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Abstract

Recently, it has been widely proposed that canoeitdcbe treated by transferring therapeutic gerres o
proteins into the cancer tissue by using differeindl or non-viral systems. Among the vectors under
development is the insect baculovirdgitographa californica multiple nucleopolyhedrovirusAEMNPV),
which represents a versatile tool for both mammatiene delivery and protein display. Due to its low
cytotoxicity and innate inability to replicate inammalian cells AcMNPV holds potential forin vivo
applications. The melanoma differentiation assecdiajene 7 (Mda-7), in turn, is a novel multifunotb
tumor-specific cytokine that suppresses growth anttlices apoptosis in numerous human cancer cells.
Furthermore, Mda-7 possesses immunomodulatory amidamgiogenic features, as well as a robust
bystander activity. The objectives of this studyrevéo generate and characterize recombinant bacusov
vectors expressing and/or displaying Mda-7, as aelto analyze the anti-tumor activity of thesais#s.
Two mammalian expression vectofg-Mda-7 and the control viruac-Luc, were constructed, expressing
Mda-7 or firefly luciferase, respectively. Additionally utilizing these vectors as backbones, two serfac
modified viruses,AcMda-7-Luc andAcMda-7-Mda-7, displaying Mda-7 by fusion to the sarembrane
anchor of vesicular stomatitis virus G-protein (M8&SVg) on their surface, were developed. The Mda-
VSVg fusion protein was successfully expressechgedt cells and incorporated into the budded vérioh
AcMda-7-Luc and AcMda-7-Mda-7 as demonstrated by confocal microscapyl Western blotting.
Importantly, analysis by Western blotting and floytometry showed no significant differences betwien
infectivities of the unmodified and the Mda-7-VSMsplaying viruses. Furthermore, Annexin V-staining
and subsequent analysis by flow cytometry reveellear induction of apoptosis #®¢c-Mda-7,AcMda-7-Luc
andAcMda-7-Mda-7, but not by the control virdg-Luc in human prostate cancer PC-3 cells at 5 gags
transduction. These results demonstrate the fumality of baculovirus mediated gene delivery andt@in
display, highlighting the potential of baculovirasctors in cancer therapy.

Keywords: cancer, baculovirufcMNPV, Mda-7, gene therapy, protein display
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Tiivistelma

Viimeaikoina on laajalti esitetty, ettd syovan eminen voitaisiin pysayttaa siirtamalla terapeistgeeneja
tai proteiineja syopakudokseen esimerkiksi virusgémuiden kuljettimien eli vektoreiden avulla. ¥ kalla
hetkella kehiteltévista virusvektoreista on hydsiteinfektoiva bakulovirugAutographa californica multiple
nucleopolyhedrovirusAcMNPV), joka mahdollistaa seka nisakassoluihin kohdetugeeninsiirron, etta
vieraiden proteiinien ilmentamisen viruspartikkepmnalla. KoskaAcMNPV on luontaisesti kykenematdn
lisdantymaéan nisdkéssoluissa ja silla on vaharnlisofyrkyllisia vaikutuksia, on se lupaava tyovii myos

in vivo -sovelluksiin. Melanooman erilaistumiseen osallist geeni 7 (Melanoma differentation associated
gene 7, Mda-7), puolestaan on hiljattain I6ydetiynipuolinen, sydpaspesifinen sytokiini, joka tukattda
sybpéasolujen kasvua ja saa aikaan ohjelmoitua solakiaa eli apoptoosia useissa eri ihmisen
sybpéasoluissa. Mda-7:lla on lisdksi immuniteettiiokkaava ja verisuonten kasvua estava vaikutusi sek
kyky vaikuttaa my®s geeninsiirron kohdesolua ympéird soluihin. Taman tutkimuksen tavoitteena ol
kehittdd ja luonnehtia muokattuja bakulovirusvesiiar, jotka iimentavat ja/tai pintailmentavat Mdé&,
seka analysoida naiden virusten syovanvastaisi@ialitta. Kaksi vektoriaAc-Mda-7 jaAc-Luc kehitettiin
ilmentdmaan nisakassoluissa Mda-7:844 ja tulikarpasesiferaasi-entsyymid, vastaavasti. Liséksi,
kayttamalla naitd vektoreita 1ahtokohtana, kehitektaksi pinnaltaan muokattua virustacMda-7-Mda-7 ja
AcMda-7-Luc, jotka ilmentavat pinnallaan Mda-7 prot& liitettynd VSV-viruksen (vesicular stomatitis
virus) g-proteiiniin (VSVg). Konfokaalimikroskooppsek& Western Blotting-tutkimukset havainnolliativ
Mda-7-VSVg-yhdistelmaproteiinin ilmentyvan hydnteiuissa ja kiinnittyvan silmikoituvierAcMda-7-
Mda-7 jaAcMda-7-Luc -virusten pinnalle onnistuneesti. Mikékgaa, analyysit Western Blotting-tekniikalla
ja virtaussytometrilla todistivat, ettei kyseineimtamuokkaus vaikuttanut virusten infektiokykyyniséksi,
Annexin-V-varjays ja sitd seurannut virtaussytomaegilyysi osoittivatAc-Mda-7, AcMda-7-Mda-7 ja
AcMda-7-Luc -virusten aikaansaavan ohjelmoitua soildmnaa ihmisen PC-3 prostatasyopasoluissa. Nama
tulokset havainnollistavat bakulovirusvalitteistéeginsiirtoa ja pintailmennystekniikkaa, seka ktaosat
bakulovirusvektoreiden mahdollisuuksia syévén hsgdo

Avainsanat: sydpé bakulovirus ACMNPV, Mda-7, geeniterapia, proteiinien pintailmeany
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1 INTRODUCTION

1.1 Cancer gene therapy

Cancer is a complex disease involving genetic aitans in cell signaling pathways that
normally control cell proliferation and cell deafhe two main classes of genes generally
mutated during cancer development are proto-on@mand tumor suppressor genes. The
protein products of proto-oncogenes normally cdntesl growth allowing cell division
under suitable conditions and limiting the growthem not appropriate. Mutation or over-
expression of a proto-oncogene transforms it toramogene, allowing unregulated growth
even in the absence of growth signals. Insteadptsuppressor genes normally restrict
unusual cell growth by inducing cell cycle arrestlgprogrammed cell death, apoptosis.
Hence, mutations in tumor suppressor genes incttbaspossibility of further mutations.
The consequences of alterations in oncogenes amar Suppressor genes are uncontrolled
proliferation of large amounts of cells and/or éased cell death, which may eventually

result in the development of cancer. (For reviexe, BI-Aneed, 2004; Wilson, 2002).

During the past decade, it has been generally pexpohat cancer could be treated by
transferring therapeutic genes or proteins into daecer tissue to reinstate the normal
functions of the cells. Numerous studies have sstggethat restoration or augmentation of
the normal growth and death pathways of the cellgligitation of anti-tumor immune
responses could lead to limitation of cancer growthe restorative changes could be
achieved by transferring tumor suppressor genesapoptotic genes or genes that inhibit
the activity of oncogenes into the tumor cells tedmte direct cytotoxic or cytolytic
effects. Additional approaches include the transefanti-angiogenic genes that inhibit the
formation of tumor blood vessels, or immunomodulatgenes, such as cytokines, which
stimulate the innate immune system to directly ckttdhe cancer cells. Moreover,
transgenes for tumor antigens could be used asecdmeaccines” to induce immune
system to recognize the tumor antigen and eradibatecells expressing it. (For review,
see El-Aneed, 2004; Wilson, 2002).



To date, many different strategies involving vioalnon-viral gene delivery systems have
been developed to transfer therapeutic genes ummrt cells (for review, see El-Aneed,
2004; Wilson, 2002). Non-viral applications rangenfi direct injection of DNA to
combining DNA with targeting molecules such as pudys or cationic lipids that enable
the penetration through the plasma membrane (foewe see Verma and Somia, 1997).
Recently,in vivo tumor imaging as well as targeted delivery of geaed anti-tumor
agents has been achieved by using nanoparticlesi(@as and Marco, 2008). However,
the utilization of non-viral vectors is often lirad by the inadequate efficiency of gene
delivery and transgene expression (for review,\&&@na and Somia, 1997). Hence, most
of the current gene therapy approaches apply neadifiruses for gene delivery. These
viral systems make use of the potent machinerhefviruses to deliver genes into cells,
but have been reformed to decrease the pathogemicd improve the safety of these
vectors (for review, see El-Aneed, 2004; WilsonD20Verma and Somia, 1997). Viral
vectors used for gene delivery applications ramgenfhuman retroviruses (for review, see
Wilson, 2002; Verma and Somia, 1997), adenoviryseg section 1.2.4.1) and adeno-

associated viruses (see section 1.2.4.2) to antibseulovirus (see section 1.3.3).

1.2 Melanoma differentiation associated gene-7 (Mda-7)

Melanoma differentiation associated gene-7, Md& 7 novel cytokine that has shown
promise in both preclinical and clinical studiesaiagt cancer. Mda-7 suppresses growth
and induces apoptosis in numerous human cances wéthout harming normal cells
(Jiang et al., 1995; Su et al., 1998; Madireddilgt2000; Mhashilkar et al., 2003; Tong et
al., 2005; Gopalan et al., 2007; Tahara et al., 7200Mda-7 also possesses
immunomodulatory (Miyahara et al., 2006; Taharalgt2007) and anti-angiogenic (Saeki
et al., 2002; Ramesh et al., 2003; Tong et al.5P@€operties as well as a potent bystander
activity (Chada et al., 2004a; Su et al., 2005;a88atet al., 2006), which is mediated by the
secreted Mda-7 protein.

The mda-7 was first discovered when human melanoma HO-1s oskre induced to
terminally differentiate by treatment with humarieirieron beta and a protein kinase C

activator mezerein (Jiang et al., 1995). Thda-7, composed of seven exons and six
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introns (Huang et al., 2001), has later been mappezh interleukin-10 (IL-10) related

gene cluster in the chromosome 1q32 (Blumberg .et2801). The major open reading
frame of the 1718 nucleotide full-lengthda-7 cDNA encodes a highly conserved protein
of 206 amino acids with a molecular weight of 28,80iang et al., 1995), which is a
precursor form of the mature cleaved, post-traimsiatly modified and secreted product.
Three asparagine residues at amino acid positi®s98 and 126 are N-glycosylated
(Sauane et al., 2003b), and a 49-amino acid spgmatide allows the mature Mda-7 protein
to be cleaved and secreted (Gupta et al., 200@®.Mda-7 is expressed in certain human
cells and tissues associated with immune systemudimg peripheral blood leukocytes

(PBMC), melanocytes, spleen and thymus. Insteada-Kids not expressed without

induction at the mRNA level in most other normal aancer cell types (Huang et al.,
2001).

Rat and mouse orthologs of Mda-7 have been idedtifThe rat ortholog, c49a/mob-5, is
involved in wound healing (designated as c49a; &aal., 1999) and in transformation of
the oncogenic Ras-protein (designated as mob-m@kaal., 2000). The mouse ortholog,
designated as IL-4 induced secreted protein, ecteely expressed and secreted by type 2
helper T cells (Schaefer et al., 2001). The rat modise proteins share 93% identity with
each other (Schaefer et al., 2001) as well as @86 €t al., 1999) and 69% (Schaefer et
al., 2001) identity with the human Mda-7, respealitv

1.2.1 Mda-7 as a member of the interleukin-10 cytokimaifga

Based on characteristics of the DNA and amino a®duences, Mda-7 has been
reclassified as IL-24 by the Human Gene Organinati€audell et al., 2002) and
designated as a member of the IL-10 cytokine suibfai@hada et al., 2004b). In addition
to IL-10 and Mda-7, this cytokine family includels-19 (Gallagher et al., 2000), IL-20
(Blumberg et al., 2001), IL-22 (Dumoutier et al00Ba), IL-26 (Knappe et al., 2000), IL-
28A, IL-28B as well as IL-29 (Kotenko et al., 20@heppard et al., 2003). The member
genes of the IL-10 family compose three clustershe@ human genome. The genes
encoding IL-10, IL-19, IL-20 as well as Mda-7 ardted on the chromosome 132
(Blumberg et al., 2001), while the genes for IL-aAd IL-26 are mapped to the



11

chromosome 12915 (Knappe et al., 2000; Dumoutieal.e2000b), and for IL-28A, IL-
28B and IL-29 to the chromosome 19913 (Sheppaadl ,2003).

IL-10 is a versatile immunoregulatory cytokine thats identified in 1989 by its ability to
inhibit the synthesis of several cytokines produbgdype 1 T helper cells. Therefore, IL-
10 was first designated as cytokine synthesis itgnpfactor (Fiorentino et al., 1989). IL-
10 is produced by various human cell populatiogpet2 T helper cells, monocytes,
macrophages, and B cells, for example. The mailodical function of IL-10 seems to be
the regulation of proliferation and differentiatioh immune cells as well as limitation of
inflammatory responses. Recent results, however Baggested an additional impact of
IL-10 in inflammatory, malignant and autoimmuneedises (for review, see Asadullah et
al., 2003). During the last few years, the functiaf the other members of the IL-10
cytokine family have also been elucidated more aemgnsively. IL-19 was identified in
2000 by exploring sequence databases for possiblE Ihomologs (Gallagher et al.,
2000). Although IL-19 appears to have a role inghthogenesis of an inflammatory skin
and joint disease, psoriasis (Li et al., 2005b;j&&tk et al., 2005), the main features and
functions of this cytokine remain to be determinkd20 and IL-22 are suggested to be
involved in the pathogenesis of psoriasis as wellifiberg et al., 2001; Otkjaer et al.,
2005; Wolk et al., 2006; Sa et al., 2007). IL-2@ipressed in a variety of human tissues
and specific cell types, namely squamous epithebd#ls, endothelial cells, macrophages,
and lymphocytes. IL-20 and its receptors are aasedi with inflammatory diseases
including rheumatoid arthritis and atherosclerdfs review, see Wei et al., 2006). IL-22,
instead, is produced by activated Thl- and nakillar cells and affects tissues that have
permanent contact to the exterior world. The remefur IL-22 is expressed in kidneys,
skin and tissues of the digestive and respirat@gtt In these cells, IL-22 is suggested to
function by participating in pathogen defense, wbirealing and tissue re-organization
(for review, see Wolk and Sabat, 2006). The fumstiof the newest members of the IL-10
cytokine family, IL-26, IL-28A, IL-28B and IL-29,ra just beginning to be explored. IL-
26 was originally identified when the cellular fests of T Iymphocytes were
characterized after herpes virus saimiri-inducagidformation. One of the novel cDNAs
cloned during the experimerakl55, shared some nucleotide homology with cellular IL-
10 (Knappe et al., 2000) and was later reclassdmedl-26 (Fickenscher et al., 2002). IL-



12

28A, IL-28B and IL-29 were identified in 2003, ieweral cell lines upon viral infection.
These cytokines have also been designated aserterfambdas (Kotenko et al., 2003;
Sheppard et al., 2003). Thus far, IL-28A, -B, adlvas IL-29 are known to possess
antiviral activity against herpes simplex virusf@, example, (Ank et al., 2006), and anti-

tumor activity against certain cancer types (Zitamat al., 2006; Numasaki et al., 2007).

