expression profile Risk for replication disease
Safe, well tolerated competent virus formation
Retrovirus 100 <10 Stable Stable gene expression Risk of insertional Genetic diseases
(MuLV) mutagenesis Central nervous
and Risk for replication system
Lentivirus competent virus formation Hematopoietic
(HIV) system
AAV 18-26 <5 Stable Non-pathogenic Production difficult Cystic fibrosis,
Small Risk of insertional Hemophilia B,
Stable gene expression mutagenesis central nervous
Small capacity disease
Non-viral Variable Unlimited  Transient Low toxicity Low efficiency, Melanoma

Simple production
No insert limit

Abbreviations: MuLV, murine leukemia virus.

Many vectors, viral and non-viral, are used in gene therapy studies and clinical
trials (Figure 2). Currently the most popular vectors in clinical trials are adeno- and
retroviruses representing 44.7 % of all vectors used. Gene types transferred in gene
therapy trials are mostly antigens or cytokines, representing 38.2 % of all used genes
with most common indications addressed by gene therapy clinical trials being cancer
diseases, representing 64.5 %.



Vectors Used in Gene Therapy Clinical Trials 'j_\*:'.'

Adenovirus 23.9% (n=387)
Retrovirus 20.8% (n=336)
MNaked/Plasmid DNA 17.7% (n=287)
Vaccinia virus 8% (n=129)
Lipofection 6.7% (n=109)

Poxvirus 5.7% (n=93)
Adeno-associated virus 4.4% [n=71)
Herpes simplex virus 3.4% (n=55)
RMNA transfer 1.4% (n=23)

Other categories 4.8% (n=77)
Unknown 3.2% (n=51)
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Figure 2. Vectors used in clinical gene therapy trials (http://www.wiley.co.uk/genmed/clinical/).

2.2.2 Adenoviruses

Human Ads belong to Adenoviridae family (DNA virus, genome of 35 kb), which
consists of more than 50 serotypes (6 subgenera: A through F) (Figure 3). They can
infect a wide range of organs such as the respiratory tract, eye, urinary bladder,
gastrointestinal tract and liver. Wild type virus causes infections in humans i.e.
respiratory tract infections, conjunctivitis, cystitis and gastroenteritis (Horwitz, 2001;
Douglas, 2007). Ads enter the host by clathrin-mediated endocytosis (Leopold and
Crystal, 2007), but some other routes have also been suggested (Meier and Greber,
2004). Infection is mediated by binding of the fiber knob region to a receptor on the
target cell. The receptor is the Coxsackie—Ad receptor (CAR) for most serotypes (e.g. Ad
5) (Roelvink et al., 1998). Internalization of the virus is mediated by the interaction of a
penton-base Arg-Gly-Asp (RGD) motif and cellular avp integrins, which leads to
endocytosis of the virion via clathrin coated pits (Wickham et al., 1994). The next steps
in Ad entry are acidification of the clathrin-coated vesicles, dismantling and endosomal
escape of capsids to cytosol and intracellular movement toward nucleus using
microtubules and dynein motors. In the late stage of infection, the capsids dock at the
nuclear pore complex (NPC) and the viral DNA is carried into the nucleus (Medina-
Kauwe, 2003).



Ad vectors used in gene therapy are replication deficient (deletion of their E1A
and E1B essential genes for replication) and most vectors are derived from Ad serotype
5 (subgenera C) (Graham and Prevec, 1995); however, other Ad vectors like Ad2, Ad7
and Ad4 as well as nonhuman Ads have also been studied (Stone and Lieber, 2006;
Stone et al., 2007). Transgenes of up to 7.5 kb can be incorporated into these vectors.
With so-called gutless vectors (all Ad genes deleted), the capacity is over 30 kb
(Schiedner et al., 1998; Alba et al., 2005).

Hexon

VII
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Figure 3. Schematic representation of adenoviral particle. Viral DNA associated with pV, pVII and TP
proteins (Sonabend et al., 2006). Abbreviations: pV, protein V; pVII, protein VII; TP, terminal protein.

Ad vectors have been shown to mediate efficient gene delivery to the
vasculature, cardiac myocytes, liver, lung, central nervous system and skeletal muscle
(Kozarsky and Wilson, 1993; Huard et al., 1995). The major advantages of Ads are easy
generation of high titer viral stocks (102 — 10% virus particles per ml), ability to infect
post mitotic cells, broad host cell range, efficient gene delivery and the fact that they do
not integrate into the host genome. The greatest limitation of Ad-mediated gene transfer
is transient gene expression, which is a too short to cure genetic diseases. In addition, a
pre-existing or an acquired immune response against the vector or transduced cells
could be harmful (Bessis et al., 2004; Nazir and Metcalf, 2005). A number approaches
have been devised in attempts to reduce the immune response to Ad vectors, prolong



transgene expression and enhance the efficiency of readministration. By changing the
serotype (Stone and Lieber, 2006), minimizing gene content (gutless Ad) (Alba et al.,
2005), creating chimeric vectors (Tsuruta et al, 2007) or modified tropism/targeting
(Wickham, 2000), these challenges may be overcome.

Ads have already shown their capability for gene therapy. Replicating human
Ads were used as an anti-cancer agent in 1956 to treat patients with advanced
epidermal carcinoma of the cervix (Huebner et al., 1956). Subsequently non-replicating
adenoviral vectors have been used in different kinds of gene therapy trials

(http://www.wiley.com/legacy/wileychi/cenmed/clinical/). In 2009, Ad vectors have

been employed in one-fourth of clinical trials worldwide (387 of 1579) with most of
these Ad applications being in the field of cancer or cardiovascular disease. The lack of
sustained expression is not problematic in these applications. Conditionally replicative
Ads, which exhibit tumor specific amplification and lysis of the cancer cells, were also
shown to have potential in treating certain human tumors (Sonabend et al., 2006). The
first commercial adenoviral gene-therapy drugs for anti-cancer gene therapy were
recently launched (Gendicine and Oncorine) (Guo and Xin, 2006) and several (e.g.
Cerepro, Advexin and TNFearade) Ad based vectors are in the final clinical phase
(Phase III) and close to marketing approval outside of China (Osborne, 2008; Duzgunes,
2008).

2.2.3 Retro- and lentiviruses

Retroviruses belong to Retroviridae family (linear single stranded-RNA genome, 7-11 kb)
consisting seven different genuses (alpha retro-, beta retro-, gamma retro-, delta retro-,
epsilon retro-, lenti- and spumavirus) (Baum et al., 2006). They can infect a wide range
of vertebrates. This large group of viruses causes a wide variety of different diseases
including an array of malignancies, immunodeficiencies (e.g. AIDS) and neurologic
disorders (Goff, 2001).

Retroviruses are enveloped viruses having a single stranded RNA genome and
they replicate via a DNA intermediate. The DNA genome can then be integrated into
the host genome with an integrase enzyme and they replicate as part of the cell’s DNA.
A viral genome comprises genes for viral structural proteins (gag, pol and env) and
more complex retroviruses contain also some regulatory/accessory genes (tat, rev, tev,
vif, nef, vpr and vpu) (Baum et al., 2006). Transduction begins by the recognition of a
surface receptor (e.g. HIV recognize multiple receptors: heparin sulfate proteoglycan,



CD4, chemokine receptors) that allows fusion with the cell membrane (e.g. membrane
fusion for HIV) or receptor-mediated endocytosis in the case of pseudo typed viruses
(Anderson and Hope, 2005). Subsequently, the ribonucleoprotein complex is released
into the cytoplasm (Mondor et al.,, 1998; Freed and Mouland, 2006). In the cytoplasm,
the viral RNA genome is reverse transcribed into cDNA within a reverse transcription
complex (RTC) and the resulting cDNA within a preintegration complex (PIC) is
transported via microtubules (dynein) into the nuclear envelope. The preintegration
complex is then transported through NPC into the nucleus wherein the viral cDNA
integrates into the cellular genome (Anderson and Hope, 2005).
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Figure 4. Schematic presentation of HIV-1 (Greene and Peterlin, 2002).

Unlike other retroviruses, lentiviruses are capable of infecting non-dividing cells.
Most of the lentiviral vectors used are derived from the human immunodeficiency
virus-1 (HIV-1) (Figure 4), but non-human simian, equine, bovine and feline
immunodeficiency viruses have also been investigated. These replication-deficient virus
vectors contain less than 5 % of the original viral genome. Long-term transgene
expression has been obtained in brain, liver, hematopoietic stem cells, lymphocytes (T-
cells) and muscle (Felder and Sutton, 2009). The safety of vectors is improved by the
development of self-inactivating (SIN) vectors which avoid possible insertional
activation of cellular oncogenes (Yu et al., 1986; Dull et al., 1998).

Lentiviruses possess several useful features, such as the capability of transducing
quiescent cells, and long-term transgene expression, that make them attractive as a gene
transfer vector. The greatest limitations of lentivirus-mediated gene transfer are the

preparation of high titers and safety concerns like insertional mutagenesis and their
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derivation from the pathogenic HIV-1 (Hacein-Bey-Abina et al., 2003a). One of the
major challenges is to control the integration risk of lentiviral vectors (e.g. by directed
integration by fusion protein or using nonintegrating vector) (Vargas, Jr. et al.,, 2004;
Ciuffi et al., 2006).

In the very first clinical gene therapy treatment conducted in 1990, retroviruses
(gamma-retrovirus) were used for gene transfer (Blaese et al., 1995). The ADA gene was
introduced into the T-lymphocytes of ADA-deficiency patients (SCID-ADA).
Subsequently gamma retroviruses treated hematopoietic stem cells have been
successfully used to cure also X-linked severe combined immunodeficiency (SCID-X1)
and chronic granulomatous disease patients (Cavazzana-Calvo et al.,, 2000; Aiuti et al.,
2002; Ott et al., 2006; Cavazzana-Calvo and Fischer, 2007; Kohn, 2007).

Lentiviruses have been used to combat HIV by a variety of approaches such as
inducible suicide gene, antisense RNA and RNAi therapy (siRNA/shRNA) (Dropulic et
al., 1996, Novina et al.,, 2002; Poluri et al., 2003; Lu et al.,, 2004b) but also against
disorders affecting hematopoietic and neuronal cells (Schambach and Baum, 2008). The
first clinical trial using a lentiviral vector against HIV was started in USA in 2003. The
results from the phase I trial indicated that the procedure was well tolerated and no
adverse effects were detected (Levine et al., 2006; Dropulic and June, 2006). Two other
clinical trials using lentiviral vecotors have been conducted to treat patients suffering
from B-thalassemia (Bank et al., 2005) and adrenoleukodystrophy (Cartier, 2001; Cartier
and Aubourg, 2008). Furthermore, two clinical trials (against SCID-X1) using safety-
improved retro- and lentiviruses are starting soon in USA (Williams, 2009). The first
clinical trial using a non-HIV based lentiviral vector (equine immunodeficiency virus)
for the treatment of Parkinson’s disease (http://www.oxfordbiomedica.co.uk/) has also
been conducted (Azzouz et al., 2002).

2.2.4 Adeno-associated viruses

Adeno-associated viruses (AAV) belong to the Parvoviridae family within the genus of
Dependovirus (single- stranded DNA genome, 4.7 kb). AAV was originally observed as a
contaminant of a laboratory preparation of Ads and later isolated also from humans
(Atchison et al., 1965; Grossman et al, 1992). AAV requires helper virus (Ad or
herpervirus) functions to replicate. They are non-pathogenic to humans and can
transduce a wide range of cells e.g. muscle, liver, brain and vasculature, providing long-

term expression of the transgene (Carter et al., 2009). In order to achieve cell entry,
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AAV-2 can use several receptors like heparin sulfate proteoglycans, avf3s integrin and
human fibroblast growth factor receptor 1 (Summerford and Samulski, 1998;
Summerford et al., 1999; Qing et al., 1999). AAV2 is endocytosed via clathrin-dependent
receptor-mediated endocytosis (Ding et al., 2006). There is also some evidence that AAV
may utilize multiple mechanism for cell entry (Duan et al., 1998).

There are 11 known serotypes of AAV and more than 100 human and nonhuman
capsid sequence variants have been characterized (Wu et al., 2006). Serotype 2 (AAV2)
has been most extensively examined in gene therapy thus far. AAV2 has a natural
tropism towards certain tissues e.g. muscle, lung, retina, neurons, vascular smooth
muscle cells and hepatocytes (Wu et al., 2006). AAV-5 has tropism for airway epithelial
cells, neurons and astrocytes and AAV-6 and AAV-8 for most muscle groups (Carter et
al., 2009). AAV-9 has been used to prevent hereditary cardiomyopathy (Goehringer et
al., 2009).

The advantages of AAV are long-term gene expression (either integrated or
episomal) and non-pathogenic in humans (Nakai et al., 2001; Goncalves, 2005). There is
also some limitations like pre-existing immunity, challenge in producing high titer viral
preparations without helper virus contaminations, low transgene capacity (4.9 kb) for
some applications, risk for insertional mutagenesis and neutralizing antibodies against
AAVs (Goncalves, 2005; Mingozzi and High, 2007; Williams, 2008). One of the major
development areas in AAV technology is to create a more sophisticated production
system for AAV vectors and applying these different serotypes appropriately for gene
therapy applications (Negrete and Kotin, 2007).

AAV vectors have been used in treating a wide variety of diseases e.g. for
treatment of cystic fibrosis, hemophilia B, arthritis, HIV (as a vaccine), muscular
dystrophy, Parkinson’s disease and prostate cancer (Carter, 2005). The first AAV vector
used in a clinical trial was the AAV-2 vector expressing the cDNA of cystic fibrosis
transmembrane conductance regulator gene to treat cystic fibrosis patients (Wagner et
al., 2002). Most of the clinical trials have used AAV-2 but interest in serotypes AAV-2.5
and AAV-1 is increasing (Carter, 2005).
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2.2.5 Non-viral systems

Non-viral gene delivery systems can be divided into those using physical methods,
synthetic vehicles and other means of delivery (Gao et al., 2007). Physical methods
(carrier free method) use naked plasmids which are delivered by methods such as
injection, gene gun, hydrodynamic delivery, electroporation, sonoporation, laser
irritation or magnetofection (Mehier-Humbert and Guy, 2005; Dobson, 2006). In
synthetic vehicles, DNA is shielded and packaged into several different natural or
synthetic compounds (carriers) to facilitate cellular uptake and intracellular release
(Figure 5) (Karmali and Chaudhuri, 2007; Wolff and Rozema, 2008; Ruponen et al.,
2009). The synthetic vehicles are further divided into lipoplexes (cationic lipid/DNA
complex) (Felgner et al., 1987), polyplexes (cationic polymers/DNA complex) (Wu and
Wu, 1987) or lipid-polymer hybrids. These lipid-polymer hybrids include DNA
precondensed with polycations, then coated with either cationic liposomes, anionic
liposomes or amphiphilic polymers w/o helper lipids (Gao et al., 2007). These vectors
try to mimic viral vectors in terms of assembly and cellular delivery.
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Figure 5. Cationic carrier. Cationic lipids and DNA are mixed to form complexes that can enter cell by
endocytosis (Schmidt-Wolf and Schmidt-Wolf, 2003).
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Non-viral vectors have many advantages over viral vectors such as easy large-
scale production, large transgene capacity, safety and simplicity. Although significant
progress has been made in the field of non-viral systems, the majority of these systems
are still less efficient than viral vectors, especially for in vivo gene delivery. The major
bottlenecks are the release of DNA-complexes from the endosomes, toxicity and
immune responses against different complexes (Ruponen et al, 2003; Wolff and
Rozema, 2008). Attempts have been made to circumvent these problems by the use
dioleyl phosphatidylethanolamine (DOPE) (Farhood et al., 1995), polyethyleneimine
(PEI) (Boussif et al., 1995) or polyethyleneglycol (PEG) (Kichler, 2004). Inclusion of
dioleyl phosphatidylethanolamine is believed to increase membrane fluidity and
facilitate lipid exchange and membrane fusion between lipoplexes and the endosomal
membrane (Litzinger and Huang, 1992), whereas polyethyleneimine raises the osmotic
pressure of the edosomes causing these vesicles to swell and rupture ("proton sponge
hypothesis") (Sonawane et al., 2003).

Even though most clinical trials use viral vectors, as many as 17.7 % of all clinical
trials have been carried out with naked/plasmid DNA. Ten of these trials are in the final
clinical phase III (http://www.wiley.co.uk/genmed/clinical/). One of the most promising

approaches (against metastatic melanoma) is a plasmid/lipid complex encoding human
histocompatibility leukocyte antigen (HLA-B7) and £2 micro globulin, which are
believed to cause an immune response against metastatic tumors (Bedikian and Del,
2008).

2.3 Baculoviruses

2.3.1 General aspects

Baculoviruses (Latin baculum means “stick’) are large, double-stranded DNA (80-180 kb)
containing insect viruses. More than 600 species are known, which infect permissively
only arthropod hosts (insects, arachnids, crustaceans and others). Baculoviruses are
common in nature and the food that we consume. Baculoviruses have a long history
having been recognized for hundreds of years. As early as 1856, polyhedral inclusion
bodies were observed when insect tissues was examined under the microscope
(Cornalia, 1856; Summers, 2006). At present, no diseases have been linked to

baculoviruses in any organism outside the phylum Arthropoda (Miller, 1997).
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Baculoviruses have been studied since 1920s as biopesticides (Black et al., 1997)
and therefore a considerable amount of data is available about their biology (Miller,
1997) and biosafety (Burges et al.,, 1980). The baculovirus expression vector system
(BEVS) became a popular choice for recombinant protein production during the late
1980s and early 1990s with a large number of commercially available reagents (O'Reilly
et al, 1994). Nowadays, many pharmaceuticals and biotechnology companies are
utilizing baculovirus based protein production systems in their drug discovery process.
After 1985, when the first successful in vitro gene transfer by a recombinant
baculoviruses was accomplished (Carbonell et al., 1985), baculoviruses started to be
examined more as a gene therapy vector. The first in vivo gene transfer attempts into the
liver of rats and mice were conducted in 1995 (Sandig et al., 1996).

The prototype of the family Baculoviridea and the most extensively studied
baculovirus is the Autographa californica multiple nucleopolyhedrovirus (AcMNPV). Its
genome (~134 kb) has been sequenced and predicted to contain 154 open reading
frames (Ayres et al, 1994). Although the 3-dimensional structure remains to be
determined, the components of its cigar-shaped loosely enveloped virion are fairly well
known and have been extensively studied (Funk et al., 1997; Slack and Arif, 2007). The
Vp39, p80, and p24 represent the major capsid proteins of AcMNPV (Figure 6). The
vp39 is known to be randomly distributed over the capsid surface. The major envelope
glycoprotein of the budded and occlusion derived virion form of baculovirus are gp64
and p74, respectively. The gp64 is believed to be responsible for the formation of
peplomer structures at one end of the virion.

2.3.2 Structure

The double-stranded circular DNA genome (80-180 kb) of baculoviruses is condensed
into a nucleoprotein structure known as a core. The core is located within a flexible rod-
shaped capsid, averaging 25-50 nm in diameter and 250-300 nm in length and can
expand relatively freely to accommodate even very large recombinant molecules. The
core and the capsid are known collectively as the nucleocapsid. Membrane enveloped
nucleocapsids are referred to as virus particles or virions (Figure 6).

Traditionally baculoviruses are divided into two morphologically distinct
genera: nuclear polyhedrosis viruses (NPVs) and granulosis viruses (GVs). In the NPV

group, virions that obtain an envelope from nuclear membrane are occluded within a
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paracrystalline protein matrix (occluded virions), forming large (1-15 um) polyhedral
inclusion bodies (PIBs) containing multiple virions. NPVs are further distinguished on
the basis of whether they contain a single nucleocapsid (single nucleopolyhedrovirus;
SNPV) or multiple nucleocapsids (multiple nucleopolyhedrovirus; MNPV) per
envelope in the polyhedrin matrix. In contrast to NPVs, GVs have only a single virion
embedded in a very small inclusion body (O'Reilly et al., 1994).
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Figure 6. The schematic structure of budded virus (Airenne et al., 2009).
2.3.3 Baculovirus life cycle

Baculoviruses exist in two distinct forms in their life cycle that play different roles
during the natural life cycle of the virus: Occlusions derived virions (ODV) and budded
viruses (Figure 7). ODVs mediate primary infection and are also responsible for
horizontal transmission between insect hosts. The systemic spread within the insect and
propagation in tissue culture is dependent on budded viruses. Structurally, budded
viruses and ODVs differ by the origin and composition of their envelopes. Budded
viruses acquire their envelopes by budding through the plasma membrane whereas

envelopes of ODVs are derived from the nuclear membrane of the insect cell. They also
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differ in the mechanisms by which they enter the host cells. Budded viruses enter the
cells by adsorptive endocytosis, but ODVs enter the midgut epithelial cells via direct
membrane fusion at the cell surface (Summers, 1971; Granados, 1978b; Blissard, 1996;
Wang et al., 1997).

Infection starts when larva eats plants contaminated by PIBs formed during the
late phase of natural infection (Figure 7). In PIBs, virions are embedded in the
crystalline protein matrix, which is composed mostly of polyhedrin protein which
protects the virions from environmental factors. The crystalline polyhedron matrix of
PIB is solubilized in the alkaline midgut of the larva and the ODVs enter the midgut
cells by fusion with the microvilli membrane (Granados and Williams, 1986).
Nucleocapsids from the endosomes and are transported to nucleus. Viral transcription
and replication occur in the cell nucleus and new baculovirus particles are budded out
from the basolateral side. Infection spreads within the insect from the midgut, through
tracheal cells, to most tissues via the hemolymph (Keddie et al., 1989; Federici, 1997).

