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Abstract:

The baculovirus Autographa californica multiple nucleopolyhedrovirusAEMNPV), is a promising gene
delivery vector, which can transiently or stablgnsduce both dividing and nondividing mammaliarscel
As an insect pathoge®cMNPV is unable to replicate in mammalian cells, denng it a safe vector
candidate for gene therapy purpos&sMNPV has two distinctive phenotypes, the buddeds/ifBV) and
the occlusion-derived virus (ODV), of which onlyetformer has been studied for gene delivery puptse
mammalian cells. The phenotype of BV has also leedified by envelope and capsid display technokgie
Alternatively, ODV might have several advantagea @&ne delivery vector in comparison to BV, inahgd

its inherent inability to transduce mammalian gelasy purification, and the ability to simultansiqu
introduce several genetic payloads to target c&he objectives of this study were to investigdte ¢ntry
and gene delivery of ODV to human hepatocarcinofepG2, cells and to apply the baculovirus display
technology to include ODV surface display. Two mabinant viruses, namelfscWT and AcZZp74, were
constructed, both containing mammalian cell-acteorter genesAcZZp74 ODV was designed to display
the 1gG-binding ZZ domains of protein A fused te tBDV envelope protein p74 (ZZp74). In principles t
ZZ-displaying ODV should be able to bind to anyl alirface antigen, for which an antibody exists. By
confocal microscopyAcWT ODV, possessing wild-type phenotype, was denmatesi to bind to HepG2
cells, and quantitative analysis by flow cytomethpwed the binding to be concentration-dependeWw T
ODV was also detected to enter to the cytoplasidegfG2 cells at 4C, suggesting direct membrane fusion
of the virus envelope with the target cell membradewever, no nuclear-localized capsids or transgen
expression were observed in theWT or AcZZp74 ODV-transduced target cells. Unexpectedly siéfen
blotting showed that thé&cZZp74 BV, in addition to ODV, incorporated the ZZpTusion protein. This
probably resulted from abnormal localization of ZZpin nucleocapsids, and thus, the ZZp74 was most
likely not displayed on thédcZZp74 ODV surface as emphasized. In addition, Ac&Zp74 BV was
observed to be normally infective in insect celldiereas its ability to transduce mammalian cells wa
abolished. To date, BV has been considered to im#as endocytic route to enter both insect and
mammalian cells, whereas the behaviourAcZZp74 BV indicates that there are some differerinethe
entry processes. Thua¢ZZp74 BV could prove to be a valuable tool for sing BV entry mechanism into
mammalian cells. Moreover, the ODV display techggl@appears possible and holds potential for gene
delivery or other purposes.

Keywords: baculovirusACMNPV, ODV, p74, Z domain, display, gene deliverinding, HepG2 cells
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Tiivistelma:

Bakulovirus Autographa californica multiple nucleopolyhedrovirus) on lupaava geenitmiektori, joka
kykenee transdusoimaan pysyvasti tai valiaikaisagti jakautuvia kuin jakautumattomiakin nisékasgal
Hyonteisia infektoivana viruksenAcMNPV ei kykene lisdantymaan nisdkassoluissa, midéed siita
turvallisen geeniterapiavektoriehdokkaahcMNPV:Ila on kaksi fenotyyppia, BV (Budded Virus)iel
silmikoituva virus ja ODV (Occlusion-Derived Virugli okluusioperainen virus, joista vain ensin nitaim
geeninsiirtokykyd nisékassoluihin on tutkittu. BVignotyyppia on myds muunneltu ilmentamalla vierait
proteiineja tai peptideja viruksen vaipan tai kdpsipinnalla. ODV:lla puolestaan voisi olla use#tuja
geeninsiirtovektorina BV:hen verrattuna, silla selwonnostaan kykenematon transdusoimaan nisakgassol
helppo puhdistaa sek& kykenee siirthmaan samasestaiuseita genomin kopioiteohdesoluihin. Tamén
tutkimuksen tarkoituksena oli tutkia ODV:n sisdamoe ja geeninsiirtoa ihmisen hepatokarsinoomasioluih
(HepG2) seka soveltaa bakuloviruksen pintailmerelysikkaa ODV:hen. Kaksi reportterigeeneja sisdltiv
rekombinanttivirusta, ACWT ja AcZZp74, kloonattiin tutkimusta varterAcZZp74:n ODV suunniteltiin
ilmentdmaan vaippansa pinnalla proteiini A:n IgCstébvia ZZ-domeeneja fuusioimalla ne ODV:n p74-
kalvoproteiiniin  (ZZp74). ZZ-domeeneja pinnallaatiméntdvan ODV:n pitdisi periaatteessa kyeta
sitoutumaan mihin tahansa solun pinnan antigeelnity vastaan on olemassa vasta-aine. Villityypin
fenotyyppia edustavarAcWT:n ODV:n havaittiin  konfokaalimikroskopian avullaitoutuvan HepG2-
soluihin, ja kvantitatiivinen analyysi virtaussytetrilla osoitti sitoutumisen olevan konsentraatiost
riippuvaa. AcCWT:n ODV:n havaittin myds paasevan HepG2-solujgtoglasmaan £C:ssa, mika viittaa
suoraan kalvofuusioon viruksen vaipan ja kohdesdalvon vélilla. Tumaan kulkeutuneita kapsideja tai
siirtogeenin ilmentymistd ei kuitenkaan havaitAcWT:n tai AcZZp74:n ODV:illa transdusoiduissa
kohdesoluissa. Western-blottaus osoitti yllattéettd ODV:n liséksi myd#\cZZp74:n BV siséltaa ZZp74-
fuusioproteiinia. Taméa oli todennékodisesti seurauZZp74:n epdnormaalista sijoittumisesta nukleo-
kapsideihin, ja nain ollen ZZp74 tuskin ilmentyi usumitellusti AcZZp74:n ODV:n pinnalla. Lisaksi
AcZZp74:n BV:n havaittiin olevan normaalisti infekfinen hydnteissoluissa, mutta menettaneen kykynsa
transdusoida nisédkassoluja. Téhén asti BV:n orelfjakayttavan samankaltaista endosytoottistaideiiin
hyonteis- kuin nisakassoluihin paastakseen, kus AgZZp74:n BV:n kayttaytyminen viittaa jonkinlaisiin
eroihin sisdédnmenoprosesseisdaZZp74:n BV saattaa siis osoittautua hyodyllisekdkaluksi tutkittaessa
BV:n sisddnmenomekanismia nisdkassoluissa. Mydeiprien tai peptidien ilmentdminen ODV:n pinnalla
vaikuttaa hyvinkin mahdolliselta ja taten lupaaaatkniikalta geeninsiirtoon tai muihin tarkoituksi

Avainsanat: bakulovirus AcCMNPV, ODV, p74, Z-domeeni, pintailmennys, geenireii sitoutuminen,
HepG2-solut
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ABBREVIATIONS

ACMNPV Autographa californica multiple nucleopolyhedrovirus
BBMV brush border membrane vesicle

B-gal [oalactosidase

bp base pair

BSA bovine serum albumin

BV budded virus
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Da dalton
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EGFP enhanced green fluorescent protein
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GFP green fluorescent protein

gp64 major envelope glycoprotein 64AdMNPYV
HIV-1 human immunodeficiency virus type 1
19G immunoglobulin G

LB Luria(-Bertani) Broth

MNPV multiple nucleopolyhedrovirus

MOl multiplicity of infection

NPV nucleopolyhedrovirus

obv occlusion-derived virus

ORF open reading frame

p plasmid

PAGE polyacrylamide gel electrophoresis
PBS phosphate-buffered saline

PCR polymerase chain reaction

PFA paraformaldehyde

pfu plaque-forming unit

p.i. post-infection

pif per os infectivity factor

p.t. post-transduction

RT room temperature

SscFv single-chain variable fragment antibody
SDS sodium dodecyl sulfate

9 cell Spodoptera frugiperda 9 cell

SNPV single nucleopolyhedrovirus

SV40 simian virus 40 promoter

TBS Tris-buffered saline

vp39 virus structural protein 33cMNPV

VSVg vesicular stomatitis virus envelope G glycdapno
wit wild-type

Z domain synthetic 1gG-binding domain from protéin



1 INTRODUCTION

1.1 Baculoviruses

Baculoviruses constitute a large famiBatuloviridae) of double-stranded DNA viruses

with over 500 different types known so far (Hu, 20@ummers, 2006). Baculoviruses are
invertebrate-specific viruses, which predominantfgct the larval stages of insects in the
orders Lepidoptera (butterflies and moths), Diptémnaosquitoes), and Hymenoptera
(sawflies) (Blissard and Rohrmann, 1990). Baculovigenome is circular, 80-180 kb in
size (Jehle et al., 2006), and surrounded by ashagbed nucleocapsid. Traditionally,
baculoviruses have been grouped into two genereleopolyhedroviruses (NPVs) and
granuloviruses (Blissard and Rohrmann, 1990). Qosnuses form small occlusion

bodies with a single embedded virion, whereas NRWs larger occlusion bodies with

multiple embedded virions. Moreover, the virions grfanuloviruses are enclosed in
occlusion bodies composed of granulin matrix, whRV occlusion bodies are composed
of polyhedrin (Rohrmann, 1992). NPVs can be furtha@ndivided to single and multiple

NPVs (SNPV and MNPV, respectively) containing eitaesingle nucleocapsid or multiple
nucleocapsids within their envelope, respectivétpwever, a new classification and
nomenclature for the genera within the baculovifasily has recently been proposed
(Jehle et al, 2006). This classification includésur genera: alphabaculovirus
(lepidopteran-specific NPV), betabaculovirus (legmteran-specific granuloviruses),
gammabaculovirus (hymenopteran-specific NPV) anthdaculovirus (dipteran-specific

NPV) (Jehle et al., 2006).

Originally, baculoviruses were mainly used to cohinsect pest populations due to their
high species-specificity and efficiency againsttaier pests (Blissard and Rohrmann,
1990). The restriction of baculovirus infectionaxhropod hosts renders it a safe pesticide
(for review see Maeda, 1995). The most promineoblem with baculovirus pesticides is
the slow killing effect, which enables the inseasts to feed for days or weeks before their
death. As the genetic engineering of baculovirdses been developed, it has also been
applied to improve baculoviruses as pesticidesefjidently used approach to increase the

pathogenicity of baculovirus is the incorporatidham insect-specific toxin in the viral



genome for expression in the infected host cefier feview see Inceoglu et al., 2006).
However, the expression of the toxin does not rezodg improve viral infectivity
(Martens et al., 1995; Ribeiro and Crook, 1993kohporation of a toxin protein into
polyhedra is more effective because the toxin us thoth delivered directly to its normal
site of activity, the gut of the host, as well apressed in the cells of the host (Chang et
al., 2003).

Later on, baculoviruses have become very populamany molecular biology and
biotechnology applications. Accordingly, baculogifimsect cell expression system was
developed for routine production of recombinanttgirss during the 1980s, and so far
several hundred complex animal, human, and viratemms have been successfully
produced for e.g. diagnostic applications (for egwisee Summers, 2006). Protein
production in insect cells with the aid of baculog has the advantage of proper post-
translational modification comparable to that ofrnmaalian cells, high insertion capacity
for foreign genes, a very high yield of heterologiquroteins as a result of using strong
baculoviral promoters derived fropolyhedrin andpl0, and biosafety due to the inherent
inability of baculoviruses to infect mammalian segffor review see Hu, 2005; Kost et al.,
2005). Disadvantages of the baculovirus-insect egfiression system include improper
glycosylation in some cases. Moreover, baculovinfisction gradually causes immature
post-translational modification and finally termiien of protein expression as the cells
progress towards their deaths (Hu, 2005; Summefs)2

More recently, baculoviruses have emerged as aospicandidates for gene therapy and
for otherin vivo applications. Baculoviruses appear to be suitédrigene therapyinter
alia, due to their inability to replicate in mammalieglls, lack of cytotoxicity and efficient
transduction of various mammalian cell lines (se&tien 1.3). Some challenges also exist,
for example the induction of immune responses lguloairus vectors (section 1.3.3.2),
and the inactivation of the vectors by the complensystem (section 1.3.3.1). However,
the ability of baculovirus to elicit immune respesscan be advantageously exploited for
vaccine purposes (section 1.3.3.2). A strategyidplaly foreign peptides or proteins on the
surface of baculovirus has been recently inventeding several promising applications

(section 1.4).
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1.2 Autographa californica multiple nucleopolyhedrovirus,
ACMNPV

The most widely studied species of baculovirusethésAutographa californica multiple
nucleopolyhedrovirusAcMNPV, which was first isolated fromAutographa californica,
alfalfa looper, but is able to infect at least 46ep species within the Lepidoptera (for
review see Bonning, 2005). The genomeAoMNPV (133 894 bp) has been completely
sequenced (Ayres et al., 1994).

1.2.1 Infection cycle

AcMNPV produces two types of viral progeny, buddedisi(BV) and occlusion-derived

virus (ODV), during infection (Blissard and Rohrnmari990) (Fig. 1.1). The roles of the
phenotypes in the virus life cycle significanthffdr from each other: ODV is responsible
for the establishment of the first round of infeatiwithin the larval host, whereas BV
spreads the infection throughout the host (Braunaigeé Summers, 1994; Volkman, 1983;
Volkman and Summers, 1977; Volkman et al., 197@&edtion ensues when a larval host
ingests ODV-containing viral occlusions called padgra while feeding. The alkaline

environment of the host midgut dissolves the palyaereleasing ODVs, which

BV oDV
(S7) DNA (LSS ODV-EC27
gp64/ g.%fpe.gs-% g g‘foDv-Em
(peplomers) 1 vp39 | ODV-E25
= P80 ODV-E35
%._’_—— p24 \8 8 8 ODV-E56
FP25K ODV-E66
Sz BV/ODV-C42 SZ SQ gz 074
! T Bv/oDV-E26 — LI F—— gp4at
p78/83

polyhedrin
polyhedron

pp34

Figure 1.1 The two phenotypes ofAutographa californica multiple nucleopolyhedrovirus, ACMNPV.
Budded virus (BV) and occlusion-derived virus (OChgve identical nucleocapsids, whereas the praieih
lipid (not shown) compositions of their envelopes different. ODVs are further enclosed in polylgedr
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subsequently enter midgut epithelial cells (Fi®).1BV production begins early in the
infection cycle by budding of the progeny nucleaidp from the nucleus. Subsequently,
the nucleocapsids lose their envelope originatiragnf the nuclear envelope and bud
through the plasma membrane acquiring their charatt envelope with virus-encoded
proteins (Blissard and Rohrmann, 1990). The buddingVs through the basal side of the
midgut epithelial cells into the hemocoel transrttiis infection first to juxtaposed tracheal
cells and finally throughout the host (Engelhardakt 1994; Kirkpatrick et al., 1994,
Washburn et al., 1995; Washburn et al., 1999). éxiprately 24 h post-infection (p.i.),
virus production shifts predominantly from BVs t®®s (Blissard and Rohrmann, 1990),
which are produced by enveloping nucleocapsids withl-induced membranes in the
intranuclear ring zone of the nucleus (i.e. peavisial space) (Stoltz et al., 1973; Summers

and Volkman, 1976). Mature ODVs, which generallytain several nucleocapsids, are

entry into the host cell release from the host cell

o || )

e
QSS
| \ polyhedron

microvillus

nucleo- S
capsid 5
K

nucleus

Figure 1.2 The infection cycle ofAutographa californica multiple nucleopolyhedrovirus, ACMNPV.
ODV, occlusion-derived virus; BV, budded virus.
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occluded within a proteinaceous matrix composedtha viral protein polyhedrin.
Generally, the diameter of the occlusion bodiepalyhedra is 0.5-2um, but it can be up
to 15um (Jehle et al., 2006; Slack and Arif, 2007). Epolyhedron is further enclosed by
envelope or calyx, which predominantly comprisesafbohydrates and phosphoprotein
pp34, which is linked to polyhedrin and to otheBgpnolecules by thiol bonds (Gombart
et al., 1989; Whitt and Manning, 1988). Cell lygisthe dying host finally releases the
polyhedra into the environment, where they canngested by another host (Blissard and
Rohrmann, 1990Polyhedra are very stable and survive extremely wehe environment
unless exposed to direct sunlight, the UV radiatidnwhich inactivates the virus (for
review see Slack and Arif, 2007). Although the OBaftaining polyhedra have a crucial
role in transmitting the infection from host to hoshey are not required for the
propagation of baculovirus in cell culture (Smitha¢, 1983a), and hence in baculovirus
expression systems, the non-essepbbthedrin gene is often replaced with a foreign gene

to exploit the strongolyhedrin promoter for heterologous protein expression.