1.2.2 Receptors of Mda-7

The members of the IL-10 cytokine family transmgnsls from the site of the release to
the effector cells through different combinatioriiass Il cytokine receptors (CRF2s) on
the cell surface. The CRF2s are tripartite transbrame proteins composed of an
extracellular domain containing the ligand-bindingsidues, the membrane spanning
segment, and the cytoplasmic tail domain. The fanet receptors of the IL-10 family
members are heterodimeric, consisting of two CRHEfusits, designated R1 and R2. The
R1 subunit generally has a larger intracellular donand higher affinity to its ligand than
those of the R2 subunit. Seven different recepiiusits of the IL-10 family have been
identified; IL-10 receptor 1 (IL-10R1), IL-10 redep 2 (IL-10R2), IL-20 receptor 1 (IL-
20R1), IL-20 receptor 2 (IL-20R2), IL-22 receptofll-22R1), IL-22 binding protein (IL-
22BP) as well as IL-28 receptor alpha (IL-2§RAlthough some of the cytokines of the
IL-10 family share receptors (Table 1.1), recepaativation is ligand-specific, thus
resulting in ligand-dependent responses in theetacgll (for review, see Langer et al.,
2004).

The Mda-7 signals through two cytokine receptor plaxes, IL-20R1/IL-20R2 and IL-
22R1/IL-20R2. The binding of Mda-7 to either of tleeeptor complexes may activate the
JAK-STAT (Janus kinase-signal transducer and daciivaf transcription) pathway
(Dumoutier et al., 2001; Wang et al., 2002). Upigarid binding, the receptor activates
JAK thyrosine kinases that, subsequently, recrugna transducing STATs by
phosphorylation. These activated gene regulatarieprs then dissociate from the receptor
complex and translocate to the nucleus where ti@ythe other transcriptional factors to
stimulate the transcription of cytokine-responsgenes (for review, see Kotenko and
Pestka, 2000; Hennighausen and Robinson, 2008).



13

Table 1.1. The IL-10 cytokine family members and th class Il cytokine receptor subunits.The
members of the IL-10 cytokine family recognize dndd to their specific two-subunit receptor compggx
on the target cell surface. The table presentsibalistinct receptor subunits required for sigmaffor each
cytokine. Abbreviations: IL-10R1=IL-10 receptor [L;10R2=IL-10 receptor 2; IL-20R1=IL-20 receptor 1,
IL-20R2=IL-20 receptor 2; IL-22R1=IL-22 receptor R,-22BP=IL-22 binding protein; IL-28R=IL-28
receptor alpha. Modified from (Langer et al., 2004)

Ligand Receptor subunits
R1 R2
IL-10 IL-10R1 IL-10R2
IL-19 IL-20R1 IL-20R2
IL-20 IL-20R1 , IL-22R1 IL-20R2 , IL-20R2
IL-22 IL-22R1 , IL-22BP |L-10R2 , -
IL-24 IL-20R1 , IL-22R1 IL-20R2 , IL-20R2
IL-26 IL-20R1 IL-10R2
IL-28A and -B IL-28Ra. IL-10R2
IL-29 IL-28Ra IL-10R2

STAT3 (Dumoutier et al., 2001; Wang et al., 2002rBh-Novak et al., 2002) and STAT1
(Wang et al., 2002; Parrish-Novak et al., 200Xtfseemed to be the major transcription
factors mediating the effects of Mda-7. More recasults, however, have demonstrated
that Mda-7 is able to exert its actions throughtipld JAK/STAT-independent signaling
pathways (see section 1.2.3.1 and Figure 1.1) ¢$kilar et al., 2001; Pataer et al., 2002;
Ekmekcioglu et al., 2003; Tong et al., 2005; Chatdal., 2006a; Gopalan et al., 2007).

Although Mda-7 belongs to the IL-10 cytokine familgnly few studies have been
conducted to examine Mda-7 as a cytokine compareitid large amount of studies on
anti-tumor activity of Mda-7 (for review, see Inoe¢ al., 2006). Ann vitro study by
Caudell and coworkers (2002) first suggested thdaV functions as a type 1 helper cell
cytokine thus having pro-immune activities. It wasstulated that cytokines induced by
Mda-7 may activate antigen presenting cells toldispumor antigens hence eliciting an
anti-tumor immune response (Caudell et al., 2002)a more recenin vivo study with
murine fibrosarcoma, adenovirus-mediated Mda-7 #ahk-7) was observed to promote
immune activation in syngeneic tumors leading tbcancer immunity (Miyahara et al.,
2006). Furthermore, studies in a phase | clinigal involving intratumoral injection of
Ad-Mda-7 into patients with solid tumors proposattthesean vitro effects are repeated in
patient settings, supporting the immune-modulapirgperties of this cytokine (see section
1.2.3.5).
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1.2.3 Mda-7 as an anti-cancer agent

1.2.3.1 Anti-tumor effect of exogenously expressed Mda-7

As described above, the Mda-7 was first identifrdten the genes involved in terminal
differentiation of human HO-1 melanoma cells weharacterized. The mRNA level of
Mda-7 was elevated in actively proliferating norrhalnan melanocytes in comparison to
primary or metastatic human melanomas. Transfectidvida-7 expression constructs into
human melanoma cell cultures resulted in reducdld grewth and colony formation,
suggesting tumor suppressor properties of Mda-an@iet al., 1995). Since this initial
study by Jiang and colleagues (1995), many laboestbave tested the anti-tumor activity
of Mda-7 bothin vitro andin vivo. Using either secreted Mda-7 protein (Su et &Q32
Chada et al., 2004a; Sauane et al., 2004; Sauara.,e2006), replication-defective
adenoviruses (Kawabe et al., 2002; Sarkar et @d22Nishikawa et al., 2004) or adeno-
associated viruse (AAVs) (Tahara et al., 2007) psegsion of cell growth and/or induction
of apoptosis have been detected upon over-expressidda-7 in a variety of cancer cells
including melanoma (Jiang et al., 1995), osteosaa;@lioblastoma (Su et al., 2003; Jiang
et al., 1996), hepatocellular carcinoma (Wang et28l06a) and cancers of colon (Jiang et
al., 1996; Mhashilkar et al., 2001), lung (Saekhlet2002; Pataer et al., 2002; Pataer et al.,
2005), nasopharynx, cervix (Jiang et al., 1996@abr (Su et al., 1998; Mhashilkar et al.,
2001), ovary (Gopalan et al., 2005) as well astpteqJiang et al., 1996; Lebedeva et al.,
2003; Tahara et al., 2007). In contrast, Mda-7 app& be harmless to a broad range of
normal cells including melanocytes (Mhashilkar let2001), lung fibroblasts (Saeki et al.,
2000), hepatocytes (Wang et al., 2006a) and neumils (Su et al.,, 2003) as well as
epithelial cells of mammary (Mhashilkar et al., 2DOprostate (Gopalan et al., 2005;
Lebedeva et al., 2003) and bronchus (Saeki 2@02).

Albeit the apoptosis inducing activity of Mda-7 wadserved already in 1995, the
molecular mechanisms underlying this anti-tumoivagtare largely unidentified. To date,
Mda-7-mediated tumor suppression has been showaffeat the regulation of various
molecules in cancer cells, many of which regulatenerous cellular processes and
responses including cell signaling, gene regulafiod apoptosis. Although JAK/STAT
signaling pathways first seemed to be the main atedi of the activity of Mda-7
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(Dumoutier et al., 2001; Caudell et al., 2002; BarNovak et al., 2002 Wang et al.,
2002), further studies have proved otherwise (Mitlkeeshet al., 2001; Pataer et al., 2002;
Ekmekcioglu et al., 2003; Sauane et al., 2003a;,gTenal., 2005; Chada et al., 20064a;
Gopalan et al., 2007). By utilizing tyrosine kinashibitors and cancer cells defective in
the JAK/STAT pathway it has been shown that inductf apoptosis by Mda-7 occurs
separately from the activation of JAK/STAT. Treatmwith tyrosine kinase inhibitors had
no effect on the percentage of apoptotic cells andreover, cell lines lacking several
components of the signal transduction pathway Viesed to be susceptible to Mda-7-

mediated killing (Sauane et al., 2003a).

The endoplasmic reticulum (ER) is the primary oejknfor protein synthesis and folding,
as well as calcium signaling and storage in eukaryells. Conditions interfering with the
functions of ER, such as accumulation of a misfdlgdeotein in the ER, cause ER stress
that triggers the activation of stress responsedoiged activation of ER-stress-associated
signaling pathways ultimately results in the indorectof apoptosis (for review, see Inoue et
al., 2006). External growth factors provided by slierounding cells play an important role
in a complex process of regulation of cell probfissn in mammalian cells. Mitogen
activated protein kinase (MAPK) pathways with themmplex signal cascades are
significant contributors in this process. One skamase is p38 MAPK, which, upon
activation by ER stress, participates in resposses as differentiation, proliferation, cell
cycle arrest and apoptosis (for review, see Zhamd lau, 2002). Mda-7 is known to
exploit the p38 MAPK pathway to mediate its anthtur activity in human cancer cells.
Ad-Mda-7-mediated expression of Mda-7 has been showncrease the phosphorylation
of p38 MAPK in human melanoma cells but not in nakimmortal melanocytes, resulting
in induction of cancer cell specific apoptosis (@Garet al., 2002). In breast and lung tumor
cells, instead, transduction of Ad-Mda-7 resulted decreased expression of proto-
oncogenes involved in phosphatidylinositol 3-kina@8d3K) signaling. PI3K is an
important regulator of various cell functions indilng survival, growth and malignant
transformation. In addition, PI3K is able to actezanultiple signaling molecules such as
oncogenes and itself possesses oncogenic actlitsi-7 has been shown to inhibit PI3K
activity and the functions of other proto-oncogeregulated by PI3K (Mhashilkar et al.,
2003).
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Cells are also able to undergo apoptosis througbcmondrial apoptotic pathway, which is
a highly regulated cascade of events proceeding fem apoptotic stimulus to the
mitochondrial outer membrane permeabilization aelll death. The permeabilization of
the mitochondrial membrane is in control of the-Bd¢amily of proteins including the pro-

apoptotic protein BAX. As a result of an apoptatonulus, a conformational change of
BAX occurs, followed by translocation of BAX fromhd cell cytoplasm into the

mitochondrial membrane. Membrane permeabilizatiprBBX stimulates the release of
cytochrome C from mitochondria, thus triggering pipsis (for review, see Lalier et al.,
2007). Mda-7 has been shown to up-regulate theesgmn of BAX in cancer cells of

diverse histological features including prostatencest (Lebedeva et al., 2003)
mesothelioma, breast and colorectal cancer asageibn-small cell lung cancer (NSCLC)
cells, thus promoting the mitochondrial apopto@thpvay (Mhashilkar et al., 2001; Cao et
al., 2002; Chada et al., 2006a).

Mda-7 also kills lung tumor cells via activation @duble-stranded RNA-activated protein
kinase (PKR) (Pataer et al., 2002; Pataer et @052 PKR is a serine/threonine kinase
with two activities: auto-phosphorylation and phosgylation of the alpha subunit of
eukaryotic translation initiation factor 2 (elle)2 PKR is able to phosphorylate elk-ih
response to stress signals (e.g. ER stress) le&mligeneral inhibition of protein synthesis.
In addition to translational regulation, PKR is ahved in signal transduction. Upon
activation by auto-phosphorylation, PKR is abl@kmsphorylate various target molecules
that are important in growth control and inductmnapoptosis (for review, see Garcia et
al., 2006). In a study conducted by Pataer and dave (Pataer et al., 2002), expression
by Ad-Mda-7 lead to activation of PKR, subsequehbgphorylation of both elFe2
p38MAPK and other PKR target molecules and subsgqnduction of apoptosis.

The over-expression of Mda-7 also up-regulates ekgression of the tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)agki et al., 2002). TRAIL is an

apoptosis inducing cytokine that exerts its actibgsbinding to death receptors on its
target cell surface. Upon TRAIL binding, activategceptors recruit adapter proteins,
which subsequently recruit a group of cysteine gasés, called caspases (for review, see

Thorburn, 2007). Caspases are key components ditenmlly conserved cell death
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machinery and linked to complex signal pathwaystivation of initiator caspase
precursors by activator molecules leads to actwatf effector caspases. Subsequently,
effector caspases mediate the cleavage of apopeggitators and other proteins leading to
cell death. Some of the caspases activate the oitaitial apoptosis pathway as well (for
review, see Nunez et al., 1998). In a study coretudty Saeki and colleagues (2002)
inhibition of cell proliferation, up-regulation GFRAIL as well as induction of apoptosis
was observed in Ad-Mda-7 transduced lung cancés oelitro. The subsequenih vivo
studies with subcutaneous lung cancer cell deriuetbrs further demonstrated the Mda-7
mediated anti-tumor activity, as significant intidn of tumor growth was observed in
Ad-Mda-7 treated nude mice (Saeki et al., 2002).

Moreover, Mda-7 has been observed to induce apieptbsough the Fas/Fas ligand
pathway in ovarian cancer cells (Gopalan et alQ520Fas ligand belongs to the tumor
necrosis factor (TNF) family of proteins and iseabd initiate apoptosis by binding to its
receptor molecule Fas on the cell surface. Recdpialing triggers the formation of the
death inducing signaling complex and subsequenvtadicin of the proteolytic caspase
cascade (for review, see Kavurma and Khachigia®@3R0In a study by Gopalan and
colleagues, (Gopalan et al., 2005), transductioAdMda-7 resulted in increased death
receptor Fas and Fas ligand expression as weliasased surface expression of Fas in

ovarian cancer cells.