Baculovirus infection can be divided into early, late, and very late phases.
Biologically these phases correspond to reprogramming the cell for virus replication
(budded virus and ODV production). In the early phase (viral synthesis phase, the first
6 h), the virus prepares the infected cell for viral DNA replication (O'Reilly et al., 1994).
Virus-specific RNAs can be detected in the cells at 30 min postinfection (pi) (Chisholm
and Henner, 1988). The late phase (viral structural phase) extends from 6 h pi to
approximately 20 to 24 h pi. During this phase, late genes are expressed and the
production of budded viruses starts around 12 h pi. Progeny nucleocapsids leave the
nucleus and are transported onto the plasma membrane where they acquire their
envelope. Very late phase (the occlusion-specific phase) begins around 20 h pi.
Production of infectious budded viruses decreases and occlusion of virus particles into
polyhedrin matrix begins followed by cell lysis. Eventually the larva dies and PIBs are
released into the environment, and a new cycle begins again. Most of the naturally

occurring baculoviruses kill their target host within 4 to 7 days (O'Reilly et al., 1994).
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Figure 7. Baculovirus cycle. The primary infection on the right and the secondary infection on the left. In
the primary infection PIBs are broken down in the alkalic midgut and released ODVs infect primary
epithelia of the gut wall. In the secondary infection, replicated budded viruses (marked as a BV in the
figure) spread everywhere through the hemolymph and cause infections in different tissues. Later virions
are packed into PIBs, which are released to the environment when the larva dies (Airenne et al., 2009).

2.3.4 Baculovirus-mediated transduction of vertebrate cells

The safety of baculoviruses has been studied in the past for their ability to infect non-
target cells with regard to their use as biological pesticides. Volkman and Goldsmith
demonstrated that baculoviruses were able to enter certain cell lines derived from
vertebrate species (Volkman and Goldsmith, 1983). Thirty-five nontarget host cell lines,
23 of human and 12 of nonhuman vertebrate origin, were exposed to AcMNPV.

However, no evidence of viral gene expression was obtained. This study was in
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accordance with the earlier reports showing uptake of AcMNPV by several vertebrate
cell lines with no evidence of viral replication (McIntosh and Shamy, 1975; Granados,
1978a).

In the early 1980s, it was discovered that baculoviruses could penetrate into
nontarget cells including many human cell lines (Carbonell et al., 1985). In their study
Carbonell et al.(Carbonell et al., 1985) used a recombinant baculovirus bearing a RSV
promoter (Rous sarcoma virus long terminal repeat promoter) and a marker gene as
part of the recombinant baculovirus genome. Since a low level of marker gene
expression was observed in the studied cells, it was claimed that marker protein was
carried into the cells with the virus and not actively expressed in the cells (Carbonell
and Miller, 1987a; Carbonell and Miller, 1987b). Ten years later Hofmann et
al.(Hofmann et al., 1995) confirmed the initial results and also revealed that baculovirus
could cause efficient gene expression when the marker gene is under a mammalian
promoter. They were also the first to propose baculovirus-mediated gene therapy.
During the late 1990s, the concept of baculovirus-mediated gene transfer was further
verified and today the list of suitable target cells continues to increase (Airenne et al.,
2009).

The first studies that baculovirus can cause efficient transgene expression in
mammalian cells were performed in hepatocytes. Hofmann et al.(Hofmann et al., 1995;
Hofmann et al., 1998) demonstrated that recombinant AcMNPV virus containing the
luciferase gene under a cytomegalovirus (CMV) promoter could efficiently infect
human hepatocytes (Huh7 and HepG2) as well as primary hepatocytes of human and
rabbit origin. Boyce et al.(Boyce and Bucher, 1996) confirmed these results and showed
that a virus carrying lacZ reporter gene under the control of RSV promoter led to a high-
level expression of the marker gene in human hepatocellular carcinoma line HepG2 as
well as in primary rat hepatocytes. Primary rat and human hepatic stellate cells were
also shown to be highly susceptible to baculovirus-mediated gene delivery (Gao et al.,
2002). All these findings supported the potential use of baculovirus vectors for
achieving liver-directed gene therapy.

Further studies have indicated that a high-level expression of marker gene can be
achieved not only in hepatic but also in a wide range of other cell lines (Shoji et al., 1997;
Yap et al., 1997; Barsoum et al., 1997; Hofmann et al., 1998; Zhu et al., 1998; Condreay et
al., 1999). Shoji et al.(Shoji et al., 1997) transduced a panel of mammalian cells with a

baculovirus vector carrying a marker gene in comparison with a replication-defective
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Ad vector. A high-level luciferase activity was detected in this study in monkey kidney
cells (COS7), porcine kidney cells (CPK) and human cervix carcinoma cells (Hela).
Condreay et al.(Condreay et al., 1999) demonstrated that recombinant baculoviruses
containing green fluorescent protein (GFP) gene under the CMV promoter could
transduce a wide range of mammalian cell types originating from different tissues. Cell
lines of hepatic origin were transduced efficiently, as described earlier, but notable gene
expression was detected also in cell lines derived from kidney tissue (Cos-7, BHK, CV-1,
293), some other non-hepatic cell lines like keratinocytes (W12, primary human
keratinocytes), bone marrow fibroblasts and osteosarcoma cells (MG-63). Moreover,
baculoviruses were also shown to transduce efficiently stem cells (Ho et al., 2005; Ho et
al., 2006; Chuang et al., 2007; Chuang et al, 2009; Tsai et al., 2009). The lowest
efficiencies of transduction and levels of GFP expression were seen in cell lines of
hematopoietic origin, such as THP-1, U937, K562, Raw264.7 and P388D1. Efficient gene
transfer has also been obtained in several other cell lines, which are summarized on
Table 2.

Transduction of chicken and duck cells was examined with the AcMNPV
construct. Ping et al. showed that chicken primary myoblasts and embryonic fibroblasts
were more than 80 % positive after marker gene transduction (Ping et al., 2006). Primary
embryonic cells (liver, heart and lung) from chicken and duck could also be efficiently
transduced after baculovirus treatment. The transduction efficacy of duck cells was
higher than that of chicken cells (Song et al., 2006). In addition, fish cells were also
examined, because fish are susceptible to many diseases and baculovirus-mediated
vaccination could be used to prevent infections. Tilapia, carp and salmon cells could be
transduced with VSVG-pseudotyped baculovirus, except for rainbow trout gonad cells
(Leisy et al., 2003). Zebra fish were also shown to be permissive for baculovirus
transduction (Wagle and Jesuthasan, 2003; Wagle et al., 2004). Fruit fly cells (Drosophila
52 and Tribolium) (Oppenheimer et al., 1999; Lee et al., 2000) and honey bees (Ando et

al., 2007) were shown also to be permissive for baculovirus-mediated gene delivery.
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Table 2. Examples of cell lines of different species transduced with baculoviruses.

Species Examples of cell lines References Primary cells References
Human Huh-7, HepG2 (Hofmann et al, 1995; Stellate cells, (Gao et al., 2002),
FLC4, 293T, Hela, A549,  Shoji et al., 1997; Zhu et  Neural cells, (Sarkis et al., 2000),
Ramos, Jurkat, Saos-2, al., 1998; Condreay et al., Bone fibroblasts, (Condreay et al., 1999),
MG-63, SKOV3, MRC-5, 1999; Kost and Condreay, Keratinocytes, (Condreay et al., 1999),
ECV-304 2002) Pancreatic B-cells (Maetal., 2000),
Hepatocytes (Boyce and Bucher, 1996),
(Hofmann et al., 1995)
Mesenchymal stem cells (Ho et al., 2005; Chuang et al.,
and progenitor cells 2007; Chuang et al., 2009; Tsai et
al., 2009)
(Ho et al., 2006; Lee et al., 2007b)
Embryonic stem cells (Zeng et al., 2007)
Foreskin fibroblasts (Kronschnabl et al., 2002)
HUVEC (Kronschnabl et al., 2002)
Rabbit RaaSMC (Airenne et al., 2000) Hepatocytes (Boyce and Bucher, 1996)
Intervertebral Disc cells (Liu et al., 2006b)
Chondrocytes (Sung et al., 2007; Chen et al,
2009)
Monkey COS-7, (vap et al, 1997; Marmoset hepatocytes (Martyn et al., 2007)
CV-1, Condreay et al., 1999;
Vero Aoki et al., 1999a; Tani et
al., 2001)
Rodent CHO, (Boyce and Bucher, 1996; Hepatocytes of rat (Boyce and Bucher, 1996)
BHK, RGM-1, PC12, N2a, Shoji et al, 1997; Condrocytes of rat (Ho et al., 2005), (Lee et al., 2007a)
L929 Condreay et al., 1999; (Gao et al., 2002)
Aoki et al., 1999a; Sarkis Stellate cells of rat (Liang et al., 2004)
et al., 2000; Tani et al., Kidney cells of mouse (Shen et al., 2008)
2001) Myoblasts of rat (Kenoutis et al., 2006)
Schwann cell of rat (Ma et al., 2000)
Pancreatic cells of mouse
Pig CPK, FS-I3, (Aoki et al., 1999a) N/A
PK-15
Bovine MDBK, BT (Aoki et al., 1999a) N/A
Sheep FLL-YFT (Aoki et al., 1999a) N/A
Birds N/A Embryonic cells and (Ping et al., 2006)
myoblasts of chicken
Embryonic cells of chicken  (Song et al., 2006)
and duck (liver, lung,
heart)
Fish EPC, TO-2, CHH-1, (Wagle and Jesuthasan, N/A

CHSE-214

2003; Leisy et al., 2003;
Wagle et al., 2004)

2.3.5 Optimization of baculovirus transduction

There are several ways to enhance baculovirus-mediated transduction and gene
expression in vertebrate cells. The addition of histone deacetylase inhibitors, such as
sodium butyrate or trichostatin A, following transduction has been shown to markedly
increase transgene expression/transcription (Condreay et al., 1999; Airenne et al., 2000).
Microtubule depolymerizing agents also improve baculovirus-mediated gene delivery

since cytoplasmic transport and nuclear entry of the baculovirus nucleocapsid is
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restricted by the presence of an intact microtubule network (van Loo et al.,, 2001;
Salminen et al., 2005). However, both these strategies are limited by their cytotoxic
effects to the cells (Hunt et al., 2002; Salminen et al., 2005). Transduction efficiency may
be enhanced by extending standard transduction times (1-2h) under suitable
transduction conditions (Cheng et al., 2004) and conducting the protocol at under 37°C
(Hsu et al., 2004). Repeated transduction of cells (supertransduction) may also be used,
since baculoviruses are not toxic to vertebrate cells (Wang et al., 2005a). Other options
include pseudotyping with VSVG (Barsoum et al., 1997; Pieroni et al., 2001; Tani et al.,
2001; Tani et al., 2003), VSV-GED (Kaikkonen et al., 2006), the RGD-motif (Matilainen et
al., 2006), tumor-homing peptides (Makela et al., 2006), hepatitis virus S protein (Tani et
al., 2001), extra copy of gp64 (Tani et al., 2001), avian influenza virus hemagglutinin
(Matilainen et al., 2006), short peptide motif from gp350/220 of Epstein-Barr virus (Ge et
al., 2007), biotin acceptor peptide (Kaikkonen et al., 2008), lymphatic homing peptide
(Lyp-1) (Makela et al., 2008) or avidin display on the viral envelope (Raty et al., 2004).
Furthermore, the choice of a promoter may also make a difference. For example, in
some cell lines, the chicken B-actin promoter (CAG) is more efficient than the CMV
promoter for transgene expression (Shoji et al., 1997). Also, cell-type specific gene
expression may be achieved with tissue-specific promoters (Park et al., 2001; Li et al.,
2004; Li et al., 2005; Wang and Wang, 2006). In addition, the homologous region
sequence (hrl) of AcMNPV was shown to affect transcription from non-baculoviral
promoters in mammalian cells (Viswanathan et al., 2003). A cytomegalovirus enhancer
(Ong et al., 2005; Li et al., 2005; Wang and Wang, 2006) and a transcriptional activator
(Ramos et al., 2002; Liu et al, 2006a) have also been used to enhance transgene
expression.

2.3.6 Baculovirus hybrid vectors

The extraordinary capacity of AcCMNPYV to carry foreign DNA (>100 kb tolerated) allows
construction of recombinant viruses bearing also large expression cassettes (Fipaldini et
al,, 1999; Cheshenko et al.,, 2001). This is an advantageous property for hybrid vector
construction, as shown by several recent reports. Palombo et al.(Palombo et al., 1998)
constructed a baculovirus-adeno-associated virus (Bac-AAV) hybrid vector to prolong
the transient baculovirus-mediated transgene expression. The concept was to use the

natural integration capacity of AAV to carry the transgene cassette into a defined region
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(chromosome 19) of the host cell genome. Integration into the genome of 293 cells was
shown to take place at a significant frequency, but the problem was nonspecific
integration and multiple insertions of the marker gene. Subsequently, a similar method
was used to construct Bac-AAV hybrid vectors to improve and extend gene expression
in neural cells (Wang and Wang, 2005; Wang and Wang, 2006; Wang, 2008), to treat
glioma (Wang et al., 2006) and to transduce human embryonic stem cells (Zeng et al.,
2007).

The baculovirus-adenovirus hybrid vector (Bac-Ad) was created for the
production of gutless adenovirus vectors (FD-AdVs) that do not require helper Ads
(Cheshenko et al., 2001). High titer FD-AdV virus preparations (10® pfu/mL) were
attained. However, the system has to be further improved to quarantee that there will
not be any generation of replication-competent viruses during a large-scale production.

The baculovirus-lentivirus hybrid vectors (BAC-gag-pol, BAC-VSVG and BAC-
REV) were created in order to obtain better and scalable lentivirus production systems
(Lesch et al., 2008). The new production system was functional and the titers were
comparable to the titers of the conventional four-plasmid method.

A recombinant baculovirus carrying a cDNA of the bacteriphage T7 RNA
polymerase under the control of the CAG promoter was constructed and used together
with a plasmid bearing the entire poliovirus genome to produce a high-titer type I
poliovirus (Yap et al., 1997). In order to efficiently propagate and study biology of
hepatitis B virus (HBV) and hepatitis C virus (HCV) in cultured cells, recombinant
baculoviruses were created carrying the HBV (Delaney and Isom, 1998; Delaney et al.,
1999; Delaney et al., 2001; Abdelhamed et al., 2002; Heipertz, Jr. et al., 2007; Lucifora et
al., 2008) and HBC (Fipaldini et al., 1999; Street et al., 2005; McCormick et al., 2006).
Hepatitis-baculovirus hybrid vectors represent a simple and highly flexible system for
studying the effects of antivirals and/or cytokines on HBV (Shaw et al., 2006) and HCV
production, and for the understanding of their replication and pathogenesis at the
molecular level. Biology of the human cytomegalovirus (HCMV) was investigated by
Ba-HCMV hybrid vector (Dwarakanath et al.,, 2001). In addition, a Ba-WHYV hybrid
vector was created in order to study woodchuck hepatitis virus (WHV) replication (Zhu
et al., 2004).

The first recombinant baculoviruses carrying genetic elements from Epstein-Barr
virus (EBV), OriP and EBNA-1, which are essential for episomal maintenance of EBV
genome, were constructed (Shan et al., 2006; Wang et al., 2008; Lo et al., 2009; Suzuki et
al., 2009). These baclovirus-EBV hybrid vectors were capable of persisting in a
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significant proportion of infected mammalian cells. Transgene expression lasted up to
60 days in HEK293 cells with markedly enhanced expression level (Shan et al., 2006; Lo
et al., 2009).

2.3.7 Entry mechanism of baculovirus

The budded form of AcMNPV enters cells by adsorptive endocytosis in a multistep
process including virus attachment, cellular entry (endocytosis), vesicular transport,
endosomal escape, intracytosolic transport, nuclear entry, capsid disassembly and gene
expression (Figure 8). The exact molecular mechanism(s) leading to infection of insect
cells, or transduction of vertebrate cells, remains still poorly understood, but the
mechanism of the viral capsid transport into the nucleus before uncoating is apparently
identical to that occurring in insect cells (Granados and Lawler K.A., 1981). Results from
both the insect and vertebrate cells ascribe the virion uptake by clathrin-mediated
endocytosis (Wickham et al., 1992a; Wang et al., 1997; van Loo et al., 2001; Matilainen et
al., 2005), macropinocytosis (Matilainen et al., 2005; Long et al., 2006) or some kind of
phagocytosis-like entry (Laakkonen et al., 2009). The presence of specific binding sites
for baculovirus uptake has been proposed (Wickham et al., 1992b; Wang et al., 1997).
Candidate receptors were postulated to be general cell surface molecules like
phospholipids or heparin sulfate proteolygans (Hynes, 1992; Duisit et al., 1999; Tani et
al., 2001).

After endocytosis, AcCMNPYV infection is continued by pH-dependent fusion of
the envelope with endosomes (van Loo et al., 2001). The nucleocapsids are transported
via actin filaments toward the nucleus (van Loo et al., 2001). Disruption of microtubules
by nocodazole or vinblastine enhanced baculovirus-mediated gene delivery in
vertebrate cells, suggesting that microtubules may be a mechanical barrier for
nucleocapsid movement towards and entry into the nucleus (van Loo et al., 2001;
Salminen et al., 2005). The nucleocapsids are transported through the nuclear pore into
the nucleus, where disassembly of the viral nucleocapid and exposure of nucleprotein
core take place (Kukkonen et al., 2003; Salminen et al., 2005). In the nucleus of human
liver cells, viral capsids were seen in large, discrete foci and they also induced
remodeling of the host cell chromatin (Laakkonen et al., 2008). Although AcMNPV does
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Figure 8. The entry mechanism of baculovirus in mammalian cells (Airenne et al., 2009).

not replicate in mammalian cells, some transcription products of early genes (IE-1 and
IE-2) and translation of IE-2 were detected in mammalian cells (Hoopes, Jr. and
Rohrmann, 1991; Murges et al, 1997; Dai et al, 2004; Laakkonen et al., 2008).
Baculoviruses can transduce a wide range of mammalian cells, but in certain cell lines
(e.g. Eahy 926, MG-63 and NHO) the transgene expression is weak. It has been
suggested that this is due to the impaired intracytoplasmic movement and restricted
entry of nucleocapsids from cytoplasm into the nucleus (Kukkonen et al., 2003; Kitajima
et al., 2006).
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2.3.8 Baculoviruses as a therapeutic vector

The safety and large cloning capacity make baculovirus a very attractive vector for gene
therapy. The other benefits are that baculoviruses can easily be produced in high titers
(up to 10" pfu/ml) and they transduce also non-dividing cells, have a long history with
intensive safety studies, they do not replicate in mammalian cells and are non-toxic
even at high MOIs (Airenne et al., 2009). The In vivo gene transfer studies performed
this far with baculoviruses are shown in Table 3.

The first in vivo gene transfer with baculovirus was performed into the liver
parenchyma of rats and mice by directly injecting virus into the systemic and
intraportal circulation (Sandig et al., 1996). These experiments resulted in undetectable
transgene expression, pointing to virus inactivation by the complement system (Sandig
et al., 1996), more exactly by activation of classical (Hofmann and Strauss, 1998) and
alternative pathways (Hoare et al., 2005). Hofmann et al. studied baculoviruses in
immune-compromised animals and obtained some transgene expression in the liver
parenchyma of C5-deficient immunocompromised mice and in the Huh7-derived
human hepatocarcinomas in nude mice (T cell deficient) (Hofmann et al., 1998).
Systemic baculovirus gene delivery into complement deficient Neuro2a tumor-bearing
A/] mice resulted in transgene expression in the tumor but also in liver, spleen, and
kidney (Kircheis et al., 2001). Direct injection of recombinant baculoviruses into the
quadriceps femoris muscle of BALB/c and C57BL6 mice resulted in a transient
expression of (3-galactosidase and this was more sustained when C5-deficient mice was
used (Pieroni et al., 2001).
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Table 3. In vivo gene transfer studies performed with baculoviruses.

Species Tissue Transgene Reference:
Mice Brain GFP, Luc (Sarkis et al., 2000; Tani et al., 2003)
Testis GFP, Luc (Tani et al., 2003)
Eye GFP (Haeseleer et al., 2001)
Abdomen GFP (Huang et al., 2008)
Muscle LacZ, EPO, HA, (Pieroni et al., 2001; Abe et al., 2003; Facciabene et
E2/HCV, CS al., 2004; Strauss et al., 2007)
Liver Luc (Hofmann et al., 1998; Kircheis et al., 2001; Nishibe
et al., 2008)
Lung GFP (Kim et al., 2006)
Systemic administrarition Luc, LacZ, GFP (Kircheis et al., 2001; Hoare et al., 2005; Kim et al.,
2006; Yang et al., 2009)
Nasopharyngeal carcinoma RTA (Wang et al., 2008)
Rat Brain GFP, LacZ, Luc, (Sarkis et al., 2000; Lehtolainen et al., 2002; Li et

al., 2004; Laitinen et al., 2005; Wang and Wang,
2005; Ong et al., 2005; Li et al., 2005; Wang et al.,
2006; Wang and Wang, 2006; Raty et al., 2006;
Kaikkonen et al., 2006; Liu et al., 2006a; Boulaire et

al., 2009)
Liver hFIX (Huser et al., 2001)
Eye Luc, GFP (Li et al., 2005; Luz-Madrigal et al., 2007)
Dorsal root ganglia Luc (Wang et al., 2005b)
Biodistribution Lacz (Raty et al., 2007)
Rabbit Avrtery LacZ (Airenne et al., 2000)
Muscle LacZ (Kaikkonen et al., 2006)
Disc GFP (Liu et al., 2006b)
Chondrocytes (ex vivo) BMP-2 (Chen et al., 2009)
Eye LacZ, VEG-D*NA¢ (Kinnunen et al., 2009)
Honeybee Several tissue GFP (Ando et al., 2007)
Fish Embryo Lacz, GFP (Wagle and Jesuthasan, 2003)

Abbreviations: BMP-2; Bone Morphogenetic protein-2, RTA; immediate—early proteins of EBV, E2/HCV;
E2 glycoprotein of hepatitis C virus, CS; Plasmodium falciparum circumsporozoite, HA; influenza virus
hemagglutinin, EPO; erythropoietin, Luc; luciferase, LacZ; gene encoding {-galactosidase, GFP; green
fluorescent protein, VEGF-D*\*c; vascular endothelial growth factor, hFIX; human Factor IX.