1.2.2 Baculovirus phenotypes: BV and ODV

BV and ODV have identical genomes and rod-shapeteaoapsids, which are 30-60 nm
in diameter and 250-300 nm in length (Jehle e2806), whereas their envelopes differ in
lipid and protein compositions due to their diffiereorigins (Braunagel and Summers,
1994; Volkman, 1983). Consequently, the phenotymese different antigenicities, tissue
specifities, and entry mechanisms into their hosftsc(for review see Blissard and
Rohrmann, 1990; Volkman, 1997). Mature BV is higimfectious to the tissues of the
host and to cultured cells, whereas ODV is genetalls infectious, with the exception of
the highly differentiated columnar epithelial celisthin the larval midgut (Keddie and

Volkman, 1985; Volkman and Summers, 1977; Volkmial.g 1976).

The proteins shared by both BV and ODV (Fig. 1rijude,inter alia, the major capsid

protein vp39 (viral structural protein 39; Pearsdral., 1988; Thiem and Miller, 1989),
DNA-binding protein p6.9 (Wilson et al.,, 1987), ehwe protein E26 (Beniya et al.,
1998), and capsid protein FP25K (Beames and Sumri@88). The FP25K protein is
indeed a structural protein of both BV and ODV madapsids, even though a large
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fraction of the protein remains in the cytoplasnrimy the infection (Braunagel et al.,
1999; Harrison and Summers, 1995a). The FP25Ktigssentialn vitro, but it is known

to be required for virion occlusion and formatiofi molyhedra, although the exact
mechanism has not been determined (Beames and Sanifi88; Beames and Summers,
1989; Harrison and Summers, 1995b; Wang et al. 91 @sruption of FP25K expression
produces a few polyhedra phenotype, which is, kanple, characterized by a decreased
polyhedrin production and polyhedra formation asll ves increased BV production
(Harrison and Summers, 1995b; Hink and Vail, 1R&moska and Hink, 1974). A protein
present only in BV is major envelope glycoprotep64 (Volkman and Goldsmith, 1984;
Whitford et al., 1989), which has several importamictions in viral entry and budding
(see section 1.2.3). ODV-specific proteins incluglevelope proteins p74, which is
involved in ODV entry into host cells (Faulkner at, 1997; Kuzio et al., 1989), E66
(Hong et al., 1994), and E25 (Russell and Rohrmase3), as well as gp4l1, which is
located between the nucleocapsid and the envelb@®VW (Maruniak et al., 1979; Stiles
and Wood, 1983; Whitford and Faulkner, 1992b). ©thaculoviral proteins include
polyhedrin and p10, which are expressed very latihé infectious cycle. The expression
of these proteins continues until cell death, amtsequently, they accumulate in the cell in
vast amounts (Smith et al., 1983b). Polyhedrin,cwhéventually is incorporated into
polyhedra, localizes mostly intranuclearly, wherpa® forms fibrillar bodies both in the
cytoplasm and the nucleus of the infected cellsn(\@ers et al., 1994; Vlak et al., 1988;
Williams et al., 1989). P10 is a nonstructural pnot which is absent from BV and ODV,
although some p10 copurifies with polyhedra (Viakak, 1981). Deletion of thpl0 has
been observed to cause disappearance of thedithitidies and to prevent cell lysis, while
the production of polyhedra is not hindered (Witis et al., 1989), albeit the lack of p10
impedes the release of polyhedra from the hostpasdibly reduces their stability (Gross
et al., 1994). However, p10 is not required fot balis, but instead appears to have a role
in the disintegration of the nuclear matrix, altgbuthe fibrillar structure itself is not
essential for the disintegration (van Oers et1#93). In addition, p10 appears to have a
role in the morphogenesis of polyhedra and mostylila binding site for pp34 (for review
see Van Oers and Vlak, 1997).
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BV exploits adsorptive endocytosis (Volkman andd3atith, 1985; Volkman et al., 1984)
to enter host cells, while ODV appears to enterguiatpithelial cells via direct membrane
fusion at the cell surface (Granados, 1978; Grasaalond Lawler, 1981; Horton and
Burand, 1993; Kawanishi et al., 1972; Tanada etl&i75). After the nucleocapsids have
reached the cytoplasm, they induce formation ofnafitaments and are transported
towards the nucleus (Charlton and Volkman, 1993jeGet al., 2006; Lanier and
Volkman, 1998; Roncarati and Knebel-Mdrsdorf, 199%)bsequently, the nucleocapsids
interact with nuclear pores to enter the nucleusre they uncoat to release their genomes
(Granados, 1978). Transcription, DNA replicatiord amssembly of new nucleocapsids
occur within the nucleus (Granados, 1978; Granaamu$ Lawler, 1981; Knudson and
Harrap, 1976; Wilson and Price, 1988). Filamentactin is known to be essential also for
the production of viral progeny (Charlton and Volkm 1991; Ohkawa et al., 2002). Early
viral gene products are required to cause accumnlaf monomeric actin in the nucleus
and late gene products to polymerize the actin filtmnents (Charlton and Volkman,
1991; Ohkawa et al., 2002). Supporting evidencebleas gathered by using actin-binding
drugs (cytochalasin D or latrunculin A), which irfeze with actin function, and thus
prevent proper intranuclear assembly of viral nocégpsids and the production of
infectious progeny (Charlton and Volkman, 1991; $dessal., 1989; Kasman and Volkman,
2000; Volkman, 1988; Volkman et al., 1987).

1.2.3 BV entry into host cells

BV is known to exploit adsorptive endocytosis tdeerits host cells, although the exact
mechanism has not been determined (Volkman ands@utd, 1985; Volkman et al.,
1984). In addition, BV can enter insect cells &C4by fusion of its envelope with the cell
membrane, but entry through this route is exiguansl it is not known whether BV can
establish a productive infection thereafter (Volkmat al., 1986). It has also been
suggested that BV primarily uses clathrin-mediaadocytosis to enter insect as well as
mammalian cells (Long et al., 2006). Gp64, the majovelope protein of BV, has been
shown to be necessary and sufficient for low plegred membrane fusion activity,
which is required for BV envelope to fuse with tmembrane of an endosome (Blissard
and Wenz, 1992; Chernomordik et al., 1995; Leilatal., 1992; Markovic et al., 1998;
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Monsma and Blissard, 1995) (Fig. 1.2). Gp64 isyeaprotein present on the surface of
infected cells and BVs as homo-oligomers (Volkmard &oldsmith, 1984) known as
peplomers (Summers and Volkman, 1976). Each peplsr@mprised of three identical
phosphorylated, acetylated, and glycosylated gpfstems, which are stabilized by
intermolecular disulfide bonds formed post-translally (Markovic et al., 1998; Oomens
et al., 1995; Roberts and Faulkner, 1989; Volkmaah @oldsmith, 1984; Volkman et al.,
1984). The peplomers are restricted to one polB\Wf(Summers and Volkman, 1976)
(Fig. 1.1). There are two isomeric forms of gpGears, which are thought to differ in the
pattern of disulfide bonding (Oomens et al., 19%#{fough it is not yet known whether
the two forms have different functions. Distinctntiins of gp64 with different functions
have been identified: a fusion domain essentiatferpH-dependent membrane fusion, an
oligomerization domain required for the productairgp64 trimers (Monsma and Blissard,
1995)), a C-terminal hydrophobic sequence anchogp§4 on the plasma membrane
(Blissard and Rohrmann, 1989), and a cytoplasnilicltenain, which has been suggested
to promote efficient budding of BV and is involvedconcentrating gp64 within the virus

particle (Oomens and Blissard, 1999).

First evidence of the essential role of gp64 in ¢helocytosis of BV came from studies
with anti-gp64 antibodies. A monoclonal antibodyc\A, directed against gp64 was
shown to neutralize the infectivity of BV (Hohmaand Faulkner, 1983; Volkman et al.,
1984) by inhibiting fusion of the viral envelope tiwvithe membrane of an endosome
(Chernomordik et al.,, 1995; Volkman and Goldsmitt§85). AcV1 recognizes a
conformational, 24-amino acid epitope in the ndytid conformation of gp64, but does
not bind to the low-pH conformation or denaturednfoof gp64 (Chernomordik et al.,
1995; Hohmann and Faulkner, 1983; Monsma and BssE95; Zhou and Blissard,
2006). The neutralization of gp64 function by Ackbihding has been suggested to be due
to inhibition of a required conformational changdégu and Blissard, 2006Baculovirus-
infected cells displaying gp64 on their membranes uainfected cells transiently
expressing gp64 from a plasmid have been showretcdpable of mediating low-pH
triggered membrane fusion (Blissard and Wenz, 188Kina et al., 1992). This indicates
that gp64 alone is sufficient to enable membramsgofubetween the envelope of BV and

the membrane of an endosome (Blissard and Wen2; M8nsma and Blissard, 1995).
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Interestingly, gp64 can be replaced with vesicatamatitis virus envelope G glycoprotein
(VSVg) (Mangor et al., 2001) or with F proteins,ialhare fusion proteins mediating pH-
triggered membrane fusion of some other baculogsud.ung et al., 2002). However,
replacement of gp64 with VSVg decreases the irdastvirus titers (Mangor et al., 2001)
and all F proteins cannot substitute for gp64 (Lanhgl., 2002).

The fusogenic activity of gp64 has been observdzbtdependent on the presence of stable
gp64 trimers on the membrane (Markovic et al., J9%8e monomeric forms of gp64 are
not transported to the surface of the infected loetlare degraded (Monsma and Blissard,
1995; Oomens et al., 1995). Moreover, the low p#liced conformational changes of
individual gp64 trimers on the viral envelope hdexn demonstrated to be required, but
not sufficient, to enable membrane fusion (Marko®ical., 1998). A prerequisite for the
occurrence of the membrane fusion appears to bemdg of the gp64 trimers into
multiprotein complexes, which can have up to 10lgeprs (Markovic et al., 1998;
Plonsky and Zimmerberg, 1996). This lateral assgrabgp64 trimers occurs only in the

presence of the contacting membrane (Markovic.e1888).

In addition to its role as a fusion protein, gp6s tbeen proven to be a viral host cell
receptor-binding protein (Hefferon et al., 1999).s8luble form of gp64, produced by
deletion of the transmembrane anchor domain of ghé4 been observed to specifically
compete with a recombinaActMNPV marker virus for binding to host cells (Hefber et
al., 1999). The disulfide bonds of gp64 might bepamant in maintaining a structure,
which efficiently binds the receptor (Hefferon ét 4999). Moreover, the glycosylation
state of gp64 may also affect virion binding tothosls (Jarvis et al., 1998). The host cell
receptor for gp64 has not been identified to diatet,phospholipids have been shown to
have a role in the binding or entry process of BWoth insect and mammalian cells (Tani
et al., 2001).

Yet another role for gp64 is in the budding of B\@rh the infected cells (Fig. 1.2). Gp64
concentrates in discrete areas on the plasma mamijBdissard and Rohrmann, 1989),
and BV budding occurs at these sites (Volkman et1884). By using adcMNPV with
an inactivateadyp64, Monsma and coworkers (1996) were able to dematesthat gp64 is
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necessary for the propagation of BV infection thgiowcell-to-cell transmission. More
recently, the defective infectivity of gp64-null B\has been detected to be due to lack of

virion production (Oomens and Blissard, 1999).

1.2.4 ODV entry into host cells

ODV is known to use direct membrane fusion to ehtest midgut cells (Granados, 1978;
Granados and Lawler, 1981; Horton and Burand, 18@8vanishi et al., 1972; Tanada et
al., 1975), although the entry process has not bdncharacterized. Polyhedra are pH-
sensitive and rapidly dissolve in the highly alkalidigestive fluids of the larval host
releasing the ODVs, which subsequently enter th& hudgut cells by direct fusion of
their envelope with the membrane of the apical avidii of the columnar epithelial cells
(Granados, 1978; Granados and Lawler, 1981; HatahBurand, 1993; Kawanishi et al.,
1972; Tanada et al., 1975) (Fig. 1.2he columnar cells of the midgut epithelium aredn
by a protective extracellular fibrous matrix callgeritrophic membrane, which is
composed of chitin, glycosaminoglycans, and prateffor review see Richards and
Richards, 1977; Wang and Granados, 2001). It ishmbughly known how ODV gains
access through the peritrophic membrane. The doclsisof some baculoviruses are
known to contain metalloprotease called enhancimichvfacilitates penetration through
the peritrophic membrane by degrading mucin (Bificand Slavicek, 1997; Derksen and
Granados, 1988; Lepore et al., 1996; Wang and @mma997; Wang et al., 1994). On
the other hand, results obtained by Washburn anidhgees in 1995 suggested that
peritrophic membrane did not significantly impedeMNPV infection of larvae, even
though the enhancin levels were negligible. It Isoapossible that the peritrophic
membrane is not fully formed at the time of infeati which would assist ODV to pass
through, or if there are other, yet unknown virabtpins with the ability to degrade the
peritrophic membrane (Bonning, 2005). Moreover, Agland Spence (1981) discovered
that columnar cell microvilli penetrate through theritrophic membrane dfrichoplusia

ni to the lumen of the midgut, suggesting that ODVsndt have to pass through the
membrane for fusion with the microvilli. If the sarwas valid for other insects as well, it

would solve the mystery.
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A remarkable feature of ODV entry is the large f¢he nucleocapsids compared to the
microvilli. Nucleocapsids are 30-60 nm by 250-300 @Jehle et al., 2006) and microvilli
100 nm by 1um (Danielsen and Hansen, 2003), and the nucleatsyesitering apically
are transported down the full length of a micrasll Moreover, microvilli are packed with
cross filaments and a bulky core of filamentousna@anielsen and Hansen, 2003), which
would be supposed to prevent transport of the laggeocapsids. Therefore, it is quite
likely that the nucleocapsids somehow exploit tl&nacytoskeleton for their transport
along the microvillus. Baculoviral nucleocapsids,after all, known to exploit actin fibers

during their cytoplasmic transport towards the ausl(see section 1.2.2).