Importantly, the pro-apoptotic activity of Mda-7shbeen shown to be independent of the
status of tumor suppressor mutations such as p&8g(kt al., 1996; Su et al., 1998;
Lebedeva et al., 2003; Su et al., 2003) and rel@stdima (Jiang et al., 1996; Mhashilkar et
al., 2001) in the target cell. Mda-7 exerts itsi-unnor activity in both mutant and wild
type cases (Jiang et al., 1996; Su et al., 199&dMitkar et al., 2001; Lebedeva et al.,
2003; Su et al.,, 2003), which is important from eng therapy point of view, since
heterogeneity of p53 status is common in clinicgtisgs of certain cancer types (for

review, see Lebedeva et al., 2005).

Genetic defects in tumor cells affect multiple silgmg pathways by activating or

inhibiting them. Thus, the unique ability of Mda«r act on several signaling pathways in
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cancer cells and regulate both pro-apoptotic andamoptotic proteins in different cell
types is extremely advantageous. Unlike severaragene-based drugs, Mda-7 does not
have to depend on a single molecule to mediatentistumor activity (Inoue et al., 2006).
It appears that Mda-7 is able to find the weakresasalefense of most cancer cells and
take advantage of intrinsic flaws to eradicate ¢heesnor cells (for review, see Gupta et
al., 2006). The numerous signaling pathways regdldly Mda-7 in cancer cells are

summarized in Figure 1.1.
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Figure 1.1 A schematic representation of the diveescellular signaling pathways involved in cancer
specific anti-tumor activity of Ad-Mda-7 and Mda-7. Mda-7 induces apoptosis in a variety of human
cancer cells via multiple different signaling patiys and possess anti-metastatic as well as antgamgc
activity and promotes anti-cancer immunity. Thechions of Mda-7 are exerted by both intracellulad a
extracellular Mda-7 protein. Abbreviations: Ad-Mda- adenovirus vector carrying thenelanoma
differentiation associated gene-7 (mda-7) gene; Mda-7= secreted Mda-7 protein; MMP-2; matri
metalloproteinase-2; MMP-9; matrix metalloprotem#®s PI3K=phosphatidylinositol 3-kinase; FAK= focal
adhesion kinase; TN&= tumor necrosis factax; IL-6= interleukin-6; GM-CSF= granulocyte-macropglea
colony stimulating factor; VEGF= vascular endothktirowth factor; Fas= Fas protein; FasL= Fas ligan
TRAIL= tumor necrosis factor-related apoptosis-icidg ligand; BAX= BAX protein, MOM=
mitochondrial outer membrane; PKR= double-stranB&®#A-activated protein kinase; p38APK= p38
mitogen activated kinase; elks2 alpha subunit of eukaryotic initiation factor I2:20R1= Interleukin 20
receptor 1; IL-20R2= Interleukin 20 receptor 2; 2aBR1= Interleukin 22 receptor 1; STAT= signal
transducer and activator of transcription. Modiffedm Fisher, 2005; Gupta et al., 2006; and Inouale
2006.



19

1.2.3.2 Anti-tumor bystander activity

In addition to vector-mediated cancer cell killingda-7 has been found to exert its anti-
tumor effects through bystander apoptosis-indu@otyvity in adjacent tumor cells not
initially receiving themda-7 gene. Mhashilkar and coworkers (2001) first prodotdes
anti-tumor activity of the secreted Mda-7. Sincerthpurified human Mda-7 protein
produced in eukaryotic (Chada et al., 2004a; Cledsd., 2005; Su et al., 2005; Zheng et
al., 2007) or prokaryotic (Su et al., 2003; Sauahal., 2004) expression systems have
been shown to exert direct cytotoxic effects selebt in tumor cells. In addition to
several human cancer cell lines (Mhashilkar et28lQ1; Wang et al., 2002; Sauane et al.,
2004; Su et al., 2005), Human Embryonic Kidney 28fs (Chada et al., 2004a; Chada et
al., 2005; Zheng et al., 2007; Mumm et al., 20G6vall asmmortal normal P69 prostate
epithelial cells (Su et al., 2005), inter alia, @deen utilized to secrete the Mda-7 protein.

The mechanism by which the secreted Mda-7 elitst@amti-cancer activity is unclear. It
seems, however, that unlike the anti-tumor effeetlisted by the intracellular Mda-7, the
bystander activity of the secreted Mda-7 is depehde the presence of the IL-20R1/IL-
20R2 and IL-22R1/IL-20R2 receptor complexes onténget cell surface (see Figure 1.1).
In pancreatic cancer cells, the blocking of IL-22B1 IL20-R1 with receptor-specific
antibodies abrogated the tumor cell killing activanly partially, suggesting that both
receptors are involved in anti-tumor bystandervagtin pancreatic tumors (Chada et al.,
2005). In the MeWo melanoma cell line expressiighake receptor subunits, only IL-
20R1 and IL-20R2 were found to be involved in thduction of apoptosis. Treatment of
cells with the IL-22R2-specific antibody did notfedt the Mda-7 bystander activity,
whereas blocking of IL-20R1 with the specific antly resulted in the elimination of the
Mda-7 protein mediated tumor cell killing (Chada at, 2004a). In a study applying
normal cells to secrete Mda-7, tumor cells lackingomplete set of the canonical Mda-7
receptors did not respond to the Mda-7 mediatedabyger suppression of growth or
induction of apoptosis (Su et al., 2005). Anti-turactivity mediated by the secreted Mda-

7 is schematically illustrated in Figure 1.1.

The exact molecular events following the recepioding by the Mda-7 protein are not

known. In melanoma cells, Mda-7 seems to exert sofrits actions via the JAK-STAT
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signaling pathway, since the treatment with sedretéda-7 results in rapid
phosphorylation and activation of STAT3. Howevelthaugh both cytotoxicity and
STATS3 activation were observed in the Mda-7 treatedanoma cells, they seemed to be
independent effects (Chada et al., 2004a). In dyshy Sauane and colleagues (2004)
cellular localization of the secreted Mda-7 proteimormal and prostate cancer cells was
investigated. Since confocal microcopy studies ataak that considerable proportion of
Mda-7 entered ER and Golgi apparatus, it was stegeksat Mda-7 may induce ER-stress
responses, which in turn induce the pro-apoptatents. However, because localization of
Mda-7 was similar in both normal and cancer cdllseems that cellular positioning of the
protein is not a direct mechanism of selective &pgip induction in cancer cells (Sauane et
al., 2004).

1.2.3.3 Anti-metastatic and anti-angiogenic activity of Mda

Tumor development and metastasis are complicatecepses involving multiple changes
in cancer cell biochemistry and physiology. The medmponents of tumor progression
promoting the metastatic phenotype are tumor oghision and migration (for review, see
Gupta et al., 2006). The idea of Mda-7 possesgitignaetastatic activity stemmed from a
study by Ellenhorst and colleagues (2002), who ofegkan inverse correlation between
the expression of Mda-7 and invasion of melanomaots (Ellerhorst et al., 2002). Since
then, the effects of Mda-7 on tumor cell invasi@vé been studied by utilizing both Ad-
Mda-7 (Ramesh et al., 2004; Sauane et al., 200#jlensecreted Mda-7 protein (Su et al.,
2005). In a study by Sauane and coworkers (2004yMAa-7 was found to inhibit
migration of metastatic human melanoma cells thnoowatrigel, without affecting cell
viability (Sauane et al., 2004). Furthermore, jizing human NSCLC and large cell
lung carcinoma cells, Ad-Mda-7 was shown to inhtbihor cell invasion and migration,
independent of the growth inhibitory activity (Rasheet al., 2004). Mda-7 thus seems to
exert its anti-metastatic action by inhibiting tegpression of proteins associated with
invasion and migration of tumor cells (see Figur® {Mhashilkar et al., 2003; Ramesh et
al., 2004). These proteins negatively-regulatedvioka-7 include PI3K (Mhashilkar et al.,
2003), focal adhesion kinase (Mhashilkar et alQ3®20Ramesh et al., 2004), as well as
matrix metalloproteinase-2 and -9 (Ramesh et D42 Anti-metastatic activity of Mda-7

has been further investigateuvivo, resulting in reduced number of tumor metastases i
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nude mice injected with Ad-Mda-7 infected NSCLC Ige(Ramesh et al., 2004).

Importantly, in a recent phase | clinical studylwgtatients with solid tumors, intratumoral

injection of Ad-Mda-7 led to distant biological agty outside the injection site, thus

suggesting therapeutic potential of Mda-7 in treptimetastatic disease (see section
1.2.3.5).

A crucial factor in cancer development and tumamgpession is the presence of sufficient
blood supply to assure the persistence of the pyiraad secondary (metastatic) tumors.
This process relies on the development of new bl@sdels, angiogenesis, which, in turn,
is regulated by growth factors secreted by theosunding cells. To date, one of the main
focuses for anti-cancer therapy is on identifyingtimods to inhibit angiogenesis (for
review, see (Gupta et al., 2006). To define addgiomechanisms for the anti-tumor
activity of Mda-7 Saeki and colleagues (2002) assgghe anti-angiogenic properties of
Ad-Mda-7.1In vitro experiments with human umbilical vein endothetialls revealed Ad-
Mda-7 mediated inhibition of differentiation of esttielial cells into tube-like structures,
suggesting that Mda-7 might possess anti-angiogggtiuity in vivo. Subsequent analysis
was conducted on the expression of the tumor neowature marker CD31 in NSCLC
tumors in nude mice. In Ad-Mda-7 treated tumorsiuced CD31 expression and tumor
vascularization was observed, strongly proposirg ahti-angiogenic activity of Mda-7
(Saeki et al., 2002).

Indirect inhibitory action of Ad-Mda-7 on angioges bothin vitro andin vivo has been
further demonstrated. When expressed at suprapbgsial levels Mda-7 was shown to
suppress NSCLC tumor xenograft vascularization reudly via downregulation of
expression of pro-angiogenic growth factors, sushvascular endothelial growth factor
(VEGF), in mice (Nishikawa et al., 2004). In prdstaancer cells, Ad-Mda-7 was also
observed to inhibit angiogenesis by inhibiting VE@©duction by tumor cells (Inoue et

al., 2005). Anti-angiogenic activity of Mda-7 ish&matically represented in Figure 1.1.

Further studies have showed inhibitory effects hed secreted Mda-7 protein on tumor
angiogenesis as well. Affinity purified Mda-7 wabserved to inhibit endothelial cell

differentiation in a dose-dependent manner wittadgteécting cell proliferation. Moreover,



22

Mda-7 protein mediated anti-angiogenic activity ve®wn to be receptor-dependémt
vitro, as the inhibition of tube formation was abrogatpaon IL-22R1 receptor blocking.
In vivo inhibition if angiogenesis by secreted Mda-7 proteas subsequently investigated,
and Mda-7 was detected to systemically inhibit ltungor xenograft growth and decrease

micro vessel density in nude mice (Ramesh et @03
1.2.3.4 Combination therapy

Although the potential oinda-7-based gene therapy for the treatment of humanecsinc
have been shown by numerous laboratories, as atheapy, gene therapy does have its
limitations. Previous preclinical and clinical exjpeents have shown that gene therapy
combined with chemotherapy or radiotherapy hasrgroved therapeutical effect. Several
studies have been conducted to evaluate the pltsssbio utilize Mda-7 in combination

therapy against cancer (for review, see Inoue.e2@06).

Ad-Mda-7 have been found to radiosensitize NSCLIS tleus enhancing the therapeutical
effectin vitro (Kawabe et al., 2002) and vivo (Nishikawa et al., 2004). Similarly, Ad-

Mda-7 sensitizes breast carcinoma cells to radiafhe biological therapies and
chemotherapy (Chada et al., 2006b), and togeth#r vediotherapy results in better
therapeutical effect in gliomas (Yacoub et al., 206-urthermore, combined with the non-
steroidal anti-inflammatory drugulindac, Ad-Mda-7 has been shown to effectively
restrain human lung cancer growth bathvitro andin vivo (Oida et al., 2005). Although

several studies demonstrate that combining Mda-th wther therapeutic agents or
treatment modes can further augment its anti-tuactivity, further studies are needed to
determine if these and other agents will also leadnhanced therapeutic activity in

patients (for review, see Gupta et al., 2006).
1.2.3.5 Clinical studies with Mda-7

A phase | clinical trial has recently been condddtecharacterize the safety and biological
activity of themda-7 gene transfer. In a phase | clinical study pasievith solid resectable
tumors were treated with intratumoral injectionsaohon-replicating Ad containing the
mda-7 construct (INGN 241; Introgen Therapeutics In&glvanced cancer patients with

histologically versatile tumors such as breastaborc carcinoma, squamous cell carcinoma
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of the head and neck, melanoma, hepatoma or latidymphoma, were divided in

cohorts according to viral dose, time of post-treait biopsy and mode of treatment.
Following injections of Ad-Mda-7, tumor biopsies mgeperformed and examined for
vector penetration, Mda-7 protein expression amgptgsis induction. In addition, blood
samples from the patients were analyzed for velbtdA, cytokines, T-cell subsets and
blood chemistry. (Cunningham et al., 2005; Tonglgt2005).

The Ad-Mda-7 treatment was shown to be well-toldtads the intratumoral injection lead
to minimal or no toxicity in all patients (Cunnirah et al., 2005; Tong et al., 2005). Gene
transfer and subsequent Mda-7 expression was showe successful in all injected
lesions and signal intensity was observed to baced distance away from the injection
site. Furthermore, distinct apoptotic activity walsserved in Ad-Mda-7-treated tumors
corresponding to areas of Mda-7 protein expresgioong et al., 2005). In addition,
increased amounts of proinflammatory cytokines JLiténor necrosis factar-(TNF-o)
and granulocyte-macrophage colony stimulation faaowell as CDID8" T-cells were
observed in treated patients (see Figure 1.1),gsiog that Ad-Mda-7 up-regulated the
systemic production of type | T helper cell cytadsnand activated CD8T-cells
(Cunningham et al., 2005; Tong et al., 2005). Muegpevidence of clinical activity was
found in 44% of lesions with repeated Ad-Mda-7 atigns, including complete and partial
responses in two melanoma patients. Although Ad-Mdsas administered directly to
tumors, evidence of distant biologic activity wdsserved, suggesting that the therapy may
have utility in treating primary tumors as well metastatic disease (Cunningham et al.,
2005). Thus, the findings of the first clinicalairiare consistent with previous preclinical
studies and suggest therapeutical potential of Wda treating human cancers
(Cunningham et al., 2005; Tong et al., 2005).