The inhibition of the complement system or the usage of a complement protected
virus was shown to be effective in baculovirus-mediated gene therapy. Pegylation of
baculovirus enabled transgene expression in brain, liver, spleen, lung, heart, and kidney
of BALB/c mice (Kim et al., 2006). In addition, polyethylenimine (PEI) coating is shown
to protect baculoviruses against human and rat serum-mediated inactivation (Yang et
al., 2009). Intraportal application with a complement inactivator (sCR1) led to some
hepatic expression of Lac Z marker gene in MF-1 mice (Hoare et al., 2005). Injection of
decay acceleration factor -modified complement-resistant baculovirus vector into the
liver parenchyma of complement-sufficient neonatal Wistar rats were also shown to
enhance expression of the marker gene (Hiiser et al.,, 2001). In addition, the synthetic
protease inhibitor (FUT-175) and VSVG-pseudotyping prevented complement
activation (Tani et al., 2003).
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Delivery methods that allow gene transfer in the absence of serum, or to those
sites where viruses are not exposed to complement, have led to more successful
experiments in immune-competent animals. BALB/c mice, nude mice, BDIX rats and
Sprague-Dawley rats were injected with recombinant baculovirus directly into the
striatum of brain (Sarkis et al., 2000; Lehtolainen et al., 2002; Kaikkonen et al., 2006).
Marker gene expression was detected in the striatum, the corpus callosum, and choroid
plexus cells, evidence of the ability of baculoviruses to transduce neural cells in vivo.
Subsequently, recombinant baculoviruses with tissue specific promoters were tested in
brain also with promising results (Li et al., 2004; Wang and Wang, 2006; Liu et al.,
2006a). Boosted expression was achieved with an expression cassette flanked with ITRs
of AAV (Wang and Wang, 2005) or by a chimeric transactivator strategy (Liu et al.,
2006a). Suppressed malignant glioma development was achieved by using a virus
expressing the A-chain of diphtheria toxin (Wang et al., 2006). Efficient transduction
into the intervertebral disc, an encapsulated and avascular immune-privileged tissue,
was reported in rabbits (Liu et al., 2006b). In another study, lumbar intrathecal injection
into the cerebrospinal fluid was used to transduce rat dorsal root ganglia cells (Wang et
al., 2005b). In a different approach, carotid arteries of New Zealand White rabbits were
successfully transduced with recombinant baculoviruses using a collar device. This
system allowed gene delivery with minimal exposure to the complement system
(Airenne et al., 2000). Transient expression in the adventitial cells was observed with an
efficacy and duration comparable to Ads. The ocular tissue contains also immune
priviledged areas and therefore is a potential target for baculovirus-mediated gene
therapy (Haeseleer et al., 2001; Kinnunen et al., 2009). High gene delivery efficacy was
observed also in immune privileged mice testis (Tani et al., 2003).

Gene silencing by RNA interference (RNAi) is a powerful approach to study
function of genes. Baculoviruses have been used to deliver U6-based short hairpin RNA
(shRNA against lamin A/C) into Saos2, Hepg2, Huh7, and primary human hepatic
stellate cells (Nicholson et al., 2005). Baculovirus were also used to suppress transgene
expression in rat brain (Ong et al., 2005). Suppression of porcine arterivirus, HBV, HCV,
HIV-1 and influenza virus A and B replication by baculovirus-mediated shRNA
delivery provides the proof of principle of baculovirus as a potential vehicle for
antiviral therapy (Suzuki et al,, 2005; Lu et al., 2006; Kaneko et al., 2006; Starkey et al.,
2009).

Baculoviruses, expressing and/or delivering antigens, could also be used to
obtain a valuable vaccine vehicle against infectious diseases. Baculoviruses exhibit a

strong adjuvant property inducing proinflammatory cytokines and a type I interferon
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response (Hu et al., 2008; Tani et al., 2008). Furthermore, baculoviruses have been
shown be potentially useful in a vaccine production (van Oers, 2006; Hu et al., 2008). A
cervical cancer vaccine, Cervarix (GlaxoSmithKline PLC), against the two most
prevalent cancer-causing types (16 and 18) of the human papillomavirus, was approved
for clinical use in woman aged 10 to 45 years old in Australia, Europe and Philippines
in year 2007 (Harper et al, 2004). Other examples of advanced baculovirus based
vaccines are the influenza vaccines, FluBlok and Panblock (Protein Sciences
Corporation, see: http://www.proteinsciences.com), which have already shown efficacy
in clinical trials (Safdar et al., 2006; Treanor et al., 2006; Treanor et al., 2007).

2.4 Site-specific recombinases

The endogenous mammalian repair system, homologous recombination (HR), has been
widely used for the modification of murine embryonic stem cells (Glaser et al., 2005).
Illegitimate recombination, inefficiency and laborious screening of correctly recombined
cell clones are the major drawbacks of HR. Endogenous DNA recognizing zinc finger
domains fused to an endonuclease were generated to create zinc finger nucleases
(ZFNs). These nucleases were used for the repair of point mutations and for gene
addition into a pre-determined locus in human cells (Moehle et al., 2007; Miller et al.,
2007). In addition to endogenous mammalian repair systems, heterologous site-specific
recombinases (SSR)-based targeting strategies have been widely used for DNA
manipulation (Kolb, 2002; Akopian and Marshall, 2005; Wirth et al., 2007).

In site-specific recombination, a DNA strand is rearranged by enzymes
(recombinase) which recognize and bind to specific DNA sequences (sites).
Recombinase evokes the excision of the DNA segment between flanked two specific
sites and then to the integration or inversion of the orientation of the flanked DNA
segment (Figure 9). In intramolecular recombination, the recombination takes place
between two sites which are in the same molecule, whereas in intermolecular
recombination, the sites are situated on two different molecules. Site-specific
recombination differs from general recombination i.e. these short sites must be present

before recombination can be initiated (Grindley et al., 2006).
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Figure 9. Three possible outcomes of site-specific recombination (Grindley et al., 2006).

Based on the amino acid sequence homology and biochemical features, most site-
specific recombinases are grouped into one of two families: the tyrosine recombinase
family or the serine recombinase family (Grindley et al., 2006). The names originate
from the conserved nucleophilic amino acid residue that they use to attack the DNA
and to which it becomes covalently linked during strand exchange. Tyrosine
recombinases break and rejoin single strands in pairs to form a Holliday junction
intermediate. In contrast, serine recombinases cut all strands in advance of strand
exchange and religation (Stark et al., 1992).

Typical examples of tyrosine recombinases are the well known enzymes such as
Cre (from the PI phage), FLP (from yeast S. cerevisiae) and A integrase (from lambda
phage) (Ghosh and Van Duyne, 2002; Chen and Rice, 2003). Commonly used serine
recombinases include : gamma-delta resolvase (from the Tn1000 transposon), Tn3
resolvase (from the Tn3 transposon) and ¢C31 integrase (from the ¢C31 phage) (Smith
and Thorpe, 2002).

There are numerous applications of site-specific recombination. A wide variety
of commercially available cloning vectors are based on recombinases (e.g. A integrase in
Gateway Technology and BaculoDirect, Invitrogen). Many viral vectors rely on
recombinase-mediated construction steps (Aoki et al.,, 1999b; Cheshenko et al., 2001;
Nakano et al., 2005). A large variety of approaches have been used to modify plants
(Gilbertson, 2003) or the mammalian genome for gene activation, inactivation, deletion,
integration, genome targeting, mutagenesis and for selection marker removal (Sauer,
1998; Nagy, 2000; Kolb, 2002). In addition, techniques called recombinase-mediated
cassette exchange (RMCE) were established which involve the exchange of a
chromosomally placed DNA cassette for a cassette located in an incoming plasmid
(Bode et al., 2000b; Sorrell and Kolb, 2005). Since most of these strategies require the use
of ES cells, in vivo experiments have typically only been performed in mice.
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The limitation of almost all of the recombinase strategies is that the target of
recombinase has to be first inserted into the genome using a classical homologous
recombination step. Therefore, strategies using designer recombinases, that are able to
recognise predetermined unique natural choromosomal sites, have been developed.
These new recombinases were screened using multiple cycles of DNA
shuffling/mutagenesis and selection (Collins et al., 2003). New variants of Cre, FLP and
@C31 integrase with altered sequence recognition specificity were also developed
(Sclimenti et al., 2001; Buchholz and Stewart, 2001; Santoro and Schultz, 2002;
Voziyanov et al., 2003). Another strategy is to change the site specificity of the enzyme
by replacing its DNA binding domain with another binding domain e.g. with a Zn-
finger that recognizes a new target sequence (Akopian et al., 2003; Akopian and
Marshall, 2005).

2.4.1 Cre recombinase

Cre recombinase (38 kDa) is a tyrosine recombinase from P1 bacteriophage that
catalyzes site-specific recombination of DNA between two loxP site (Hamilton and
Abremski, 1984). The reaction does not require any energy factors and reaches
equilibrium between substrate and reaction products. In the bacteriophage P1, the
function of Cre recombinase is to circulate the P1 genome during infection and maintain
the genome in the monomeric state for cell division (Hamilton and Abremski, 1984).
The LoxP site (locus of X over P1), which is recognized by Cre recombinase, is a
34 bp long consensus sequence, consisting of a core spacer sequence of 8 bp and two 13
bp palindromic flanking sequences (Figure 10) (Hoess et al., 1982). A single recombinase
molecule binds to each palindromic half of a loxP site, and then the recombinase
molecules form a tetramer, thus bringing two loxP sites together. The post-
recombination loxP sites are composed of the two complementary halves of the pre-

recombinations sites (Sorrell and Kolb, 2005).
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5'"-ATAACTTCGTATAGCATACATTATACGAAGTTAT-3"
3'-TATTGAAGCATATCGTATGTAATATGCTTCAATA-5"
RBE > 1 RBE

Figure 10. Cre binds to the loxP site. Cre specifically recognizes the recombinase binding elements
(RBEs), which are arranged as inverted repeats surrounding a central 8-bp crossover region (shown in
boldface). Cleavage sites are indicated by vertical arrows (Ghosh and Van Duyne, 2002).

The result of recombination depends on the location and orientation of the loxP
sites. The orientation is defined by the asymmetric core sequence of loxP sites. They can
be in a parallel or antiparallel orientation. In the case of parallel localization, the
outcome is insertion of one DNA into another molecule, translocation between two
molecules or excision of a loxP flanked DNA, whereas in the antiparallel orientation,
this causes inversion of a loxP flanked sequences (Figure 11) (Aranda et al., 2001). One
of the major advantages of cre recombinase is that there is no need for additional co-

factors or sequence elements for effective recombination.
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Figure 11. Schematic of Cre-mediated recombination of a target gene flanked by loxP sites. A) The parallel
loxP sites. B) The antiparallel loxP sites.

Protein engineering has also led to the availability of improved second-
generation Cre recombinases with novel properties. These changes include codon-
improved Cre recombinases with better in vivo efficiencies (Koresawa et al., 2000;

Shimshek et al., 2002), engineered recombinases with novel recognition sites (Buchholz
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and Stewart, 2001; Santoro and Schultz, 2002), and Cre recombinases capable of
permeating cell membranes (Jo et al., 2001; Peitz et al., 2002).

Cre recombinase is a powerful tool which has many applications. However, one
major limiting factor is the potential toxicity of Cre. The toxicity of Cre has been
demonstrated in mammalian cells (Schmidt et al., 2000; Silver and Livingston, 2001;
Loonstra et al., 2001; Pfeifer et al., 2001; Heidmann and Lehner, 2001). Post meiotic
spermatids of transgenic mice (Schmidt et al., 2000), mouse embryonic fibroblasts
(MEFs) (Silver and Livingston, 2001; Loonstra et al., 2001; de, I et al., 2001), and NIH 3T3
cells (Silver and Livingston, 2001) were shown to be sensitive to the continuous Cre
expression. In addition, in human kidney cell line 293 (Silver and Livingston, 2001),
human osteosarcoma cell line U20S (Silver and Livingston, 2001), Drosophilia cells
(Heidmann and Lehner, 2001) and plants (Coppoolse et al., 2003) Cre toxicity has been
observed. The toxicity of Cre depends upon strand cleavage (Silver and Livingston,
2001) of genomic DNA at sites that share homology with the lox sites of bacteriophage
P1 (pseudo-lox sites). This cleavage causes genomic DNA strand breaks and
chromosomal rearrangements (Silver and Livingston, 2001; Loonstra et al., 2001). These
pseudo-lox sites have been found in human, mouse, yeast, and E.coli genomes (Sauer,
1992; Sauer, 1996, Thyagarajan et al., 2000). The toxicity in mammalian cells is
attenuated by limiting the intensity and duration of cre expression, minimizing the
chances for recombination or allowing repair of DNA damages (Silver and Livingston,
2001; Loonstra et al., 2001).

One alternative strategy to Cre is the Flp system derived from Saccharomyces
cerevisiae. However, Flp has been reported to be less efficient than Cre (especially in ES
cells) (Schaft et al.,, 2001). In addition, it also has poor thermal stability, its function
being optimal at 25-30 °C and significantly reduced at 37 °C, whereas the optimal
temperature for Cre is 37-39 °C which is more suitable for in vivo experiments (Buchholz
et al,, 1996b). Some optimized versions of Flp have been launched (Raymond and
Soriano, 2007).
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2.4.2 Applications of Cre recombinase

Soon after the first studies of Cre recombinases were done in tissue culture and in
transgenic animals, the idea of conditional transgenesis was launched (Lakso et al.,
1992). In the first applications of conditional transgenesis, the promoter and the coding
region for the gene of interest were separated by a loxP-flanked STOP region. This
region does not allow any transcription initiation from the promoter (transcriptional
STOP). Cre expression causes removal of the transcriptional STOP and then the gene of
interest will be expressed (Lakso et al., 1992).

The cre system is used to modify genes and chromosomes (deletion, inversion,
translocation of desired DNA fragments) in vitro and in vivo (Nagy, 2000; Garcia-Otin
and Guillou, 2006). The different kinds of alterations can be limited to certain cell types
[tissue-specific knockout, see special issues of Genesis vol 26, issue 2, 2000 (Porret et al.,
2006)] or they can be activated in a time-controlled fashion by drug/ligand
administration [inducible knockout (O'Neal and Agah, 2007)] in a number of transgenic
species. The availability of transgenic lines with tissue specific or inducible Cre
expression makes it possible to inactivate or activate a gene of interest simply by
breeding a “floxed” animal (an animal containing a desired DNA sequence between

two loxP sites) to pre-existing Cre-transgenics (see: http://www.mshri.on.ca/nagy/).

2.5 The role of the cytoskeleton during viral infection

The cytoskeleton forms a 3D-network which is regulated by many accessory proteins. It
mediates physical robustness, cell-cell contact, cell crawling, cell division, organelle or
RNA transport during interphase and chromosome movement during mitosis and
meiosis. Viruses utilize the cytoskeleton for intracellular transport either hijacking the
cytoplasmic membrane traffic or directly interacting with the cytoskeletal transport
machinery (Ploubidou and Way, 2001; Dohner and Sodeik, 2005; Radtke et al., 2006;
Marsh and Helenius, 2006).

Within the eukaryotic cytoplasm, organelles, solutes, and a complex lattice-like
mesh of microtubule, actin, and intermediate filament networks effectively restrict free
diffusion of molecules larger than 500 kD (Seksek et al., 1997). The movements of large
complexes, like membranous organelles and also ribonucleoprotein particles e.g. in

developing oocytes are dependent on active processes and generally involve either actin
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or microtubule cytoskeleton (Grunert and St, 1996; Hirokawa, 1998; Holleran et al.,
1998; Mermall et al., 1998).

2.5.1 Microtubules

Microtubules (MTs) are found in all eukaryotes and they have important roles in
organizing the spatial distribution of organelles throughout interphase as well as in the
chromosomes during cell division. Microtubules are long (from 200 nm to 25 pm,
diameter 25 nm), hollow tubes assembled from heterodimers of a-tubulin and B-tubulin
and microtubule-associated proteins. The tubulin dimers polymerize leading to the
formation of profilaments, which are then bundled into hollow cylindrical filaments.
This structure is polaric with a dynamic fast-growing plus-end and a less dynamic
minus-end. Microtubules are nucleated and organized by the microtubule organization
centers (MTOCs), such as centrosomes and basal bodies (Wade, 2007). The major
microtubule motor proteins are kinesin (movement toward the cell membrane)
(Hirokawa and Noda, 2008) and dynein (movement toward the nucleus) (Hook and
Vallee, 2006).

Most viruses take advantage of microtubule cytoskeleton-dependent movement
for intracellular traffic. Ads (subgroup C) binds to microtubules through interaction
with cytoplasmic dynein (Suomalainen et al.,, 1999; Kelkar et al.,, 2004), which drives
motility toward the microtubule organizing center and the nucleus. Some data is also
available that the subgroup C Ad might have some interactions with kinesin motor
protein (Suomalainen et al., 1999). HIV-1 also uses dynein motors and the microtubule
network for trafficking. Viral particles of HIV accumulate into MTOC and dynein
together with microtubules facilitate the delivery of virus genome into the nucleus
(McDonald et al., 2002; Anderson and Hope, 2005). The trafficking of AAV from the cell
periphery to a perinuclear region is incompletely understood. A relative of AAV, canine
parvovirus, utilizes the dynein machinery for its transport to the perikaryon (Suikkanen
et al., 2003). Recent studies have shown that somewhat unexpectedly AAV2 can
transduce cells independently of dynein function and intact microtubules (Hirosue et
al., 2007). Endosomes containing influenza viruses were transported to the perinuclear
region via a dynein-directed movement on a microtubules (Lakadamyali et al., 2003).
Simian virus 40 (SV-40) utilize calveolae-dependent endocytosis and use also

microtubules for viral transport into the ER (Pelkmans et al., 2001).
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2.5.2 Microfilaments

Microfilaments (MFs), which are also often referred to as actin filaments, are solid rods
made of globular proteins called actin. These thinnest filaments are common to all
eukaryotic cells. MF range from 5 to 9 nanometers in diameter and are designed to bear
large amounts of tension. In association with myosin (motor protein of actin), MFs help
to generate the forces used in cellular contraction and basic cell movements. They also
determine cell shape, strength, contraction and allow cells to form more elaborate
structures like microvilli, lamellipodia, ruffles, cortical actin and filopodia. In MFs, long
polymerized chains of the molecules are intertwined in a helix, creating a filamentous
form of the protein (F-actin). The globular form of actin is called G-actin. Each
microfilament exhibits polarity and therefore the two ends of the filament are distinctly
different. In the trafficking process, cargo can travel along actin filaments using myosin,
which generally moves toward the plus end of actin filaments (Revenu et al., 2004).
Numerous viruses interact with actin during their life cycles, both disrupting
and rearranging the actin cytoskeleton to their own advantage (Cudmore et al., 1997).
The Ad interaction with target cells induces polymerization of cortical actin filaments
and an intact actin cytoskeleton is required for virus entry into the cells (Li et al., 1998),
whereas in late state of ,natural infection, actin filaments are destroyed/rearranged
(Staufenbiel et al., 1986; Mangel et al., 2003). The HIV movement inside the cell depends
on both the actin and microtubule networks (McDonald et al., 2002). Actin is known to
be necessary for efficient infectivity of HIV (Bukrinskaya et al., 1998; Iyengar et al.,
1998). Depolymerization of the actin cytoskeleton reduced Gag release and viral
infectivity in T-cells, and actin and tubulin inhibitors reduced Env incorporation into
virions (Jolly et al., 2007). In addition, HIV-1, simian immunodeficiency virus, and
intracellular mature vaccinia virus were sensitive to inhibition of the actin
polymerization mediator (Arp2/3), but not MLV, HSV-1, and VSVG-pseudotyped HIV-
1 (Komano et al., 2004). Some contradictory results were also published where actin was
considered to be a barrier for HIV-1 infection: In particular, in cases where virions are
lacking a functional Nef protein or the membrane does not contain a pH-dependent
envelope protein from VSV or ebola (Campbell et al.,, 2004). Actin filaments are also

important for vaccinia virus motility (Cudmore et al., 1995).
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2.5.3 Intermediate filaments

Intermediate filaments (IF) are 10-12 nm in diameter and so intermediate in size
compared with the other cytoskeletal components. IFs are coded by more than 70
different genes and are divided into five different types. Types I to IV are cell specific
and cytoplasmic. Types I and II are the acidic and basic keratin expressed in epithelial
cells. Type III includes vimentin, desmin, glial fibrillary acidic protein, syncoilin and
peripherin, which are found, respectively, in mesenchymal cells, muscle cells,
astrocytes, and some neurons. Type IV includes neurofilament proteins (L, M and H),
nestin, synemin and o-internexin, which are found in most neurons, except for nestin
found in neuroepithelial cells and synemin found in muscle cells. Finally, type V
corresponds to the ubiquitous nuclear laminins (A/C, B1 and B2), which form a nuclear
lamina underlying the nuclear membrane (Omary et al., 2006; Minin and Moldaver,
2008). The function of IFs has been studied by gene knockout experiments (Magin et al.,
2004). These experiments provided the evidence that IFs were involved in cellular
resilience and maintenance of tissue integrity (Galou et al., 1997). IFs have many
organelle location specific (e.g. mitochondrial and golgi positioning) and protein-
targeting (subcellular and membrane targeting of proteins) functions (Toivola et al.,
2005) (see special issue of Experimental cell research concerning intermediate filaments,
June 2007, volume 313, Issues 10, pages 1979-2282).