1.2.4.1 Proteinsinvolved in the entry of ODV to host cells

ODV proteins with fusogenic activity have not bégéentified so far, and it is not precisely
known how the fusion occurs. However, ODV is knotenbind some specific protein
receptor(s) on the surface of the midgut cells @4a&pleton et al., 2004; Horton and
Burand, 1993), but these proteins are yet to batifiled. In 1993, Horton and Burand
studied the fusion betwedrymantria dispar MNPV ODV and its host tissues by using
brush border membrane vesicles (BBMV) produced ftgmantria dispar midgut tissue.
ODV was demonstrated to bind to a specific recend protease pretreatment studies
suggested that the receptor is a protein (Hort@hBarand, 1993). However, the identities
of the receptor and the ODV binding protein(s) weot discovered, whereas the amount
of ODV receptor sites per cell (in laymantria dispar cell line) was determined to be
approximately 1 x 10 (Horton and Burand, 1993). This result comparedl wth
estimations made by Wickham and coworkers (1990) determined with the aid of a
mathematical model tha&podoptera frugiperda 9 (59) cells have 1 x 010’ receptor
sites forAcMNPV BV. More recently, ODV binding to midgut celt&s been suggested to
be specific (Haas-Stapleton et al.,, 2004; HaaskStap et al., 2005). Accordingly, the
binding of ACMNPV and Spodoptera frugiperda MNPV ODVs to Spodoptera frugiperda
larvae midgut were compared. Unspecifically bouri2MS were detected to fuse with the
microvillus membrane, although a productive infectdid not necessarily follow (Haas-
Stapleton et al., 2004; Haas-Stapleton et al., RAG@%ther words, specific ODV binding

is required to readily establish infection.
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Several proteins mediating the oral infectivity@DV have been identified to date. These
proteins are calleder os infectivity factors or pifs and they are p74 (Hadr et al., 1997;
Kuzio et al., 1989), pif-1 (Kikhno et al., 2002)f-g (Pijlman et al., 2003), pif-3 (Ohkawa
et al., 2005), and 11K proteins Acl145 and Acl50p(iate et al., 2004; Zhang et al.,
2005). However, only the first three have been shtavbe required for ODV entry into
midgut cells (Haas-Stapleton et al., 2004; Ohkawaale 2005). The first protein
discovered to be involved in oral infectivity bygestion of polyhedra was the ODV-
specific p74 (Faulkner et al., 1997; Kuzio et 4B89). In 1989, Kuzio and coworkers
observed that deletion of the C-terminus of p74iabes oral infectivity of ODV, but does
not interfere with virus replication in cell culeurMore recent studies have also proven
p74 to be essential for the infectivity of ODV (Heer et al., 1997; Haas-Stapleton et al.,
2004; Yao et al., 2004; Zhou et al., 2005). Td gene is only weakly transcribed and
expressed between 16 and 20 h p.i. (Kuzio et @89), and thus, due to its low abundance,
the protein p74 has been difficult to study in thild-type (wt) virus. Moreover,
overexpression gh74 does not abolish the problem because the abunadnzét on the
surface of ODV is constant and the excess p74 ipratédl not be assembled into the
envelope of ODVs (Zhou et al.,, 2005). P74 has b#emonstrated to localize on the
surface of ODV envelope and to be absent from BAU(kher et al., 1997; Haas-Stapleton
et al., 2004). The exposure of p74 on the surf&€@/ suggests that it has a role in ODV
attachment and/or fusion with midgut cell membraf#dack et al., 2001). Moreover, p74
is a well-conserved ODV protein among baculovirysegporting the argument (Slack

and Lawrence, 2005).

In 1997, Faulkner and coworkers reported p74 t@ame@DV envelope protein with the
properties characteristic of a viral attachmentgiro More recentlyAcMNPV ODV and
larval midgut epithelia from its hosteliothis virescens, were used to demonstrate that
p74 binds a specific cellular receptor in the hogtgut (Haas-Stapleton et al., 2004). P74
has also been shown to specifically bind to itd B&MV (Zhou et al., 2005). Moreover, a
35-kDa binding partner for p74 present in host BBMxXtracts but absent from non-host
BBMYV extracts has been discovered (Zhou et al. 5200he identity of this protein has
not been established to date, but it is likely éate host midgut receptor for p74 (Zhou et
al., 2005).



20

P74 contains a hydrophobic C-terminus, which hankemonstrated to be essential for
the infectivity of ODV (Kuzio et al., 1989). The €frminus has been proven to function as
a transmembrane anchor by partial deletion of ther@inus, which produced a soluble
form of p74 (Slack et al., 2001). P74 has beenipted to have three transmembrane
domains in total (Fig. 1.3): one in the middle paftthe protein (I) and two at the C-

terminus (Il and Il1) (Slack et al., 2001). Thertsmmembrane domain | is situated in a large
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Figure 1.3 Schematic representation of p74 proteirof Autographa californica multiple nucleopoly-
hedrovirus, ACMNPV. P74 (645 amino acids) has three predicted trandmweaema domains (TM): | (423-
452), 11 (587-609), and IIl (613-631) (Slack et,a&001). The sequence containing the antigenicopgit
recognized by the antibody N25-8C is illustrate®-(®4) (Faulkner et al., 1997; Slack et al., 2004).
predicted, highly conserved trypsin cleavage slig6) (Slack and Lawrence, 2005) is indicated with a
arrow. N, N-terminus; C, C-terminus.

hydrophobic region, which might surround the traestbrane domain in the three-
dimensional structure of the protein, since theatnally truncated p74 is soluble (Slack
et al., 2001). The two C-terminal transmembrane alomare highly conserved and are
suggested to form a hairpin motif, which anchoes photein in the ODV envelope leaving
the N-terminus of p74 exposed on the virion surf@eaulkner et al., 1997; Slack et al.,
2001). The transmembrane hairpin has been propmsedso function as a membrane
insertion sequence (Slack et al., 2001), whichuigpsrted by the observation that p74
protein fed to the larvae with p74-null ODVs casaee oral infectivity (Yao et al., 2004,
Zhou et al., 2005). Other ODV envelope proteinshsas E66 and E25, are also known to
contain hydrophobic domains that induce post-tetitsial membrane insertion (Hong et
al., 1997). Intranuclear microvesicles in the intrelear ring zone are the proposed source
of ODV envelopes, and several ODV envelope prothanse been observed to be directed
there (Hong et al., 1997). The N-terminal hydroghammains of E66 and E25 have been
shown to be sufficient to target reporter genes the intranuclear microvesicles (Hong et
al., 1997). Accordingly, it has been observed that hydrophobic C-terminus of p74 is
sufficient to direct green fluorescent protein (GHRo the intranuclear microvesicles, and
thus, the C-terminus has been suggested to bereedfair intranuclear localization (Slack

et al., 2001). Gp64 is the only other baculovinatein, which has been reported to have a
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C-terminal transmembrane anchor (Slack et al., R@&01d accordingly, both p74 and gp64
can be solubilized by the deletion of their C-tarimiKuzio et al., 1989; Oomens and

Blissard, 1999; Slack et al., 200T)he N-terminus of p74 might be required for nuclear
import, since N-terminally truncated p74 proteimsrbt enter the nucleus, except for the
fusion protein containing the hydrophobic C-ternsiraf p74 and GFP, which is predicted
to passively enter the nucleus due to its smadl €&ack et al., 2001). However, it is also
possible that the transmembrane domain | of therMinally truncated proteins is exposed

and interacts nonspecifically with cytosolic menmaa (Slack et al., 2001).

P74 may be N-terminally cleaved in the host midgutl997, p74 was demonstrated to be
susceptible to proteolytic digestion (Faulkner et 4997), and more recently, studies
conducted with fusion protein containing a C-terafiy truncated, soluble p74 fused to
GFP, have shown that under alkaline conditionsip@eaved by BBMV-specific trypsins
(Slack and Lawrence, 2005). Accordingly, one pridictrypsin cleavage site, which is
highly conserved among p74 homologues from varimailoviruses, was identified (Fig.
1.3) (Slack and Lawrence, 2005). It was proposatidtkaline conditions prime p74 for N-
terminal cleavage by favoring a peptide region éxdme more hydrophilic and thus
exposed on the protein surface (Slack and Lawre2@@5). However, it is not yet known
whether this cleavage is significant for the fuoetof p74, although encountering active
trypsins is unavoidable for p74 in natural infentlsy ODV (Slack and Lawrence, 2005).

The second protein involved in thper os infectivity of ODV was identified in studies
conducted withSpodoptera littoralis NPV deletion mutant, which lacked oral infectivity
but retained BV infectivity (Kikhno et al., 2002 deletion within theNotl D fragment

was discovered, and subsequently, open readingefréd@RF) 7 in this fragment was
determined to be responsible for the lack of antdation (Kikhno et al., 2002). ORF 7 of
Spodoptera littoralis NPV is homologous to ORF 119 ActMNPV and has homologues in
all sequenced baculoviruses (Kikhno et al., 200Bjs protein with its homologues was
namedper os infectivity factor or pif (Kikhno et al., 2002)nd later specified to be pif-1
(Ohkawa et al., 2005). More recently, the necessitpif-1 in oral infectivity has been
confirmed by deleting the corresponding gene fraemgenome oAcMNPV (Gutierrez et
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al., 2005). Pif-1 has been identified to be an O&\Welope protein with an N-terminal
hydrophobic sequence, which is predicted to aet signal peptide (Kikhno et al., 2002).

Pijlman and coworkers (2003) were able to idendifyhird protein required for the oral
infectivity process by studyin§podoptera exigua MNPV deletion mutants. A deletion of
ORF 35 was observed to abolish the oral infectiwitypolyhedra but not to affect the
infectivity of BV (Pijlman et al., 2003). This genike p74 andpif-1, has a homologue in
ACMNPV (ORF 22) and in other sequenced baculoviryst=rniou et al., 2001). The
protein was namegber os infectivity factor 2 or pif-2 (Pijlman et al., 26D Pif-2 is
predicted to have a strong N-terminal hydrophobiecndin and an N-terminal signal
peptide similar to pif-1 (Pijlman et al., 2003).i§lsuggests that pif-2 might be associated
with membranes, although it is not yet definitehyolun whether pif-2 indeed is an ODV-
specific structural protein (Ohkawa et al., 200§Infan et al.,, 2003). The N-terminal
sequences of pif-1 and pif-2 do not only remindheather but they also are similar to the
N-terminal sequences 8cMNPV ODV envelope proteins E66 and E25 (Braunagel.e
2004; Hong et al.,, 1997; Pijlman et al., 2003). Seheother two ODV proteins are
conserved among all lepidopteran baculovirusesHidaeret al., 2001), and it has been
shown that their N-terminal hydrophobic domains sufficient to direct reporter proteins
to the nuclear envelope, intranuclear microvesj@desl the ODV envelope within infected
cells (Hong et al., 1997). E66 and E25 are notwddgHong et al., 1997), whereas pif-1
and pif-2 have a predicted cleavage site aftehyleophobic domain, even though it is not

known whether a cleavage occurs (Pijlman et aD320

Ohkawa and coworkers (2005) used an imprawedvo fluoresecence-dequenching assay
to demonstrate that pif-1 and pif-2, like p74, havele in the specific binding of ODV to
midgut cells. Moreover, a fourthif gene,pif-3, which is ORF 115 irAcMNPV and its
homologues in other baculoviruses, was identifedkawa et al., 2005). However, unlike
pif-1, pif-2, and p74, pif-3 is not involved in tepecific binding of ODV to midgut cells,
but mediates another critical, yet unidentified reyeduring the early primary infection
(Ohkawa et al., 2005). Deletion pif-1, pif-2, or p74 have been observed to decrease the
binding of ODV to midgut cells but not to diminishe occurrence of fusion among the

bound ODVs, which strongly suggest that none ofgiie are fusogenic proteins (Haas-
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Stapleton et al., 2004; Ohkawa et al., 2005). fQuge likely that either the ODV fusion
proteins are yet to be identified or the fusion haadsm is something unforeseen or both
(Ohkawa et al., 2005). The ODV fusion event is guihique also in other ways. Although
the fusion can occur in basic or neutral conditiahgrefers highly alkaline environment
and can also occur at € (Horton and Burand, 1993), whereas most virugeglire
temperatures of at least 22 for the fusion event (for review see White, 199@MNPV

BV and influenza virus are both able to penetratst kcell membranes at°€, although it

is not known whether they are able to establisingettion thereafter (Stephenson et al.,
1978; Volkman et al., 1986).

The identities of the cellular receptors for ODWhdiing and entry remain a mystery.
However, integrins are alluring candidates duehw@rtfunction as cell surface signaling
molecules, which can upon ligand binding triggearades in the cytoskeleton (for review
see Hynes, 2002). Moreover, microvilli are richlipid rafts containing cholesterol and

sphingolipids, which recruit integrins and othegrsiling molecules (for review see
Danielsen and Hansen, 2003; Del Pozo, 2004). Aaegrtb Ohkawa and coworkers

(2005), the most likely integrin ligand among thown pif proteins is pif-1, which has an
RGD minimal integrin recognition motif and also anfologous region with both laminin

and tenascins, which signal through RGD motifs (riew see Chiquet-Ehrismann and
Tucker, 2004). However, not a lot is known abot¢gnins in lepidopteran larvae, and the
possible role of integrins in ODV entry remainsb® elucidated. Ohkawa and coworkers
(2005) also pondered the possibility of brush bordecrovilli being the fusogenic

apparatus for ODV entry, due to the central rokeythave in cell fusion events during
embryogenesis and after. Consequently, brush beng=povilli have also been described

as cell-fusion organelles (Wilson and Snell, 1998).

1.2.4.2 Multiple versus single nucleocapsid strategy

Considering the large size of the nucleocapsidspewed to microvilli, it seems peculiar
that ACMNPV, among other lepidopteran-specific MNPVs, hawwolved ODVs, which

simultaneously deliver multiple nucleocapsids te game microvillus, especially when
only a single nucleopcapsid per cell would sufftashburn et al., 1999). However,

ODVs with multiple nucleocapsids have been showbedanore efficient in establishing
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systemic infection than genetically identical ODVgh single nucleocapsids, whereas the
transport time for both the multiple- and singlesteocapsid ODVs is similar (Washburn
et al.,, 1999). The efficiency of multiple-nucleosap ODVs is mainly based on the
acceleration of the onset of the secondary infacbig direct repacking of some of the
parental ODV-derived nucleocapsids as BVs, whichadly bud from the cell without the
nucleocapsids entering the nucleus (Granados amdet,al981; Washburn et al., 1999;
Washburn et al., 2003b). The budding of BV is gassonly when the viral protein gp64
has been synthesized and transported to the cetlbnage (Oomens and Blissard, 1999;
Volkman et al., 1984; Washburn et al., 2003a; Zheingl., 2004), and gp64 indeed has the
unusual feature of its synthesis being regulatedobth an early and a late promoter
(Blissard and Rohrmann, 1989; Jarvis and Garcia41@omens et al., 1995; Whitford et
al., 1989). Therefore, gp64 is produced alreadyyedarthe infection cycle before any
progeny BVs are constructed. The repackaging of @Bkved nucleocapsids as BVs
within the primary target cell before viral replim is completed enables rapid spread of
viral infection into the secondary target cells.isThpeed is especially important for the
spread of infection, because sloughing of infeatedgut cells has been suggested to be
the first line of defense againdctMNPV ODV infection by the host (Engelhard and
Volkman, 1995; Granados and Lawler, 1981; Keddial.et1989; Kirkpatrick et al., 1998;
Washburn et al.,, 1998). Moreover, sloughing appdarde a major force shaping
AcMNPV infection strategies (Washburn et al., 1999).