At the moment INGN 241 is being tested in a phasdéidical trial with patients suffering
from advanced melanoma and in a phase Il trimdambination with radiation therapy in
solid tumors with patients with head and neck ca(iéeess Release; Introgen Therapeutics
Inc. 2007).
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1.2.4 Expression of Mda-7 by viral vectors
1.2.4.1 Adenoviral (Ad) vectors

A majority of the studies exploring the anti-tunaativity of Mda-7 have utilized human

Ad vectors. Since their discovery in 1953 from hunadenoid tissue, Ads have been
extensively studied (for review, see Campos andyB&007). Ads are non-enveloped
icosahedral particles, composed of a nucleocapsidaa26-40 kb linear double-stranded
(ds) DNA genome (for review, see Volpers and Koehkar2004). In addition to 50

serotypes of human Ads identified so far, numemher mammalian, avian, amphibian,
reptilian and fish serotypes of adenoviruses amwn(for review, see Campos and Barry,
2007). Human Ads can cause infections ranging femuate respiratory infections and

conjunctivitis to gastroenterititis (for review,es¥olpers and Kochanek, 2004).

Ads have become popular vectors for gene theraggareh because of their high nuclear
transfer efficiency, broad tissue tropism, andeatbw pathogenicity. Moreover, Ads can

be produced in high titers, they can transduce aellivo with transgenes of more than 30
kb and they are unable to integrate into the hugemmome (Volpers and Kochanek, 2004).
Most human Ads utilize the cellular coxsackie- @&ulreceptor (CAR) to enter the target
cells. However, some cell types in the human bodgluding hematopoietic and

endothelial cells, skeletal and smooth muscle cafisvell as many tumor cells totally lack
or express only low levels of CAR receptors. Thiliferent targeting strategies must be
employed to enable the Ad-mediated gene delivery therapeutically relevant tissues

lacking CAR receptors (for review, see Volpers &ogdhanek, 2004).

Because Ad is a human pathogen, systemic deliieAdovectors results in activation of
innate host responses in humans, which represepdsrir to safe clinical gene therapy
(for review, see Campos and Barry, 2007). Eliatatof strong humoral and cellular
immunity upon Ad-mediated gene delivery has evesulted in the death of a patient
(Marshall, 1999). Rapid physiological responsessaginduction of cytokines, activation
of innate immunity, inflammation, transient liveoxicity and thrombocytopenia upon

systemic delivery of Ad vectors are suggested soltdrom the uptake of the viruses by
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Kupffer cells, resident liver macrophages (for esvj see Campos and Barry, 2007). In the
previously mentioned phase | clinical gene therj@l utilizing replication incompetent
Ad-Mda-7, strong induction of anti-Ad antibodies svabserved after single injection of
Ad-Mda-7. However, this did not block either vitshnsduction upon single injection or
anti-tumor activity after repeat administration (@ingham et al., 2005; Tong et al.,
2005).

The majority of the Ad vectors utilized in pre-¢tal Mda-7 studies have been replication-
defective (Pataer et al., 2002; Nishikawa et &Q4 Oida et al., 2005; Tong et al., 2005;
Wang et al., 2006a) to exclude the uncontrollabiealvpropagation. Recently,
conditionally replication competent Ads have alseef constructed and studied for
augmentation of Mda-7 gene expression (Sarkar .et2807). However, utilization of
replication competent viruses in gene delivery pags raises serious safety concerns.
Thus, precise restriction of viral replication bagpatially, confining replication to certain
cell types, and temporally, must be achieved tdbleneesponsible use of these viruses in
gene therapy (Chong et al.,, 2002). Recently, a Instrategy for regulation of Ad
replication has been developed. In a study by Y&snand colleagues (2008), a liver
specific microRNA was used to reduce Ad replicatiorcells of hepatic origin. It was
suggested that by utilizing this approach, livedigiy following the systemic delivery of
oncolytic Ads could be bypassed, and furthermdrat by tissue specific expression of

other microRNAs targeted replication of Ads coutddzhieved (Ylosmaki et al., 2008).
1.2.4.2 Adeno-associated virus (AAV) vectors

As mentioned previously, Tahara and colleagues{pbave studied the potential of Mda-
7 in cancer gene therapy by using an adeno-assdoraus (AAV) type 1 vector. AAVs

are small, non-enveloped, icosahedral viruses stingiof a capsid and a linear single
stranded 4.7 kb DNA genome. AAVs belong to the Dejo@irus genus in the parvovirus
family thus requiring a helper virus to enable prctive infection and replication. In the
absence of a helper virus a latent infection iatdsthed, during which AAVs incorporate
into the host genome by site-specific integratiopersist in episomal forms (for review,
see Coura Rdos and Nardi, 2007). Whereas the yplel-tAAV integrates into the

chromosome 19 in human genome, the recombinantorgecitay mostly episomal,
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although random integration may occur. To datee rpnmate serotypes of AAV have
been identified, AAV2 being the most studied andently used in gene therapy trials for
inherited diseases (Li et al., 2005a) such as icydtrosis and hemophilia as well as

prostate cancer (for review, see Coura Rdos andiNz07).

Tahara and coworkers selected an AAV1 vector feirtBystemic cancer gene therapy
study because AAVs are non-pathogenic to humanthémnore, because AAV1 has been
isolated from rhesus monkeys, it was suggesteceteds likely to cause immunological
side effects compared to Ad vectors (Tahara e2@D7). Other advantages of AAVs as
gene delivery vectors in general include the abiit transduce both dividing and non-
dividing cells and a wide host and cell type tropisange, which vary between the AAV
serotypes (for review, see Coura Rdos and NardiyRGHowever, some drawbacks in
utilizing AAV vectors for gene delivery applicatislso occur. The packaging capacity of
AAVs for foreign DNA is restricted (for review, sddu, 2006) and the onset of gene
expression occurs slowly (for review, see CourasRatled Nardi, 2007). Large scale virus
production is rather complicated (for review, see, H006), but high amounts of AAV
vectors can simply be produced in insect cell ealtoy utilizing baculovirus expression
vector system (Urabe et al., 2002). Importantlye tuthe capacity of AAVs to incorporate
into the host genome, there is a risk of mutagsresiwell as germ line transmission upon

systemic administration of AAV vectors (Taharalet2007).

1.3 Baculoviruses

Baculoviruses belong to the large and diverse fawiilBaculoviridae, occluded double-
stranded DNA viruses that mainly infect the lansahges of insects of the orders
Lepidoptera (butterflies and moths), Diptera (mawms) and Hymenoptera (sawflies) (for
review, see (Okano et al., 2006). To date, mora 8G0 different types of baculoviruses
have been identified (for review, see Bonning, 30006m more than 600 host insect
species (Slack and Arif, 2007). Baculovirus pagsctonsist of an enveloped, rod-shaped
nucleocapsid enclosing the covalently closed caicgenome ranging from 82 to 180 kb in
size (Jehle et al., 2006). Based on the occlusmay morphology, baculoviruses have

been divided into two generbllucleopolyhedrovirus (NPV) andGranulovirus. NPVs form
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large occlusion bodies containing multiple virioms the nuclei of the infected cells,
whereas granuloviruses form small granular occludiodies each enclosing a single
virion. NPVs can be further designated as singlenaitiple NPVs (SNPV or MNPV,
respectively) based on the number of nucleocapsittsn the viral envelope (for review,
see Blissard and Rohrmann, 1990; Summers, 2006iBg2005 ).

Initially, baculoviruses were studied mainly forriagltural applications due to their
natural ability to control certain insect pest plapons (Blissard and Rohrmann, 1990;
Summers, 2006). Later, the discoveries of the wnsfaucture of baculoviruses and their
natural process of infection have led to widespmeseéarch utilizing baculoviruses for the
study of fundamental biological processes, for ndgimant protein expression, and for

gene therapy (for review, see Bonning, 2005; Suran&&06).

The eukaryote-based baculovirus expression vectsterm was developed during the
1980s, pioneered by Smith and colleagues (1983} fivet explored baculoviruses as
vectors for the expression of human interferon Ifgd&-p) in insect cells (Smith et al.,
1983). Since then, the potential of the baculovinsect cell system has been exploited in
a wide variety of applications (for review, see Suoens, 2006). Over the past two decades
hundreds of complex human, animal and viral pretegguiring folding, subunit assembly
and extensive post-translational modifications hagen successfully produced in insect
cells (for review, see Kost et al., 2005). Importattributes and advantages of protein
production in baculovirus-insect cell system in@udrge insertion capacity for foreign
genes, ease and high yield of heterologous prgteaduction driven by the strong
baculoviral promoters, and biosafety due the innaédbility of baculoviruses to infect
mammalian cells (for review, see Hu, 2005; Kosalet2005; Hu, 2006). However, there
are some drawbacks associated with the baculexmiession system, such as inadequate
glycolysation in some cases. Furthermore, progngdsaculovirus infection interferes with
the post-translational machinery and the secrgvatiway of the cell thus affecting the
processing and production of proteins and, ultitlgatesults in cell death and lysis (for
review, see Hu, 2005). However, to overcome thekwesses of insufficient insect
glycosylation, stable insect cell lines expressmgmmalian glycosyltransferases have

been developed, thus allowing production of “mamamted” recombinant glycoproteins
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in baculovirus-insect cell system. Correspondingtg genes needed for adequate protein
processing can be inserted into a baculovirus vettde expressed during infection (for

review, see Harrison and Jarvis, 2006).

Since the highly efficient gene delivery into massll types, baculoviruses have recently
gained increasing interest as vectors for geneaplyeand otherin vivo applications.
Baculoviruses appear to be promising candidatesgére therapy due to their large
insertion capacity, low cytotoxicity and incapatyilito replicate in mammalian cells.
However, some challenges for baculovirus-mediatedvo gene therapy occur, including
elicitation of innate immune responses and inatibwaof the virus by the serum
complement system (for review, see Hu, 2005; Kostl.e 2005; Hu, 2006). Recently, a
novel strategy enabling presentation of foreigntipleg or proteins on the baculovirus
surface has been developed. This surface displaynodogy has several auspicious
applications, rendering baculoviruses as versabitds for functional genomics, antigen
presentation (for review, see Grabherr et al., 2@Ker-Blom et al., 2003), and targeted
gene delivery (Mékela et al., 2006; Makela et2008).

1.3.1 Autographa californica multiple nucleopolyhedrovirusAcMNPV)

Among the wvarious baculoviruses, theAutographa californica multiple
nucleopolyhedrovirusAcMNPYV) is the most extensively studieftMNPV was originally
isolated fromAutographa californica alphalpha looper, but is able to infect more thaa

species within the Lepidoptera (for review, seetiBog, 2005).
1.3.1.1 Baculovirus phenotypes

During infectionAcCMNPYV occurs in two phenotypes; budded virus (BVY arcclusion-
derived virus (ODV) both having identical nucleosials and carrying the same genetic
information (Summers and Volkman, 1976; Blissard &ohrmann, 1990AcMNPV has

a genome of 133 894 kb, which has been fully secpeer(Ayres et al., 1994). The
nucleocapsids are rod-shaped, 30-60nm in diamatdr 260-300nm in length and
surrounded by an envelope (Jehle et al., 2006).tWbevirus phenotypes differ in their

envelope structure due to their different origi@®V acquires its envelope from the host
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cell nucleus, whereas BV is surrounded by a mengbadmained by budding through the
plasma membrane (Volkman and Summers, 1977; Bral@agl Summers, 1994). As a
result, the phenotypes have distinct lipid and garotompositions, tissue specificities and
mechanisms of entry into the host cell (for revimge Blissard and Rohrmann, 1990;
Braunagel and Summers, 1994). BV virions occur @madantly as single nucleocapsids
enclosed in loose envelopes, whereas ODVs may baeeor several nucleocapsids
surrounded by a single tight-fitting envelope (Suensnand Volkman, 1976, for review,
see Bonning, 2005). A major component of the BVetope, absent from ODVs, is the
virus-encoded membrane glycoprotein gp64, whichrhasy important functions in viral
entry and budding. ODV virions, instead, are furtleenbedded within proteinaceous
occlusion bodies surrounded by an additional empeei@or review, see Bonning, 2005).
The structural differences between the two pherestygre reflected in their separate roles
in the virus life cycle; ODV is responsible of tipgmary infection of the host larvae,
whereas BV transmits the infection within the h@gblkman et al., 1976; Braunagel and
Summers, 1994, for review, see Blissard and Rohnm&a®90; Bonning, 2005). The two

baculovirus phenotypes are schematically repredentEigure 1.2.

polyhedron

Figure 1.2 Baculovirus virion phenotypes. Schematic representation AMNPV budded virion (BV) and
occlusion-derived virion (ODV) surrounded by anlas@n body (polyhedron). (Modified from Makela et
al., 2008)

1.3.1.2 Life cycle

The first round of natural baculovirus infectionastablished when a feeding larval host
ingests the ODV-containing viral occlusions calfgalyhedra. The protein matrix of the

polyhedra dissolves in the basic environment ofléneal midgut releasing the infectious
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ODVs, which successively fuse with microvilli ofettmidgut epithelium thus entering the
host cells. The primary round of viral replicatimtcurs early during the infection
producing progeny BV nucleocapsids, which subsetiyidud from the epithelial cell
nucleus. The primary envelope acquired from thdeanenvelope is lost in the cytoplasm
during the nucleocapsid transport to the plasma lmane. Finally, BVs obtain their
distinctive envelopes with virus-encoded proteing Ibudding through the plasma
membrane of the basal side of the midgut epithek#ls. The released viruses are able to
infect numerous cell types within the host to pralthe second round of infection (for
review, see Blissard and Rohrmann, 1990; Okanb,tG06).