Many viruses cause rearrangements of intermediate filaments. IF network may
play a role, in the early step of Junin virus replication. Subsequent to virus entry, the
integrity of IF network is necessary for the normal replication of Junin virus in neural
and fibroblast cells as well as in the Vero cell line (Cordo and Candurra, 2003).
Polioviruses cause rearrangement of IF network during infection (Doedens et al., 1994).
Vif of HIV is shown to colocalize with IFs (vimentin, keratin) and causing
reorganization of IF (Karczewski and Strebel, 1996). Theiler’s virus binds specifically to
the IFs (vimentin and desmin), and following infection, the IF network becomes
rearranged into a shell-like structure which surrounds a viral inclusion (Nedellec et al.,
1998). Human respiratory syncytial virus causes biochemical and morphological
changes in cytoskeletal IFs: The amount of vimentin and other cytokeratins are reduced
because of proteolytic degradation (Garcia-Barreno et al., 1988). Frog virus 3
reorganizes vimentin-type IFs to surround the virus’s cytoplasmic assembly sites (Chen
et al.,, 1986; Murti et al., 1988). Vaccinia virus causes a marked reorganization of IFs
around the nucleus of infected cells and an increase in the phosphorylation level of IF

proteins vimentin and desmin (Ferreira et al., 1994). One strain of influenza A avian
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virus induces morphological modification of IFs, changing their physiological radial

pattern into an array surrounding the nucleus (Arcangeletti et al., 1997).

2.5.3.1 Vimentin

Vimentin (54 kDa, type III) is the major intermediate filament protein of mesenchymal
cells (e.g. fibroblasts, epithelial cells, muscle cells, blood cells and leukocytes). It shows a
high degree of sequence homology throughout all vertebrates from fish to humans
(Nelson and Traub, 1982; Schaffeld et al., 2001) and its expression is developmental
stage dependent (Herrmann et al., 1989). There are no diseases that are associated to
vimentin (Omary et al., 2004). The protein is physiologically important even though
vimentin -/- mice developed and reproduced without any obvious disturbed phenotype
(Colucci-Guyon et al., 1994). The function of viementin has long remained an enigma,
but recent studies have revealed that loss of vimentin can lead to morphological
changes in glia cells, impaired wound healing, defects in capacity of fibroblast to
migrate, decreased flow-induced dilation of resistance arteries, distributed homing of
leukocytes to lymph nodes and lack of integrity in vascular endothelium (Ivaska et al.,
2007). Vimentin is an organizer of many of the key proteins involved in cell adhesion,
attachment, migration and cell signaling (see Table 4.).

Several viruses have been reported to cause major changes in vimentin during
infection. Ads were shown to activate nonviral proteolytic enzyme which cleaves
vimentin in the early stage of infection. The vimentin processing is serotype related and
shown to be important for Ad2, Ad5 Ad4 and Ad9 (Belin and Boulanger, 1987).
Retroviruses were also shown to cause cleavage of vimentin (Snasel et al., 2000;
Naghavi and Goff, 2007). Human immunodeficiency virus type 1 protease (HIV-1 PR) is
responsible for cleavage of vimentin and liberation of vimentin peptides, which cause
changes in nuclear architecture and chromatin distribution (Shoeman et al., 1990;
Shoeman et al., 2001). In addition, some other viruses rearrange vimentin like African
swine fever virus (Stefanovic et al, 2005), vaccinia virus, bluetongue virus
(Bhattacharya et al., 2007), frog virus 3 (Chen et al., 1986) and rotavirus (Weclewicz et
al., 1994).
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Table 4. Vimentin functions in different physiological processes and tentative or identified molecular

targets involved in the observed effects. Table modified from Ivaska et al. (Ivaska et al., 2007).

Cellular function
Structural integrity of
cells and tissue

Cell adhesion and
migration

Organization of cell
membrane complexes

Association with other
filaments

Regulation of DNA

A scaffold/modulator for
protein kinases

Cell stress and virus
infection

Target of regulation/ action

Endothelial cell junctions, ECM interactions

Integrins, cell adhesion molecules,
cytoskeletal cross linking proteins

Leukocyte attachment and migration

B-adrenergic receptor (BAR)

SNARE-receptor

Sodium-glucose cotransporter (SGLT1)

Actin filaments

MTs

Genomic DNA, satellite DNA, telomere
DNA, retroposons, mitochondrial DNA,
MARs

Different kinases

Virus entry, heat shock proteins, caspase,
p53, monocytes, macrophages

Effect

Integrity of cell layers
and tissues
Formation, regulation
and turnover of
vimentin associated
matrix adhesion
(VMA)

Transcellular migration

Modulates lipolysis

Intracellular vesicular
transport

Glucose metabolism

Effect on mechanical
features of network

Moves along MTs

DNA recombination,
repair and transcription

Regulates their
distribution and ability
to phosphorylate

Tolerate different
forms of stress (virus,
heat, mechanical),
apoptosis, cell death,
immune response

Reference
(Nieminen
et al., 2006)
(Homan et
al., 1998;
Gonzales et
al., 2001;
Kreis et al.,
2005)

(Dejana,
2006)
(Kumar et
al., 2007)
(Faigle et
al., 2000)

(Runembert

et al., 2004)

(Esue et al.,
2006)

(Clarke and
Allan, 2002)
(Traub,
1995;
Tolstonog et
al., 2000)
(Tolstonog
etal., 2001)
(Perlson et
al.,  2005)
(Pallari and
Eriksson,
2006)

(Byun et al.,
2001;
Belichenko
et al., 2001;
Mor-Vaknin
et al., 2003;
Yang et al.,
2005; Zhang
et al., 2006;
Garg et al.,
2006)

Abbreviations: ECM, extracellular matrix; SNARE, soluble N-ethylmaleimide-sensitive factor attachment
protein receptor; MAR, matrix attachment region.
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Phosphorylation is a key regulator of IF dynamics, modulating the organization
of IF networks and the subcellular distribution of proteins (Sihag et al., 2007). Vimentin
has a complex phosphorylation pattern with sites and kinases specific for different
states (mitosis, differentiation and stress) (Omary et al., 2006). Most of the functions of
vimentin are regulated by phosphorylation. Phosphorylation sites are clustered in the

head and tail domains and some of these are highly conserved (Figure 12).

Ser-55, reorganization of vimentin in mitosis

Ser-38/Ser-72, determine assembly of vimentin Ser-82 in ASFV entry
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Figure 12. Phosphorylation sites of vimentin. Phosphorylaton of N-terminal phosphorylaton sites (4, 6-9)
of vimentin regulates integrin traffic and cell motility (Ivaska et al., 2005). Ser-38 and -72 are important in
determining the structure and assembly state of vimentin (Eriksson et al., 2004). The phosphorylation of
vimentin at ser-55 has been shown to be essential for the disassembly of vimentin IFs during mitosis
(Chou et al, 2003). African swine fever virus (ASFV) causes rearrangement of vimentin by
phosphorylating Ser-82 (Stefanovic et al., 2005). The figure is modified from Ivaska et al. (Ivaska et al.,
2007).
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2.6 Factors influencing transgene expression in virus-mediated gene
delivery

Viruses are obligatory intracellular parasites. Their transgene expression and the
therapeutic consequences of transduction, depend on the ability to transmit their
genomes into the nucleus of transduced cells. Virus entry is a multi step process and if it
is successful, all of the steps have to occur at the right place and at the right time (Marsh
and Helenius, 2006). In addition, viruses have to maintain their genes/transgenes and
expression cassettes in such a form that natural transcriptional and translational

machinery can use them as a template for gene expression (Makrides, 1999).

2.6.1 Efficiency of virus transport into nucleus

The first barriers encountered by incoming viruses are the layer of glycoconjugates
(glycoproteins, glycolipids and proteoglycans) covering the external surface of cells, the
plasma-membrane (Poranen et al., 2002), cortical actin (Gruenheid and Finlay, 2003) and
the crowded cytoplasmic compartment (Luby-Phelps, 2000). In addition, the endosomal
escape (Gruenberg and van der Goot, 2006) and traveling through the nuclear envelope
(Whittaker, 2003) are also challenging for their survival and completing their mission.

Viruses need an active transport mechanism once they gain access to the inside
of the cell. The reason is the molecular crowding of cytoplasm as a result of the presence
of organelles, cytoskeleton and high protein concentrations (up to 300 mg/ml)
effectively restricting free diffusion of molecules larger than 500 kDa (Luby-Phelps,
2000). Diffusion of a 100-bp DNA fragment in the cytoplasm is approximately five times
slower than diffusion in water and diffusion of a 250-bp fragment and a 2000-bp
fragment is 17 and 100 times slower, respectively. In the nucleus, DNA fragments are
immobile (Lukacs et al., 2000).

In order to infect or transduce, the virus must bind to the host cell surface. There
are two types of surface factors to which viruses can bind: attachment factors and
receptors. Distribution and behavior of these cellular components determines which cell
types, tissues, or organisms a particular virus can infect. Attachment factors, which
usually concentrate viruses on cell surface, are usually non-specific and involve
interaction with general cell surface factors like heparin sulfate or other carbohydrate

structures. Contrary to attachment factors, receptors are specific cell surface molecules
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and actively promote viral entry. The virus-receptor interaction causes a conformational
change in the virus particle, activates signaling pathway, promotes endocytic
internalization and determines which cell types and species are permissive for the virus.
Hundreds of receptors and attachment factors have been determined and usually
viruses can use more than one type of receptor (Young, 2001; Marsh and Helenius,
2006). For example immunodeficiency virus type I (HIV-1) uses heparin sulfate
proteoglycans as their attachment factor, CD4 as a receptor, and chemokine receptors
(CXCR4, CCR5) as coreceptors (Mondor et al., 1998; Berger et al., 1999). Ads use CAR-
receptor for the attachment. Internalization of Ad is mediated by the interaction via av[3
integrins, which leads to endocytosis of the virion via clathrin coated pits (Wickham et
al., 1994).

The virus-induced signaling cascades are important in both earlier entry steps
and in activation of the cytoskeleton/endocytic machinery. Ads are a good example of
this kind of cell signaling (Nemerow and Stewart, 1999). The interaction between
adenoviral pentons and integrins activates several signal cascades e.g. serine/theorine,
tyrosine and PI kinases, phosphatases and PI 3-kinase (Greber, 2002; Pelkmans et al.,
2005). The importance of signaling for viral entry emphasizes the fact that the activation
of clathrin — and caveolae/raft -mediated endocytosis can be regulated by at least five
different kinases (Pelkmans et al., 2005).

Many viruses enter inside the cell via endocytic vesicles. These existing pathways
are designed for nutrient uptake, receptor down regulation and signaling. By using
these pathways viruses can move deep into the cytoplasm and bypass many of the
barriers like membrane context and cytosolic crowding. Viruses are known to use
several different pathways for the endocytic internalization into mammalian cells
(Figure 13). The most common and studied uptake pathway is the clathrin-mediated
pathway (Greber and Way, 2006; Ungewickell and Hinrichsen, 2007), which is a
continuous, efficient and rapid gateway into the cell. Viruses are transported together
with their receptors into early or late endosomes. The incoming viruses are often
exposed to the acidic environment of endosomes within minutes after internalization.
Those viruses, which do not use clathrin-mediated uptake, use other routes (see Figure
13, examples of viruses are mentioned in the figure text). Some viruses use several
different pathways to infect efficiently different cell types e.g. SV40 can use different
pathways in order to efficiently infect different cell types and cells at different
physiological states (Marsh and Helenius, 2006).
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Figure 13. Endocytic pathways used by viruses (Marsh and Helenius, 2006; Mercer and Helenius, 2009).
A. Macropinocytosis (e.g. CBV, Ad3, HIV-1, EV1, HSV, VV), B. Clathrin-independent or nonclathrin/non-
caveolar (e.g. influenza virus), C. Clathrin-mediated (e.g. Ad2, Ad5, SFV, HIV-1), D. Caveolar (e.g. SV-40,
BKYV), E. Cholesterol-dependent/lipid raft-mediated (e.g. polyomavirus, SV-40) and F. Dynamin-2-
dependent (e.g. Echo virus 1) pathways. Phagocytosis (e.g. HSV-1) is also one route, not shown in this
figure. Abbreviations: CBV, coxsackie B virus; EV-1, echovirus; VV, vaccina virus; SFV, semliki forest
virus; SV-40, simian virus 40.

Most endocytotic pathways terminate at the lysosomes and therefore viruses
have developed different strategies to escape from endocytotic vesicles or to be able to
pass through cellular membranes. The transfer of viral genome (DNA or RNA) and
accessory proteins through the cellular membrane into the cytosol is called penetration.
For the enveloped viruses, the penetration from endocytotic vesicles involves
membrane fusion and for non-enveloped viruses means pore formation or membrane
lysis. The fusion of the enveloped viruses with the endosomal membrane (pH-
dependent or -independent) causes the release of the nucleocapsids into the cytoplasm
(Earp et al., 2005; Marsh and Helenius, 2006; Weissenhorn et al., 2007). For example, the
presence of adenoviral particles together with low endosomal pH cause endosomal
disruption and escape to the cytosol (Meier and Greber, 2004). After penetration, the
viral genome together with the accessory proteins is released into the cytoplasm where
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most RNA viruses start replication. DNA viruses transport their capsid/genomic DNA
to the nucleus for transcription (Marsh and Helenius, 2006).

Incoming plasmids and capsids are transported to the correct site within the
cytosol or nucleus. For the transport, viruses usually use cytoskeleton, especially
microtubules and different transport machineries (see paragraph 2.5).

The nucleus is a very restricted area and therefore viruses need a specific
mechanism to import their genome into the nucleus (Whittaker, 2003). The import of
virus and viral genomes occurs usually through NPCs. Viruses use nuclear localization
signals and cytosolic import receptors to go through NPC. Viruses have four different
ways to enter into the nucleus: 1) genomic DNA or RNA is released into cytoplasm
from where it is actively imported into nucleus, 2) capsid binds to the cytosolic side of
the pore where it is opened and the DNA passes through the pore, 3) capsid binds to
pore, becomes disassembled and DNA is released into nucleus or 4) the capsid can pass
through the pore in an intact form (Whittaker, 2003). Some viruses, like retroviruses, do
not use the NPCs for nuclear entry. These viruses can enter only during mitosis when
the nuclear envelope is temporally absent (Lewis and Emerman, 1994).

Capsids of some viruses enter into nucleus in an intact form. Good examples are
Parvoviruses and Hepatitis B viruses whose disassembly takes place in the nucleus
(Chapman and Rossmann, 1993; Kann et al, 1999). In addition, nucleocapsids of
baculovirus are actively transported through the nuclear pore into the nucleus, where
disassembly of the viral nucleocapid and exposure of nucleprotein core take place
(Kukkonen et al., 2003; Salminen et al., 2005).

2.6.2 Transcriptional regulation

One of the major obstacles in gene delivery has been maintenance and regulation of
transgene expression. In the cells bearing foreign DNA and expressing foreign proteins,
there is a tendency for promoter elements controlling transgene expression to be
silenced by methylation (Jones et al., 1998). Therefore the correct choice of appropriate
promoters and surrounding DNA sequences are essential for attaining the desirable
transgene expression (Makrides, 1999). In general, viral promoters are recognized as
“foreign” in eukaryotic cells and therefore shut down. For example, the commonly used
CMV IE promoter, which gives strong expression in most cell types, becomes down-
regulated over time in most mammalian cells (Mehta et al.,, 2009). However, after the

addition of a muscle cell specific enhancer element (Dai et al., 1992) or skeletal actin
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promoter sequence (Hagstrom et al., 2000), the CMV promoter shutdown can be
prevented. In addition, modifications like inclusion of an endogenous promoter to
direct the expression of marker genes (Vile et al., 1994) or incorporation of a stable
marker gene (Artelt et al., 1991) or usage of internal ribosome entry segments (IRES)
(Attal et al., 1999) or inactivation of the 3" LTR in SIN retrovirus vectors (Deglon et al.,
2000), have had an effect on the transgene expression.

The controls that act on gene expression are more complex in eukaryotes than in
prokaryotes. The main difference is the presence of a nuclear membrane in eukaryotes
which prevents the simultaneous transcription and translation that occurs in
prokaryotes. Transgene expression is controlled by promoters, enhancers, introns,
polyadenylation signals (polyA), transcription terminators, Kozak sequence, UTRs,
termination codon and codon usage (Makrides, 1999). Some comparative analyses have
been done between different combinations of promoters, enhancers, introns and polyA
sequences (Xu et al., 2001; Xu et al., 2002). In vitro and in vivo experiments revealed that
an optimized expression cassette (composed of CMV enhancer, chicken B-actin
promoter, P-actin intron and SV-40 polyA or composed of CMV enhancer, CMV
promoter, intron A, SV-40 polyA) drove highest levels of expression (Xu et al., 2001).
Later studies showed that Ad vectors containing the largest intron of CMV and bovine
growth hormone polyA are powerful elements for efficient transgene expression (Xu et
al., 2002).

Promoters, defined as the region of DNA that facilitates the transcription of a
particular gene, are divided into universal or tissue specific promoters. Universal
promoters are transcriptionally active in a wide range of cell types and tissues. Due to
the capability of achieving a high level of gene expression within several DNA
constructs (e.g. viruses, plamids, etc.), these promoters are still used widely throughout
the scientific community (Papadakis et al., 2004). The widely used universal promoters
are cytomegalovirus (CMV or CMV-IE), elongation factor 1la. (EFla), long terminal
repeat (LTR), phosphoglycerate kinase (PGK), SV-40 and RSV promoter. EFla promoter
has been shown variously to exceed and outlast CMV-mediated expression from several
vectors, including Ad, AAV and plasmid vectors, in vitro and in vivo (Nakai et al., 1998;
Ye et al,, 1998). The choice of the right promoter is important; e.g. chicken B-actin
promoter has been shown to be more active than the CMV promoter in baculoviral
vectors (Shoji et al., 1997).

Promoters can be also divided into those that function constitutively and those

that are regulated by an inducer or a derepressor (Papadakis et al., 2004). Inducible
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promoters are suitable for production of proteins which are toxic for cells, and for
studying gene regulation during development. These kinds of regulated promoters are
divided into ligand-inducible systems or stimulus-inducible systems. The most
prominent ligand-inducible system has been tetracycline (tet) on/off system, which is
based on sensitive prokaryotic tetracycline resistance operon (Gossen et al., 1995).
Stimulus-inducible systems are activated by different factors e.g. by heat (Lee et al.,
2001b), radiation (Marples et al., 2000) or metal-response elements (Steinwaerder and
Lieber, 2000). Hypoxic response element (hypoxia-inducible factor 1; HIF-1) have
triggered significant interest in the field of ischemic diseases and cancer therapies
(Shibata et al., 2000; Su et al., 2002).

Tissue specificity of a promoter is of particular interest in gene therapy
applications (transcriptional targeting). Endogenous eukaryotic promoters are typically
inferior to viral promoters in terms of expression intensity (Papadakis et al.,, 2004).
However, if one uses tissue specific promoters then the transgene expression was
longer as compared to viral promoters, e.g. the apolipoprotein (apo) A-I promoter in
conjugation with its intron and enhancers in Ad vector was able to drive transgene
expression for up to six months (De Geest et al., 2000). The list of tissue- and disease-
selective eukaryotic promoters is still expanding and also genome-wide endogenous
promoter extraction and analysis are being evaluated (Xuan et al., 2005).

Introns are sections of DNA that will be spliced out after transcription of RNAs.
About 95 % of human genes harbor introns. The average human gene contains 5-6
introns. The average length of introns is 2100 nucleotides (nt), but they can be as long as
100 000 nt. A number of elements regulating gene expression has been found within
intronic sequences (Fedorova and Fedorov, 2003). Genomic constructs were shown to be
expressed more efficiently than identical constructs lacking introns (Palmiter et al., 1991;
Choi et al., 1991). Although many cDNA constructs lacking introns can be expressed
efficiently, it has been shown that inclusion of introns can lead to a 10- to 20-fold
increase in transgene expression (Buchman and Berg, 1988) and certain mammalian
transcription units fail to produce RNA if they lack an intron; e.g. intronless -globin
gene is a good example (Buchman and Berg, 1988). In addition, the placement of
introns has been shown to be essential for efficient gene expression; e.g. the placement
of the small-t intron downstream of a cDNA leads to aberrant splicing within the gene
(Huang and Gorman, 1990). The intron from the SV40 late gene (VP1) and the synthetic
introns (SIS) (Ad splice donor and an immunoglobulin G splice acceptor) were shown

to cause efficient transgene expression in different cell types (Petitclerc et al., 1995).
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Eukaryotic mRNA contains a poly(A) tail (n = 200) at their 3' ends, which is
added during a complex process of transcription (Proudfoot et al., 2002). The poly(A)
tail is important for mRNA stability and translatability (Jackson and Standart, 1990;
Gray and Wickens, 1998) The most commonly used poly(A) signals are derived from
bovine growth hormone, mouse B-globin, the SV-40 early transcription unit, and herpes
simplex virus thymidine kinase gene (Makrides, 1999). In lentivirus-based gene therapy
vectors, the transgene expression cassettes are usually cloned without polyadenylation.
The lack of the polyadenylation signal, however, has been shown to reduce transgene
expression, e.g. the addition of SV40 early polyadenylation signal into the lentivirus
backbone increased transgene expression 3 — 6.5-fold (Hager et al., 2008).