Washburn and coworkers (2003b) have compared thectivity of ACMNPV and
Helicoverpa zea SNPV ODVs inHeliothis virescens larvae and observed that ODVs with
single nucleocapsids initiate infections more glyicknd more numerously than ODVs
with multiple nucleocapsids. However, MNPV is maspid in establishing secondary
infection due to its ability to infect secondaryget cells with parental ODV nucleocapsids
repackaged as BVs, whereas SNPV has to synthesiZe fBom the beginning.
Nevertheless, due to the rapid initial infection®yPVs, bottHelicoverpa zea SNPV and
AcCMNPYV infect secondary target cells at the same .tistereover, the cells with primary
infection by MNPV were observed to be sloughed mioeguently than the cells with
SNPV infection (Washburn et al., 2003b).
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1.3 Baculovirus and mammalian cells

1.3.1 Baculoviral transductian vitro

The host specificity of baculovirus was long sugzb® be restricted to cells derived from
arthropods, until in 1983, Volkman and Goldsmitimaastrated that botAcMNPV BV
and ODV were able to enter certain cell lines datifrom vertebrate species (Volkman
and Goldsmith, 1983). However, no evidence of vgahe expression was detected
(Volkman and Goldsmith, 1983), and later studiegeheorroborated the results of BV
entry into mammalian cells without virus replicati@Carbonell et al., 1985; Carbonell and
Miller, 1987; Groner et al., 1984). A decade lataro groups reported that recombinant
BVs containing mammalian cell-active promoters @dficiently transduce mammalian
cells. Hofmann and coworkers (1995) used recombir@aculoviruses harboring a
cytomegalovirus promotduaciferase gene cassette and Boyce and Bucher (1996)
baculoviruses with a Rous sarcoma virus long tesiniepeat promotef-galactosidase
(Bgal) cassette to transduce primary hepatocytes andietyaf non-hepatic cell lines.
Primary hepatocytes and hepatoma cells were «ffigigransduced, whereas in many
other cell lines the reporter gene activity wasgigantly lower or not detectable at all.
Moreover, the block of expression appeared to letdwevents subsequent to viral entry,
since cell lines expressing high and low amountsepirter genes internalized similar
amounts of virus (Boyce and Bucher, 1996). Moreemdly, the block to efficient
transduction in the less susceptible cells has Ismyested to lie in the cytoplasmic
trafficking or nuclear import of the viral nucleqsads (Kukkonen et al., 2003). Promoter
strength has also been observed to be an impofaair affecting the transduction
efficiency. By using a strong CAG promoter, whishai composite promoter consisting of
the cytomegalovirusmmediate early enhancer, chickeg-actin promoter, and rabbif
globin polyadenylation signal, efficient transductionsefveral of the less susceptible cells
has been achieved (Shoji et al., 1997). For instdociferase expression in HelLa cells
was detected to be weak with cytomegaloviinsmediate early (CMV) promoter
(Hofmann et al., 1995), whereas with CAG promoter éxpression was 10-fold higher
(Shoji et al., 1997).
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Subsequent studies have identified numerous deliscan be transduced BgMNPV or
other baculovirus vectors. These include humaremggorcine, bovine, and even fish cell
lines (for review see Hu, 2006; Kost and CondrezBf2; Kost et al., 2005), as well as
primary cells such as human neural cells (Sarké&d.e2000), human and mouse pancreatic
islet cells (Ma et al., 2000), rat Schwann cellerfKutis et al., 2006), and rat articular
chondrocytes (Ho et al., 2004). Baculovirus ha dleen shown to be capable of
transducing non-dividing cells (van Loo et al., 2D(However, cell lines of hematopoietic
origin cannot be efficiently transduced (Cheng kf 2004; Condreay et al., 1999).
Moreover, it has been demonstrated that cells easirbultaneously transduced with two

different baculovirus vectors (Yap et al., 1997).

Factors affecting transduction efficiency. In addition to promoter strength and choice of
promoter, several other factors have also been shownfluence the efficiency of BV
transduction, including addition of histone dealzetg inhibitors, such as sodium butyrate,
trichostatin A (Condreay et al., 1999), or valpracid (Hu et al., 2003a). These
compounds prevent histone deacetylation, whichlteguincreased level of transcription.
Disadvantageously, these compounds are cytotoxigratuce cell cycle arrest (Kim et al.,
2000). In some cases the transduction efficieneylmm enhanced by merely altering the
transduction protocol (e.g. temperature, mediumpmmments, or the surrounding solution)
(for review see Hu, 2005). Retroviruses pseudotypitid VSVg have been shown to have
enhanced transduction efficiency and broader hastye than the original retroviruses
(Burns et al.,, 1993; Emi et al.,, 1991). AccordingBarsoum and collagues (1997)
constructed a VSVg-pseudotyped baculovirus andcteteenhanced transduction and
broader host range. It was suggested that theasedetransduction efficiency was due to
the ability of VSVg protein to increase the effitoy of baculovirus escape from
endosomes (Barsoum et al., 1997). However, vesistdanatitis virus is known to interact
with phosphatidylserine, which is a widely distriéd cellular component (Carneiro et al.,
2006; Coil and Miller, 2004; Schlegel et al., 19&;hlegel and Wade, 1983), and the
enhancement in transduction efficiency might aléxely result from increased virus

binding onto the cell surface.
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Insertion of various DNA elements into baculovigenome have been shown to increase
the expression of reporter genes in insect callsréview see Hu, 2005; Kost et al., 2005).
Accordingly, insertion of an additional copy of biémvirus homology region 1 into the
baculoviral genome has been shown to be yet anethgrto increase the transduction
efficiency of BV (Viswanathan et al., 2003). Oneolplem associated with the use of
baculovirus as a gene delivery vector is confrora#bdady during purification. BV is
generally purified by ultracentrifugation (O'Reillgt al., 1994), which induces virus
aggregation (Barsoum, 1999) in addition to beindimae-consuming, laborious, and
difficult process to scale up. To alleviate thelpeon, cation-exchange chromatography
(Barsoum, 1999) and size-exclusion chromatographsansfiguracion et al., 2007)
methods for BV purification have been developedval as a hexahistidine tag-displaying
recombinant baculovirus, which can be readily pedifby immobilized metal affinity

chromatography (Hu et al., 2003b).

Transient versus stable transduction. Transduction by baculovirus vectors generally lasts
for approximately 1-2 weeks (Hu, 2005). The dimiontof the transduction results from
cell division as well as degradation of baculovitMA (Ho et al., 2004; Wang et al.,
2005). However, it has been demonstrated that ih€de hamster ovary (CHO) cells are
transduced with aGFP-containing baculovirus vector expressingomycin phospho-
transferase I, and selected by using antibiotic G418, the resmulCHO cells stably
expressing GFP (Condreay et al., 1999). This metields approximately one stable cell
line for every 50 to 100 transiently transduced Ce#lls (Condreay et al., 1999). Later
studies with four independent CHO cell clones shibwbat discrete portions of
baculovirus DNA are randomly integrated in the gdihome as single-copy fragments
ranging in size from 5 to 18 kb (Merrihew et alQ02). Moreover, two of the four cell
clones maintained starting levels of reporter gempression over a 5 month period
(Merrihew et al., 2001). Earlier, a baculovirus4@dsvector containing two expression
cassettes with-gal and hygromycin resistance genes, flanked by the inverted terminal
repeats of adeno-associated virus, had been cotestrgPalombo et al., 1998). With this
hybrid vector human fibroblast were stably transdluén the presence of threp gene
product responsible for the site-specific integnatiof adeno-associated virus DNA

(Palombo et al., 1998)More recently, two Epstein-Barr virus elements, chhiare
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responsible for the extachromosomal maintenandeeof/iral genome in host cells, were
used to generate baculovirus vectors with prolongedl enhanced reporter gene

expression in mammalian cells (Shan et al., 2006).

1.3.2 Baculovirus entry into mammalian cells

For baculovirus to be used as a gene delivery vdotogene therapy, it is important to
precisely know how it enters mammalian cells. Hogrgthe exact entry mechanism for
BV is still poorly characterized, and the entry ggss of ODV has not been studied at all.
BV enters insect cells via an endosomal pathway iansupposed to exploit a similar
endocytic route for entry into mammalian cells. sThias been proved with electron
microscopy as well as with lysosomotropic agentsictv block endosomal maturation by
preventing the acidification of endosomes, and equently prevent endosomal release of
BV in mammalian cells (Boyce and Bucher, 1996; Hafim et al., 1995; van Loo et al.,
2001). Recently, baculovirus has been suggesteddalathrin-mediated endocytosis and
macropinocytosis to enter mammalian cells (Longlet2006; Matilainen et al., 2005).
Interestingly, caveolae might have a role in BVrgmto mammalian cells as well, since
transduction is enhanced in the presence of gémisihich inhibits caveola-mediated
endocytosis (Long et al., 2006). This was suggetidie due to BVs funneling from the
blocked caveola pathway to another entry route gLen al., 2006). The pH-dependent
fusion protein gp64 is supposed to be importartheentry of BV into mammalian cells
similar to its role in insect cell entry. This waencluded from evidence showing that
monoclonal antibodies against gp64, which inhibfection of insect cells, also inhibit
transduction of mammalian cells (Hefferon et 8899; Hofmann et al., 1998; van Loo et
al., 2001; Volkman and Goldsmith, 1985). Moreo\®Y, vectors with increased levels of
gp64 on their membrane exhibit enhanced levelsrarfistduction (Tani et al., 2001).
However, more studies are required to determinelétailed mechanisms for the binding
and entry of BV into mammalian and insect cellsywadl as the precise mechanisms for

intracellular movement and nuclear entry.

Considering the wide range of mammalian cells ttaat be transduced by baculovirus

vectors (see section 1.3.1), it is likely that tdedlular target molecule for BV binding is a
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rather widely distributed cell surface componentidil et al., 1999). Interactions of gp64
and phospholipids on the cell surface have beegestgd to be important in binding or
penetration of baculoviruses both in mammalian exséct cells (Tani et al., 2001). At

first, BV transduction was suggested to be livezesfic and asialoglycoprotein receptor
was supposed possibly to be involved in virus migdBoyce and Bucher, 1996; Hofmann
et al., 1995). However, more recent data have shbainBYV transduction is not restricted

to liver-derived cells (Condreay et al., 1999; $letjal., 1997; van Loo et al., 2001), and
further, that asialoglycoprotein receptor is notessary for transduction, since cells not
expressing the receptor can be successfully traesdd(Hofmann et al., 1995; van Loo et
al., 2001). Moreover, it has been suggested thattrelstatic interactions and heparan
sulfate moieties might be necessary for BV bindmgnammalian cells, and furthermore,

that the electrostatic interactions are not necigsell type-specific (Duisit et al., 1999).

Studies with primary hepatocytes have shown thit peripheral cells in the culture are
transduced by BV, and that transient disruptionpafacellular junction complexes by
calcium depletion enhances the transduction effeygBilello et al., 2003; Bilello et al.,
2001). Disruption of intercellular junctions expegsbe basolateral surface of the cell, and
hence it has been suggested that the basolatefateunight have an important role in the
BV transduction process (Bilello et al., 2003; Bdeet al., 2001). However, based on
studies conducted in another laboratory, it has lbeported that the transient disruption of
intercellular junctions does not effectively enharibe transduction of chondrocytes and
HepG2 hepatocarcinoma cells, which implies thaeofhctors might also have important
roles in the BV transduction of these cells (HWQ20

1.3.3 Baculoviral transductian vivo

Since BV was discovered to efficiently transducevide range of mammalian celia
vitro, it has also been shown to transduce mammalida oéldiverse origingn vivo
(Airenne et al., 2000; Haeseleer et al., 2001; Hofmet al., 1998; Hiser et al., 2001;
Lehtolainen et al., 2002; Pieroni et al., 2001 k&aet al., 2000; Shoji et al., 1997; Tani et
al., 2003). Although not mammalian, even embryogeirafish have been shown to be
readily transducedn vivo (Wagle and Jesuthasan, 2003). The ability of maguis to
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efficiently transduce mammalian cells while beingable to replicate in these cells
(Carbonell and Miller, 1987; Ddéller et al., 1983rd@er et al., 1984; Hartig et al., 1992;
Tjia et al., 1983; Volkman and Goldsmith, 1983)ders it an attractive candidate for gene
therapy and for othein vivo applications.Moreover, baculovirus is rather nontoxic to
mammalian cells even at high multiplicity of infext (Gao et al., 2002; Hofmann et al.,
1995; Kenoutis et al., 2006; Sandig et al., 199&yjiSet al., 1997; Tani et al., 2003; Yap et
al., 1997), and its ability to also transduce nwidliing cells (van Loo et al., 2001) is an
important feature for bothin vivo and in vitro approaches. Other advantageous
characteristics of baculovirus include the ability accommodate large foreign DNA
inserts (Cheshenko et al., 2001; O'Reilly et 894), the rather easy construction and
propagation of recombinant vectors (O'Reilly et 4P94), and the ability to transduce

cells both transiently and stably (Condreay etl®l99; see also section 1.3.1).

Recently, the biodistribution of baculovirus hasmestudiedin vivo in rats by using
magnetic resonance imaging (Raty et al., 2006) @rdbined microSPECT/CT (micro
single-photon emission computed tomography/comptdaatgraphy) device (Raty et al.,
2007). Intrafemoral, intraperitoneal, intramusculBéty et al., 2007), and intracerebro-
ventricular administrations of an avidin-displayiBy vector were studied (Raty et al.,
2007; Raty et al., 2006). The results indicated theculovirus might spread via the
lymphatic system (Raty et al., 2007). Moreover,loiwing systemic (intrafemoral)
administration, the baculovirus vector was obseeedccumulate in the nasal area (Raty
et al., 2007). Kidneys appeared to be very suddeptid BV transduction, since they were
detected to be transduced by all but intracereloieeilar administration (Raty et al.,
2007), whereas injection into the brain ventriokésrat resulted in the accumulation of

baculovirus vectors in choroid plexus cells (Ré&tgle 2006).

Baculovirus has also potential fex vivo therapy, although the possibility has not been
thoroughly studied. In thex vivo approach, cells removed from the patient are geaibst
modified and subsequently transplanted back ineo ghtient, compared to tha vivo
strategy of directly transferring the genetic maleinto the patient (for review see
Mountain, 2000). Sandig and collagues (1996) hdwave that baculovirus can deliver

genes intoex vivo perfused human liver tissue, and more recently,add coworkers
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(2005) demonstrated baculovirus vectors to haveriatl for ex vivo gene therapy to

genetically modify human mesenchymal stem cells.

1.3.3.1 Baculovirus vector inactivation by complement system

An expected challenge in the use of baculovirusemivivo purposes is their inactivation
by the serum complement (Hofmann and Strauss, 1988dig et al., 1996). Several
approaches have been attempted to solve this pnoblEhe most straightforward
application is to try to avoid direct contact ofchlovirus vectors with the components of
the complement system. This approach has beenedpjlitransduce adventitial cells of
rabbit carotid artery by using a silastic collairéhne et al., 2000). Transient expression
with an efficiency comparable to that of adenoviv@ctors was achieved, although
inflammation was detected as well (Airenne et 2000). Efficient transduction has also
been achieved by direct injection of the baculavivector into the brains of mice and rats
(Sarkis et al., 2000). The injection was conductedy carefully to avoid hemorrhage,
which would lead to exposure of the baculovirusteedo complement (Sarkis et al.,
2000). Similar results were also provided by anotfesearch group. Baculovirus was
directly injected into the brains of rats and dttdcto preferentially transduce choroid
plexus epithelial cells and microvascular endod#iietells (Lehtolainen et al., 2002).
Similarly, Raty and collagues (2006) also injecteaculovirus vectors into rat brain
ventricles and observed them to accumulate in datigriexus cells. Based on these results,
in vivo transduction of brain appears to be a rather mimigiapproach, mostly due to the
absence of the complement system from the braimh&umore, for instance mouse retinal
pigment epithelial cells have been successfullynstaced by direct injection of

baculovirus vectors (Haeseleer et al., 2001).

Another option to avoid the inactivation of bacutog vectors, is to inhibit the activation
of the complement system. Treatment of human sevitmantibodies against complement
component 5 as well as treatment of both humann@aand blood with cobra venom
factor, a complement-blocking agent, have been detrated to prevent inactivation of
baculovirus vectors (Hofmann and Strauss, 1998).adidition, recombinant soluble

complement receptor type 1 has been shown to prdiaculovirus vectors from
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inactivation by the complement system (Hofmann let 2099). Moreover, Hiser and
collagues (2001) developed yet another approackutmount the baculovirus vector
inactivation problem. A complement-resistant baciles vector was generated by
incorporating a human decay-accelerating factoickimhibits the various pathways of
the complement system, on the viral envelope bingug to gp64 (Huser et al., 2001).
Direct intrahepatic injection of this display vectesulted in enhanced transient gene

transfer into the livers of neonatal rats (Husealgt2001).