BV is known to enter insect cells via receptor magetli endocytosis (Volkman and
Goldsmith, 1984; Zhou and Blissard, 2008) presugn#irbugh clathrin coated pits (Long
et al., 2006). The virus-encoded envelope fusiagm gp64, a major component of the
BV envelope (Volkman et al., 1984), has been shtavbe essential for virus entry into
insect cells. Upon virus entry, gp64 mediates tvwe pH-triggered envelope fusion with

host endosomal membranes thus allowing nucleocdpmidport into the cytoplasm and
nucleus (Blissard and Wenz, 1992). Gp64 accumulkttéise surface of the infected cells
and at the poles of the BVs as homotrimers (Volkrmaad Goldsmith, 1984) forming

typical peplomer structures (Summers and Volkmd&y,6)l Each peplomer consists of
three identical gp64 proteins, stabilized by intelesular disulfide bonds (Volkman and
Goldsmith, 1984; Oomens et al., 1995; Markovic let 298). Gp64 has, furthermore,
been shown to be crucial for viral budding fromeiciscells (Oomens and Blissard, 1999)
and spreading the infection through cell-to-celhsmission (Monsma et al., 1996).

During the very late phase of the infection, atragpnately 24 h post infection (p.i.), virus
production switches primarily from BVs to ODVs. ®iinduced membrane projections in
the nucleus envelope the nucleocapsids to produd®sOwhich, subsequently, are
embedded in the occlusion matrix composed of tha protein polyhedrin. Each occluded
polyhedron is additionally surrounded by envelopecalyx. Polyhedra are resistant to
dryness and freezing and thus extremely stablehé dnvironment. However, when
exposed to direct sunlight ODVs rapidly lose mosttheir activity due to the DNA

damage caused by UV radiation. While ODVs have ssemtial role in spreading the
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infection from host to host, BVs are, instead, cesible for spreading the infection within
the host as well as for viral propagation in cellture (for review, see Bonning, 2005;
Ghosh et al., 2002) and the primary form used el#iboratory as an expression vector
(Hu, 2005).

1.3.2 Baculovirus and mammalian cells

1.3.2.1 Baculovirus transduction of mammalian cells

The safety concerns regarding the use of baculse#as pesticides led investigators to
seek information on biological interactions betwéaculoviruses and non-target cells. In
1983, Tjia and coworkers first demonstrated tAaMNPV can be internalized by
mammalian cells. Although some of the viral DNAeared the nucleus, the nuclear DNA
did not persist and no transcription of the virdd®was observed (Tjia et al., 1983). Later
studies by others (Volkman and Goldsmith, 1983;r@rcet al., 1984; Carbonell et al.,
1985) confirmed the consequences of baculoviralyento mammalian cells. In the 1990s,
two groups reported that recombinant baculovirusestaining a cytomegalovirus
promotertuciferace gene cassette (Hofmann et al., 1995) or a Rousmsarwirus long
terminal repeat promotgi-galactosidase cassette (Boyce and Bucher, 1996) efficiently
transduced hepatocytes and an array of non-hegpaitidines. Efficient transduction and
high-level reporter gene expression was observegrimary hepatocytes and hepatoma
cells, whereas in several other cell lines litdenb expression was observed. Boyce and
Bucher (1996) suggested that in less receptives ¢bl reporter gene expression was
arrested subsequent to viral entry, because higt-lew-expressing cells internalized
comparable amounts of virus. More recently, it Hmsen suggested that block to
transduction in some mammalian cells may residbercytoplasmic trafficking or nuclear
import of the nucleocapsids (Kukkonen et al., 2008 significance of promoter strength
in baculovirus transduction efficiency was demaatsid by Shoji and co-workers (1997),
who showed that by using a strong CAG promoter,ctvhs a combination of chicken
beta-actin promoter and cytomegalovirus immediardyesnhancer, efficient transduction

of non-permissive cell lines could be achieved (S#taal., 1997).
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During the past decade, the array of cells permessdo baculovirus transduction has
rapidly expanded, to date including cell lines afrfan, rodent, porcine, bovine and even
fish origin (for review, see Hu, 2006). Furthermdosaculoviruses have been shown to be
able to transduce non-dividing cells (van Loo et 2001), primary cells, such as human
pancreatic islet cells (Ma et al., 2000) and negrls (Sarkis et al., 2000) as well as
mesenchymal stem cells obtained from human umbtimal blood and bone marrow (Ho
et al., 2005). Instead, baculovirus transductiocedf lines of hematopoietic origin seems
to be inefficient (for review, see Hu, 2006). Thansduction efficiencies vary significantly
among the permissive cell types, but can be maykeathanced by the addition of histone
deacetylace inhibitors, agents that induce hypéykt®n of the chromatin and enhance
the transcription in transduced cells (Hu, 2005pwdver, the use of such compounds
including sodium butyrate, trichostatin A (Condresyal., 1999) and valproic acid (Hu et
al., 2003), is often associated with cytotoxicayd cell cycle arrest (Hu et al., 2003).
Another approach to improve transduction efficiercynerely adjusting the transduction
protocol (e.g. temperature, culture medium, oraurding solution) (for review, see Hu,
2005). In 1997, Barsoum and coworkers demonstrttiat a pseudotyped baculovirus
expressing the vesicular stomatitis virus g-pro(®8Vg) on its surface exerts enhanced
transduction and a wider host range than the wipe-tvirus. The VSVg was speculated to
increase the baculovirus escape from endosomes ithpsoving the transduction

efficiency (Barsoum et al., 1997).

1.3.2.2 The mechanism of baculovirus entry and intracelluleafficking in

mammalian cells

BV enters insect cells via receptor mediated ensty (Volkman and Goldsmith, 1984;
Zhou and Blissard, 2008). Although the exact meigmanof baculovirus entry into
mammalian cells has not been fully determined, loatws has generally been suggested
to enter mammalian cells via a low pH dependentoeyiit pathway, since gene
expression is restrained by lysosomotropic ageritiwhlock the endosomal maturation
(Hofmann et al., 1995; Boyce and Bucher, 1996; kaa et al., 2001). More recently,
baculovirus has been proposed to utilize clathrediated endocytosis (Matilainen et al.,
2005; Long et al., 2006) and macropinocytosis (Meten et al., 2005) to enter

mammalian cells. Furthermore, in a recent studyLagkkonen and colleagues (2009)
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baculovirus was shown to utilize a clathrin-indeghemt entry mechanism that resembles
phagocytosis. This pathway was found to requirenaearrangement as well as regulation
by dynamin and the actin mediators Arf6 and RhoAaltkonen et al., 2009). Calveolae,
in addition, have been suggested to play a pasaoulovirus entry into mammalian cells,
since transduction is considerably augmented inptiesence of a calveolar endocytosis
inhibitor, genistein (Long et al., 2006). Similan its role in insect cell entry, the
baculovirus major envelope protein gp64 seems taitaefor virus entry into mammalian
cells as well. The significance of gp64 in viruangduction has been concluded from
studies showing that monoclonal antibodies spediic gp64 prevent the baculoviral
transduction of mammalian cells (Hofmann and Ssat898; Hefferon et al., 1999; van
Loo et al., 2001). Moreover, a mutant virus lackgpp4 on the viral envelope was shown
to fail transducing mammalian cells (Abe et al.020and, in turn, baculovirus vectors
over-expressing gp64 on virion surface have beemdoto exhibit enhanced levels of

transduction (Tani et al., 2001).

Although the importance of gp64 for baculovirusrgntas been documented, little is
known about of the mechanism involved in cell restogn by the virus. Initially,
baculovirus transduction was suggested to be Bpegific and asialoglycoprotein was
presumed to be involved in virus binding (Hofmaniale 1995; Boyce and Bucher, 1996).
It was later shown, however, that baculovirus tdaicsion is not restricted to liver-
originating cells (Shoji et al., 1997; Condreayaét 1999) and that transduction is not
dependent on asialoglycoprotein receptor, sincks ¢elt expressing asialoglycoprotein
could be successfully transduced (van Loo et 8D12 Furthermore, it has been proposed
that electrostatic interactions and heparin sulphatoieties may be required for
baculovirus binding to the mammalian cell surfacd,dhat the mechanism of virus uptake
Is non-specific, rather than involving the use ohigh affinity receptor (Duisit et al.,
1999). Moreover, phospholipids on the cell surfaege been suggested to facilitate the
viral entry into mammalian cells by serving as mportant docking point for gp64 (Tani
et al., 2001). In a recent study, Makela and cglles (2008) showed that the kinetics of
baculoviral binding and internalization into humeancer cells can be escalated by viral
surface modification. By displaying a lymphatic hagpeptide LyP-1 on the baculovirus
envelope, enhanced affinity of viral binding to ranmbreast carcinoma (MDA-MB-435)
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and hepatocellular liver carcinoma (HepG2) cells whserved. Furthermore, the surface
display of LyP-1 peptide resulted in increasedlwzake, earlier nuclear accumulation as
well as higher transgene expression compared tadhtol virus with wild-type surface

phenotype (Mékela et al., 2008).

Having lost their envelopes during endosomal escap& nucleocapsids are transported
into different subcellular compartments dependinglee target cell (Abe et al., 2005). In
the cytoplasm, the nucleocapsids appear to incduedéormation of actin filaments, which
presumably enable the nucleocapsid transport h@amticleus. An agent causing reversible
depolymerization of actin filaments, Cytochalasin \as found to strongly inhibit the
reporter gene expression without preventing thekebf the viruses into the endosomes
or their escape into the cytoplasm (van Loo et241Q1). Furthermore, in addition to the
viral genome, both major capsid protein and electtense capsids were detected inside
the nucleus, proposing that the nucleocapsids raresgorted through the nuclear pores
(van Loo et al., 2001; Laakkonen et al., 2008).

While baculovirus is unable to replicate in mamiaalcells, low levels of transcription
and translation of some viral genes have been showgcur in certain mammalian cells
(Fujita et al., 2006; Kitajima et al., 2006a; Kitap et al., 2006b; Liu et al., 2007,
Laakkonen et al., 2008). Fujita and colleagues §2@@tected the transcripts of 43 viral
genes in HeLa human cervical cancer cells as welMaranscripts in baby hamster kidney
cells following baculoviral transduction (Fujitaa&t, 2006). Furthermore, in a recent study
by Laakkonen and coworkers, both transcription aicuboviral immediate-early
transregulator genese(l, ie-2) and translation of IE-2 protein were observediman
cells upon baculovirus treatment (Laakkonen e2808). Whether and how expression of
baculoviral proteins affects mammalian cells arglrtfunctions remain to be ascertained.
Moreover, further investigations are required tdedaine the precise process of cell
recognition, binding and entry of BV into mammaliaells as well as pathways of

intracellular trafficking and detailed mechanismsiaclear transport.
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1.3.3 Baculovirus in gene therapy

Since the highly efficient transduction of variety mammalian cellsn vitro, BV has
gained increasing attention as a vectorifovivo gene delivery (Hu, 2006). To date, an
array of mammalian tissues of diverse origins ha@en successfully transducedvivo
(Airenne et al., 2000; Sarkis et al., 2000; Hudeale 2001; Lehtolainen et al., 2002; Tani
et al.,, 2003; Hoare et al.,, 2005). Such tissuesudlec rat brain (Sarkis et al., 2000;
Lehtolainen et al., 2002), mouse brain (Sarkid.e2800), rabbit carotid artery (Airenne et
al., 2000), rat liver (Huser et al., 2001), moukeletal muscle (Pieroni et al., 2001) and
mouse liver (Hoare et al., 2005), for example. Badwses appear to be attractive vector
candidates folin vivo applications as they readily deliver genes intanynaell types
without being able to replicate in these cellsqTgt al., 1983; Volkman and Goldsmith,
1983; Groner et al., 1984; Hofmann et al., 1995pjiSkt al., 1997). Furthermore,
baculovirus transduction is nontoxic to mammaliallsceven at high multiplicity of
infection (MOI) (Hofmann et al., 1995; Shoji et,al997; Gao et al., 2002; Tani et al.,
2003), and baculovirus has the capacity to acconateothrge inserts of foreign DNA
(Cheshenko et al., 2001). Further beneficial festuof baculovirus include the rather
simple construction and propagation of recombineattors (Hu, 2006) as well as
capability to transduce both dividing and non-dingl cells (van Loo et al.,, 2001).
Baculovirus-mediated transgene expression is giynér@ansient (Airenne et al., 2000; Hu,
2005; Wang et al., 2005), but under selective piress vitro partial integration of viral
DNA into the host genome has been detected (Condeeal., 1999; Merrihew et al.,
2001). Furthermore, integration-competent baculsvirhybrid vectors have been
constructed to attain prolonged or sustained tremsgxpression (Palombo et al., 1998;
Zeng et al., 2007) and recently, stable baculovmnesliated gene expression was observed

in primary myoblasts differentiating into myotub&hen et al., 2008).

Despite the various advantages described abovee tAee a number of limitations
concerning the utilization of baculoviruses for teysic gene delivery. One major
challenge in the use of baculoviruses ifiorvivo applications is the elicitation of innate
immune responses (Gronowski et al., 1999; Airennal.e 2000; Abe et al., 2003) and

subsequent viral inactivation by the serum complansystem (Sandig et al.,, 1996;
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Hofmann and Strauss, 1998). One approach to awtbwrinactivation is to circumvent
direct viral contact with the complement componefitss has been achieved by Airenne
and colleagues (2000) who applied baculovirus @adiin adventitial cells of rabbit
carotic artery by utilizing a silastic collar thptevented the viral contact with blood
(Airenne et al., 2000). Furthermore, exploiting #issence of the complement system from
the brain seems to be another auspicious appr@aedtt injection of baculovirus vectors
into brains of mice (Sarkis et al., 2000) and (@&arkis et al., 2000; Lehtolainen et al.,
2002) has resulted in efficient transduction andssguent transgene expression without
inactivation of the viruses. Moreover, some appiice designed to avoid the inactivation
of baculovirus vectors take advantage of agentsitigbit the complement system. Viral
inactivation has been preventedvitro by treating human serum with antibodies against
the complement factor 5 as well as applying colergom factor to human blood and serum
(Hofmann and Strauss, 1998). In addition, succéssfuivo gene transfer without viral
inactivation has been achieved by utilizing a baeulis displaying human decay-
accelerating factor, a complement system inhibitor,the viral envelope (Huser et al.,
2001).

Albeit baculoviruses are non-pathogenic to humaaseral studies suggest that they may
elicit various immune responses when introducetuman bodyln vitro, baculoviruses
have been observed to induce production of pramfhatory cytokines such as TNF-
IL-1a, IL-1B (Beck et al., 2000), IL-6 (Abe et al., 2003) asllves INFo and INF-
(Gronowski et al., 1999). Furthermore, baculovisubeld potent adjuvant properties in
mice stimulating strong humoral as well as adapiivenune responses against co-
administered antigens (Hervas-Stubbs et al., 20R&}ently, elicitation of adaptive anti-
tumor immune responses by wild-type baculovirus hasn observed (Kitajima and
Takaku, 2008) rendering baculovirus a promisingd foovaccination and immunotherapy
as well (see section 1.3.4).