Transcription terminators have many beneficial effects on gene expression of
prokaryotes by increasing mRNA stability, minimizing background transcription and
increasing the level of protein production (Makrides, 1996). In both eukaryotes and
prokaryotes, promoter occlusion has been shown to be a problem if transcription
terminators are omitted. Continued transcription from an upstream promoter through a
second transcription unit can inhibit the function of a downstream promoter
(Proudfoot, 1986).

Chromatin is the physical structure of DNA in the nucleus. The eukaryotic
chromosomes consist of DNA and proteins. The modulation of the structure of the
chromatin is critical for the regulation of gene expression since it determines the
accessibility of underlying DNA. Heterochromatin is dense chromatin structure and
inaccessible for RNA polymerases, whereas euchromatin is open and actively
transcribed. The structure of chromatin in the integration site is especially critical for
integrating viruses. Several factors have been implicated in the regulation of
transcription from chromatin (Owen-Hughes, 2003). These factors can be classified as
enzymes that function as post-translational modifiers of the chromatin structure
(covalent modifications), and those that manipulate chromatin structure non-covalently
by driving ATP-dependent alterations to chromatin folding (Owen-Hughes, 2003). This
mode of regulation has been referred to as epigenetic regulation which denotes an
inherited state of gene regulation (Bernstein et al., 2007).

In covalent modifications, the histone proteins are subjected to a range of post-
transcriptional modifications including acetylation, phosphorylation, methylation,
ubiquitinylation and ribosylation. This part of epigenetic code is called the “histone
code” (Strahl and Allis, 2000). The histones are subjected to more than 100 different

posttranslational modifications. This additional information contained within the
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chromatin proteins associated with DNA (the epigenome) has been shown to be
inherited in each cell cycle (Turner, 2000).

Non-covalent ATP-dependent alterations of chromatin folding, such as
nucleosome sliding, play also an integral role in gene regulation. Chromatin modelers
are specialized multi-protein complexes that enable access to nucleosomal DNA by
altering the structure, composition and positioning of nucleosomes (Saha et al., 2006).
All eukaryotic cells contain at least five families of choromatin remodelers, which are
specialized for altering the structure, composition, and positioning of nucleosomes
(Saha et al., 2006).

Eukaryotic chromosomes are typically arranged as a 50- to 100 kb loop domains
that are attached at their bases to the intracellular framework by non-histone proteins.
Scaffold/matrix attachment regions (S/MARs) are sequence elements that define the
borders of these chromatin domains containing functional segment of a gene or gene
clusters. S/MARs are AT-rich DNA sequences with a high unwinding propensity that
mediate the structural organization of the chromatin within the nucleus and have an
important role in different aspects of chromatin function. These elements constitute
anchor points of the DNA for the chromatin scaffold and serve to organize the
chromatin into structural domains (Chattopadhyay and Pavithra, 2007). The inclusion
of S/MARs into episomal vectors augment transcription/long-term gene expression
(Bode et al., 2000a).

Locus control regions (LCRs) modulate the chromatin structure and have a
strong transcription-enhancing activity of genes and gene clusters. They are
operationally defined by their ability to enhance the expression of linked genes to
physiological levels in a tissue-specific and copy number-dependent manner (Li et al,,
2002). DNase I hypersensitive sites (HS sites), which are located in transcriptionally
active sites, are thought to be controlled by LCRs and contain components of LCRs. The
first identified LCR was the human B-globin locus (Grosveld et al., 1987).

Chromatin insulators are DNA areas between genes defining independent
expression profiles for different genes (Valenzuela and Kamakaka, 2006; Bushey et al.,
2008). They prevent the interaction between regulatory elements of neighboring gene
loci. The presence of chromatin insulators can improve the expression performance of a
widely used class of integrating vectors by protecting these vectors from chromosomal
position effects, e.g. inclusion of the H54 chromatin insulator from the chicken f-globin
LCR has been shown to increase expression and the proportion of positive cells with

retrovirus transduction (Emery et al., 2000).
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2.6.3 Translational regulation

The optimal translation initiation sequence, which occurs on eukaryotic mRNAs, is
called the Kozak sequence (gccPURINEccAUGg) (Kozak, 1984; Kozak, 1987a; Kozak,
1987b). The purines A or G in position -3 (three nucleotides upstream from the AUG
codon) and G immediately following the AUG codon are crucially important for
optimal translation initiation. Initiation by ribosomes will start at the first AUG codon,
but if there is a weak or no Kozak consensus sequence some ribosomes bypass this part
and scan downstream until another AUG start codon can be located (leaky scanning)
(Kozak, 2005). It has been reported that the insertion of a Kozak sequence can
significantly increase transgene expression (Olafsdottir et al., 2008).

5’- and 3'- untranslated regions (5’UTR, 3'UTR) of mRNA contain motifs capable
of regulating many aspects of mRNA function and can thereby influence gene function
(Hughes, 2006; Mariati et al., 2010). They can affect mRNA nuclear export, cytoplasmic
localization, translational efficiency and stability. These UTRs are binding sites for
regulatory proteins and RNAs. In addition, they can form different secondary
structures influencing the access of translational machinery to the mRNA (Pelletier and
Sonenberg, 1987). At least 10 % of human 5-UTRs contain upstream open reading
frames (UORFs) (Pesole et al., 2001). These frames are short potential reading frames
and they can inhibit translation by restricting the access of ribosomes to the correct start
codon. The 3’ UTR has been shown to influence the stability of mRNA (Ross, 1995). One
determinant for the stability of eukaryotic mRNA is an AU-rich sequence in the 3’-UTR
(Chen and Shyu, 1995). Kakoki et al. have demonstrated that the production of a
transgene, in vitro and in vivo, can vary over a 100-fold range due to differences in the
3’-UTR in an otherwise identical expression cassette (Kakoki et al., 2004).

The Woodchuck hepatitis virus post-transcriptional regulatory element (WPRE)
is a powerful cis-acting RNA element present in the viral 3-UTR. It improves gene
expression at the post-transcriptional level by modifying RNA polyadenylation, export
and/or translation (Donello et al., 1998). The WPRE exhibits partial homology to the
post-transcriptional regulatory element of HBV. Both post-transcriptional regulatory
elements contain functionally important conserved RNA stem-loop structures (Smith,
III et al., 1998). However, the WPRE contains an additional y-element, which makes it
particularly effective (Smith, III et al., 1998). It has been shown that insertion of the
WPRE into the 3’-UTR of transgenes carried by adeno-, AAV-, retro- or lentiviral
vectors may increase and extend their expression rate in vitro (Zufferey et al., 1999; Loeb
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et al, 1999; Xu et al., 2003) and in vivo with a transgene, promoter and vector
independent manner (Lipshutz et al., 2003; Xu et al., 2003). In lentiviruses, WPRE has
been shown to increase titers and expression rate. The mechanism behind this effect is
thought to be improved vector genomic transcript termination and not due to increased
nuclear mRNA export, increased rate of transcription or increase in mRNA half-life as
proposed earlier (Higashimoto et al., 2007).

In the genetic code, a stop codon (or termination codon) is a nucleotide triplet
(UAA, UGA or UAG) within messenger RNA that signals a termination of translation.
Analysis of mammalian genes has revealed that the base following the stop codon
influences the efficiency of translation termination (G and A are preferred to C and U as
a 4" base) (McCaughan et al., 1995).

Prokaryotic and eukaryotic genes exhibit a non-random usage of synonymous
codons (Sharp et al, 1988). Usage of codons may affect translation efficiency of
heterologous genes. For example, the jellyfish Aequorea victoria green fluorescent protein
(GFP) is widely used as a reporter gene. However, the expression of the jellyfish GFP
reporter gene was unsuccessful because of poor translation efficiency of the mRNA in
the human cell environment, which is characterized by a set of isoacceptor tRNAs that
are different from those used in the jellyfish. Using the newly designed codon-
optimized (“humanized”) GFP, efficient GFP expression could be achieved (4- to 10-fold
increase) (Zolotukhin et al., 1996) .

2.7 Long-term gene expression

Viral vectors can be divided into integrating and non-integrating vectors. Integration of
gene therapy vectors into the host genome in theory provides long lasting expression of
the transgene, but the integration event is random (Naldini et al., 1996). Integration may
result in mutagenic interruption and/or transcriptional activation/silencing of tumor
suppressor- or oncogenes (Hacein-Bey-Abina et al., 2003a). In addition, the situation is
complicated by the fact that retroviruses and lentiviruses tend to integrate in the coding
or regulatory regions of transcriptionally active genes (Bushman et al., 2005). One way
to achieve high transgene expression levels without affecting the cellular genome is to

use episomal plasmid vectors which replicate extrachromosomally (Lufino et al., 2008).
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2.7.1 Integrating vectors

Integrating vectors can provide the long-term transgene expression in many gene
therapy applications. The most widely studied integrating vectors are retro- and
lentiviruses (see chapter: Gene transfer vectors). One common property of retroviruses
is their ability to reverse transcribe the viral RNA to linear double stranded DNA and to
induce integration of this DNA into the host genome resulting in stable expression
(Greene and Peterlin, 2002; Baum et al., 2006). Lentiviruses were also developed to be
non-integrating in order to prevent insertional mutagenesis. In these approaches, the
integrase gene (IN) is mutated which allows formation of circular episomal genomes in
the nucleus of the transduced cells (Philippe et al., 2006). This defective integrase
together with SV40 promoter/origin of replication also allows sustained gene expression
(Vargas, Jr. et al, 2008). Furthermore, the development of lentiviruses, which are
capable of site-specific integration, is under intensive research e.g. the wild type
integrase has been fused to zinc finger proteins, which direct integration into some
desired genomic area. Even though integration is at least partly directed to the desired
areas, non-specific integrations can still occur (Tan et al., 2004).

Adeno-associated viruses are also capable for long-term gene expression. The
wild type AAV, which contains the rep gene, can integrate into chromosome 19,
whereas the AAV vectors used in gene therapy lack the rep gene and they mainly
generate episomal head-to-tail concatamers (Nakai et al., 2001; Schnepp et al., 2003).

2.7.2 Episomal vectors

Genetic engineering of episomal (extrachromosomal) vectors offers an interesting
alternative to circumvent many of the problems of insertional mutagenesis. Episomal
vectors persist in multicopies in the nucleus, resulting in amplification and replication
of the gene of interest without any rearrangement of the cellular DNA (Van
Craenenbroeck et al., 2000; Lufino et al., 2008). Episomal plasmids can be divided into
viral episomal vectors [e.g. developed from several DNA viruses, including Epstein-
Barr virus (EBV), bovine papilloma virus (BPV) and BK virus (BKV)] or chromosome-
based episomal systems (e.g. S'MAR vectors and human arficial chromosomes) (Table

5.). Viral episomal systems contain a viral origin of DNA replication and a virally
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encoded gene that transactivates the viral origin and allows the episome to replicate in
the host cells. Chromosome based episomal systems contain parts of genomic areas like
S/MARs or functional parts of natural chromosomes which enable long-term episomal
gene expression.

Episomal vectors offer several advantages over integrating vectors. They persist
in the nucleus in an extrachromosomal state, do not lead to cell transformation, persist
in multiple copies per cell, result in high expression of the transgene and have a high

insert capacity.

Table 5. The properties of episomal vectors. Table modified from Lufino et al. (Lufino et al., 2008).

Viral episomal vectors:

SV40 <17 kb 1-100000 NA Transient, cause cell death, cell cycle
independent replication, oncogenic

BKV 6 kb 20 -150 NA Widespread in humans, latent in kidney and
lymphocytes, oncogenic

BPV-1 9 kb 15- 80 NA Cell cycle independent replication, oncogenic

EBV plasmid 20-30 kb 5-30 94 - 98 Widespread in humans, latent in
lymphocytes, cell cycle dependent replication

EBV-BAC 20-300 kb 2-17 92-98 -

Lenti/mutated IN <10 kb NA NA Transient, low level expression

Lenti/mutated IN/ SV-40 <10 kb NA NA For malignancies caused by SV40

AAV <5kb NA NA Parts of AAVs are integrated

Chromosome-based episomal vectors:

S/IMAR-plasmid 20-30 kb 4-13 98 Delivery challenges

SIMAR-BAC 135-300 kb 1-4 97.5-99.8 Delivery challenges

Minichromosomes Unlimited 1-2 94 -100 Delivery challenges

HAC 300 kb 1-2 98 - 100 Needs optimization; safety, stability,

production
Abbreviations: BKV, BK virus; BPV, bovine papilloma virus; EBV, Epstein - Barr virus; BAC, bacterial
artificial chromosome; IN, integrase; S/MAR, scaffold/matrix attachment region; HAC, human artificial
chromosome; NA, not analyzed.
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2.7.2.1 Epstein-Barr virus (EBV) based vectors

EBV is a human gamma herpes virus that latently infects a large proportion of the
human population. EBV contains a linear double-stranded DNA of 172 kb inside an
enveloped capsid (Lindahl et al., 1976). The two main cellular targets of EBV are B
lymphocytes and epithelial cells. About 90 % of the world population is estimated to be
infected with EBV during early childhood (Cohen, 2000). The infection cycle of EBV is
divided into two stages: lytic cycle and latent cycle (Mattia et al., 1999; Tsurumi et al.,
2005). During latency, about 10 of the 100 genes are expressed, whereas during the lytic
cycle most genes are expressed. The infection is usually asymptomatic, but can cause
infectious mononucleosis in some, usually adolescent people. In a minor fraction of
humans, EBV can contribute to several cancers e.g. Burkitt’s lymphoma, some T-cell
lymphomas, Hodgkin’s disease, post-transplant lymphoproliferative disease,
nasopharyngeal carcinoma and gastric carcinoma (Cohen, 2000).

Two viral elements of EBV are responsible for the extrachromosomal
maintenance: latent replication origin (OriP) (Yates et al., 1984) and EBV nuclear antigen
1 (EBNA-1) (Yates et al., 1985; Rawlins et al., 1985; Ambinder et al., 1991). These
elements are necessary for the efficient replication of circular episomes and, together
with EBNA-1, allow for segregation of the replicated genomes to daughter cells (Lupton
and Levine, 1985). Replication is cell cycle controlled and occurs only once per cell cycle
(Yates and Guan, 1991).

EBNA-1 is a 641 amino acid long phosphoprotein (76 kDa). EBNA-1 is a nuclear
DNA-binding protein which is divided into several domains associated with various
functions (Ambinder et al., 1991). The N-terminus of the protein contains DNA linking
activity areas whereas C-terminus of the protein contains dimerization/DNA binding
activity areas (Figure 14). The nuclear localization signal is located in the middle of the
protein and its main function is to activate the replication of OriP containing episomes
during every cell cycle by binding to dyad symmetry (DS) and family of repeats (FR)
areas of OriP (Frappier and O'Donnell, 1992). EBNA-1 acts also as a transcriptional
regulator (Sugden and Warren, 1989). Since it can bind to metaphase chromosomes and
interphase chromatin, especially at newly replicated regions. This interaction is
considered to facilitate the partition of oriP plasmids into the daughter cells during
mitosis, ensuring high mitotic stability of EBV-based plasmids (Ito et al., 2002). Different
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cellular factors have also been shown to participate in this replication process (Deng et
al,, 2003). One very interesting feature of EBNA-1 is the capability of the Gly-Ala repeat
to prevent cytotoxic T lymphocyte -mediated immune attack (Ossevoort et al., 2003).

OriP (1.8 kb), a cis-acting element identified as the origin of DNA replication
(Figure 14), is composed of two noncontiguous regions: FR and DS (Yates et al., 2000).
The FR region consists of 20 tandem imperfect copies of 30-bp repeat sequences. These
30-bp repeats contain the consensus sequence for EBNA-1 binding. DS contains four
related copies of the 30-bp repeat (Rawlins et al.,, 1985; Reisman et al., 1985). The FR is
responsible for DNA replication. Replication initiation is greatly stimulated by the FR,
possibly by formation of a DNA loop between the FR and the DS sites. FR contains a
replication fork barrier and therefore the replication from oriP proceeds mainly
unidirectionally (Gahn and Schildkraut, 1989; Tsurumi et al., 2005). The DS (120-bp)
region that can be divided into two halves, each containing two EBNA-1 binding sites,
is separated by a 9-bp sequence. The main function of DS is to stimulate the initiation of
replication and to work as a functional replicator. Replication of oriP-dependent
plasmids occurs only once within a cell cycle (Yates and Guan, 1991). Replication is
performed by the cellular replication machinery under cell cycle control (Adams, 1987).
For initiation of DNA synthesis in the presence of EBNA-1, DS mediates recruitment of
the human homologues of eukaryotic initiation factors like origin recognition complex
(ORC) and replication licensing factor (MCM) (Tsurumi et al., 2005).
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Figure 14. The structure of EBNA-1 and oriP in EBV-based vectors (Mazda, 2002). See the text for the
details.

2.7.2.2 EBV based vectors in gene therapy

The typical EBV-based plasmid consists of the oriP and EBNA-1 sequences, the
expression cassette for eukaryotic selection (e.g. hygromycin B), and sequences
necessary for the maintenance and amplification in bacteria, and the transgene of
interest under the desired promoter (Van Craenenbroeck et al., 2000). These elements
are sufficient to ensure the retention and replication of EBV vectors in many different
cell lines like fibroblasts, peripheral blood cells, bone cells lymphoma cells, monkey
cells, dog cells (Yates et al., 1985; Van Craenenbroeck et al., 2000). EBV-based vectors
can also replicate in rodent cells such as rat and mouse cells (Mizuguchi et al., 2000), but
the presence of the human helper protein (eukaryotic rRNA processing protein EBP2)

seems to be essential in some murine cell lines (Habel et al., 2004). In addition, EBV
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vectors have been successfully applied also in primary cells (Min et al., 2003; Zhang et
al.,, 2003) and stem cells (Ren et al., 2005; Ren et al., 2006; Thyagarajan et al., 2009).

EBV-derived expression vectors have already been successfully investigated in
several studies, including expression of cytokine genes, cytokine receptors, growth
factors and amino-acid transporter (Mackey and Sugden, 1999; Van Craenenbroeck et
al., 2000). Table 6. summarizes in vivo experiments done with EBV-vectors.

The large DNA capacity of EBV-based vectors has encouraged attempts to
deliver large (> 100 kb) genomic loci (White et al., 2002; Wade-Martins et al., 2003). The
entire human f-globin gene locus (185 kb) was cloned into an EBV-vector and
maintained in murine fibroblast cells as an episome for a period of three months (Black
and Vos, 2002). In addition, a 117 kb episome was retained in human cells for 15 months
and could be shuttled unrearranged from human cells into bacterial cells (Wade-
Martins et al., 1999).

EBV-derived vectors have many advantages such as stable maintenance of large
DNA fragments and avoiding the tendency for chromosomal integration. However,
some integration of the vector in the host chromosome, rearrangements of EBV-derived
vectors, toxicity in epithelial cells and regulation of proto-oncogenes have been reported
(Van Craenenbroeck et al., 2000; Jones et al., 2003). EBNA-1 has been suggested to be
oncogenic in mice (Wilson et al., 1996; Schulz and Cordes, 2009), but also an opposite
result has been published (Kang et al., 2008). It is known that only a small percentage of
the oriP episomes introduced into human cells is able to form a stable replicon.
Therefore, most of the studies have been done under selective pressure. The reasons for
the unstability of replicons without selection are partly unknown, but epigenetic events
(Leight and Sugden, 2001), such as methylation (Kameda et al., 2006) have been
suggested. In addition, insufficient expression of EBNA-1 is also known to influence the

maintenance of replicons (Kreppel and Kochanek, 2004; Shan et al., 2006).
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Table 6. Some in vivo gene therapy experiments performed with EBV-vectors.

EBV-plasmid Mice
EBV-plasmid Rat/heart
EBV-plasmid, Mice/muscle

EBV/minichromosomes

EBV-plasmid Rat/kidney
EBV-plasmid Mice/Tumor
EBV-plasmid Mice/lung
EBV-plasmid Mice/liver,
EBV-Baculovirus Mice/tumor
EBV-Ad * Mice/liver

i.v. injection LacZ, Luc, > 8 weeks
angiostatin,
p53, hFIX
gene gun Lacz 1-6
weeks
Injection, LacZ, human >5-12
electroporation dystrophin, weeks
Luc, FVIII
Catheter Luc 8 weeks
electroporation, IL-12, LacZ, > 21 days
injection, Luc, TK,
liposome, MDR1, IL-18
FasL NA
> 7days
< 25 days
> 1 month
NA
NA
Systemic Luc > 3 weeks
administration
i.v. injection, Luc, os- 10 days -9
liposome antitrypsin, months
LacZ
Tumor injection RTA > 19 days
i.v. injection EYFP > 6 weeks

(Tuetal.,
2000; Cui et
al., 2001)
(Sclimenti
etal., 2003)
(Tomiyasu
etal., 1998;
Nishizaki et
al., 2000)
(Tsukamoto
etal., 1999;
Magin-
Lachmann
etal., 2003;
Mei et al.,
2006)
(Tsujie et
al., 2001)
(Maruyama-
Tabata et
al., 2000;
Kishida et
al., 2001)
(Otomo et
al., 2001;
Izumo et al.,
2007)
(Leeetal.,
2001a;
Nakanishi et
al., 2003)
(Iwai et al.,
2002)
(Zhang et
al., 2003)
(Saeki et al.,
1998; Stoll
etal., 2001)
(Kaneda et
al., 2000)
(Wang et
al., 2008)
(Gallaher et
al., 2009)

Abbreviations: i.v., intravenous; Luc, luciferase; GFP, green fluorescent protein; LacZ, gene encoding B-
galactosidase; hFIX, human Factor IX; FasL, Fas ligand; TK, thymidine kinase; RTA, viral lytic gene of
EBV; MDRI1, multi-drug resistance gene; EYFP, enhanced yellow fluorescent protein; FVIII, coagulation
factor VIIL * = human replication origin together with FR used.
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2.7.2.3 EBV based hybrid vectors

Hybrid vectors have been created to combine desired features of different vectors.
Several episomal hybrid vectors have been constructed e.g. for cases where longer
expression times are needed. These vectors combine the advantages of episomal vectors
with the features of a backbone vector (Van Craenenbroeck et al., 2000).