Yet one more approach to avoid baculovirus inatitya is display of VSVg on the
baculovirus envelope. This idea was inspired by Y$geudotyped retroviruses, which
have been shown to be more resistant against thelement system than wt retroviruses
(Ory et al., 1996). Moreover, the display of VS\Mgthe baculovirus envelope has also the
advantage of enhanced transduction and expandeddrage of the vector (see section
1.3.1). VSVg-displaying baculovirus vectors haveerbeused to transduce mouse
hepatocytes by intravenous injection into the t&ins of mice (Barsoum et al., 1997).
Furthermore, VSVg-pseudotyped BV has also been dstraied to enhance gene delivery
to mouse skeletal muscle by direct intramusculgction, which in fact partially bypasses
the complement system (Pieroni et al., 2001). Saamtly higher reporter gene expression
was observed with VSVg-modified virus compared nenodified virus, and moreover, the
expression levels were similar in both immune-cot@pe and complement-deficient
animals (Pieroni et al., 2001). The effect of adimara on the transduction of VSVg-
pseudotyped and unmodified viruses has been igatet, and VSVg-displaying viruses
have been detected to exhibit resistance to seraatntent (with the exception of rat
serum) conducted prior to transduction (Tani et2003). Moreover, cerebral cortexes and
testes of mice have also been transduced withtdimgction of the pseudotyped virus into
the organs (Tani et al.,, 2003). In addition, a clement pathway inhibitor FUT-175,
which is known to protect retrovirus vectors agaissrum inactivation (Miyao et al.,
1997), has been observed to inhibit complementtiveton of baculovirus as well (Tani
et al., 2003). However, FUT-175 has a short h&d-land therefore it was suggested that
combination of FUT-175 treatment with VSVg-pseughilg might be efficacious (Tani et
al., 2003).
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1.3.3.2 Baculovirus-mediated antibody production

The potential virus replication is not the only cem for the safety of baculovirus in
vivo applications, for baculovirus can also elicit immeuresponses. Very little is known
about the inadvertent expression of baculoviralegen mammalian cells, but most likely
the transcription of baculoviral genes is limitedilmmediate early genes, promoters of
which are recognized by host RNA polymerase (Kost @ondreay, 2002). The presence
of mRNA transcripts from baculovirus early gerie8, iel, and he65 (Kenoutis et al.,
2006; Murges et al., 1997) has been reported msthaced mammalian cells, whereas the
differentiation or transcription of the mammaliaells were not observed to be affected
(Kenoutis et al., 2006). However, Beck and collag(#000) have discovered baculovirus
to disrupt thephenobarbital gene induction process characteristic of highffedentiated
hepatocytes and repress expression of the ghmenin (Beck et al., 2000). In a study
conducted in 1999, the host responses to bacutkotmansduction were examined, and
baculovirus was observed to be able to stimulaterfieron production in human and
murine cell lines botln vitro andin vivo (Gronowski et al., 1999). Similarly, more recent
studies have demonstrated that baculovirus is @bladuce expression of inflammatory
cytokines (Abe et al., 2003; Beck et al., 2000;udsrStubbs et al., 2007), such as tumor
necrosis factoa, interleukin-Ii, and interleukin-ft in primary hepatocytes, which is most
likely due to the presence of Kupffer cells in thdture populations (Beck et al., 2000).
The induction of inflammatory cytokine productiop baculovirus has been demonstrated
to occur via Toll-like receptor 9 signaling pathwé&be et al.,, 2003). Furthermore,
Airenne and collagues (2000) observed signs ofinfhation when transducing carotid
arteries of rabbits, and Pieroni and coworkers {20fetected neutralizing antibodies
against baculovirus after intramuscular injectidnV&Vg-pseudotyped baculovirus (see
section 1.3.3.1). In conclusion, these findingsnskimat host responses to baculovirus must

be further studied to ensure the safety of baculewectors forn vivo applications.

The ability of baculovirus to induce immune resgEthrough expression or by display of
desired antigens can, however, be exploited to Idpveaccine vectors. Intramuscular
inoculation of mice with a BV vector expressing tilgcoprotein B gene of pseudorabies
virus has been observed to induce production afgiytoprotein B antibodies (Aoki et



34

al., 1999). Thus, this vector is a potential vaeohector candidate for pseudorabies virus.
Similarly, human factor IX-expressing BV vector Haeen shown to cause production of
antibodies against human factor IX (Hiser et a001). Furthermore, an intranasal
inoculation of mice with a baculovirus vector consted to express thieemagglutinin
gene of influenza virus has been demonstrateddioce a strong innate immune response,
which protects the mice against influenza virusAt al., 2003)Moreover, baculoviruses
expressing eitherarcinoembryonic antigen (CEA) or E2 glycoprotein gene of hepatitis C
virus have been shown to elicit antigen-specifienunme responses (Facciabene et al.,
2004). In addition, pseudotyping tli2-expressing baculovirus with VSVg was detected
to cause 10-fold decrease in the minimal dose rosviequired to induce a measurable T-
cell response (Facciabene et al., 2004). The diffeg in the immunogenic efficiencies
between the two vectors is most likely due to thhagced transduction potential of the

VSVg-pseudotyped baculovirus vector (Facciaberad. e£2004; see section 1.3.1).

BV vectors displaying foreign proteins on their fage can be exploited for antibody
production and vaccination purposes as well. Tiiategy has been used to produce
monoclonal antibodies against nuclear receptors [LXRd FXR (Lindley et al., 2000),
and human peroxisome proliferator-activated reagpfbanaka et al., 2002), as well as to
induce antibody responses for exampldheileria parva sporozoite surface antigen p67
(Kaba et al., 2003), rodent and human mal&iiasmodium berghei and Plasmodium
falciparum circumsporozoite proteins, respectively (Strausslg 2007; Yoshida et al.,
2003), hemagglutinin protein of Rinderpest virussibn glycoprotein oPeste des petitis
ruminants virus (Rahman et al., 2003), foot-and-mouth diseasus proteins (Tami et al.,
2000; Tami et al., 2004), SARS-associated coronawpike protein (Feng et al., 2006),
and bovine herpesvirus-1 envelope glycoprotein &4dPa et al., 2007). The choice of the
cytoplasmic domain of the display protein has b&w®mwn to affect the immunogenicity of
the corresponding virus, since hemagglutinin protfi avian influenza virus displayed
with gp64 cytoplasmic domain was detected to beeniormunogenic in mouse than
hemagglutinin displayed with its native cytoplasmamain (Yang et al., 2007). Moreover,
even multipass membrane proteins PepTl (peptidespgaater) and CCR2 (chemokine
receptor) have been used as immunogens by disgléyem on BV surface (Saitoh et al.,

2007). Monoclonal antibodies against the nativef@wonations of the multipass proteins
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were successfully produced, although the strongemitity of gp64 compelled the usage
of gp64 transgenic mice for the antibody produc{i8aitoh et al., 2007). Interestingly, it
might also be possible to display antigenic episope the surface of polyhedra and thus
elicit specific immune responses (McLinden et E92; see section 1.4.2). Together, these
studies demonstrate that immunogen-displaying loagulses are promising candidates for

vaccine purposes.

1.4 Baculovirus display strategies
1.4.1 BV display

1.4.1.1 BV surface display strategies

Display of foreign proteins or peptides on the zcef of the budded phenotype of
ACMNPV is a very attractive approach, which alreadg many applications, such as cell-
and tissue-specific targeting of BV vectors (seéowg enhancement of transduction
(section 1.3.1), production of specific antibodegminst a displayed immunogen (section
1.3.3.2), and protection of the virus vector froomplement system inactivatian vivo
(section 1.3.3.1)Moreover, the display vectors enable easy construetnd screening of
eukaryotic display libraries (for review see Méakalkid Oker-Blom, 2006; Oker-Blom et
al., 2003).

Different strategies have been developed for tepldy of foreign proteins on the surface
of BV. One strategy is to fuse the foreign gendh® entiregp64 gene. In 1995, gp64
fusions with glutathione-S-transferase and humamumodeficiency virus type 1 (HIV-1)
envelope protein gpl120 were displayed on the epeelaf BV (Boublik et al., 1995)
(Boublik et al., 1995). These fusion proteins wgeserated by inserting the foreign gene
between the signal sequencegpb4 and the completgp64 gene (Boublik et al., 1995).
The gp64-fusion proteins were expressed along theéhwt gp64. It was suggested that the
incorporation of the fusion proteins into the wrioesults from oligomerization of the
fusion proteins with wt gp64 (Boublik et al., 199%Joreover, gp120 displayed on the
virion surface was observed to retain its functi@wivity, since it was still able to bind its

ligand (Boublik et al., 1995). More recently, maother proteins have been displayed in
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the same or similar context (for review see Makaid Oker-Blom, 2006; Oker-Blom et

al., 2003). For instance, HIV-1 envelope proteidygGrabherr et al., 1997), GFP, and
rubella virus envelope proteins E1 and E2 (Motteashet al., 1997) have been displayed
on the surface of baculovirus and infected insetiscas well as antigens or antigenic
epitopes (see section 1.3.3.2), immunoglobulindbiggadilomains or single-chain variable

fragment antibodies (see section 1.4.1.3), and mptament system inactivating factor

(Huser et al., 2001; section 1.3.3.1).

The above-mentionegp64 fusions were constructed to the second copy ogéme, but it

is also possible to directly fuse short peptidethéonative copy ofip64 (Ernst et al., 2000;
Spenger et al., 2002However, the insertion site must be carefully chote guarantee
proper presentation of the epitope and to avoidigi®on of the gp64 conformation, which
could compromise the function of the protein inidasand budding (Spenger et al., 2002).
So far, only rather short peptides (23 amino adds)e been successfully inserted into the
gp64 gene (Ernst et al., 2000; Spenger et al., 2002, the potentiality of different
insertion sites has been examined (Spenger €G2). A 23 amino acids long integrin-
binding RGD motif-containing peptide, derived frouP1l protein of foot-and-mouth
disease virus, has been displayed on the surfaBd/dfy insertion of the corresponding
DNA sequence in the second or the only copgmui4 (Ernst et al., 2006). Interestingly,
the display viruses enhanced the specific uptak&\wby mammalian cells only when the
virus had both the intact and the recombinant gmbdts surface (Ernst et al., 2008t
another strategy for the surface display is to tigeforeign gene into the C-terminal 43-
amino acid transmembrane anchor domain of gp64 djproach was used to display the
envelope protein gp4l of HIV-1 on the surface of By fusing thegp4l gene between
gp64 signal sequence the anchor domain (Grabherr,et387). When only the membrane
anchor of gp64 is used instead of the complete gip@dconstruct is smaller in size, which

eases the incorporation of the fusion protein theoviral envelope (Toivola et al., 2002).

The choice of promoter fogp64 fusion proteins is an important factor affectirige t

expression levels and post-translational processirtge fusion proteins (Grabherr et al.,
1997).Polyhedrin promoter has been shown to yield very high lesésxpression, but the

fusion proteins are only partially processed angcagylated, while the use ajp64
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promoter results in lower levels of expression Wwith more complete post-translational
processing, including complete glycosylation (Geblet al., 1997).

Furthermore, envelope proteins of other virusestmadisplayed on the surface of BV. In
1997, BV was pseudotyped with VSVg, and severabadements were detected in viral
transduction, including improved gene delivery andvider tropism (see section 1.3.1;
Barsoum et al., 1997). The foreign protein to Ispldiyed can also be fused directly to the
membrane anchor of VSVg as was demonstrated by plegnd Jones (2002), who
constructed a display vector by fusiG§P between the signal sequencegp64 and the
membrane anchor afSVg. A difference between VSVg-anchored and gp64-béssidn
proteins is in their distribution, since gp64 fusjoroteins are restricted to one pole of the
virus like wt gp64 (see section 1.2.3), whereas y@¥chored fusion proteins are spread
uniformly on the virus envelope (Chapple and Jor28§)2). Analogously to the VSVg
membrane anchor approach, also the membrane aothwguraminidase protein from
influenza virus has been used for EGFP (enhancel) @isplay (Borg et al., 2004).
Moreover, histidine-tagged hemagglutinin protein afian influenza virus has been
displayed on BV surface either with the cytoplasm@nain of hemagglutinin or gp64
(Yang et al., 2007). The display protein with the64 cytoplasmic domain was
demonstrated to be incorporated into the virionseraffectively, and the corresponding
virus had elevated transduction and immunogeniewels when compared to the virus

displaying hemagglutinin with its native cytoplasndiomain (Yang et al., 2007).

Membrane proteinger se, have also been displayed on the BV surface. Biistionally
displaying plasma membrane proteins, includB®radrenergic receptor (Loisel et al.,
1997), trimeric G protein, or a leukotriene B4 netoe BLT1 (Masuda et al., 2003), have
been recovered after infection d&9 cells with the corresponding recombinant
baculoviruses. Furthermore, SREBP-2 and SCAP (Uedrad., 2003), membrane proteins
of endoplasmic reticulum, as well as PepTl and CC&dtoh et al., 2007), multipass
membrane proteins of the cell surface, have besplajied in the same context. The
SCAP-, PepT1- and CCr2-displaying viruses were akad to induce immune responses
in mice for production of specific antibodies (®aitet al., 2007; Urano et al., 2003; for the

latter two viruses, see also section 1.3.3.2).



38

1.4.1.2 Capsid display strategy

Recently, Kukkonen and coworkers (2003) demonstratelifferent baculovirus display
strategy by fusing EGFP to the baculovirus majgrsah protein vp39. It was shown that
foreign proteins can be displayed on the surfacthefcapsid either as N- or C-terminal
fusions to vp39 (Kukkonen et al., 2003). Size festm has not yet been determined for
the capsid display system, but proteins up to 44 kBve been successfully displayed, and
it is likely that larger proteins can also be inmmated, since the baculoviral nucleocapsid
can freely extend (Kukkonen et al., 2003). The whgsplay system differs from the gp64
display strategy in several aspects. First ofv@B9 has not been demonstrated to contain
any structural motifs for association with molesule the nucleus or for capsid assembly
(Russell et al., 1991), which reduces the posgibilf the fusion to disrupt the infectivity
of the virus. In addition, the vp39 is uniformlystlibuted on the surface of the capsid
(Russell et al., 1991), whereas gp64 is restrittedne pole of the virus envelope (see
section 1.2.3). Moreover, only the N-terminus of6gpcan be exploited for fusions,
whereas both termini of vp39 can be used (Kukkoeteal., 2003). Finally, the capsid-
displayed proteins avoid contact with the acidioviemment of endosomes and are
transported along with the capsid into the cytapland the nucleus, whereas gp64 fusion
proteins remain at the endosomes (Oker-Blom et2803). The differencies in the BV
envelope and nucleocapsid display strategies rehéen applicable to different purposes.
Kukkonen and collagues (2003) demonstrated thatdpsid display approach can be used
to study the transduction route of baculovirus Enmmalian cells as well as to observe the
biodistribution of baculoviruses in rat bramvivo (Kukkonen et al., 2003). Furthermore,
it has also been suggested that in the field oegidglivery, the capsid display strategy
could be used to target the virus intracellulayuKkonen et al., 2003). This could be
worthwhile, since capsid transport occurs effidignnly in some cell types (Volkman and
Goldsmith, 1983). Moreover, the intracellular tangg of the virus could be combined
with envelope display strategy, which can be usethitget BV to specific tissues or cells

(see below).
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1.4.1.3 Targeting of BV transduction

The display of specific ligand-binding moieties the surface of BV have potential to
enable cell- or tissue-specific delivery of theg&trgene. An RGD motif recognized oy
integrin has been displayed on the BV surface kginfu RGD motifs from human
parechovirus 1 VP1 and coxsackie virus A9 protéirthe N-terminus of gp64 (Matilainen
et al., 2006). Enhanced binding of the display ite human lung carcinoma cells known
to containaV integrins, as well as increased transductionciefficy, was detected
(Matilainen et al., 2006). Moreover, specific ligadirected gene delivery into baby
hamster kidney cells expressing measles virus epeefjlycoproteins was detected with
gp64-null baculoviruses pseudotyped with measlesvieceptors (Kitagawa et al., 2005).
The transduction was inhibited by pretreatment hef viruses with specific antibodies
against the displayed measles virus receptorsd&vta et al., 2005Furthermore, tumor-
homing peptides have also been displayed on tHacguof BV by fusing the peptides to
the transmembrane anchor of VSVg (Makela et alQ620Enhanced binding to and
transduction of human breast carcinoma and hepaioocaa cells by the modified viruses
were detected (Makela et al.,, 2006). More recergthBV vector displaying a chimeric
gp64 protein, containing a CD21-binding motif ofsigin-Barr virus gp350/220 protein,
was generated (Ge et al., 2007). CD21 is a sugeatein of B lymphocytes, and increased
transduction of several B lymphocyte cell linestlg display virus was indeed observed as
well as inhibition of the transduction after CD21tinody treatment of the cells (Ge et al.,
2007).