1.3.3.1 Cancer gene therapy

The potential of baculovirus as a cancer gene plyeractor was first investigated in 2001,
by Song and Boyce who constructed a recombinantltmacus containing wild-type p53

gene under the control of the cytomegalovirus imateeearly promoter. Upon
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baculovirus transduction, expression of the tumgpsessor protein p53 and subsequent
induction of apoptosis were observed in p53-daficieuman Saos-2 osteosarcoma cells
(Song and Boyce, 2001). Half a decade later, Wam @workers (2006) transduced
malignant glioma cells botin vitro andin vivo with a baculovirus carrying a bacterial
Diphteria toxin A gene (Wang et al., 2006b). By utilizing a transttonal regulatory
sequence of the glial fibrillary acidic proteingtlexpression of the highly toxic transgene
was restricted to glioma cells to limit the sidéeefs in non-target cell$n vitro, enhanced
transduction of rat glioma cells was achieved,oflokd by inhibition of protein synthesis
as well as cell growth. Furthermore, upon injeciwdrthe virus into the glioma xenografts
into rat brain, apparent inhibition of tumor cetbgth was observed (Wang et al., 2006b).
More recently, anti-tumor activity of baculovirusediated expression of a tumor
suppressor protein named normal epithelial celti§ippel was explored in gastric cancer
models of mice. Intratumoral injections of the nedmnant baculovirus resulted in
significant inhibition of tumor growth, further Higghting the potential of baculovirus as a

gene therapy vector (Huang et al., 2008).

1.3.4 Baculovirus in immunotherapy

Vaccination is a common method to fight againskdtibus diseases (Tabi and Man,
2006). Since baculovirus has the ability to eligimune responses in humans, it could be
exploited to develop vaccine vectors. To date, leatws-mediated immune system
activation has been studied in several animal nsodetranasal injection of recombinant
baculovirus encoding theemagglutinin (HA) gene of the influenza virus has been found to
elicit a potent innate immune response in mices motecting them from lethal influenza
virus infection (Abe et al., 2003). Similarly, eftive immunization of mice against severe
acute respiratory syndrome (SARS) coronavirus hagnbachieved by utilizing
recombinant baculoviruses expressing the nucleatapsspike protein of bat SARS-like
coronavirus. Upon subcutaneous or intraperitongakiions of the vector, elicitation of
both humoral and cellular immune responses ag#mesiSARS-like virus was detected
(Bai et al., 2008).
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1.3.4.1 Baculovirus surface display

The baculovirus surface display technology with esal different strategies allows
incorporation of a foreign protein onto the viruatxle, thus offering further possibilities
for antigen presentation and immunotherapy. Thet m@®mmon and the best characterized
baculovirus-based display platform is the BV membrarotein gp64 (Makela and Oker-
Blom, 2008), which can be utilized by fusing theeign gene between the N-terminal
signal sequence and the C-terminal transmembraokorrof a second copy ajp64
(Mottershead et al., 1997). Alternatively, shorpfides can be directly cloned within the
nativegp64 sequence, but in such case the insertion site beusarefully chosen to assure
correct presentation of the peptide. Furthermdre,accurate conformation of gp64 must
be preserved to avoid disturbances in the funatibthe protein during the membrane
fusion and budding (Spenger et al., 2002). Hertoe jmportance of gp64 in baculovirus
infection and functionality has resulted in creatad alternative display platforms (Makela
and Oker-Blom, 2008). One strategy is to use a coation of the gp64 signal peptide and
the transmembrane anchor domain of VSVg (Makekd.e2006) or signal and membrane
anchoring sequences from influenza virus HA (Emetsal., 1998). Whereas gp64 fusion
proteins accumulate at one pole of the rod-shapédiBon, utilization of heterologous
membrane anchors permits uniform scattering ancerafficient expression of the fusion
proteins on the viral envelope (Chapple and Jo2@3?2 ; Makela and Oker-Blom, 2008).
Furthermore, Kukkonen and coworkers (2003) haveeldged an approach to display
foreign protein moieties on the viral capsid baotlvitro andin vivo. By fusing the target
peptide either to the N-terminus or C-terminus leé baculoviral major capsid protein
vp39 efficient fusion protein expression has beetected without affecting the viral titer

or functionality (Kukkonen et al., 2003).

To date, baculovirus surface display technology hE® been exploited in vaccine
research. In 2007, Strauss and coworkers constricteaculovirus both expressing and
displaying thePlasmodium falciparum circumsporozoite protein to study the potential of
baculovirus vectors for malaria vaccination. Upatramuscular injection into mice, the
virus was able to transduce dendritic cells, the&fgasional antigen presenting cells, and

trigger their maturation. Moreover, vector indudeidh titers of antibodies against the
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expressed and displayed protein and elicited angticcell mediated immune response
(Strauss et al., 2007). More recently, baculovaugace display technology was utilized in
the development of an influenza vaccine. In a stugfPrabakaran and colleagues (2008) a
recombinant baculovirus displaying a HA fragmenH&iN1 influenza strain was found to
act as an effective vaccine in mice, when a recoantticholera toxin B subunit was used
as a mucosal adjuvant. Intranasal injection of HiAedisplaying baculovirus resulted in
complete protection against both homologous anderbietgous H5N1 strains.
Furthermore, when compared with inactivated H5Nluemza vaccine the recombinant
baculovirus was more efficient, thus holding preanes treatment against H5N1 with
fewer biosafety concerns (Prabakaran et al., 2008).

1.3.4.2 Baculovirus in cancer immunotherapy

In recent years, cancer has become another tangead¢cine development (Tabi and Man,
2006). The aim of cancer immunotherapy is to irdticmmune system to identify the
antigens expressed only in tumor cells, to be abkradicate these malformed cells while
leaving the normal cells intact (Guinn et al., 200lh 2007, a VSVg-pseudotyped
baculovirus expressing murine telomerase reveasesdtriptase was found to elicit an anti-
tumor immune response in a murine glioma model.AJgccination with the recombinant
baculovirus escalated amounts of Iffidecreting T cells and augmented natural killer cel
activity were detected in the splenocytes of theciwamted mice (Kim et al., 2007).
Furthermore, wild type baculovirus has been regestiown to induce anti-cancer
iImmunity in mice. In a study by Kitajima and Taka@p08), baculovirus was detected to
elicit acquired anti-tumor immunity against chatied tumor cells in a liver metastasis as
well as subcutaneous tumor model. Intravenous tiojeaf the wild-type virus led to
increased tumor-specific cytotoxic T-cell activigs well as tumor-specific antibody
production, indicating the potential of baculoviinscancer immunotherapy (Kitajima and
Takaku, 2008).
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2 AIM OF THE STUDY

The aims of the present study were:

1. To generate recombinant baculovirus vectors thiageexpress, display or both
express and display the novel cancer specific agapinducing cytokine, Mda-7

2. To characterize the ability of the surface modifidises to display Mda-7 protein
on both baculovirus and insect cell surface

3. To compare the apoptosis inducing abilities ofrdmmbinant viruses in human
prostate cancer PC-3 cells
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3 MATERIALS AND METHODS

3.1 Construction of the recombinant viruses

The recombinant baculoviruses used in this studmealy Ac-Luc, Ac-Mda-7, AcMda-7-
Luc andAcMda-7-Mda-7, were previously generated (Makeld.en@anuscript) Ac-Mda-

7 was designed to express the cancer specific agiepinducing cytokine, melanoma
associated gene 7 (Mda-7) under the simian viruSX¥@a0) promoter in mammalian cells.
AcMda-7-Luc andAcMda-7-Mda-7 expressetlciferase and Mda-7, respectively, and
displayed an Mda-7-containing fusion protein onrtearface. (Makeléa et al., manuscript).
Ac-Luc, expressing the North American fireflphotinus pyralis) luciferase reporter gene

in transduced mammalian cells, served as a coviti.

3.1.1 Construction of the recombinant plasmids

The recombinant plasmids were previously gener@itikela et al., manuscript) using the
pFastBac™Dual transfer vector (Invitrogen Life teglogies, Carlsbad, CA) as a vector
backbone. Briefly, the expression plasmids pSV40-land pSV40-Mda-7 contained
luciferase reporter gene andlida-7, respectively, under the mammalian cell specific
simian virus 40 (SV40) promoter. The baculovipalyhedrin promoter polh) was deleted
from the vector backbone Acclll restriction enzyme digestion followed by clogirof
the SV40 promoter into the vector betweenBaeHI and Sall restriction sitesLuciferase
andMda-7 (from pORF9-hlIL24, InvivoGen, San Diego, CA, USAgre inserted between
the Notl and Xbal restriction sites resulting in plasmids pSV40-lacd pSV40-Mda-7,
respectively. These expression plasmids were etilias backbones for the generation of
the display vectors pMda-7-SV40-Luc and pMda-7-SW4ifa-7. TheMda-7 cDNA, and a
membrane anchoring domain composed of a linkeloregncoding 20 alanine residues
(Ala; Makela et al., 2006), as well as the transtmeme (TM) and cytoplasmic (CT)
domains of vesicular stomatitis virus g-protein ¢ (Makela et al., 2006) were cloned
in frame into the expression vectors downstreanpfliepromoter using thécol/Nhel and

Nhel/Kpnl restriction enzymes, respectively (Mékela etmlnuscript).
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3.1.2 Production and purification of the recombinant bacuuses

The recombinant viruses were produced using thet&®&ac™ baculovirus expression
system principally according to the manufacturarssructions (Invitrogen, Carlsbad, CA).
Briefly, the recombinant plasmids pSV40-Luc, pSW@a-7, pMda-7-SV40-Luc and
pMda-7-SV40-Mda-7 were transformed into electrocetapt DHC10Bac™Escherichia
coli (E. coli) cells to facilitate site-specific transpositiortarthe baculoviral genome and
subsequent formation of the recombinant bacmids.rébombinant viruses were produced
in Soodoptera frugiperda 9 insect cells §9; Gibco-BRL, Grand Island, NY) grown in
monolayer or suspension cultures using Insect->§Restein-Free medium supplemented
with L-Glutamine (BioWhittaker, Lonza, MD) at 28 (Makela et al., manuscript). To
obtain higher virus titers for apoptosis experirmsetgrtiary virus stocks were concentrated.
Cell debris was first pelleted by centrifugation5&00 x g for 20 min at’€ (Hermle Z
513 K, Hermle Labortechnik GmbH, Wehingen, Germaioylpwed by concentration of
the viruses (11 953 x g, 8 hGt Sorvall RC5-C centrifuge, rotor SS34). Conceetia
viruses were dissolved in ice-cold phosphate-batfesaline (PBS) and stored 4C4 The
infectious viral titers were determined from nomcentrated or concentrated tertiary virus

stocks by end point dilution assay using standaotbpols (O reilly 1994).

3.2 Characterization of the recombinant viruses

3.2.1 Western blot analysis

To characterizé\c-Luc, Ac-Mda-7, AcMda-7-Luc andAcMda-7-Mda-7, infected9 cells
and concentrated viruses were exposed to analygissdadium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) ands¥tn blotting. The cells were
collected at 72 h post infection (p.i.) by centgdéion (380 x g, 3 min, RT; Biofuge Pico,
rotor #3325, W. C. Heraeus GmbHanau, Germanyand solubilized in reducing 2 x
Laemmli sample buffer containin-mercaptoethanol (2 x Laemmli buffer +p-
mercaptoethanol: 63 mM Tris-HCI, 25 % [v/v] glyckfd. T.Baker, Deventer, Holland], 2
% SDS [BDH, Laboratory Supplies Poole, Englandp10% bromophenol blue [Sigma-
Aldrich, MO, USA] and 5 ¥g-mercaptoethanol [Merck, Darmstadt, Germany]) ttaiba
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final cell concentration of 1 x fQcellsj. Non-infectedSf9 cells served as a negative

control.

Equal plaque forming units (PFUs) of each recomtttinarus from tertiary virus stocks
were concentrated as follows. Cell debris was festoved by centrifugation (5000 x g, 20
min, £C; Hermle Z 513 K, Hermle Labortechnik GmbH, WelingGermany) followed
by concentration of the viruses (11 953 x g, 1¥9¢; Sorvall RC5-C centrifuge, rotor
SS34). The viral pellets were solubilized in redgci4 x Laemmli sample buffer
containing p-mercaptoethanol (4 x Laemmli buffer prmercaptoethanol: 125mM Tris-
HCI, 50 % [v/v] glycerol [J. T.Baker], 4 % SDS [BDHD.01 % bromophenol blue [Sigma-
Aldrich], and 5 %f-mercaptoethanol [Merck]) to obtain a final virusncentration of 5 x
10° pfu/ul. The samples were denatured at @G@or 5 min and kept on ice before
separation by SDS-PAGE.

The protein separation was conducted using verficainm thick gels consisting of 5 %
stacking gel (5% acrylamide/Bis solution [29:1] §HRad Laboratories GmbH, Munich,
Germany], 0.125 M Tris-HClI [pH 6.8], 0.1% SDS [BDH]0.1% [w/v]
ammoniumpersulfate [Bio-Rad Laboratories], and 0.194/] TEMED [N,N,N’,N’-
tetramethylene diamine; Bio-Rad Laboratories]) ad@% resolving gel (12%
acrylamide/Bis solution [29:1], 0.375 M Tris-HCIHp8.8], 0.1% SDS, 0.1% [w/V]
ammoniumpersulfate, and 0.04% [v/v] TEMED). Unstainprotein molecular weight
marker (10ul; MBI Fermentas, Vilnius, Lithuania) was used tstimate the molecular
weights of the sample proteins. Electrophoresis wasformed using a Mini 2-D
Electrophoresis Cell apparatus (Bio-Rad Laborasynieith electrode running buffer (25
mM Trizma base, 0.2 M glycine [Riedel-deHaén, See@ermany] and 3.5 mM SDS).
The samples were concentrated at the boundaryckiay and separating gels using 100
V current for approximately 15 min. The current waised to 180 V and the samples were

run for 60 to 70 min until the dye front reached bottom of the resolving gel.