In order to obtain long-term Ad-based gene expression, an Ad-EBV hybrid
vector was developed that could deliver an episome to the nucleus of the infected cells
(Tan et al., 1999; Leblois et al., 2000; Dorigo et al., 2004; Kreppel and Kochanek, 2004;
Gallaher et al., 2009). This hybrid system consisted of two different vectors. Upon
coinfection of cells, Cre recombinase expression from one Ad vector induced the
recombination of loxP sites on a second vector that contains all of the sequences
necessary to generate an EBV episome (Tan et al., 1999; Leblois et al., 2000; Dorigo et al.,
2004). The FLP-mediated circulation of the episome has also been used instead of the
Cre/loxP-system (Kreppel and Kochanek, 2004).

Hybrid vectors consisting of EBV sequences together with retrovirus (Grignani et
al., 1998), herpesvirus (Wang and Vos, 1996; Muller et al., 2005) and baculovirus (Shan
et al, 2006; Wang et al., 2008; Lo et al, 2009) elements have been described. The
baculovirus hybrid vector containing EBNA-1 and oriP elements was capable of gene
expression which persisted for 60 days in HEK293 cells without any selective pressure.
The long episomal expression of baculoviral vectors was achieved by using the effective
CMV promoter to express EBNA-1. This recombinant baculovirus was evaluated as
outstanding as compared with control baculoviral vectors without CMV promoter
driven EBNA-1 (Shan et al., 2006).

2.7.2.4 Bovine papilloma virus derived vectors

Bovine papilloma virus belongs to a group of DNA viruses (double stranded genome of
7.3-8.0 kb) of the family of Papilloviridae that are common in cattle. It causes warts in the
epithelial tissues and different types of cancers (Lancaster and Olson, 1982).

BPV-1 is most intensively studied for the stable expression experiments. Double

stranded circular genome consist of E (early) and L (late) regions (Van Craenenbroeck et
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al., 2000). E-region is responsible for DNA replication, regulation of transcription and
cellular transformation, whereas L-region codes structural proteins of virion. The
minimal ori and minichromosome maintenance elements (MME) are required for stable
extrachromosomal replication together with the functional domains of E1 (ATPase
activity, DNA-binding domain and E2 interaction domain), E2 (transactivation domain
and DNA-binding domain) and E3-E8. These essential elements represent 69 % of the
viral DNA of BPV-1.

These BPV-1 based episomal vectors have been successfully used to express rat
preproinsulin (Sarver et al., 1981), human growth hormone (Pavlakis and Hamer, 1983),
influenza virus hemagglutinin (Sambrook et al., 1985) and vesicular stomatitits virus
glycoprotein G (Lefkowitz et al., 1990). The major drawbacks of BPV-1 based vectors
are a high frequency of DNA rearrangements, transforming capacity (Uemura et al.,
1992) and the fact that they may integrate into chromosomal DNA (Ashman and
Davidson, 1985; Waldenstrom et al., 1992).

2.7.2.5 BKV derived vectors

BKV is a member of human polyomavirus family. The BKV is widespread and 50 % of
the 3-year-old children have got a primary infection. Primary infection of BKV is
asymptomatic or causes only a mild respiratory infections or fever. Virus may be
activated under conditions of immunosuppression causing upper respiratory or urinary
tract disease (Van Craenenbroeck et al., 2000).

The genome of BKV is divided into an early region (coding the large T and the
small t antigen) and a late region (coding viral capsid protein) and a non-coding
regulatory region. The presence of the BKV early promoter, small t antigen and large T
antigen are necessary if one wishes to create a typical BKV-expression vector (Seif et al.,
1979; Van Craenenbroeck et al., 2000).

BKYV has been used to express different reporter genes, the herpes simplex virus
type I glycoprotein B and human serotonin receptor h5-HTis (Van Craenenbroeck et al.,
2000). The major drawback is BKV’s capability to cause transformation of the
transfected cells by binding p53 in the cell (Harris et al., 1996). In addition, it has been
shown that BKV is mutagenic and causes chromosomal aberrations in human cells
(Trabanelli et al., 1998).
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2.7.2.6 SIMAR based vectors

DNA replication occurs in association with the nuclear matrix in the mammalian cells.
This proteinaceous framework is generally termed as S/MAR (Lufino et al., 2008). These
regions, usually several hundred nucleotides in length, are typically AT-rich stretches
and clusters of topoisomerase II cleavage sites and do not share a strictly conserved
consensus sequence. It has been shown that 11 % of the conserved noncoding DNA
consist of predicted S/MARs in human and mouse (Glazko et al., 2003; Girod et al.,
2007). The comparison of seven different matrix/scaffold attachment regions showed
that human B-globin S/MAR is one of the most effective (Kim et al., 2004). S'MARs have
been found nearby to promoters, enhancers and origins of replication. A wide range of
possible functions has been considered for S/MARs, including transcription activation
by chromatin remodeling (Bode et al., 2000a) and insulation of genes from position
effects (Allen et al., 2000).

The human interferon p-gene has been the most extensively studied S/MAR. It
has been shown to be functional in CHO cells (Kim et al., 2004; Jenke et al., 2004; Lufino
et al., 2007) and primary human cells (Papapetrou et al., 2006). A vector containing SV40
ori and S/MAR sequence isolated from the human B-interferon gene was stably retained
in CHO cells without selection pressure for over 100 generations (Piechaczek et al.,
1999). The S/MARs, which have been tested in vivo, are listed in table 7.

Table 7. S/MARs tested in in vivo.

pHMS5/hFIXmg  Chicken Mouse liver Human 1 year (Ehrhardt et  5-10 -fold higher
lysozyme coagulation factor al., 2003) expression levels
locus IX (hFIX)
(ChMAR)
pEPI-EGFP Human B- Pig Sperm EGFP Fetuses (Manzini et Transgenesis
interferon analyzed on al., 2006)
day 70 of
pregnancy
pLucAl Human f3- Mouse liver Luciferase > 6 month (Argyros et Liver specific

interferon al., 2008) promoter
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2.7.2.7 Artificial chromosomes

The design of vectors resembling natural chromosomes is a very interesting approach
and ideally these structures would behave like normal chromosomes. Artificial
chromosomes are divided into three main classes: human artificial chromosomes
(HACQ), yeast artificial chromosomes (YAC) or bacterial artificial chromosomes (BAC or
PAC). HACs are microchromosomes that can replicate and segregate as a normal
chromosomes and they use human functional components for their replication and
stable propagation. Yeast artificial chromosomes contain all sequences needed for
maintenance in yeast cells, whereas BAC/PAC contains elements for replication and
preservation in bacterial cells. Since artificial chromosomes are independent
molecules/structures, they should be free of possible adverse effects such as insertional
mutagenesis and positional effects (Grimes and Monaco, 2005).

Since the first prototype of HAC was launched in 1997, a number of artificial
chromosomes have become available (Harrington et al., 1997; Macnab and Whitehouse,
2009). These HACs can be engineered in two different ways: de novo assembly of
chromosomal components to form fully functional chromosomes or assembly of
chromosomes through manipulation of endogenous chromosomes (Irvine et al., 2005).
HACs have been developed for gene expression studies and targeting strategies e.g.
HACs containing genomic fragment of 40-kb  hypoxanthine guanine
phosphoribosyltransferase (HPRT) locus were created (Mejia et al., 2001; Grimes et al.,
2001). The expression of HPRT lasted for more than 60 days without selection and
efficiently complemented the metabolic defect in HPRT-deficient HT1080 cells (Grimes
et al,, 2001). HACs are also very useful tools for elucidating human chromosome
functions. Even though substantial progress towards the generation of HACs has been
made, there are still several targets for future development e.g. achieving the feasible
purification of large chromosomes, overcoming problems in transferring of HACs,

improving their stability and safety (Larin and Mejia, 2002; Irvine et al., 2005).
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3 AIMS OF THE STUDY

The aim of this thesis was to study baculoviruses as gene therapy vectors and to
improve their transgene expression profile and duration. These aims were divided into
specific tasks as follows:

(I) Could EBNA/oriP as a part of baculovirus be used to achieve long-term and
persistent expression in vertebrate cells?

(I) Could an intron be used to inhibit leaky expression of cre-recombinase in
E.coli? Could the modified loxP-sites flanking Cre-gene be used to self-inactivate cre-
recombinase expression and to prevent the toxicity of Cre expression in mammalian
cells? Would this self-inactivating Cre-recombinase still be functional?

(III) Could WPRE be used to achieve a better transduction efficiency and higher
transgene expression level after baculoviral gene transfer?

(IV) Could different cell culture mediums have an impact on baculovirus-
mediated transgene expression in non-permissive cells? What is the mechanism behind
the possible medium effect and how is this associated with the intermediate filaments

(vimentin)?
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4 MATERIALS AND METHODS

The materials and methods used in the articles I - IV are summarized in the tables

shown below and (Tables 8 -13) described in more detail in the relevant publications.

4.1 Methods

Table 8. Methods used in studies I-IV.

Methods

DNA cloning
Production of viruses
Analysis of viruses

In vitro experiments

Analytical experiments

Microscopy

Statistical methods

Description

Vector construction
Concentration and production of
baculoviruses and lentiviruses
Tittering and immunoblotting
Cell culture

DNA transfection

Transduction experiments

Flow cytometry analysis
Immunoblotting

ELISA analysis

PCR

Real-time RT-PCR
[3-galactosidase enzyme assay
Cytotoxicity assay (MTT)

Light and fluorescent microscopy
Confocal microscopy
Mean+SEM, unpaired t-test

Used in
1=V
I, i, v

I, 1, v
-1V
1,1V

I, 1, v
I, 1, v
1, 11, 11

|
LIV
I

I

v

I-IvV

I

I, 11, v

4.2 Cell lines

Cell lines used for in vitro studies are listed in Table 9.

Table 9. Cell lines used in studies I-IV.

Cell line Source

293T ATCC: CRL-11268

CHO-K1 ATCC: CCL-61

HepG2 ATCC: HB-8065

Ea.hy926 University of North Carolina,
Department of Pathology, NC,
USA

RaaSMC (Yla-Herttuala et al., 1995)

MG-63 ATCC: CRL-1427

Hela ATCC: CCL-2

Sf-9 Invitrogen

Description

Human kidney carcinoma
Chinese hamster ovary cells
Human hepatocarcinoma cells
Hybridoma of human airway
epithelium and HUVEC cells

Rabbit aortic smooth muscle cells
Human osteosarcoma cells

Human cervical cancer cells
Spodoptera frugiperda IPLB-Sf-21-AE
cells

Used in

I, 11, 11, IV
I, IV

I, 11, IV
11, 1l

I, 11, v
1l
I
I, 11, v
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Details of the plasmids used in the publications I — IV are shown in Table 10. These

plasmids or parts of them were used to create final constructs used in the experiments.

Table 10. Plasmids used in studies I-IV.

Plasmid

pBS185
pAIV-11

pDsRed2-N1
pFlox
pWPT-EGFP

pLodavin
pFastBac-1
pBVboostFGR
pCAGGS

PEAKI2

pEGFP-N1
PUNI/V/5-His-TOPO
pCEP4

pMDLg/pRRE
pPRSV-Rev
pCMV-VSVG

LV1-GFP

4.4 Viral vectors

The characteristics of the viral vectors constructed in the studies are listed in Table 11.

Reference

Life Technologies
(Airenne et al., 2000)

Clontech
(Leppanen et al., 2006)
Tronolab

(Lehtolainen et al., 2003)
Invitrogen

(Laitinen et al., 2005)
Generous gift from Dr Jun-
ichi Miyazaki, Osaka, Japan
Edge Biosystems

Clontech

Invitrogen

Invitrogen

Tronolab

Tronolab

T.Friedmann, UCSD, La
Jolla, CA, USA
(Makinen et al., 2006)

Table 11. Viruses used in studies I-1V.

Vector name
Ba-CAG-EGFP
Ba-CAG-EGFP/WPRE
Ba-CAG-lacZ
Ba-CAG-lacZ/WPRE
Vp39EGFP

LV-GFP

LV-Gp64

EVOecre

KEVOggrp
SiCreR6K+EBNA
SiCreR6K-EBNA

Description

Description

Source of Cre-gene

Source of intron

Source of LacZ-gene
Source of DsRed-gene

Used to test SSiCre function
Source of WPRE-gene
Source of EGFP-gene
Source of Lodavin-gene
Backbone for BEBV
Backbone for WPRE constructs
Source of CAG-promoter

Source of 1* generation episome
Source of EGFP- gene

Source of R6Ky-ori

Source of 2" and 3" generation
episome

Lentivirus production

Lentivirus production

Lentivirus production

Lentivirus prodcution

Used in

Used in

I, 1V
v

baculovirus containing EGFP

baculovirus containing EGFP + WPRE

baculovirus containing lacZ

baculovirus containing lacZ + WPRE

(Kukkonen et al., 2003)

LV VSVG-pseudotyped

LV Gp64-pseudotyped

1% generation BEBV

Control for 1% generation BEBV
2" generation BEBV

Control for 2™ generation BEBV
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4.5 DNA oligomers

The oligomers used in cloning and sequencing are listed in Table 12.

Table 12. DNA oligomers used in studies I-IV.
Sequence

gttacgaattcgccaccatgtccaatttactgaccgt
cagccctctacttacctggtcgaaatcagtgegtt
ttcttacctttctaggttcgttcactcatggaaaa
taagcagatctccatcgcecatcttccageagge
actgatttcgaccaggtaagtagagggctgggcty
catgagtgaacgaacctagaaaggtaagaaaagtg
ggggacaagtttgtacaaaaaagcaggctgtcgecaccatggtgagcaag

ggggaccactttgtacaagaaagctgggtctagetagetagetactaget
ggggaccactttgtacaagaaagctgggteccgatgcggggaggeggeee

ggcatcgacttcaaggaggac

tgcttgtcggecatgatataga
aattccctaggatttaaatgctagegtttaaacgatateg
aattcgatatcgtttaaacgctagcatttaaatcctaggg
ctagacacgtgcttaagcagetgctgcaggtegacatttaaatcccgggggegegec
ctagggcgegeecccggatttaaatgtegacctgcageagcetgcttaageacgtgt
ataacttcgtatagcatacattatacgaagttatgctagccag
ctggctagcataacttcgtataatgtatgctatacgaagttat
gatccctgcagataacttcgtatagcatacattatacgaagttata
gatctataacttcgtataatgtatgctatacgaagttatctgcagg
gttaccctaggaaccagataagtgaatcta
acacttaacggctgacatggttaattaatgtgggcggacaaaatagtt
aactattttgtccgcccacattaattaaccatgtcagcecgttaagtgt
ccgceggctettcegetgatctgttgatcageagttcaacctgttga
ccatcgcgaataacttcgtatagcatacattatacgaagttatgatatatgg
ccagatatcataacttcgtataatgtatgctatacgaagttattcgcgatgg
gggctatgaactaatgaccceg

gcttceegttgggtaacata

actgtgggcgatgtgeget

tgggaggggtggaaatggag

cactgcattctagttgtgg

Used for

Cre/intron cloning
Crelintron cloning
Cre/intron cloning
Cre/intron cloning
Cre/intron cloning
Cre/intron cloning
EGFP/WPRE
cloning
EGFP/WPRE
cloning
EGFP/WPRE
cloning
RT-PCR/EGFP
RT-PCR/EGFP
Gp64 cloning
Gp64 cloning
MCS cloning
MCS cloning
pEAK12 cloning
pEAK12 cloning
pEAK12 cloning
pEAK12 cloning
R6Kaori cloning
R6Kori cloning
R6Kori cloning
R6Kaori cloning
loxP site/pCEP4
loxP site/pCEP4
PCR primer

PCR primer

PCR primer

PCR primer

PCR primer

Used
In

I
Il
11
11
1\
1\

1\
1\
\Y
1\
1\
\Y
1\
1\

v
\Y
1\
1\
1\



4.6 Antibodies

The antibodies used in immunoblotting and confocal microscopy studies are shown in

table 13.

Table 13. Antibodies used in studies I-IV.

Antibody
anti-gp64

anti-Cre
anti-p-galactosidase

anti-avidin

anti-vimentin
anti-alpha-tubulin

anti-nuclear lamins A/C
anti-vimentin S72

anti-vimentin S38
anti-vimentin S82

anti-beta actin

Source

Insight Biotechnology
Novagen, Darmstadt,
Promega

(Laitinen et al., 2002)
Novocastra
Abcam

Novocastra
Abcam

Abcam
Abcam

Cell Signaling

4.7 Statistical analysis

An unpaired f-test, performed with Prism™ (version 4 or 5) from GraphPad Software,
Inc., was used to determine the statistical significance of the data (in Article II and III).
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Description

to detect GP64

to detect Cre

to detect B-galactosidase

to detect avidin
to detect total vimentin
to detect microtubules

to detect nuclear lamins

to detect phosphorylated
S72 in vimentin
to detect phosphorylated
S38 in vimentin

to detect phosphorylated
S82 in vimentin

to detect beta actin

Used in
I, 1V

|

1



66

5 RESULTS AND DISCUSSION

The following chapter will go through the main results of the Studies I — IV. More
details of these are available in the original publications (the publication as a Roman

numeral/ reference). Some unpublished data is also presented.

5.1 Cre-recombinase is toxic for mammalian cells (Article I)

While cloning the Cre/loxP system into a transfer plasmid for BEBV-baculovirus
preparation (IV), we discovered that Cre was toxic to 293T cells (I/Fig 3). The cells
which were expressing Cre-DsRed fusion protein were rounded, unhealthy and
detached away from the bottom of the wells. The red fluorescent protein (DsRed2) per se
did not cause any such changes suggesting that the toxicity was Cre-dependent. This is
in line with the observations by Silver and co-workers (2001). They showed cre toxicity
in 293xLac (a derivative of human 293 cells) cells with a retrovirus (Silver and
Livingston, 2001). The retrovirus-encoded Cre-recombinase led to cellular toxicity,
while GFP-virus did not.

The toxicity of Cre is a consequence of its strand cleavage activity. This was
demonstrated by Cre mutants which were defective in DNA cleavage activity, since
these were not toxic when compared to the wild type Cre (Silver and Livingston, 2001).
The toxicity could be avoided by limiting the intensity and duration of Cre expression
in mammalian cells (Silver and Livingston, 2001; Loonstra et al.,, 2001). Silver et al.
introduced a method in which Cre excises the gene directing its own synthesis once a
critical level of expression required for the excision is reached. In their hands, this
method efficiently reduced cre-mediated toxicity (Silver and Livingston, 2001). Another
approach to solve this problem is to fuse Cre recombinase to a ligand-binding domain
of normal cellular receptor. For example, Heidmann et al. and co-workers (2001) fused
Cre to the human estrogen receptor, which enables its regulation by estrogen
(Heidmann and Lehner, 2001). Another way is to fuse Cre to a mutated form of the
estrogen receptor which binds to a synthetic ligand, tamoxifen, instead of endogenous
estrogen (Feil et al., 1996). Other approaches are tetracycline-controlled or interferon-
inducible cre expression systems (Kuhn et al.,, 1995; Utomo et al, 1999). These
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subsequent studies have demonstrated that also the inducible forms of Cre can be toxic
for mammalian cells and transgenic animals, if the dose of the inducer is too high or the
treatment is too long (Naiche and Papaioannou, 2007; Higashi et al., 2009).

Even though Cre/loxP-technology is widely used to delete or to activate gene
expression (temporal or tissue-specific manner) in transgenic animals, only a few
reports have been published where Cre has shown toxicity or abnormalities in
transgenic animals (Schmidt et al., 2000; Lee et al., 2006; Buerger et al., 2006; Naiche and
Papaioannou, 2007; Higashi et al., 2009). One reason could be that those embryos in the
founder generation which express high quantities of Cre would either die or be grossly
abnormal. Another reason could be that the observed phenotypes are assumed to be
consequences of the loss or gain of the studied gene/s, instead of the possible cre
toxicity. Indeed, Naiche and co-workers (2007) showed that cre expression could
generate spurious phenotypes and that these could can confound genetic analyses; they
also claimed that most studies using cre-technology have inadequate controls to
pinpoint Cre toxicity. They noted that ubiquitously expressed Cre caused dramatic
developmental defects in transgenic mice, such as loss of hematopoietic activity
(anemia) and it dramatically up-regulated apoptosis (Naiche and Papaioannou, 2007).
These results were confirmed later by another group (Higashi et al., 2009). In addition,
infertility has been reported in transgenic mice expressing Cre in postmeiotic
spermatids (Schmidt et al.,, 2000). Dilated cardiomyopathy was observed in mice
expressing Cre under the control of a-myosin H chain (Buerger et al., 2006). Lee and co-
workers (2006) showed that the earlier results from cre-induced mice used to study
glucose intolerance were biased and actually it was the Cre expression under the
control of the insulin 2 promoter that caused glucose intolerance (Lee et al., 2006). Taken
together, these publications suggest that uncontrolled Cre toxicity may be a source for

many artifacts and adequate controls are required.