The specificity of BV can also be enhanced by digiplg single-chain variable fragment
antibodies (scFvs) or synthetic immunoglobulin @) -binding Z domain on the virus
surface. Mottershead and collagues (2000) displayeulirine scFv specific for the hapten
2-phenyloxazolone and a human scFv specific for @BAhe surface of BV. The scFvs
were fused to the N-terminus of gp64, and the dispiruses were shown to specifically
bind to their relevant antigens in enzyme-linkedniamosorbent assays. The anti-CEA
scFv-displaying BV was also demonstrated to diydgithd to mammalian adenocarcinoma
cells expressing CEA on their surface (Ojala et20l01). Z domains have been displayed

on the surface of BV as well by fusing them to ferminus of gp64 (Mottershead et al.,
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2000; Ojala et al., 2001). The Z domain is derifretn Saphylococcus aureus protein A
and binds especially strongly the Fc domains of &gBbodies (Léwenadler et al., 1987,
Nilsson et al., 1987). Due to the IgG-binding abibf the Z domain, it should be possible
to target Z-displaying viruses to any cells for @efhan IgG antibody against a cell-specific
antigen is available. Specific binding of the Z/di&playing viruses was demonstrated
with enzyme-linked immunosorbent assays (Motterdhetaal., 2000), and accordingly,
ZZ-displaying virus was shown to be able to binddfically to baby hamster kidney cells
via an antie5p1 integrin IgG antibody and to readily transduce fttells, although
transduction efficiency was not enhanced (Ojalalgt2001). More recently, Ojala and
collagues (2004) improved the ZZ display strategyfbssing the ZZ domains to the
transmembrane anchor of VSVg, which resulted inaenbd ZZ domain display and
vector binding to IgG antibodies, although transuurcefficiency did not increase. Both
targeted and enhanced transduction has been aththin@vidin-displaying BV vector,
which was constructed by fusing avidin to the N¥tielus of a second copy of gp64 (Raty
et al., 2004). Avidin as such was already demotestréo enhance gene delivery (Réty et
al., 2004). In addition, transduction of biotingdtmammalian cells was observed to be
enhanced due to the very strong receptor-liganerastion between avidin and biotin
(Raty et al., 2004). Targeting of the virus witlotmylated ligands was also shown to be
possible (Raty et al., 2004). In conclusion, theme several encouraging results regarding

BV targeting, but no successiulvivo targeting of BV transduction has yet been reported

1.4.2 Polyhedra and ODV display

In contrast to the BV display technology, the dagpbf foreign proteins or epitopes on the
surface of polyhedra or ODV has not been considgrsiadied. In 1992, an influenza

hemagglutinin epitope was inserted into polyhegriotein and displayed on the surface of
polyhedra (McLinden et al.,, 1992). Five recombisantith varying epitope locations

within the polyhedrin gene were constructed, arrédiof them were observed to form
occlusion bodies and to display the foreign epitopehe polyhedron surface (McLinden
et al., 1992). Moreover, a monoclonal antibody agjathe used epitope was shown to
specifically recognize its antigenic site in thenatrated form of the recombinant

polyhedrin and when the recombinant polyhedrin vdisplayed on the surface of
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polyhedra (McLinden et al., 1992). In addition, fleeombinant polyhedrin proteins were
shown to elicit immune response against the incated influenza epitope in rabbits,
which suggests that it might be possible to usghmara as carriers of antigenic epitopes
for the production of specific antibodies (McLindenal., 1992). More recently, a system
for the incorporation of entire foreign proteinstoinbaculovirus polyhedra has been
developed (Je et al., 2003). First it was detetitatifusion of GFP to polyhedrin abolishes
the production of occlusion bodies, and subseqyetitht coexpression of the polyhedrin-
GFP fusion with native polyhedrin results in recamaimt viruses capable of producing
polyhedra displaying the fusion protein on theirface (Je et al., 2003). Accordingly, the
interaction between the native polyhedrin and tbé&/hedrin fusion protein have been
suggested to be crucial for the incorporation éraign protein into occlusion bodies (Je
et al.,, 2003). The GFP-displaying occlusion bodiese shown to incorporate virions
normally and retain their infectivity (Je et alQ@B). Later onBacillus thuringiensis insect
toxin was incorporated into the fusion protein bexdw polyhedrin and GFP for insecticide
purposes (Chang et al., 2003; Seo et al., 2005).

Actual display of foreign proteins or epitopes ba surface of ODV has not been reported
to date, but foreign genes have been fused toice@tBV proteins or parts thereof. In
1996, a fusion protein, in which the C-terminaltpor of the ODV envelope protein E56
was replaced witl3-gal, was constructed (Braunagel et al., 1996). Tizdrophobic
domain of E56 is in the C-terminus, but replacem&nthis domain with3-gal did not
disrupt the targeting of the protein to the nucléBsaunagel et al., 1996). However, the
fusion protein did no longer associate with intr@dear microvesicles and ODV envelope,
but rather associated with viral nucleocapsids (Bagel et al., 1996). Another fusion
protein was constructed bgplacing the C-terminal half of FP25K wiflagal to produce
FP{3-gal (Braunagel et al., 1999). The BRyal as well as an N-terminally truncated
FP25K were both observed to affect the accumulatifoseveral viral structural proteins,
and in addition, the FP25K was showed to be a ttraicprotein of the nucleocapsid
(Braunagel et al., 1999). Moreover, GFP has besadto the C-termini of the N-terminal
amino acid sequences of ODV envelope proteins ESGERS, and similarlyB-gal has
been fused to the C-terminus of the E66 N-termgemjuence (Hong et al., 1997). Both

E66 and E25 are suggested to be oriented with Nw@rmini on the virion surface, and
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thus GFP ang-gal probably were not exposed on the surface oV @8lack and Arif,
2007). The study concentrated on the intracelltrifficking of the fusion proteins, and
the N-terminal sequences of E66 and E25 (23 an@rwho acids, respectively) were
shown to be sufficient to direct native and fusfoteins to viral-induced intranuclear
microvesicles and ODV envelope (Hong et al., 199he fusion protein with the N-
terminus of E66 fused to GFP on its envelope watirwned to be incorporated into
polyhedra in a normal manner (Hong et al., 19979réMrecently, another group studied
the fusion of GFP and the N-terminus of E66 as walit 33 N-terminal amino acids
alongside with 23 amino acids were used, and siméaults were attained with both
fusion proteins (Braunagel et al., 2004). The 38Minal amino acids were shown to
function as a sorting motif directing the protem intranuclear membranes and ODV
envelope (Braunagel et al., 2004). It was also esiggl that the N-terminus of E66
interacts with FP25K and/or E26 during traffickirgm endoplasmic reticulum to inner
nuclear membrane (Braunagel et al., 2004). In 2804 ,0DV-specific envelope protein
p74 was studied by fusing GFP to the C-terminusitbfer the entire p74 or after various
N-terminal truncations (Slack et al., 2001; sedisncl.2.4.1). In addition, a similar p74-
GFP fusion protein, but this time with C-terminaletion of p74, was generated and
detected to be soluble (Slack et al., 2001). Aghie,C-terminus of p74, and thus also the
GFP fused to it, does not reside on the virion aagf With the aid of the GFP, the
trafficking of p74 was studied in infect&D cells, and the hydrophobic C-terminus of p74
was detected to have an important role in protenalization and maybe also in the
transmembrane anchoring and insertion of the protgb the membrane (Slack et al.,
2001; see section 1.2.4.1).
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2 AIM OF THE STUDY

The aims of the present study were:

1.

To construct and characterize an occlusion-{pesibaculovirus equipped with a
mammalian expression cassette encoding reportesg&FP and fireflyluciferase.

To study the binding and transduction potentidithe occlusion-derived phenotype
of baculovirus (ODV) in human cancer cells.

To construct and characterize an ODV displagyp74 fusion protein.
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3 MATERIALS AND METHODS

Occlusion-positive recombinant baculovirus@sWT and AcZZp74 were generated.
AcZZp74 occlusion-derived virus (ODV) was designeddtsplay a fusion protein on its
surface. Both viruses were equipped with reporteneg encoding enhanced green
fluorescent protein (EGFP) and North American firgfPhotinus pyralis) luciferase to

enable fluorescent and luminescent detection osgane delivery in mammalian cells.

3.1 Construction of pWT

Cloning of pWT (Fig. 3.1 A) was conducted by usingFastBald Dual vector (Invitrogen
Life technologies, Carlsbad, CA), pF3-VP39 (Méaketéal., manuscript; kindly provided
by Anna Mékela from the University of Jyvaskylay a vector backbone. pF3-VP39
contained reporter genduciferase and EGFP under simian virus 40 (SV40) and human
cytomegalovirusmmediate early (CMV) promoters, respectively, as well asE8VP39

fusion gene under thpolyhedrin promoter. The reporter genes and their correspgndi

A EcoRI Pstl

|

-0
O

i SV40 /uciferase gy CMV |

| |

Xhol Kpnl Kpnl

B EcoRI Pstl
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N

Smal Pstl Smal Xhol Kpnl Kpnl

Figure 3.1 The pFastBaflDual vector constructs. A) pWT andB) pZZp74. CMV, cytomegalovirus
immediate early promoter;EGFP, enhanced green fluorescent protein; Pyio, p10 promoter; By, polyhedrin
promoter; SV40, simian virus 40 promot&Zp74, a fusion gene consisting of IgG-binding ZZ donsadf
protein A andAcMNPYV p74.
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promoters were previously cloned into the vectodernthe strong baculovirghl0
promoter: SV4Quciferase downstream thgl0 promoter (p10SV40-luc; Mékela et al.,
2006) and CMVEGFP downstreanthe SV40huciferase using Xhol / Kpnl and Kpnl /

Kpnl restriction enzymes, respectively.

3.1.1 Polymerase chain reaction (PCR)

Cloning of the pWT was begun by replacing #h& VP39 gene under theolyhedrin
promoter with a gene encodipglyhedrin (Fig. 3.1 A). Thepolyhedrin gene (738 bp; see
Appendix Il) was amplified by polymerase chain teat (PCR) using wt baculovirus-
containing medium as a template. The forwadliForw) and reversePplhRev) primers
(the primer sequences are shown in Appendix |) ainat EcoRI and Pstl restriction
enzyme sites, respectively. In addition to the tewwep(approximately 500 ng) and primers
(100 pmol/primer), the PCR reaction mixture corgdirthe following reagents: 10 X
DyNAzyme reaction buffer (1 x in the final reactisalution; Finnzymes, Espoo, Finland),
deoxynucleotide triphosphate mixture (dNTP Mix; 200 / dNTP; Finnzymes), and 2 U
of DyNAzyme Il DNA polymerase (Finnzymes), all di$ged in sterile double-deionized
water (ddHO). The PCR was conducted with a thermal cycler {Tf&rmocycler,
Biometra, Géttingen, Germany) using the PCR progshown in Table 3.1 below.

Table 3.1 PCR program for the amplification ofpolyhedrin.

Step Temperature (°C) | Time (min)
1. Initial denaturation | 94 4

2. Denaturation* 94 1

3. Annealing* 52 1

4. Extension* 72 1

5. Final extension 72 10

*Steps 2-4 were repeated 30 times before proceeding to step 5.

3.1.2 Agarose gel electrophoresis

Agarose gel electrophoresis was employed to coratenthe PCR product to a discrete
band on the gel, from where it could be subsequesdlated. The gel was prepared by
dissolving an appropriate amount of agarose (MABgarose, ABgene House, Epsom,
Surray, UK) in 1 x Tris acetate — EDTA buffer (4QviniTrizma base, 1 mM EDTA
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[ethylenediaminetetraacetic acid], and 0.11% acati@) to achieve a final agarose
concentration of 0.8%, and by finally adding @u@/ml ethidium bromide (Sigma, Saint
Louis, MO). Prior to the run, 6 x loading buffer @85 Loading Dye Solution; MBI
Fermentas, Vilnius, Lithuania) was added to the @asi to obtain a 1 x final
concentration. 8-1@ of a molecular-weight marker (GeneRuler™ 1 ki& @g/ul; MBI
Fermentas), a horizontal gel, and an electroph®msparatus (MINI-SUB CELL GT:
Bio-Rad Laboratories, Hercules, CA) were used #mherun. After a 45-60 min run at 80
V, the DNA bands were visualized using ultravidtensillumination. Desired DNA bands
were excised from the gel and isolated using GFXCRP®NA and Gel Band Purification
Kit (Amersham Biosciences, Little Chalfont, Buckirmmshire, UK) according to
manufacturer’s instructions. All the following agae gel electrophoresis runs and DNA

isolations from the gel were similarly conductedess otherwise stated.

3.1.3 Restriction enzyme digestion and ligatiorctieas

The polyhedrin PCR product and the pF3-VP39 were digested \EtbRI and Pstl
restriction enzymes. The reactions were conducyechiking the DNA to be digested, the
restriction enzymes (MBI Fermentas), and an optimgfer (MBI Fermentas) for both of
the enzymes in sterile ddB8 according to manufacturer's instructions. Thectiea
mixtures were incubated at 3T for a minimum of 2 h, and subsequently run on an
agarose gel, followed by the isolation of the veanod insert DNAs. T4 ligase and an
appropriate buffer (both from MBI Fermentas) werged for the ligation reaction
according to manufacturer’s instructions. Followiagarose gel electrophoresis, the
relative concentrations of the vector and insertABNwvere estimated from the band
intensity. Approximately three-fold molar excessimsert DNA relative to vector DNA
was used. The ligation was performed overnight &C6 All the following restriction

enzyme digestions and ligations were conductedasilpiunless otherwise stated.

3.1.4 Transformation

The ligation product was transformed into electropetentEscherichia coli (E. coli) cells

(strain JM109; Stratagene, La Jolla, CA) by elgmration. The cells were first thawed on
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ice and then mixed with the ligation product. Elepbration was performed with BTX
electro cell manipulat8r600 electroporation system (BTX Inc., San Diegd) dsing an
appropriate electroporation cuvette (BTX Electr@timn cuvette Plus™: SC Bio Express,
Kaysville, UT). After the electrical shock (2.5 k29 Q), the cells were immediately
suspended in prewarmed (3C) SOC medium (10 mM NacCl, 2.5 mM KCI, 10 mM
MgCl, + MgSQ,, and 20 mM glucose [ICN Biomedicals Inc., Aura@gl], with 20 mg/mi
Bacto Tryptone and 5 mg/ml Yeast Extract [both frBecton, Dickinson and Company,
Difco Laboratories Inc., Sparks, MD]) and grownarshaking incubator for 1 h (3T,
225 rpm). The cells were plated on Luria(-BertaBipth (LB) agar plates (10 mg/mi
Bacto Agar [Becton, Dickinson and Company, Difcob@eatories Inc.] diluted in LB
medium; LB medium [pH 7]: 10 mg/ml Bacto Tryptortemg/mlYeast Extract, and 0.17
M NacCl) containing 5Qug/ml ampicillin (D-[-]-a-aminobenzylpenicillin: Sigma-Aldrich,
St. Louis, MO). After a 16-18 h incubation at 3Z, a maximum of 10 colonies were
selected and grown in a suspension culture con@ihB medium supplemented with
ampicillin (100 pg/ml). The suspension cultures were grown for 16R1B a shaking
incubator (37°C, 225 rpm) followed by plasmid isolation using MeaSpirf Plasmid
QuickPure Kit (Macherey-Nagel, Duren, Germany) adcm to manufacturer’s
instructions. All the following transformations,apings, suspension cultures, and plasmid

isolations were performed similarly unless otheenstated.