Separated proteins were transferred onto nitrdoskusheets (pore size 0.45 mm) by
electroblotting with a Mini-PROTEAN 3 Cell electioltting apparatus (Bio-

RadLaboratories) in presence of ice-cold transigifeb (25 mM Trizma base, 0.2 M
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glycine, and 20% [v/v] methanol). The blotting weesformed with 100 V current for 1 h.
Subsequently, the nitrocellulose sheets were stamth Ponceau S (0.2% [w/v] Ponceau
S [Sigma, St. Louis, MO] and 5% acetic acid [RiedieHaen, Seelze, Germany]) for 5 min
at RT and washed with sterile distilleg®ito visualize the total protein amount as well as
the molecular weight marker. The sheets were blbaké&% dried fat free milk powder in
Tris-buffered saline (TBS: 20 mM Trizma base [Signaand 0.5 M NaCl) supplemented
with 0.2% Tweefi 20 (Fluka Chemie GmbH, Buchs, Switzerland) (miBSFTween) for
1hatRT.

The blots were immunolabeled to detect specifatgn bands. Rabbit polyclonal VSVg
tag antibody (5 x 16 mg/ml; Sigma-Aldrich, St. Louis MO) as well as nseumonoclonal
gp64 (Whitt and Manning, 198812D5,1:1000) and vp39 (Keddie et al., 1989; p16 C
a-capsid, 1:1000) antibodies (both kindly provideg Dr. Loy Volkman from the
University of California, Berkeley, CA) were used g@rimary antibodies. All the
antibodies were diluted in milk-TBS-Tween and inatibns were performed for 1 h at RT
with rocking. After washes (3 x 5 min) with TBS-Tare the primary antibodies were
detected with either a goat anti-rabbit IgG or atganti-mouse 1gG alkaline phosphatase-
conjugated secondary antibody (Promega, Madison, Wie secondary antibodies were
diluted 1:5,000 in milk-TBS-Tween and incubated Idn at RT with rocking, followed by
washes (3 x 5 min) with TBS-Tween. Subsequently,bots were equilibrated in alkaline
phosphatase assay buffer (0.1 M Trizma base [Sigha]M NaCl, and 5 mM MgGl
[Merck]) for 5 min. Detection of the proteins wascamplished at RT by incubating the
blots in alkaline phosphatase substrate solutiomtaseing 50mg/ml Nitro-Blue
Tetrazolium (NBT) (NBT [Sigma] in 70 % dimethylfoamide [Merck]) and 50mg/ml 5-
bromo-4-chloro-3-indolyl phosphate p-toluidine s@&CIP) (BCIP [Sigma] in 100 %
dimethylfomamide) diluted in alkaline phosphataseay buffer. The blots were washed

with sterile distilled HO to arrest the reaction and air-dried.

3.2.2 Immunolabeling of infecte&9 cells

To characteriseAcMda-7-Luc and AcMda-7-Mda-7 and incorporation of the display
construct into the insect cell membrai®9 cells, grown in a suspension culture, were

infected with a multiplicity of infection (MOI) olO for each recombinant viruac-Luc
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andAc-Lyp-1-luc (Makela et al., 2006) were used as nggaind positive control viruses,
respectively. Cells (2 x f@ells per sample) were harvested at 44 h p.i. byriéegation at
380 x g for 3 min and washed once with cold PBSulid®immunolabeling was
performed to identify the surface proteins on itédcinsect cells: the baculovirus major
envelope protein gp64 and the displayed Mda-7-VS\Wgon protein. The primary
antibodies used were mouse monoclonal gp64 antilgildyed 1:50, 1:100 and rabbit
polyclonal VSVg tag antibody (0,01mg/ml; Sigma-Addr). The antibodies were diluted in
1.5% bovine serum albumin in PBS (BSA-PBS) and liated for 1 hour at°€ with
rotation, followed by washes (2 x 15 min) with c@&$A-PBS at AC with rotation. For
confocal microscopy, the cells were subsequentheled with fluorescent secondary
antibodies Alexa FluSr488 goat anti-mouse IgG conjugate (green) and a\Rxof® 546
goat anti-rabbit IgG conjugate (red) (Invitrogen Istaular ProbeskEugene, OR, USA)
diluted 1:200 in BSA-PBS for 30 min af@ with rotation, followed by washes (2 x 15
min) with cold BSA-PBS at% with rotation. Subsequently, cells were rinsedeowith
PBS, pelleted at 380 x g for 3 mmt 4£C, resuspended to Mowiol (Mowiol 4-88
[Calbiochem, Darmstadt, Germany] in glycerol angs-HCI) supplemented with Dabco
(25 mg/ml; 1,4- diazobicyllo-[2.2.2]-octane [Aldhg Steinheim, Germany] and mounted
on microscope slides using glass cover slips. Ahltafugations were conducted using
Biofuge Pico, rotor #3325 (W. C. Heraeus GmbH).

3.2.3 Confocal microscopy

The immunolabeled samples were observed with aocahflaser scanning microscope
(LSM510, Zeiss Axiovert 100 M, Carl Zeiss Inc., deermany) equipped with a 488 nm
argon laser and 543 nm helium-neon laser. Plan-Wpocat 63x/1.40 oil objective as well
as appropriate excitation and emission settingeewesed. The differential interference

contrast (DIC) and fluorescence images were acgjuiseng LSM510 software.

3.2.4 Flow cytometric analysis

To analyze the infectivities of the surface-modifierusesAcMda-7-Luc andAcMda-7-
Mda-7,Ac-Luc was used as a negative auwLyp-1-luc (Makela et al., 2006) as a positive
control virus. For analysis by flow cytometr$9 cells were grown, infected, harvested
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and immunolabeled using the same procedures asilmisdn section 3.2.2., this time
using mouse monoclonal gp64 antibody and Alexa flut88 goat anti-mouse IgG
conjugate (green) (Invitrogen Molecular ProbEsigene, OR, USA) as primary and
secondary antibodies, respectively. Subsequerttty,cells were suspended to cold PBS
and filtered through a nylon mesh. Samples wergegton ice in the dark until analyzed
with a FACSCalibur flow cytometer (Becton DickinsoHeidelberg, Germany) using

CellQuest software to detect the gp64 expressilddy fluorescence measurements.

3.3 Apoptosis experiments with human prostate candés ce

3.3.1 Human prostate cancer PC-3 cell culture

Human prostate cancer PC-3 cells (American Typdu@lCollection,Manassas, VA,
number CRL-1435™) were maintained as a monolaykureuusing Dulbecco’s Modified
Eagle’s Medium (Gibco® Invitrogen Life technologid2aisley, UK) supplemented with
L-glutamine  (Gibco®), 10 mM Hepes pH 7.3 (4-(2-Hgxlyethyl)-1-
piperazineethanesulfonic aciyjP Biomedicals LLC Eschwege, Germany), 10% (v/v)
heat-inactivated fetal calf serum (FCS), 1% (v/@higillin -1% (v/v) streptomycin mixture
(Gibco®) and 0.1 mM non-essential amino acids (8&)c The cells were grown in a
humidified atmosphere of 5% G@t 37C.

3.3.2 Annexin V staining and flow cytometry analysis nfdacted PC-3 cells

Induction of apoptosis by the recombinant baculmes was examined using PC-3 cells.
A wild-type baculovirusAcWT (kindly provided by Anna Makela from the Univigysof
Jyvaskyld), anddc-Luc served as control viruses for apoptosis indnctPC-3 cells were
allowed to attach on 12-well cell culture plates 3C for 48 h and subsequently
transduced with a MOI of 500 and 1000 with eaclisziNon-transduced PC-3 cells, used
as negative control cells, were treated with PBStead. The viruses were allowed to bind
to cells for 1 h on ice with rocking in a minimablume of PBS followed by addition of
warm growth medium and transduction for 5 days 7AC3 Subsequently, the cells were
detached by scraping, pelleted by centrifugatiodO(% g, 5 min, Centrifuge 5415 D,
Eppendorf AG, Hamburg, Germanyyashed once with cold PBS and suspended to 1 x
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Annexin V binding buffer (BD Biosciences Pharminedells undergoing apoptosis were
stained by treating the samples with fluorescesthiscyanate (FITC) conjugated Annexin
V (Annexin V-FITC, BD Biosciences Pharmingen) aaling to the manufacturer’s
instructions. Samples were gently vortexed andbated in the dark for 20 min at RT,
followed by suspension to ice-cold 1 x Annexin Wding buffer. Samples were filtered
through a nylon mesh and stored on ice in the dati the fluorescence of cells was

analyzed with FACSCalibur flow cytometer using Qelest software.
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4 RESULTS

4.1 Construction of the recombinant viruses

The four recombinant baculoviruses used in thigystuere previously generated (Mékela
et al., manuscript). Two mammalian expression vec#c-Mda-7 and the control virus
Ac-Luc, were developed to express the cancer speapigptosis inducing cytokine,
melanoma associated gene 7 (Mda-7) and the repprbéein luciferase, respectively,
under the mammalian cell-specific simian virus 48V40) promoter (Fig. 4.1A).
Additionally, by utilizing these expression vect@as backbones, two surface modified
viruses, namehAcMda-7-Luc andAcMda-7-Mda-7, displaying the full-length Mda-7 by
fusion to the transmembrane and cytoplasmic domaingSVg through a polyalanine
linker on their envelope, were developed. Expressibthe Mda-7-VSVg fusion protein
was controlled by the strong baculoviral p10 prandgFig. 4.1A and 4.1B; Makela et al.,

manuscript).

A B

VSVg TM/CT

cancer cell

Figure 4.1 A schematic representation of the reconifiant baculovirus constructs and of a recombinant
baculovirus displaying the Mda-7-VSVg fusion proten on the viral envelope A) Above: Ac-Mda-7 and
Ac-Luc, below: AcMda-7- Mda-7 and AcMda-7-Luc. B) ri&kcombinant baculovirus (e.g. AcMda-7-Luc or
AcMda-7-Mda-7) displaying the Mda-7-VSVg fusion pgm on the viral envelope. Abbreviations: luc =
luciferase gene, p10 = p10 promotapolh = deleted polyhedrin promoter, polyAla = akén sequence
encoding 20 alanine residues, SS-mda-7 = melan@seaciated gene 7 signal sequence and mda-7 gene,
SV40 = simian virus 40 promoter, VSVgTM/CT = thartsmembrane and cytoplasmic domains of vesicular
stomatitis virus G protein. (Predicted Mda-7 protstructure; modified from Chada et al, 2004.)
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4.2 Characterization of the surface modified baculmsasi

4.2.1 Mda-7-VSVg fusion protein was successfully incogied into both

infected insect cells and budded virions

The Mda-7-VSVg fusion protein was directed to theface of 9 insect cells infected
with the recombinant baculoviruses by using theogedous signal sequence of Mda-7.
The transmembrane and cytoplasmic domains of VS¥igwesigned to anchor the fusion
protein into the insect cell and baculoviral memierdMakela et al., 2006). To determine
whether the surface modified baculoviruses were &bldisplay the Mda-7-VSVg fusion
protein on the insect cell surfac’#9 cells infected withAcMda-7-Luc, AcMda-7-Mda-7,
AcLyp-1-luc (Mékela et al, 2006) arm&t-Luc were characterized by confocal microscopy.
The cells were double-immunolabeled with antibod#sed against the baculovirus major
envelope protein gp64 and the C-terminus of the § $ytoplasmic tail. To confirm the
success of the VSVg labelingcLyp-1-luc, displaying the LyP-1 tumor-homing petid
by fusion to the VSVg TM/CT (Mékela et al., 2006asvused as a positive contrahd
Ac-Luc, possessing the wild-type baculovirus surfabenotype, served as a negative
control. As a result, both gp64 and the Mda-7-VSNigion protein were distinctly
detectable on the plasma membranes ofAttdda-7-Luc-,AcMda-7-Mda-7- andAcLyp-
1-luc-infectedS9 cells at 44 h p.i. (Fig. 4.2). The distributiohtibe Mda-7-VSV(g fusion
protein on the cell surface appeared to be rathustered and co-localization with gp64
was detectable to some extent (Fig 4.2, yellowsyrézlear labeling of gp64 was observed
in the control cells infected witAc-Luc, whereas these cells showed no reactivity téh
VSVg-tag antibody.

To evaluate the incorporation of the Mda-7-VSVgidasprotein into budded virions,
Western blot analysis was performed with moé&ic-Luc-, Ac-Mda-7-,AcMda-7-Luc- and
AcMda-7-Mda-7-infected9 cells as well as with the corresponding concésdrairuses.
As shown in Figure 4.3A, labeling with the VSVg iaody identified several positive
bands (approximately 23-30 kDa)AcMda-7-Luc- andAcMda-7-Mda-7-infecte®9 cells

as well as in the corresponding virus samples 4R34\, lanes 5, 6, 9 and 10, respectively),



50

-

AcMda-7-Luc._ ~ |AcMda-7-Mda-7-

Figure 4.2Sf9 cells infected withAc-Luc, AcLyp-1-luc, AcMda-7-Luc or AcMda-7-Mda-7. Expression ¢
the baculovirus major envelope protein gp64 andMia-7VSVg fusion protein were detected at 44 h
with mouse monoclonal gp64 and rabbit polyclonaMgSag antibodies, as well agith Alexa Fluof® 488
(green) and Alexa FluBi546 (red) conjugated secondary antibodies, resmgtiThe images are single confc
optical sections of-stacks from the middle of the cell. Scale bar 10 pi€= differential interference contr.