5.2 Optimized Cre-expression cassette (Ssi-Cre) is safe and functional (I)

In order to avoid Cre toxicity, we designed and generated the Silent Self-inactivating
Cre (SSi-Cre) cassette (I/Fig. 1) with modified loxP sites flanking Cre/Int/DsRed gene
that also prevents the leaky cre-expression discussed in section 5.3. This system self-
inactivates Cre expression soon after Cre production, to minimize the intensity and

duration of the Cre expression. The excision of the Cre/int/DsRed fusion gene takes
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place when a critical level of cre expression has been reached. The concept of self-
inactivating Cre expression is similar to that described by Silver et al. (Silver and
Livingston, 2001). The benefit compared to earlier constructs is that SSi-Cre system is in
a universal and all-in-one format. Silver et al. generated a self-excising system which
was functional only in retroviral vectors. This system contained one lox 511 site at the 3’
LTR U3 region of the virus genome. This loxP site will be duplicated during virus
production and flanks the Cre/GFP fusion gene, causing negative feedback of the Cre
expression. The SSi-Cre system contains both loxP sites and is therefore compatible with
all vectors and applications. Comparison of the SSi-Cre with existing Cre-expression
cassettes is shown in the table 14.

Table 14. Comparison and benefits of the SSi-Cre system compared to the other cre-expression cassettes
(+ =included in cre-expression cassette, - = not included).

(CAG) (DsRed) (IOXPFAs)

- - - + - - -
(Probasin)

- - - + - - -
(0-*-46
for plants)

- - - + - - -
(tACE)

- - - + - - -
(CamVv
for plants)

- + + - - + -
(5-UTR)  (GFP) (lox 511)
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Cre-recombinase recognizes a 34 bp loxP-site and mediates precise site-specific
recombination between a pair of specific target sequences. In order to expand the utility
of the Cre/loxP-system, new modified loxP-sequences were created and studied and
their internal activity was compared to the wild type loxP (Siegel et al., 2001). Several
non-compatible loxP pairs (e.g. WI/FAS, WT/2272 and 2272/5171) were formed which
showed only a negligible amount of recombination between each other (Siegel et al.,
2001). In the first article (I) we successfully used the wild-type loxP sites together with
the loxPras sites without any detectable recombination between these sites.

Toxicity of the SSi-Cre system was tested by transfecting and observing human
kidney cells (293T) (I/Fig. 3). Two days after transfection, the expression of the
cre/int/DsRed fusion gene was observed as a faint red color in the transfected cells. As a
result of the self-inactivation, the expression disappeared with time during culturing.
Five days after the transfection, the red color was scarcely detectable indicating that the
cre/int/Dsred fusion gene has been eliminated. No cre expression was detected by anti-
Cre staning (data not shown). The pSSi-Cre cassette carrying plasmid also contained an
EGFP expression unit (non-excisable) in addition to the SSi-Cre cassette in order to
detect transfected cells. The green-colored cells appeared healthy, with no signs of
toxicity. This same expression cassette was also used successfully in publication IV
without any side-effects. All these results together demonstrate that the strategy for Cre
expression from the SSi-Cre cassette is feasible and non-toxic. It would be intriguing to
apply this Ssi-Cre technology, not only for Cre, but also for other toxic genes.

The functionality and compatibility of the pSSi-Cre in double-loxP experiments
was investigated by co-transfecting the pSSi-Cre together with a pFlox (contains a wild
type loxP-flanked STOP cassette) into CHO cells (I/Fig 4). Excision of the STOP cassette
activates VEGF expression which can be detected by an ELISA assay. This transient Cre
production was sufficient to efficiently catalyze VEGF production. These results show
that the Ssi-Cre is functional and compatible with double-lox approaches. This
lox/stop/lox/VEGEF cassette was also utilized to generate a transgenic mouse. In this
model, hVEGF-Ais expression was activated by Ad-mediated Cre-gene transfer
(Leppanen et al., 2006). The transgene expression declined dramatically within a few
weeks in the transgenic animals and Cre toxicity was believed as one possible reason for
this effect. In the future, the usage of Ssi-Cre system could be more feasible system to
achieve active VEGF-expression in mice and in that way, prevent possible cre-mediated
side-effects.
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5.3 §Si-Cre cassette inhibits leaky Cre-expression in E.coli (I)

Earlier reports have shown that Cre gene under the plant specific (O'x4-46) and CMV
promoters is expressed in E.coli (Zuo et al,, 2001; Kaczmarczyk and Green, 2001). We
found that CAG also drives the production of Cre in E.coli, causing serious problems in
achieving an intact plasmid bearing both the Cre-recombinase under a mammalian
promoter and the loxP-sites flanked DNA (I/Fig. 2). In agarose gel electrophoresis, we
observed only cre-cut plasmids. Sequence comparison of the plasmid showed that a
Shine-Dalgarno-like sequence (Kozak, 1999), which directs translation initiation in
E.coli, was located just before the initiation codon of the Cre recombinase. To test the
hypothesis that this was the reason for leaky cre-expression, we deleted the major part
of the Shine-Dalgarno sequence. This deletion caused a significant decrease in the
recombination of the loxP sites containing plasmid. Earlier reports have also shown that
mutations in Shine-Dalgarno sequence affect the transgene expression e.g. one base
mutation (GGAGG > AGAGG) caused a several fold decrease in (-galactosidase
expression in E.coli (Velazquez et al, 1991). Although the leaky cre-expression was
significantly reduced, a fraction of the plasmids were still lost. In an attempt to solve
this problem, the Cre encoding sequence was interrupted by a short mouse protamine
intron to disable bacterial expression of Cre. It is a known that bacteria cannot splice
introns and the interruption of coding sequence by functional intron prevents in-frame
translation of a target sequence (Bunting et al., 1999; Zuo et al.,, 2001; Kaczmarczyk and
Green, 2001). Leaky cre-expression in E.coli was solved by this modification.

These findings highlight also the poorly-recognized ability of some mammalian
promoters to drive gene expression in E.coli. Previously, chloramphenicol
acetyltransferase (CAT) under the human cytomegalovirus immediate-early gene
region 1 promoter-enhancer (CMV-IE) was demonstrated to be expressed in the HB101
E.coli strain (Davis and Huang, 1988). In addition, CMV and RSV promoters have been
shown to direct protein synthesis in bacteria (Goussard et al., 2003) as well as avian

tumor virus promoter (Mitsialis et al., 1981) or plant promoter (Zuo et al., 2001).
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5.4 Post-transcriptional regulatory element enhances transgene expression
in baculovirus-mediated transduction (II)

Baculoviruses are capable of entering into a wide spectrum of cells. However, the level
of transgene expression varies and is generally lower in cell types other than those of
hepatic origin. Therefore, several means have been introduced to enhance baculovirus-
mediated transduction and gene expression in vertebrate cells e.g. envelope
modifications, optimal promoter use, use of histone deacetylase inhibitors and
enhancement of cytoplasmic transport by destroying microtubules (see paragraph
2.3.5). The earlier reports showed that WPRE improves transgene expression in vitro
and in vivo with many viral vectors like retroviruses, Ads and AAV (Zufferey et al.,
1999; Loeb et al., 1999; Paterna et al., 2000; Salmon et al., 2000; Lipshutz et al., 2003; Xu
et al., 2003). Since this element had not been tested before in baculoviruses, we decided
to clone it into the baculovirus system (II/Fig. 1). The inclusion of this element was
successful and no negative effects were detected on baculovirus titers (e.g. Ba-CAG-
EGFP 1.2 x 10" pfu/ml and Ba-CAG-EGFP/WPRE 1.1 x 10" pfu/ml, both 250 fold
concentrated). Indeed, earlier studies have shown that WPRE might have a positive
effect on viral titers e.g. the titers of retroviruses were shown to increase significantly
when WPRE was used (up to 14-fold increase in titer) (Werner et al., 2004).

The new vector was tested in four different cell lines which have all been
reported to represent differences in their susceptibility to baculovirus-mediated gene
transfer. The order from highly susceptible to poor was HepG2, 293T, RaaSMC and
EA.hy926. In the previous studies, Ea.hy926 was demonstrated to be a poorly
permissive cell line for achieving baculovirus-mediated gene expression (Kukkonen et
al.,, 2003), whereas HepG2 is known to be very permissive (Hofmann et al., 1995).

Enhanced green fluorescent protein (EGFP) expression was analyzed by
fluorescence microscopy following transduction of HepG2, 293T and RaaSMC cells at
MOI 250 and 1000 (II/Fig 2). The WPRE significantly increased the proportion of GFP
positive cells as well as the intensity of green fluorescence in 293T and RaaSMC cells.
An even more prominent effect was detected in 293T cells. In accordance to the high
susceptibility of liver cells (HepG2) to baculoviruses, only a slight increase in the
transduction efficacy was observed with the WPRE virus compared to the control virus.

Both viruses showed a dose-dependent response. The earlier results with adeno-, AAV-,



72

retro- and lentiviral vectors, and now also conducted with baculoviruses, emphasize the
vector independent action of WPRE (Zufferey et al., 1999; Loeb et al., 1999; Xu et al,,
2003). However, the magnitude of the effect varied upon the specific context of the
promoter, transgene and cells type (Salmon et al., 2000; Schambach et al., 2000; Klein et
al., 2006; Boulos et al., 2006; Hermening et al., 2006). For example, lentiviral vector
containing CMV promoter along with WPRE was superior in 293T cells and HT1080
fibrosarcoma cells, whereas CAG and EFla together with WPRE gave the highest
transgene expression in human hematopoietic stem/progenitor cells (HSPCs) (Ramezani
et al., 2000). In addition, the other gene expression regulating elements like introns
together with WPRE can cause a significant change in the magnitude of the effect. The
construct containing WPRE and an intron was best (6-fold increases in expression
compared to the vector without these elements) i.e. better than the construct containing
only intron (3-fold increase in expression compared to the vector without intron and
WPRE) (Wang et al., 2003). In general, WPRE result in a higher increase in transgene
expression than an intron (Xu et al., 2003; Wang et al., 2003; Hermening et al., 2006). The
studies, where other regulatory elements have been tested together with WPRE or
compared with WPRE have shown that WPRE is one of the best potential regulatory
elements to enhance gene expression (Schambach et al., 2000; Brun et al., 2003).

The microscopical results were confirmed by FACS. The WPRE equipped virus
outperformed at different MOIs (10, 100, 250, 500 and 1 000) in a dose-dependent
manner (II /Fig. 2B). The increase in the numbers of EGFP positive cells was most
evident at lower MOIs in HepG2, RaaSMC and 293T cells being from four- to six-fold
(p<0.01). However, the increase (10-fold at MOI 1000) was more evident at a higher MOI
in the very poor baculovirus target cells (Ea.hy926). The most prominent increase (> 60-
fold) was achieved with EA.hy926 when optimized cell culture medium (RPMI 1640)
was used (see paragraph 5.6).

The advantage of the WPRE was further studied by measuring the mean
fluorescence intensity (MFI) of the green fluorescing cells. In all cell lines and MOlIs, the
intensity of green fluorescence was best with the WPRE virus (II/ Fig. 2C). The highest
increase was seen in RaaSMC (> 5-fold at MOI 1000). The increase in MFI was four-fold
in 293T cells and three-fold in HepG2 cells. The quantification of the mRNA amount in
the transduced cells was performed with real-time RT-PCR (II/Fig. 3A). A prominent
elevation was seen in RaaSMC cells (11-fold). These results are consistent with the

previous results showing that WPRE can elevate target gene mRNA levels which
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correlates with the transgene translation (Zufferey et al., 1999; Higashimoto et al., 2007).
Xu and co-workers showed that WPRE element between the luciferase gene and
poly(A) in Ad increased transgene expression by 2- to 7-fold in different cells in vitro
and by 2- or 50-fold more expression was seen in liver, kidney and lung of mouse in
vivo (Xu et al, 2003) The corresponding expression cassette in a retroviral vector
increased marker gene expression by 5- to 6-fold in vitro (Zufferey et al., 1999). One
significant benefit from the increased transgene expression is the possibility to use
lower doses and smaller volumes of vector and in that way to reduce the potential side-
effects (Klein et al., 2002).

The exact mechanism of the WPRE-mediated expression enhancement is
unknown, but increased mRNA export, increased rate of transcription or increase in
mRNA half-life have been suggested (Zufferey et al, 1999). For example,
Mastroyiannopoulos and co-workers showed that 85 % of the WPRE-containing
transcripts were in cytoplasm, whereas the control transcripts without WPRE were
mostly in the nucleus (only ~ 40 % in the cytoplasm)(Mastroyiannopoulos et al., 2005).
The latest results with retroviral vectors showed that WPRE could improve also
transcription termination and in this way, enhance transgene expression and increase
viral titers (Higashimoto et al., 2007; Schambach et al., 2007).

The earlier results showed that the WPRE effect is transgene independent
(Zufferey et al., 1999). In addition to EGFP, WPRE was also cloned here next to the LacZ
and Lodavin genes (II/Fig. 4). In accordance with the EGFP results, WPRE markedly
increased the number of B-galactosidase-positive cells and the intensity of blue-staining
at MOI 250 and 1000. These results were further verified by luminescent -galactosidase
enzyme assay and by immunoblot analysis. According to the luminescent assay, the
increase was 17-fold at MOI 250 and 34-fold at MOI 1000 in 293T cells. Immunoblot
analysis showed more B-galactosidase and lodavin in cells transduced with the WPRE

equipped viruses.
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5.5 Sodium butyrate-like effect of WPRE on baculovirus transduction (II)

Earlier reports had shown that sodium butyrate could significantly enhance
baculovirus-mediated gene expression in vertebrate cells (Condreay et al, 1999;
Airenne et al., 2000). The exact mechanism of butyrate is unknown, but it is probably
due to the more accessible expression cassette, leading to enhanced transcription
(Berger, 2000). In order to compare the butyrate effect to that of WPRE, we transduced
cells (virus £ WPRE element) with or without 2.5 mM sodium butyrate at MOI 250
(II/Fig. 3B-3D). Sodium butyrate substantially enhanced baculovirus-mediated gene
expression in all of the studied cell lines (HepG2, 293T and RaaSMC). The strongest
sodium butyrate-mediated increase was seen in Ba-CAG-EGFP treated 293T cells (11-
fold). Interestingly, the difference between Ba-CAG-EGFP/WPRE transduced HepG2
cells (57.8 £ 4.9 %) and Ba-CAG-EGFP + 2.5 mM butyric acid treated cells (61.7 = 8.4 %)
was not statistically significant (p>0.05). A similar result was also observed in RaaSMC
cells transduced with Ba-CAG-EGFP/WPRE (25.3 + 4.6 %) or with Ba-CAG-EGFP + 2.5
mM butyric acid (37.4 £ 4.3 %, p>0.05), indicating that the WPRE-containing baculovirus
can drive gene expression efficiently without sodium butyrate, at least in these two cell
lines. The combination of transduction with Ba-CAG-EGFP/WPRE and 2.5 mM butyric

acid further boosted the transduction efficacy.

5.6 WPRE effect is boosted by optimized cell culture medium (II)

When Ea.hy926 cells were cultured in RPMI 1640 medium instead of the normally used
DMEM, remarkable increase in a number of EGFP positive cells was detected at
different MOIs. The combination of optimized culture medium and a WPRE-containing
baculovirus produced the most striking results (II/Table 1). At MOI 1000, the increase in
the percentage of EGFP positive cells was more than 60-fold in favour of the WPRE
virus.

In conclusion, WPRE is a simple way to enhance baculoviral transgene
expression. The only concern is the potential oncogenic activity of WPRE. Its sequence
(nt. 1093-1684; GenBank accession no. J02442, used e.g. in lentiviral vectors and in our
baculoviral vector) contains a promoter of the woodchuck hepatitis virus X protein
(WHX) and the sequence for the first 60 amino acids of the X-protein (150 aminoacids).
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X-protein has been implicated in the development of liver tumours (Kingsman et al.,
2005; Schambach et al., 2006; Zanta-Boussif et al., 2009). However, there is no evidence
that 60 aa long polypeptide could cause cancer. Indeed, a lentiviral vector bearing either
WPRE or WPRE mutated at the X gene did not develop tumors in mice (Themis et al.,
2005). New mutated/truncated forms of WPRE have been successfully created to avoid
unwanted X protein expression. These new forms have been shown to enhance gene
expression as well as the original WPRE (Schambach et al., 2006; Zanta-Boussif et al.,
2009).

5.7 Influence of different culture mediums on the baculovirus transduction
efficiency (I11)

Different cell lines are usually cultured in different culture mediums. The medium
composition has been shown to have many effects e.g. on the phenotype and
metabolism of cells (Doostdar et al., 1988; Jasmund et al., 2007). However, very little is
known about the effects of medium on virus-mediated gene delivery. The earlier
reports have shown that mouse cardiomyocytes are transduced better by the adenoviral
vector in MEM than in M199 medium (90+£8 % in MEM vs 5£1.2 % in M199). The
preliminary results showed that the reason behind the effect was enhanced CAR
expression in the cell membrane (Li et al., 2003).

We used six different cell lines (Ea.hy 926, HepG2, Hela, MG-63, RaaSMC and
293T) which were cultured in different cell culture mediums (RPMI 1640, MEM,
McCoys 5A, Optimem, F-12 and DMEM) to investigate in detail the test medium effect
on the baculovirus transduction. The effect of medium was prominent in all tested cell
lines analyzed by fluorescent microscopy (IIl/ Fig. 1A). A remarkable increase in the
number of EGFP expressing cells was observed in RPMI 1640 compared to DMEM
medium, where hardly any green cells were detected. Even MG-63 and Ea.hy926
(usually cultured in DMEM) showed high transgene expression when cultured in RPMI
1640.

The comparison of different mediums showed that, in general, DMEM was the
poorest and RPMI 1640 the best with respect to baculovirus transduction efficiency.
This is in line with our preliminary results shown in Article II and by Hsu et al. who
showed that usage of DMEM resulted in lower transduction efficiency and gene
expression than insect culture medium (TNM-FH) or phosphate buffered saline (PBS)
(Hsu et al., 2004).
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Quantification by a flow cytometry confirmed the fluorescence microscope
observations (III/ Fig. 1B). Improvement in transduction was evident with all MOIs and
tested cell lines. Human liver cells (HepG2), were transduced 2.5-fold more efficiently
in RPMI 1640 than in DMEM (76.4 + 1.8 % vs. 29.7 + 3.0, p < 0.0001, MOI 200). The
corresponding improvement was also seen in Ea.hy926 cells, where the increase was 9-
fold in favour to RPMI 1640 (3.5 + 0.2 % vs. 31.5 £ 1.3 %, p< 0.0001, MOI 200). More
notable, an 11-fold increase was detected in MG-63 cells (4.1 £ 0.1 % vs. 43.0 £ 0.9 %, p<
0.0001, MOI 200). The difference in the number of green HepG2 cells between RPMI
1640 and MEM (standard medium for these cells) was also statistically significant at
lower MOlIs. For example at MOI 200, the increase was 1.2 —fold (64.2 £ 1.2 % to 76.4 £
1.8 %, p < 0.0001).

The benefit of the culture medium change was also evident when MFI was
measured. In all studied cell lines and with all applied MOIs, the MFI was significantly
higher and dose dependent in the RPMI 1640 cultured cells (III/ Fig. 1B). The increase in
MFI was approximately 5-fold in all studied cells at MOI 1000 and there was still a good
dose-dependent response compared to DMEM cultured cells.

These results confirm that DMEM interferes with the baculovirus transduction.
Baculovirus-mediated gene transfer was previously enhanced by omitting NaHCO:s
from the medium (Shen et al., 2007). Earlier studies also revealed that Mg, Ca%, K* and
Na* did not influence transduction (Hsu et al., 2004; Shen et al., 2007). In general,
DMEM contains more Ca? cations and CQOs™ anions, but less PO+ and NOs™ anions than
the RPMI 1640. It has also higher concentrations of glucose, amino acids and vitamins
(see Table 15). However, the comparison of formulas of the tested mediums did not

give any straightforward explanation for the observed results.

Table 15. Comparison of the optimized culture medium (RPMI 1640) with DMEM.

-ca?t 2.6 x more

-co* 1.9 x more

-POZ 14 x less

-NO3’ 667 x less

Glucose 2.3 X more

Amino acids Generally every amino acid 3 x more
Vitamins Generally every vitamin 4 X more

-CI', -Mg%, -S04, -K*, -Na* No difference
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5.8 Culture medium influences transgene expression also in other viruses
(I11)

In order to study the impact of the culture medium with other viruses, we used Gp64-
and VSVG-pseudotyped lentiviruses and the transduction of cells cultured in DMEM or
RPMI 1640. Both viruses showed higher transduction efficiencies in RPMI 1640 medium
(I1I/ Fig. 2). Gp64-pseudotyped lentiviruses showed 2-fold more green 293T cells as
compared to DMEM-cultured cells (50.4 + 0.1 vs. 98.9 = 0.4 % in favor of RPMI 1640
medium, p< 0.0001). The difference was even more clear in Hela cells, being 5.8-fold in
favor of RPMI 1640 medium (15.5 + 0.3 vs. 90.7 £ 0.4 %, p< 0.0001). VSVG-pseudotyped
lentiviruses showed a 1.6-fold increase in 293T cells (14.6 + 1.5 vs. 18.2 + 1.1 % in favor
of RPMI 1640 medium, p< 0.0009) whereas in Hela cells the increase was 1.8-fold (14.5 +
1.0 vs. 24.3 + 2.8 % in favor of RPMI 1640 medium, p< 0.0001). The difference was
smaller in the VSVG-virus transduced cells (Ill/ Fig. 2B). It is known that VSVG
pseudotyping improves transduction efficiency by allowing faster kinetics of the
baculovirus endosomal release than Gp64 and this may explain these results
(Kaikkonen et al., 2006).