3.1.5 Sequence verification

EcoRI / Pstl restriction enzyme digestions were used to confthe presence of the
polyhedrin insert in the plasmids. Digestion products were soran agarose gel, and the
plasmids producing proper-sized digestion produetse sequenced to verify a correct
reading frame of the insert. The sequencing wasopeed using fluorescent IRD700
(pentamethine carbocyanine dye) and IRD800 (heptangcyanine dye) labeled primers
(PolhIRD700 and PolhIRD800; Appendix 1), SequiTheEXCEL™ Il DNA Sequencing

Kit-LC (Epicentre Techologies, Madison, WI), andautomatic sequencing device with a
dual laser system (LI-COR4200-2, LI-COR Biosciences, Lincoln, NE) for sifareous

detection of both the IRD700 and IRD800 dyes. Thguencing was performed by

laboratory technician Eila Korhonen (Division ofoBéchnology, University of Jyvaskyla).
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3.2 Construction of pZZp74

3.2.1 Cloning oZZp74 fusion gene

The IgG-bindingZZ domains (360 bp) of protein A frof®aphylococcus aureus were
amplified by PCR similarly as described fmlyhedrin in section 3.1.1, with the following
exceptions: pZZVSVgTM (Ojala et al., 2004) was usesda template, the primers were
ZZForw andZZRev (Appendix 1), and extension was performed fos&t 72C. Xbal and
Pstl restriction enzyme sites were included in thevend and reverse primers, respectively
(Appendix I). Subsequently, the PCR products weire an an agarose gel and isolated
from the gel. ThezZ PCR product and an empty pFastBac™Dual vector wa&yested
with Xbal and Pstl restriction enzymes. Subsequent to agarose getrephoresis and
DNA isolation from the gel, th&Z insert was ligated into the vector under plog/hedrin
promoter, resulting in an intermediate plasmid, pZ&e ligation product was transformed
into E. cali cells, followed by plating of cells, suspensiontates, and plasmid isolation.
The presence and orientation of tA2 insert in pZZ was confirmed bicoRI / Pstl

restriction enzyme digestion.

PCR was again employed to amplify baculovipg4 gene (1938 bp). The PCR was
conducted as described in section 3.1.1 with tHBWing exceptions: primers were
p74Forw and p74Rev (Appendix |), template was the WT bacmid (setti3.3.1),
annealing temperature was %0, and the extension time was 2 min. The forward an
reverse primers containeéstl and Hindlll restriction enzyme sites, respectively
(Appendix 1). Thep74 PCR product was purified from the PCR reaction torix using
GFX™ PCR DNA and Gel Band Purification Kit (Amershaiosciences) according to
manufacturer’s instructions. Both tipF4 PCR product and theZg were digested with
Pstl and Hindlll. The digestion products were run on an agargskfollowed by gel
extraction and ligation, producing pZZp74-internadi Subsequently, the ligation
products were transformed in coli cells, the cells were plated, grown in suspension
cultures, and the plasmids isolated. The presend@gentation of th&Zp74 insert in the
pZZp74-intermediate was confirmed bypal / Hindlll restriction enzyme digestion, and

the correct reading frame of the insert was vatifig sequencing (see section 3.1.5).
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3.2.2 Cloning of the final pZZp74

The ZZp74 fusion gene (2304 bp; Appendix Il), including &40 polyadenylation signal
from the pFastBddDual, was amplified by PCR usirk¢Zp74Forw and SV40polyARev
primers containindsmal restriction enzyme sites (Appendix |). The PCRswgeerformed
similarly as described in section 3.1.1 with theeptions of using ZZp74-intermediate as
a template and a 2 min extension time. The PCRyato(2574 bp without the flanking
restriction enzyme sites) purified from the PCRcteen mixture and the pWT (section 3.1)
were subsequently digested waimal for 2 h at 3C°C.

A thermal cycler (T3 Thermocycler) was employedattd an A overhang to th@mal-
digestedZZp74 and a T overhang to ti#&mal-digested pWT. Overhangs were synthesized
for 30 min at 70C in the presence of 10 mM dATP for the insert 26enM dTTP for the
vector, as well as 2 U of DyNAzyme |l DNA polymeeaf~innzymes) and DyNAzyme
reaction buffer (Finnzymes). Subsequently, the pct&l were run on an agarose gel and
isolated from the gel. Th&Zp74 with an A overhang and the pWT with a T overharagev
ligated together, transformed ino coli cells, and plated. Positive colonies were screened
by colony PCR using the same primers and reacsateacribed above f@Zp74. Positive
clones were grown in suspension cultures followgdptasmid isolation. For further
screening, two different PCRs were conducted ferisblated plasmids: one like described
above for the colonies and one using ZZ&orw andp74Rev primers (Appendix I). The
latter PCR program was performed as describegdbyhedrin in section 3.1.1 with the

exceptions of using 50 % annealing temperature and a 2 min extension time.

Later, after the recombinant baculovidasZZp74 had been cloned, produced, and purified
(see section 3.3), the presence of the gene engpdighedrin was confirmed by PCR.
PWT (section 3.1), pZZp74 (section 3.2), ZZp74 batcifsection 3.3.1), andcZZp74
(section 3.3.3) were used as templates. The primedsthe program were the same as
described for theolyhedrin PCR previously (Appendix | and section 3.1.1). RER-
products were run on an agarose gel to monitor enehepolyhedrin gene is present in
the template DNAs.
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3.3 Production and purification of the recombinantses

The recombinant baculoviruses were generated waitytB-Ba& Baculovirus Expression
System (Invitrogen Life technologies), which is éa®n a method developed by Luckow
and coworkers (1993), and offers an efficient mdthow generate recombinant baculo-
viruses (Ciccarone et al., 1997). In pFastBac™ealor, the inserted genes are flanked
by the left and right arms of the Tn7 transposom7(T and Tn7R, respectively).
Subsequently, the vector is transformed into edecmpetent DH10Bac™ (Invitrogen
Life technologies) strain oE.coli, which contains a baculovirus shuttle vector (bagm
and a helper plasmid. With the aid of site-spediamsposition of the Tn7 transposon, the
part of pFastBac™Dual containing the inserted g&nis(incorporated into the bacmid,
which contains target sites for the transposon. Thiper plasmid provides enzymes
needed in the transposition reaction. The seledtiorthe recombinant clones on plate
cultures and in suspension cultures is conductedubyg antibiotics gentamicin,
kanamycin, and tetracycline, due to the presendbeofespective resistance genes in the
pFastBac™Dual (within Tn7L and Tn7R sites), the roigc and the helper plasmid,
respectively. The bacmid also contains DNA encodmglLacZo peptide, into which,
without any disruption of the reading frame, the7 Target site has been inserted. Thus, in
the absence of transposition, the bacmid can canmgiealacZ deletionpresent on th&.

coli chromosome in the presence of Bluo-gal (5-bromoedlyl-3-D-galactopyranoside)
and an inducer of its promoter, IPTG (isopropyD-thiogalactopyranoside}p produce
blue colonies. However, if transposition occure fhgalactosidase peptide cannot be
expressed and the ensuing colonies are white.|¥inaé bacmid DNA is isolated froia.

coli cells and used to transfect insect cells for #regation of recombinant baculoviruses.

3.3.1 Generation of recombinant bacmids

After sequence verification, both pWT and pzZZp74reveransformed into electro-
competent DH10Bac™ells. Transformation was conducted as describedhi® JM109
strain ofE. coli (section 3.1.4) with the exception of growing tle#isin SOC medium for

4 h after the electrical shock. The cells weretddun SOC medium (1:1 000, 1:2 500, and
1:5 000), and 10@Qu of each dilution was plated on LB agar platestaming 7 pg/ml
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gentamicin (gentamicin sulfate: Sigma-Aldrich), 3@/ml kanamycin (kanamycin
monosulfate: MP Biomedicals, LLC, Eschwege, Germary0 pg/ml tetracycline
(tetracycline hydrochloride: Sigma-Aldrich), andTiB-Bluo-gal mixture (4Qug/ml IPTG:
MBI Fermentas; and 10@g/ml Bluo-gal [in 100% dimethylformamide]: Sigmaedkich)

to enable blue-white selection. After 48 h incubiatat 37°C, positive white clones were
selected and grown in a shaking incubator for {8AfC, 225 rpm) in suspension cultures
containing 7pg/ml gentamicin, 50ug/ml kanamycin, and 1Qg/ml tetracycline in LB
medium. Finally, the bacmids were isolated accardio Bac-to-BaB Baculovirus

Expression System manual.

3.3.2 Virus production

Virus production was conducted usiSgodoptera frugiperda 9 insect cell{Sf9, Gibco-
BRL, Grand Island, NY) grown in a suspension cdtur a shaking incubator at 2&
using insect cell culture medium (HyQ SFX-Insedture medium, HyClone, Logan, UT).
The purified bacmid DNAs were transfectedS8 cells according to the instructions of
the Bac-to-Ba® Baculovirus Expression System manual. The protosaisCellfectin®
Reagent (Invitrogen Life technologies), which isideed for the optimal transfection of
DNA into insect cells. An exception from the pratbavas to leave the DNA-lipid
transfection mixture on the cells during the whamlecedure. The state of the infection was
observed with a phase contrast microscope, antieasedlls demonstrated signs of later
stages of infection, a primary budded virus (BVoc&t was collected, 4 days post-
transfection at the latest. To remove cells angelatebris, the virus-containing medium
was clarified by centrifugation (10 min, 1 000 xHgrmle Z 513 K, Hermle Labortechnik
GmbH, Wehingen, Germany), and subsequently supplsdevith fetal calf serum (FCS;
PAA Laboratories GmbH, Austria) to a final concatitn of 2.5% to facilitate storage at
4 °C. For characterization of the virus and infectedisc by Western blotting and
luminescence measurements, samples of 2 &@0cells were collected. After removal of
the virus-containing medium, the cells were detdctiem the culture dish by scraping,
diluted in phosphate-buffered saline (PBS; 140 mMCN 2.7 mM KCI, 8.1 mM
NaHPOy, and 1.8 mM KHPQO, ; pH 7.4), and pelleted for 3 min at 500 x g (Hers Pico

Biofuge, Heraeus instruments GmbH, Osterode am, z@emany).
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3.3.3 Virus stock amplification

Western blotting and/or luminescence measuremeet® wsed to choose the correct
ACWT and AcZZp74 clones for further amplification to obtainghi titer virus stocks.
AcZZp74 bacmid isolation, transfection 8f9 cells, and the subsequent amplification of
the AcZZp74 virus stock were performed by Anna Makelanfrahe University of
Jyvaskyla. Two successive amplifications were cotetlito obtain secondary and tertiary
virus stocks. 15 x 059 cells in 30 ml of culture medium were allowedattach on a
culture flask (175 cA) for 30 min at 28C. The attached cells were infected with 0.5-1.0
ml (0.5-1.0 multiplicity of infection, MOI) of th@rimary virus stock and incubated for 3-4
days at 28C. The secondary virus stock was isolated as desti@bove for the primary
virus stock, and the infected cells were similadigaracterized with luminescence
measurements and/or Western blotting. The finahdoof amplification was conducted by
infecting 200 ml ofSf9 cells (2 x 16 cells/ml) with 2 ml (approximately 0.5 MOI) of the
secondary virus stock, followed by isolation of teetiary stock three days post-infection
(p.i.) by centrifugation (Hermle Z 513 K: first 10in, 4°C, 1 000 x g and subsequently 20
min, 4 °C, 4 500 x g). The secondary and tertiary virusktowere supplemented with
2.5% FCS and stored af@. Prior to collecting the tertiary virus stocknszles of 2 x 10
9 cells were obtained from the suspension culture pelleted for 3 min at 500 x g
(Heraeus Pico Biofuge) for luminescence measuresnantl Western blotting (sections
3.4.1 and 3.4.2, respectively). The titer AdZZp74 was determined to be 1.17 x®10
plague-forming units (pfu)/ml by Anna Makela (frahve University of Jyvaskyla).

3.3.4 Production and purification of ODV

All the steps during ODV production and purificatiovere performed under sterile
conditions, and all the centrifugations were conedat 4°C and at 2 000 x g (Hermle Z
513 K). ForAcCWT ODV production, 8 x 1059 cells (2 x 18 cells/ml) were infected with
tertiary ACWT BV virus stock approximately at a MOI of 1-2 28 °C. AcZZp74 ODV
was produced by coinfection with boteZZp74 andAcWT BVs, both at 1-2 MOI, due to
low polyhedra production bycZZp74. At 5 days p.i., the state of the infectiomsw

observed with a phase contrast microscope, a saofiffex 10 cells was collected and
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pelleted for 3 min at 500 x g (Heraeus Pico Biojufge luminescence measurement and
Western blotting (sections 3.4.1 and 3.4.2, respalg), and the remaining cells were
pelleted by a 10 min centrifugation. The BV-contagnsupernatant was either discarded
or stored at £4C for later use. The cell pellet was resuspendegDiml of sterile ddkED
and vortexed. Subsequently, the cells were eitteed at 4°C for later purification or
directly lysed to release the polyhedra from thel@uof the infected cells. Lysis was
performed by adding 20% sodium dodecyl sulfate (SBI3H Laboratory Supplies, Poole,
England) to a final concentration of 0.5%, followdy 30 min shaking at room
temperature (RT) with an orbital shaker (250 rprAjter vigorous vortexing, the
polyhedra were collected by a 30 min centrifugati@iter which the pellet was
resuspended in 40% sucrose by vortexing. Followibignin centrifugation, the polyhedra
were washed with 35 ml of sterile dglBl The wash suspension was vortexed, and the
polyhedra pelleted with a 20 min centrifugation.eTpolyhedra-containing pellet was
either directly resuspended in 3.2 ml of sterileHgld for further purification or
resuspended in a small volume of 60% (v/v) glycédor.Baker, Deventer, Holland) and
stored at £C. Samples were collected from the purified polyheidr Western blotting
(section 3.4.2), transmission electron microscogction 3.4.5), and differential

interference contrast (DIC) microscopy (section3.4

To isolate ODVs from the occlusion bodies, the peljra were lysed by adding 1/5
volume of alkaline solution (500 mM BaO; and 250 mM NaCl; pH 10.9), vortexed
vigorously, and incubated for 1 h on ice in an w@bishaker (250 rpm). Next, the
suspension was neutralized with 1/10 volume of TrMd-HCI (pH 7.6) (1 M Trizma base
and HCI to adjust the pH) and incubated for 1 IR&tin an orbital shaker (250 rpm).
Following 20 min centrifugation, the supernatanhtaming the ODVs was loaded to a
Millipore Amicon Ultra-15 centrifugal filter devicénominal molecular weight limit 10
000 Da; Millipore corporation, Bedstone, MA) anchttéuged for 15 min. Centrifugation
was continued as long as required after additiohOafnl of Tris-EDTA buffer (pH 8.0; 10
mM Trizma base and 1 mM EDTA) or PBS to achievaalfODV stock volume of about
0.25-1 ml. The concentrated ODV stock was storet°t The total protein concentration
of the ODV stock was measured with NanoDrop ND-18p@ctrophotometer (NanoDrop

Technologies Inc., Wilmington, DE) at 280 nm usiggozyme, IgG, and bovine serum
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albumin (BSA) as references. IgG and BSA, when ussedreferences, produced
approximately 1.7- and 3.2-fold higher concentradidghan lysozyme, respectively. The
concentrations acquired with lysozyme as a referemere chosen to be applied. In 1976,
Volkman and coworkers determined the particleygeratios forACMNPV ODV. Electron
microscopic studies revealed theWT ODVs to predominantly contain only a single
nucleocapsid per virion (section 4.2.3), and thbe tatio determined for single-
nucleocapsid ODVs (1.2 x 1particles pepg of ODV protein; Volkman et al., 1976) was

exploited to estimate the amount of ODV particles.