representing different post-translationally modifieorms of the Mda-7-VSVg fusion
protein. Mock-infected9 cells, cells infected witlhc-Luc or Ac-Mda-7, as well ag\c-
Luc and Ac-Mda-7 viruses possessing the wild-type baculoviphenotype (Fig 4.3A,
lanes 2, 3, 4, 7 and 8, respectively), showed aotiraty with the VSVg-antibody. These
results indicate that the Mda-7-VSVg fusion proteis appropriately expressed,
successfully transported to the surface of thecief#S9 cells and as a result, incorporated

into the recombinant baculovirus particles.
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Figure 4.3 Characterization of Mda-7-displaying baalovirus vectors. A) Western blot analysis of the
recombinant baculovirus infecte®9 cells and corresponding viruses for the detectbriMda-7-VSVg
fusion protein using rabbit polyclonal VSVg-tag iantly and alkaline phosphatase-conjugated secondary
antibody. The blot contains protein molecular weigtarker (lane 1); non-infecte®9 cells (5 x 16 cells;
lane 2) as a control, as well as 5 ¥ A8-Luc- (lane 3),Ac-Mda-7- (lane 4) AcMda-7-Luc- (lane 5) and
AcMda-7-Mda-7-infected9 cells (lane 6); 1 x fonfectious particles (pfu) ofc-Luc (lane 7);Ac-Mda-7
(lane 8);AcMda-7-Luc (lane 9); andcMda-7-Mda-7 (lane 10B) andC) Determination of the ratio of total
particle number vs. the amount of infectious vitmg immunoblot analysis using mouse monoclonal
antibodies raised against baculoviral structuratgins gp64B) or vp39(C), as well as alkaline phosphatase
conjugated secondary antibody. The blots contaiten molecular weight marker (lane 1); 2.5 X péu of
Ac-Luc (lane 2)Ac-Mda-7 (lane 3)AcMda-7-Luc (lane 4); andcMda-7-Mda-7 (lane 5).
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Figure 4.4 Analysis of the infectivity of the surface modifiedbaculovirusesAcMda-7-Luc and AcMda-
7-Mda-7 in Sf9 cells.Expression of gp64 and thus the viral infectivitgsaanalyzed ii¥f9 cells at 44 h p.i.
by flow cytometry using anti-gp64 andlexa Fluof 488 antibodiesAc-Luc, possessing the wild-type
baculovirus surface phenotype, as well as the sanfaodifiedAcLyp-1-luc (Mékela et al., 2006) served as
control viruses. The percentage of infected cedlsténdard deviation) as well as mean fluorescérieesity

(x standard deviation) reflecting the gp64 exp@sstvel, are indicated.
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4.2.2 The surface display of Mda-7 did not alter virakictivity

To study the infectivities of the surface modifiedculoviruses, the ratio of total particle
number (TP) versus the amount of infectious virastiples (IP) was determined. The
TP/IP ratio was similar with the control and moelfi viruses as determined by
immunoblotting of equal PFUs with anti-gp64 andi-apB9 antibodies (Fig 4.3B and
4.3C). Additional smaller bands presumably represgmproteolytically cleaved forms of
gp64 were also detected (Fig. 4.3B). To furthedgtthe infectivity of the modified
viruses, immunofluorescence labeling with anti-g@éwl Alexa Fluor® 488 antibodies
followed by analysis by flow cytometry was perfouiey usingAc-Luc andAcLyp-1-luc
(Mékela et al., 2006) as control viruses. As shawhigure 4.4, no significant differences
were detected in the infectivities betwefsiLuc and the surface modified virus&eLyp-
1-luc, AcMda-7-Luc and AcMda-7-Mda-7. These results indicate that the serfac

modifications do not significantly alter the infedties of the recombinant baculoviruses.
4.3 Apoptosis experiments with human prostate candés ce

4.3.1 AcMda-7,AcMda-7-Luc andAcMda-7-Mda-7 induced apoptosis in PC-3

cells

To analyze the apoptosis inducing abilities of theombinant baculoviruses in human
cancer cells, PC-3 prostate cancer cells weredteres withAc-Mda-7,AcMda-7-Luc and
AcMda-7-Mda-7. A wild-type baculovirusAcWT, as well asAc-Luc served as negative
control viruses, and non-transduced PC-3 cells weexl as control cells to define the
basal level of apoptotic cells in the PC-3 popolatiThe induction of apoptosis was
monitored by AnnexinV staining and subsequent amslyy flow cytometry at 5 days p.t.
As shown in Figure 4.4Ac-Mda-7, AcMda-7-Luc as well ar\cMda-7-Mda-7 induced
apoptosis in PC-3 cells. With 500 pfu/cellA&Mda-7, AcMda-7-Luc andAcMda-7-Mda-

7, 17.70+£7.14%, 13.07£4.35% and 17.97+2.19% ofctlés, respectively, were positive
for AnnexinV. With 1000 pfu/cell, the correspondipgrcentages were 16.70+1.31%,
9.88+5.66 % and 13.15+5.95%. Thus, the inductioapafptosis in PC-3 cells appeared to
be somewhat dependent on viral dose, 500 pfu/egligbmore efficient than 1000 pfu/cell.
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In cells transduced with wild-type baculovirus, fhercentages of AnnexinV positive cells
were 0.17+0.33% and 0.99+1.5% with 500 and 100Qcpfl) respectively. In cells
transduced with Ac-Luc, the corresponding percentages were 3.14+3.3&6A4

5.13+1.98%.
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Figure 4.5 Induction of apoptosis in PC-3 cells byAcMda-7, AcMda-7-Luc and AcMda-7-Mda-7.
Apoptosis induction by the recombinant baculovieugere examined by transducing human prostate cance
PC-3 cells with 500 and 1000 plaque forming uritBlJ) per cell of each virus. Wild-type baculovir\gT,

and Ac-Luc were used as control viruses. The cells uraleggapoptosis were identified by labeling with
FITC-conjugated AnnexinV at 5 days p.t, followed Hgw cytometry analysis. The percentages of
AnnexinV-positive cells + standard deviation ardigated.
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5 DISCUSSION

Cancer is a complicated disease involving mutationsboth oncogenes and tumor
suppressor genes. Several preclinical studies mapbed that cancer growth could be
arrested by transferring a gene or genetic elenmtotcancer cells to restore the normal
cell growth and death pathways or by elicitationimimune system to recognize and
eradicate the tumor cells (for review, see Wilst0()2; El-Aneed, 2004). Mda-7 is a novel
cytokine demonstrating significant anticancer pté&rby regulating multiple signaling
pathways involved in cancer development and metiss(§aeki et al., 2002; Sarkar et al.,
2002; Pataer et al., 2005; Ramesh et al.,, 2003g &trnal., 2005; Chada et al., 20064,
Miyahara et al., 2006; Tahara et al., 2007). Sintsefinding in 1995, Mda-7 has fast
proceeded from a laboratory tool to a potentiatapeutic agent for cancer (Inoue et al.,
2006). Thus far, studies have shown the anti-caactvity of Mda-7 mediated by Ad
(Jiang et al., 1996; Kawabe et al., 2002; Sarkaal.et2002; Nishikawa et al., 2004) and
AAV (Tahara et al., 2007) vectors. Among variousavgene delivery vectors based on
human pathogens, the insect baculovidldINPV, represents a fascinating alternative.
By utilizing mammalian cell specific promoters, tB¥ phenotype oACMNPV has been
used to transiently and stably transduce a largayanf mammalian cells of diverse
origins, bothin vitro andin vivo (Condreay et al., 1999; Airenne et al., 2000; Bagk al.,
2000; Huser et al., 2001; Merrihew et al., 2001htb&ainen et al., 2002; Tani et al., 2003;
Hoare et al., 2005). Low cytotoxicity (Hofmann &t 4995; Shoiji et al., 1997; Gao et al.,
2002; Tani et al., 2003) and innate inability tpligate in mammalian cells (Tjia et al.,
1983; Volkman and Goldsmith, 1983; Groner et @84t Hofmann et al., 1995; Shoji et
al., 1997) make baculovirus a safe, appealing catelifor biomedical applications. BV
surface display technology further highlights thenéficial features of baculovirus by
rendering it an auspicious tool for applicationslsas antigen presentation (Strauss et al.,
2007; Prabakaran et al., 2008) and targeted gdneeige(Makela et al., 2006; Méakela et
al., 2008). In this study, the apoptosis inducimgity of recombinant BV vectors that
either express, display or both express and displdg-7 was characterized in human

prostate cancer PC-3 cells.
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Baculoviral vector was chosen to mediate the dgtivof Mda-7 because of its
nonpathogenic nature. In addition, the unique strecof the BV phenotype cAcMNPV
enables the construction of dual-acting virusesh bexpressing foreign proteins and
displaying them on the viral surface. Two mammakapression vectorgic-Mda-7 and
Ac-Luc, were developed to express Mda-7 and fireflyciferase, respectively.
Additionally, two display virusesicMda-7-Luc andAcMda-7-Mda-7, both displaying a
fusion protein consisting of Mda-7 conjugated te thansmembrane anchor of VSVg
through a polyalanine linker, were developed. Espien of the Mda-7-VSVg fusion
protein was controlled by the strong baculoviraD gdromoter to enable fusion protein
expression during virus production in insect cellee fusion protein was directed to the
insect cell surface by utilizing the endogenousaigequence of Mda-7. A truncated form
of VSVg consisting of the TM and CT domains hasrbesbown to allow uniform
scattering and enhanced expression of the fusioteips on the baculoviral envelope
(Chapple and Jones, 2002). Furthermore, by usinggvi&ased fusion strategy the native
gp64 is left intact to promote viral infection atvdnsduction. The polyalanine linker was
expected to provide a flexible arm for the Mda-7¥¢Sfusion protein to be presented

properly without risking viral binding or transduart.

Makeld and coworkers (2006) constructed recombibaculoviruses displaying tumor-
targeting peptides by means of a membrane anchoespmnding to the VSVg-construct
used in the present study. Appropriate expressiinti@nsfer of the fusion proteins led to
successful display of the Lyp-1, F3 and CGKRK tushoming peptides on the viral
envelope and, subsequently, increased binding em$duction of human cancer cells
(Mékela et al., 2006). In this study, characteraatof the recombinant viruses by
immunolabeling and confocal microscopy showed tdta-7-VSVg fusion protein was
successfully incorporated int&9 insect cell surface upon infection with the eopel
modified AcMda-7-Luc and AcMda-7-Mda-7 viruses. Further characterization oé th
surface modified viruses demonstrated that the ofusprotein was successfully
incorporated into the buddetMda-7-Luc andAcMda-7-Mda-7 virions. Importantly, as
shown by western blotting analysis and flow cytameno significant differences were
detected in the infectivities betweéw-Luc, possessing the wild-type baculovirus surface
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phenotype, and the envelope modified viruses, tHesionstrating that the surface
modifications did not alter the infectivities ofetihecombinant viruses.

In 2001, Song and Boyce studied the possibilitydefeloping a baculoviral vector for
cancer gene therapy. Treatment of human osteosar&auns-2 cells with a recombinant
baculovirus carrying thg@53 tumor suppressor gene lead to dose-dependent csmopt
induction with a maximum of 91% apoptotic cellsw#80 pfu/cell of the virus (Song and
Boyce, 2001). Later, Wang and coworkers (2006)ieadeld malignant glioma cells both
in vitro andin vivo by using a baculovirus vector expressing bact@&ighteria toxin A
gene. In this studyAc-Mda-7 was developed to induce apoptosis in manamaiimor
cells by expression of Mda-7. Based on the knowdeafganti-tumor activity of the Mda-7
protein (Chada et al., 2004a; Chada et al., 200%¢tSal., 2005; Zheng et al., 2007), the
present study further aimed at developing a duth@ddaculovirus,AcMda-7-Mda-7,
hypothesized to induce apoptosis both by bindinthefdisplayed Mda-7 on the tumor cell

surface and by expressing Mda-7 inside the cell.

Indeed, considerable apoptosis induction was dsdantPC-3 cells transduced with 500 or
1000 pfu/cell of AcMda-7-Mda-7, 500 pfu being more efficient, presuipallue to
saturation of transduction with 1000 pfu/cell ot thirus. However, only slightly lower
levels of apoptotic cells were obtained by usiegMda-7 orAcMda-7-Luc indicating that
both expression and surface display of Mda-7 aleee sufficient to promote apoptosis in
prostate cancer cells. Thus, it seems that thectsffef simultaneously expressed and
displayed Mda-7 protein are non-cumulative sindeMda-7-Mda-7 did not induce
apoptosis as efficiently a&c-Mda-7 andAcMda-7-Luc in total. The control viruac-Luc
showed some cytotoxicity in PC-3 cells, presumahhg to high luciferase expression.
Studies have shown that the anti-tumor activitAdiMda-7 (Pataer et al., 2002; Sarkar et
al., 2002; Mhashilkar et al., 2003; Chada et &06b) and AVV-Mda-7 (Tahara et al.,
2007) is mediated through various intracellularnaiqng pathways. In PC-3 prostate
cancer cells, Ad-Mda-7 has been found to increbsepercentage of cells in the G2/M
phase of the cell cycle (Lebedeva et al.,, 2003toSat al., 2005), up-regulate the
expression of pro-apoptotic proteins such as BAX BAK and decrease the expression of
the anti-apoptotic Bcl-X protein (Lebedeva et al., 2003). Furthermore, AdbM
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mediated PC-3 cell killing has been shown to ineoinduction of the caspase cascade
(Saito et al., 2005) as well as activation of ék&racellular signal-regulated kinase (ERK)
1/2, which is a MAP kinase presumed to play a jpartancer cell-specific apoptosis
induction (Sauane et al., 2004). Due to being qmession vector as Ad-Mda-A¢-Mda-7
most likely exerts its actions by utilizing similantracellular apoptosis promoting routes.
In a study by Lebedeva and coworkers (2003), sedrbtda-7 protein was found in the
supernatants of Ad-Mda-7 infected PC-3 cells (Lelvedet al., 2003). Thus, due to the
endogenous signal sequencemafa-7, Ac-Mda-7 andAcMda-7-Mda-7 might, moreover,
mediate the secretion of Mda-7 from the transdumsts and thus spread the apoptotic
effect to adjacent tumor cells not initially receily themda-7 gene. InsteaddcMda-7-Luc
induces apoptosis in via the displayed Mda-7 pnotethich presumably binds to the IL-
20R1/IL-20R2 or IL-22R1/IL-20R2 receptor complexes the target cell surface thus
eliciting responses similar to the bystander effenediated by the secreted Mda-7 protein
(Chada et al., 2004a; Chada et al., 2005; Su eR@D5). Furthermore, sind&cMda-7-
Mda-7 is able to both express and display Mda-Ts litkely to promote apoptosis both
intracellularly and extracellularly. Moreover, itinical settings, due to the displayed Mda-
7 protein, AcMda-7-Luc and AcMda-7-Mda-7 might serve as cancer vaccines by

stimulating the immune system to fight cancer.

In summary, this study demonstrates the functipnadf baculovirus mediated gene
delivery and protein display, highlighting the pdial of baculovirus vectors in cancer
gene and immunotherapy. Albeit baculovirus has red¢\adtractive features making it a
promising candidate fan vivo applications, the virus has some limitations. tenenmune

responses and inflammatory reactions elicited bguloairus raise safety concerns and
viral inactivation by the serum complement systeakes vector development challenging.
Thus, further studies will show whether these atdesamay be overcome and baculovirus

be used for treating human diseases such as cancer.
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