The benefit of the optimized culture medium was also evident in MFI
quantification (Figure 15, unpublished results). The increase was about 4.5-fold in 293T
(1457 £ 174 vs. 6547 + 164 in favor of RPMI 1640 medium, p< 0.0022) and 6.3-fold in
Hela cells (2410 £ 94 vs. 15090 £ 439 in favor of RPMI 1640 medium, p< 0.0013) when
tested with the Gp64-pseudotyped lentiviruses. However, with the VSVG-pseudotyped
viruses, the difference was not statistically significant in 293T cells (1026 + 71 in DMEM
vs. 1145 = 91 in RPMI 1640, p > 0.3290). Interestingly, with Hela cells, the optimal
medium led to decline in MFI (1963 + 50 vs. 1388 + 23) in favor of DMEM medium (p<
0.0001). The reason for this remains to be studied. One possibility is, however, the
known cytotoxicity of VSV-G. Indeed, earlier reports have shown that too a high
quantity of VSV-G may cause cytotoxicity (Burns et al., 1993).
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Figure 15. Transduction of 293T and Hela cells grown either in DMEM or RPMI 1640 medium with
lentivirus. Mean fluorescence intensity of GP64 (A) or VSV-G (B) pseudotyped lentiviruses was
determined by flow cytometry (FACSCanto™ II, BD Biosciences) (p-values: * = < 0.05, ** = < 0.01, ** =<
0.001).

Our preliminary results indicated that the medium effect was not restricted to
baculoviruses or lentiviruses, but also had an impact on the adeno-associated virus
(AAV) and Ad —mediated gene delivery.

5.9 NaHCOs content does not explain the medium effect (I1I)

Cell culture mediums contain normally NaHCOs to maintain neutral pH under CO2
conditions. It has been claimed that NaHCOs may inhibit baculovirus transduction
(Shen et al., 2007). However, no exact mechanisms for the observed results have been
reported. In an attempt to study further the role of NaHCOs, we adjusted the amount of
NaHCQO:s in the RPMI 1640 medium to make it identical to that of DMEM (from 2.0 g/l
up to 3.7 g/l). All solutions were adjusted to pH 7.4. The elevated level of NaHCOs in
RPMI 1640 resulted in a significant drop in marker gene expression (total FI) only in
Ea.hy926 cells (2.3-fold, from 1 851 000 + 123 900 to 792 000 + 28 350, p< 0.001) (III/ Fig.
3B). The effect was not significant in HepG2 and MG-63 cells. Nonetheless, the NaHCOs
-adjusted RPMI 1640 still outperformed DMEM. Furthermore, HepG2 cells in RPMI
1640 resulted in a higher transduction efficiency and MFI than in MEM (III/ Fig. 1B),
even though RPMI 1640 contains almost two times more HCOs -ions (2 g/l) than MEM
(1.2 g/1). All these data suggest that the reduced transduction efficiency in DMEM is not

unambiguously attributable to the HCOs -ion concentration.
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5.10 Nuclear entry of nucleocapsids is improved in the optimized medium
(111)

The entry of baculoviruses into vertebrate cells is a multistep process and it is thought
to resemble that occurring in insect cells (van Loo et al., 2001; Matilainen et al., 2005).
The first step is binding of a virion into the cell surface. The receptor is unknown, but
there has been speculated about the involvement of integrins, phospholipids or heparin
sulphate proteoglycans (Duisit et al., 1999; Tani et al., 2001). The attached viruses are
internalized by endocytosis. The exact endocytic mechanism(s) is still unclear, but
clathrin-mediated endocytosis, phagocytosis-like uptake and macropinocytosis have
been implicated (Matilainen et al.,, 2005; Long et al.,, 2006; Laakkonen et al., 2009).
Endocytozed virions release their nucleocapsids from endosomes into the cytoplasm by
an acid-induced and Gp64-mediated fusion of the envelope and the early endosome
membrane. The released nucleocapsids are transported to the nucleus and
dissassembled (van Loo et al., 2001; Kukkonen et al., 2003; Salminen et al., 2005). In
order to study the mechanism of the improved transduction efficiency in RPMI 1640 or
MEM compared to DMEM, we analyzed the nuclear entry and intracellular localization
of baculoviruses in the transduced cells in the confocal microscope.

Differences in the number of nuclear nucleocapsids were observed between
RPMI 1640 and DMEM cultured cells using EGFP-tagged viruses (IIlI/ Fig. 4). Fewer
viral nucleocapsids were observed in the nucleus of DMEM cultured cells than in the
cells cultured in RPMI 1640 (III/ Fig. 4A) suggesting that medium enhanced the nuclear
entry of baculoviral nucleocapsids. The same phenomenon was also detected between
MEM and DMEM cultured cells; hardly any viral nucleocapsids were detected in the
nucleus of DMEM cells (III/ Fig.4B).

The cells in MEM and DMEM were fed with FITC-conjugated dextran in order to
study endocytotic activity. The result suggested that the improved viral entry was not
due to the enhanced endocytosis of nucleocapsids (Figure 16, unpublished results). All
these confocal results are in accordance with the above described transduction results.
All of this data emphasize that RPMI 1640 and MEM enhance transgene expression.

HIV-1 infection causes several effects on the nuclear architecture and HIV-1 PR
causes amino-terminal degradation of vimentin (Shoeman et al, 1990). In addition,

vimentin has also been reported to modify the shape of nucleus (Sarria et al., 1994).
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Interestingly, we also observed some changes in the structure of the nuclear lamina in
cells cultured in RPMI 1640 (data not shown).

EA.hy926

Figure 16. Endocytic activity of Ea.hy926 cells in DMEM and MEM was studied by feeding cells with
FITC-conjugated dextran (green).

5.11 Intermediate filaments (vimentin) are reorganized in the optimized
medium (I11)

The cytoskeletal network is composed of three different structural components; IFs,
MFs and MTs. The cytoskeletal network is known to play critical roles in controlling
and regulating many cellular functions such as cell contraction, migration, proliferation,
protein synthesis, gene expression and apoptosis as well as viral entry (Helfand et al.,
2004; Radtke et al.,, 2006). The role of the cytoskeletal network in the baculovirus
transduction is poorly undestood. In insect cells, actin filaments transport nucleocapsids
from the endosome into the nucleus (Volkman, 2007). Furthermore, depolymerization
of microtubules has been demonstrated to increase the number of nuclear
nucleocapsids, leading to enhanced transgene expression (van Loo et al., 2001; Salminen
et al., 2005). At present, the most widely distributed and highly conserved intermediate
filament protein vimentin (Ivaska et al., 2007) has not been connected to baculovirus
transduction. Vimentin is typically expressed in cells which are reported to be less
permissive for baculoviruses such as leukocytes, blood vessel endothelial cells and

epithelial cells as well as mesenchymal cells such as fibroblasts (Minin and Moldaver,
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2008). Interestingly, earlier reports have shown that most of the intermediate filament
proteins, including keratins, neurofilament triplet proteins, glial fibrillary acidic protein,
desmin, vimentin, and Drosophila vimentin-like protein are absent in insect cells
(Volkman and Zaal, 1990; Nakagawa et al., 1995). These facts led us to assume, that
intermediate filaments are not essential for baculovirus infection in insect cells and
infact may pose an obstacle for efficient transduction of vertebrate cells.

In an attempt to analyze the effects of the optimized medium (RPMI 1640) on the
cytoskeletal network, we used confocal microscopy to study IFs (vimentin),
microtubules and actin filaments in cells cultured in DMEM or RPMI 1640 (I1I/ Fig. 5 A-
(). Reorganization of vimentin was observed in RPMI 1640 cultured cells using anti-
vimentin mouse monoclonal antibody (III/ Fig. 5A). In RPMI 1640 medium, cells
showed a loose, slight and re-organized vimentin network. In DMEM, the vimentin
network was dense and strong when MG-63 and Ea.hy926 cells were observed. MTs
(I1l/ Fig. 5B) and MFs (IIl/ Fig. 5C) were not altered in the cells. The data is in line with
the transduction data and reinforce the belief that vimentin is one of the major obstacles
in baculovirus transduction, and the optimized culture medium should be used to
loosen the vimentin network. Several viruses, such as African swine fever virus
(Carvalho et al., 1988), vaccinia virus (Ferreira et al., 1994), retrovirus (Snasel et al., 2000;
Naghavi and Goff, 2007), Ad (Belin and Boulanger, 1987), bluetongue virus
(Bhattacharya et al., 2007), frog virus 3 (Chen et al., 1986) and rotavirus (Weclewicz et
al., 1994), have also been reported to affect IFs in order that they can replicate

successfully.

5.12 Phosphorylation status of vimentin is altered in the optimized
medium (I1I)

Phosphorylation has been shown to be an important regulator of IF dynamics,
modulating the organization and subcellular distribution of IF proteins (Omary et al.,
2006). For example, phosphorylation causes remarkable redistribution and disassembly
of vimentin in variety of cells (Inagaki et al., 1987).

The phosphorylation status of vimentin in Ea.hy926 and MG-63 cells was
changed when culturing them in the optimized medium (RPMI 1640) (III/ Fig. 6). This
was in line with the confocal microscopy results (III/Fig. 5). Phosphorylation of cAMP-
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dependent kinase (PKA)-specific sites (Ser-38, Ser-72) has been shown to cause a
decelerated assembly kinetics of vimentin subunits in vivo (Eriksson et al., 2004). We
also observed changes in the phosphorylation levels of these two serine sites (III/ Fig.
6B). Ser-38 and Ser-72 are important in determining the assembly state of vimentin and
in regulating vimentin structure (Pallari and Eriksson, 2006). African swine fever virus
was shown to evoke the CaM kinase II dependent phosphorylation of vimentin on
serine 82 which led to a reorganization of vimentin. Interestingly, the same kind of
changes was detected when RPMI 1640 was used as the cell culture medium (IIl/ Fig.
6C). Vaccinia virus has also been shown to increase phosphorylation of vimentin and
desmin during infection, thereby promoting a marked reorganization of vimentin
(Ferreira et al., 1994). The vimentin network was diffuse in non-infected cells,
emanating from the perinuclear region through the cytoplasm towards the cell
membrane in line with that observed in DMEM cultured cells in the present study (III/
Fig. 5A). However, during the early stage of vaccinia virus infection, the vimentin
network was shown to be rearranged near the nucleus, which represents the situation in
the RPMI 1640 cultured cells in our study (IIl/ Fig. 5A).

5.13 Construction of Baculovirus-Epstein-Barr Hybrid virus (BEBYV)
(Article IV)

Baculovirus allows transient gene expression in vertebrate cells and therefore it is not
applicable for the experiments where long-term transgene expression is needed. In an
attempt to overcome this issue, baculovirus-adeno-associated virus (AAV) hybrid
vectors containing an expression cassette flanked by the AAV inverted terminal repeats,
have been developed (Palombo et al., 1998; Wang and Wang, 2005; Zeng et al., 2007).
However, these approaches rely on the gene integration and this can give rise to safety
concerns. Clearly, a system which would circumvent the possibility of genomic
integration would be highly desirable.

The BEBV vector consists of three different expression units: Unit I is for the gene
expression under an insect active promoter (e.g. polyhedrin promoter; Polh) whereas
Unit II and Unit III are designed for the expression under mammalian promoter (e.g.
CAG- or EFla-promoter) (Figure 17, from the article IV). In this study, Unit I was
optional but could be used for modifying the baculovirus phenotype (Raty et al., 2004;
Kaikkonen et al., 2006) or to express a desired transgene in insect cells e.g. a marker
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Figure 17. Schematic illustration of the constructed recombinant baculoviral vectors. A) BEBVs contain
three expression units (I-III): Unit I expression cassette is active in insect cells, Unit II for Cre expression
and Unit III for transgene expression (form episome after Cre expression). The new versions from Unit III
were created: B) 2 generation Unit III (shown as a episome). C) 3t generation Unit III (shown as a
episome). Control episomes were constructed without oriP and EBNA-1.
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gene for successful virus production. Unit II was used to express the earlier developed
SSi-Cre cassette (see Article I) in order to implement cre-mediated episome formation.
Unit III was reserved for a prolonged transgene expression by an episome formation.
Several BEBV generations were created. The first generation BEBV contained pEAK12-
based episome (Unit III), whereas the 2"¢ and 3™ generation BEBVs contained pCEP4-
based episome. The major difference between the 2" and 3 generation vectors was that
in the latter the EBNA-1 expression was further enhanced by mammalian active CAG-
promoter (IV/Fig. 1). The main differences between pEAK12 (EdgeBiosystems) and

pCEP4 (Invitrogen) vectors are shown in table 16.

Table 16. Comparison of pCEP4 with pEAK12.

pCEP4 pEAK12
Promoter CMV EFla
Poly(A) SV40 poly(A) hGH poly(A)
Resistance gene for selection Hygromycin Puromycin
of stable cells
Replication ori pUCaori SV4Qori

The cloning and construction procedures of BEBV vectors were troublesome and
several hurdles had to be overcome. One of the greatest problems was the Cre toxicity
in mammalian cells and leaky expression in E.coli, which were successfully solved by
creating the Ssi-Cre cassette (Article I). In addition, an optimized and rapid system for
the creation of baculovirus-Epstein-Barr hybrid vectors was established: the desired
transgene was cloned into the Unit III containing plasmid (replicon) by using a gateway
cloning system and the replicon was then transferred into a Bac-to-Bac compatible
transfer plasmid (IV/ Figure 2). In summary, we succeeded in developing a novel
vector, where all the necessary elements for episomal maintenance of transgene were

delivered by one baculovirus.
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5.14 Cre recombination target sites in the BEBV are functional (IV)

The functionality of BEBV system was tested in the 294-cre E.coli strain (Buchholz et al,,
1996a). This strain expresses constitutively Cre-recombinase and thus provides a simple
test for the recombination competence of loxP-constructs. Cre expression caused
excision of the Unit III (episome) and the self-inactivation of the cre/dsRed fusion gene
(Unit II) in BEBV vectors (IV/Fig. 3). This data show also that both cre-recombination
pairs (the modified loxP sites in the Unit II and wild type loxP sites in the Unit III) are

functional and recognized correctly by the cre-recombinase.

5.15 The dual Cre/loxP system is silent during virus production (IV)

In order to study the possible detrimental activation of the Cre-expression cassette (unit
II) and the formation of EBV-replicons during virus production, the virus preparations
were analyzed by PCR. The results showed that EBV-replicons were not formed during
virus production, indicating that the CAG promoter is not functional in insect cells
(IV/Fig. 6). This feature enables the combination of both a cre-expression unit (unit II)
and the cre-excisible replicon (unit III) in the same baculoviral backbone.

This approach is not possible in adenoviral vectors, because the promoters may
become activated in mammalian cells during virus production. Indeed, a similar
adenoviral system uses a dual virus approach; one virus contains a cre-expression
cassette and the second contains cre-excisible proreplicon (Tan et al., 1999; Leblois et al.,
2000). Excision of the episome occurs in target cells only if both adenoviral vectors
transduce the same cell. This is very challenging setup especially in vivo, because high
viral doses need to be used in order to generate the episomes. An attempt to solve this
dual vector problem has been made by using a tetracycline-inducible cre-expression
cassette (Krougliak et al., 2001) Finally, there is some evidence that EBNA-1 expression
interferes with DNA replication of Ads causing serious problems in the virus

production (Tan et al., 1999).
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5.16 Episomes are formed in the BEBV transduced cells (IV)

In an ideal system, cre-expression is activated in the BEBV transduced target cells
causing excision of a replicon from the baculoviral genome followed by inactivation of
cre-expression. In order to demonstrate the formation of replicons in target cells, we
amplified the episome with PCR from the transduced cells (IV/Fig. 7). The primers were
designed to amplify only the formed EBV episomes. The amplified specific PCR
products (EVOecrr : 369 bp or KEVOkcrr : 322 bp) revealed the expected formation of the
EBV replicons.

The corresponding system developed by Lo and co-workers was based on a
FLP/Frt system, in which one baculoviral construct contained (Lo et al., 2009) FLP
recombinase expression cassette and the other virus contained Frt-flanked pro-replicon.
In their system, EGFP expression confirmed episome formation in transduced cells.
EGFP was not driven by any promoter in the baculovirus genome and only after
recombination and episome formation EGFP find the position downstream of the
mammalian promoter. In addition, they recognized that sodium butyrate significantly

augmented the excision of replicon

5.17 Transgene expression ceases by the time along with the disappearance
of replicons (IV)

Transgene expression disappeared rapidly within two weeks after transduction in
HepG2 cells (IV/Fig. 4B) and demonstrated short prolongation only in transfected Cho
and 293T cells (IV/Fig. 4A). In order to determine whether replicons persist in the target
cells even though transgene expression disappeared, we amplified replicons by the
same primers used to prove their formation (see above) (IV/Fig. 8). The results indicated
that the transgene expression declined because the replicons were lost not because of
silencing of the transgene cassette by host factors. The earlier reports have shown that
methylation of episomal vectors, especially in embryonic stem cells, can also cause a
rapid loss of transgene expression and so limit transgene expression (Kameda et al.,
2006).
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5.18 Overproduction of EBNA-1 prolongs transgene expression (IV)

The 1%t generation BEBV was unable to prolong transgene expression (IV/Fig. 4) in
mammalian cells. The 274 generation vector (allowing hygromycin —selection) prolonged
transgene expression in transfected 293T cells, but sustained expression was achieved
only under selection pressure (Figure 18, unpublished results). The results were the
same with the recombinant 2" generation viruses; without selection, not extension of
transgene expression was observed (IV/Fig. 9) and the results were comparable to the 1+
generation vector. Earlier reports have shown that widely used episomal backbones (e.g
pCEP4) contain EBNA-1 under a weak internal promoter and are as such not capable of
prolonging transgene expression without selection pressure (Kreppel and Kochanek,
2004; Shan et al., 2006; Lo et al., 2009) or they require the use of cell lines constitutively
expressing high amount of EBNA-1 (Kreppel and Kochanek, 2004; Howden et al., 2006).
Thus, an adequate quantity of EBNA-1- protein seems to be essential in order to obtain
a prolonged transgene expression and can be achieved by placing EBNA-1 gene under a
strong viral promoter such as CMV (Shan et al., 2006; Lo et al., 2009). Even though the
optimization of EBNA-1 expression can prolong the expression period, the size of
episome is also important. Lo and co-workers showed that the small-size replicon
excised from the baculovirus genome was superior when compared to a baculovirus
genome carrying the oriP/EBNA-1 cassette itself (Lo et al., 2009). Furthermore, the
selection pressure (Neo) further prolonged and enhanced the transgene expression.

In order to enhance EBNA-1 expression, we cloned EBNA-1-gene under a strong
CAG-promoter. In line with earlier reports, we detected significantly prolonged (> 45
days) transgene expression compared the control vector (21 days) without CAG-
promoter (IV/Fig. 10). Our results support the importance of sufficient EBNA-1
expression for the episome maintenance.

In conclusion, novel baculoviruses were constructed in publications (I-IV)
resulting in the altered profile of gene expression in vertebrate cells. In addition, new
elements for baculoviruses and novel insights were obtained concerning the nuclear

entry of baculoviruses.
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Figure 18. Hygromycin selection pressure allows long-term transgene expression. pEpiEGFP and
pkontEpiEGFP constructs were tested in Cho and 293T cells. A) Time-course of EGFP production. B)
Hygromycin selection led to sustained expression in both cell lines. All cells still produced EGFP at 30
days and 79 days time points (the latest time points measured) in Cho and 293T cells, respectively.
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6 SUMMARY AND CONCLUSIONS

On the basis of the presented thesis, the following conclusions can be made:

1. A novel SSi-Cre can be used for the generation of Cre/loxP constructs and non-
toxic expression of Cre recombinase in vertebrate cells. The Ssi-Cre system is compatible
with double loxP-targeting strategies.

2. Baculovirus-mediated gene expression is boosted by the Woodchuck hepatitis
virus post-transcriptional element (WPRE). A significant increase in the percentage of
transduced cells and transgene expression was detected in several cell lines by a
baculovirus equipped with the WPRE.

3. Culture medium has a drastic effect on the baculovirus-mediated gene
delivery. Enhanced gene delivery in optimized medium was also observed with Ads
and lentiviruses. The optimized medium seems to induce vimentin reorganization
associating with enhanced baculovirus nuclear entry.

4. A novel all-in-one Baculovirus-Epstein-Barr hybrid virus was developed for a
safe long-term episomal transgene expression, which takes advantage of the SSi-Cre
cassette to liberate episomally replicating plasmids from the baculovirus genome. Three
different BEBV versions were created and tested. The version having the EBNA-I-gene

under CAG-promoter significantly prolonged the duration of transgene expression.

In conclusion, the present results widen the range of target cells which can be efficiently
transduced with baculoviruses and provide new insights into important cellular factors

covering baculovirus-mediate gene delivery.
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