3.4 Characterization of the recombinant viruses

3.4.1 Luminescence measurements

Luminescence measurements were used to assesgtkeston and enzymatic activity of
the luciferase protein. For this purpose, 8@ cell pellets (1-2 x 10cells), acquired
during virus production (sections 3.3.2 and 3.3ae resuspended in 10of PBS. 100

pl of the substrate, 1 m\b-luciferin (Sigma-Aldrich; in 0.1 M sodium citratieuffer,
which was prepared by mixing 0.1 M trisodium cir@iRiedel-deHaén, Seelze, Germany]
and 0.1 M citric acid [Merck, Darmstadt, Germanyjobtain pH 5) was added to the cells
immediately before the measurement. Luminescencasanements were performed on
white 96-well plates with a multilabel counter Wall1420 Victotd (PerkinElmer Wallac

Oy, Turku, Finland) using software version 2.0.

3.4.2 SDS-PAGE and Western blotting

For SDS-PAGE (sodium dodecyl sulfate polyacrylangeé electrophoresis), tH&9 cell
pellets, acquired during virus production (secti8r&2 and 3.3.3), were resuspended in 2
x Laemmli buffer withp-mercaptoethanol (2 x Laemmli bufferp+mercaptoethanol: 63
mM Tris-HCI, 25% [v/v] glycerol, 2% SDS, 0.01% brophenol blue [Sigma-Aldrich],
and 5%f-mercaptoethanol [Merck]) to obtain a final celhcentration of 1 x 10cellsul.
Polyhedra samples taken during ODV purificationnedl as the purified ODVs (section
3.3.4) were suspended in 4 x Laemmli buffer witmercaptoethanol to obtain 1 x final
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concentration. BV samples for SDS-PAGE were prapasefirst pelleting cell debris by
centrifugation of the tertiary virus stock (Herndes13 K: 15 min, £C, 4 500 x g), and
subsequently pelleting the BVs by ultracentrifugat(rotor SW 40 Ti; Beckman L-70
ultracentifuge, Beckman Coulter, Inc., FullertoA:@ h, 4°C, 111 000 x g). Finally, the
concentrated BVs were resuspended in 2 x Laemnifebwith f-mercaptoethanol to
obtain a final concentration of 2.5 x®1pfuful. The SDS-PAGE samples were stored at
—20°C, and prior to the run, the samples were denadray heating for 5 min at 9

and kept on ice.

2 x 10 mock-, ACWT-, and AcZZp74-infectedS9 cells; 2.3 x 18 particles ofACWT
ODV; 4.5 x 10 particles ofAcZZp74 ODV; 1 mg ofAcWT andAcZZp74 polyhedra, and

1 x 10 ACWT andAcZZp74 BV particles per well were loaded to the g&lse amounts of
ODV and polyhedra were calculated from the totaltgin concentrations of the stocks.
Precision Plus Proteih dual color standard (pl; Bio-Rad Laboratories) was used to
facilitate the estimation of the molecular weigbtshe sample proteins. The proteins were
separated using vertical, 1.5 mm thick gels composé 5% stacking gel (5%
acrylamide/Bis solution [29:1] [Bio-Rad Laborat@je0.125 M Tris-HCI [pH 6.8], 0.1%
SDS, 0.1% [w/v] ammoniumpersulfate [Bio-Rad Laborato}jesnd 0.1% [v/v] TEMED
[N,N,N’,N’-tetramethylene diamine; Bio-Rad Laborg&s]) and 12% resolving gel (12%
acrylamide/Bis solution [29:1], 0.375 M Tris-HCI Hp8.8], 0.1% SDS, 0.1% [w/V]
ammoniumpersulfate, and 0.04% [v/VEMED). Electrophoresis was conducted with a
Mini 2-D Electrophoresis Cell apparatus (Bio-Radbaeatories) in the presence of
electrode buffer (25 mM Trizma base, 0.2 M glycjRéedel-deHaén], and 3.5 mM SDS).
The samples were concentrated at the boundaryedftétking and resolving gels by using
a 100 V current for approximately 15 min. Subsedjyethe current was increased to 180

V and the run continued for 45 to 60 min until the front reached the bottom of the gel.

Western blotting was performed to transfer the ginst from the gels to nitrocellulose
paper (pore size 0.4a5m). A Mini-PROTEAN 3 Cell electroblotting apparat(Bio-Rad

Laboratories) filled with ice-cold transfer buffg@s mM Trizma base, 0.2 M glycine, and
20% [v/v] methanol) was used for the blotting prdaes. The blotting was conducted with
a 100V current for 1 h. To visualize total protein, thiets were subsequently stained with
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0.2% Ponceau S (0.2% [w/MPonceau S [Sigma], and 5% [v/v] acetic acid) for
approximately 5 min at Rand washed with sterile dd&. The blots were blocked with
5% milk diluted in Tris-buffered saline (TBS: 20 mWizma base, and 0.5 M NacCl)
supplemented with 0.05% TweeR0 (Fluka Chemie GmbH, Buchs, Switzerland) (milk-
TBS-Tween) for 1 h at RT with rocking to prevenspacific binding of antibodies.

Immunolabeling was performed to detect specificdsaof proteins. Primary antibodies
used were mousenonoclonal anti-vp39 diluted 1:1 000, mouse monaaloanti-p74
diluted 1:500, rabbit polyclonal anti-polyhedriduded 1:1 000, and rabbit IgG diluted 1:1
000 (for details of the primary antibodies, see émtix 1ll). All the antibodies were
diluted in milk-TBS-Tween and incubated for 1.5 hRiI' with rocking, followed by
washes (3 x 5 min) with TBS-Tween. Secondary adig® used were alkaline
phosphatase-conjugated goat anti-mouse IgG andirelkphosphatase-conjugated goat
anti-rabbit 1IgG (Appendix Ill) diluted in milk-TBSween. The blots were incubated with
the secondary antibodies for 1 h at RT with rockiafier washes (3 x 5 min) with TBS-
Tween, the blots were equilibrated in alkaline giegase assay buffer (0.1M Trizma
base, 0.1 M NaCl, and 5 mM Mgglfor 5 min. The protein bands were subsequently
detected by incubating the blots with an alkalihegphatase-substrate solution containing
0.33 mg/ml NBT (nitro blue tetrazolium [Sigma-Aldh] in 70% dimethylformamide
[Merck]) and 0.165 mg/ml BCIP (5-bromo-4-chloro+&dblyl phosphate p-toluidine salt
[Sigma-Aldrich] in 100% dimethylformamide) diluteoh alkaline phosphatase assay
buffer. The blots were incubated until the bandsabse visible, washed with sterile

ddH,O to stop the reaction, and air-dried.

3.4.3 Immunolabeling of infected9 cells

To analyze the infectivities AcWT BV and ODV, 9 cells were allowed to attach to
glass coverslips for 2 h at 28. The cells were either infected with 6 X' TDDV particles

per cell or with 10 MOI of BV. Both ODV and BV wemiluted in insect cell culture
medium, and control cells were incubated only wita medium. At 72 h p.i., the cells
were fixed with 4% paraformaldehyde (PFA: Merck)HBS for 20 min at RT. The cells

were subsequently double-immunolabeled to visualizd proteins gp64 and polyhedrin.
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The labeling was initiated by permeabilizating tiedls withTriton X-100 (Sigma-Aldrich)
diluted in 1.5% BSA-PBS (BSA: Roche Diagnosticsporation,Indianapolis, IN) for 20
min at RT. Primary antibodies mouse monoclonal-gpé4 and rabbit polyclonal anti-
polyhedrin (Appendix IllI) were then added to thdscéor 1 h at RT. After washes (3 x 15
min) with 1.5% BSA-PBS, the cells were incubatedhwsecondary antibodies Alexa
Fluor® 488 goat anti-mouse IgG conjugate (green) and aAlikof® 633 goat anti-rabbit
IgG conjugate (purple) (Appendix IIl) for 30 min R in the dark. All antibodies were
diluted in 1.5% BSA-PBS-0.1% Triton X-100. Subsetflie the cells were washed (3 x
15 min) with 1.5% BSA-PBS, rinsed once with PBSd dimally the coverslips were
mounted on microscope slides with Mowiol (Mowiol88- [Calbiochem, Darmstadt,
Germany] in glycerol and Tris-HCI) supplemented hwiDabco (25 mg/ml; 1,4-
diazobicyllo-[2.2.2]-octane; Aldrich, Steinheim, B&ny),and stored at 4C.

To study the cellular localization of the fusiorot@in ZZp74 expressed by theZZp74,
9 insect cells were allowed to attach to glass ey for 30 min at 28C. The cells
were infected with approximately 10 MOI of BV ofethfollowing viruses:ACWT,
AcZZp74, or AcZZVSVQTM (AcZZVSVQTM-EGFP [Ojala et al., 2004] without the
EGFP). All the viruses were diluted in insect eallture medium, and control cells were
incubated only with the medium. The cells weredixe 48 h p.i. for 20 min with 4% PFA
in PBS at RT. Subsequently, the cells were immubedtal using the same procedure as
described above, this time using rabbit IgG togettith a primary antibody against either
BV-specific gp64 or ODV-specific p74 (Appendix lIIThe secondary antibodies used
were Alexa Fludt 555 goat anti-rabbit IgG conjugate (red) and Al&taor® 488 goat
anti-mouse IgG conjugate (green) (Appendix IMhe coverslips were mounted on
microscope slides with Prolong Gold antifade reageith DAPI (Invitrogen Molecular
Probes). Samples of polyhedra were prepared for B3lG@nounting purified polyhedra-

containing solution (section 3.3.4) in Mowiol (Iég&io).

3.4.4 Confocal microscopy

The immunolabeled samples were observed with CaitsZAxiovert 100 M inverted

fluorescence microscop€arl Zeiss Inc., Jena, Germany) equipped with &WL510
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laser-scanningonfocal module. The microscope contained a 488rgon laser, as well

as 543 nm and 633 nm helium-neon lasers. Plan-Apotdt 63x/1.40 and Plan-Neofluar
40x/1.30 oil objectives were used. The fluorescesmweg DIC images were acquired and
processed using LSM 510 software versions 3.0 ahdsng a multitracking mode. Some

of the images were acquired together with Anna Nékem the University of Jyvaskyla.

3.4.5 Preparation of ODV and polyhedia@mples for transmission electron

microscopy

AcWT ODV samples for transmission electron microscem@ye prepared by diluting an
ODV stock (6.4 x 10DV particlesyil) 1:10, 1:100, and 1:1 000 in sterile PBS filtered
through a 0.2um (pore size) filter. Subsequently, the ODVs wellewaed to attach on
Formvar-coated coppgrids for 20 min at RT, washed 5 times with stedit#+0, stained
with uranyl oxalate (Electron Microscopy Sciencbtfield, PA) for 10 min, and air-
dried. The samples were inspected at 60 kV by ugidgOL JEM-1200 EX transmission
electron microscope (Jeol Ltd., Tokyo, Japa@WT polyhedra samples were similarly
prepared by diluting a polyhedra stock 1:100, 10@,@&nd 1:10 000.

3.5 Binding and transduction experiments with hurcamcer cells

3.5.1 Mammalian cell culture

Human hepatocarcinoma HepG2 cells (American Typéu€uCollection, Manassas, VA;
number HB-8065) were maintained as a monolayemuiltusing Minimum Essential
Medium (Gibc§ Invitrogen Life technologies, Paisley, UK) suppkmed with L-
glutamine and Earle’s salts (Gitfp10% (v/v) heat-inactivated FCS, 1% (v/v) pefiicit

1% (viv) streptomycin mixture (Gib&, 0.1 mM non-essential amino acids (GiBand

1 mM sodium pyruvate (Gib&. Human lung carcinoma A549 cells (American Type
Culture Collection; number CCL-185) were culturesl & monolayer using Dulbecco’s
Modified Eagle Medium (Gibc® supplemented with L-glutamine, D-glucose (GiBgo
10% (v/v) FCS, and 1% (v/v) penicillin - 1% (v/Myeptomycin mixtureBoth mammalian

cell lines were grown at 3T in a humidified atmosphere of 5% €0
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3.5.2 ODV binding and entry experiments with Heptg2s

Time series of ODV binding to HepG2 cells. The binding and transduction potentials of
ACWT ODV were examined with HepG2 cells using timéng0 h, 2 h, 4 h, 6 h, 8 h, and
24 h. HepG2 cells were allowed to attach on coWmrsbvernight at 37°C, and
subsequently incubated in PBS with 1.9 X @DV particles per cellAcWT BV (20
pfu/cell) and mock-transduced cells were used asrais. After 1 h incubation on ice with
rocking, the O h time point cells were fixed (asd&ed in section 3.4.3), and for the other
samples, the PBS was replaced with complete gramtidium, and the cells were
incubated at 37C until fixed at the indicated time points. Immuadoéling was conducted
as described in section 3.4.3 with the exceptiorusihng a mouse monoclonal vp39
antibody and a secondary antibofyexa Fluof 488 goat anti-mouse IgG conjugate

(green)(Appendix ).

Transmission electron microscopy of ACWT ODV hinding to HepG2 cells. HepG2 cells
were allowed to attach on culture dish overnighB8artC, followed by incubation with
ODV (1.9 x 10 ODV particles per cell in PBS) for 1 h at°@. Mock-transduced cells
were used as controlBrior to fixation, the cells were quickly washedeth times with
phosphate buffer (0.1 M NdPQO, pH 7.4) at 4 °C, and then fixed with 2.5%
glutaraldehyde (Electron Microscopy Sciences, ld&tfi PA) in 0.1 M phosphate buffer
for 1 h at 4°C. The cells were washed (3 x 10 min) with 0.1 Mghate buffeand left in
the final wash overnight for convenience. The feilog day, the cells were further fixed
with 1% osmium tetroxide (Electron Microscopy Saes) in 0.1 M phosphate buffer for 1
h at 4°C. Subsequently, the cells were washed with 0.lhikphate buffer (3 x 10 min),
dehydrated first with 70% ethanol (3 x 5 min) ahdrt with 96% ethandB x 5 min). The
cells were staineden block with 2% uranyl acetate (Electron Microscopy Sces)c
Washington, PA) in absolute ethanol for 30 min tthance the electron density of the
sample, followed by further dehydration with abselathanol (3 x 5 min). The cells were
embedded in Epon LX-112 (Ladd Research Industiédijston, VT) by laying Epon-
containing gelatin capsels upside down on the miltlishes, followed by polymerization
of the epon for 48 h at 60C. To facilitate removal of the capsels, the terapee was

briefly (15-30 min) raised to 10TC. Ultrathin sections (50 nm) were cut from the pkes
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with an ultramicrotome (Ultracut 8008; Reichert-gumowa City, 1A), and stained with
toluidine blue (Electron Microscopy Sciences, Hatfj PA). Subsequently the sections
were positioned on a copper grid and stained with Wanyl acetate and lead citrate
(Electron Microscopy Sciences, Washington, PA). Themicrotome sectioning and the
following stainings were performed by laboratorgheician Raija Vassinen from the
University of Jyvaskyla. The samples were exameie@0 kV with a JEOL JEM-1200 EX

transmission electron microscope.

Flow cytometric analysis of AcCWT ODV binding to HepG2 cells. For the quantification of
AcWT ODV binding to HepG2 cells, 2 x 1BepG2 cells per 1.5 ml tube were counted.
The cells were pelleted by centrifugation at %0§ (Heraeus Pico Biofuge) for 5 min at 4
°C, and all the subsequent centrifugations werelaityiconducted. All the following
steps were conducted at°€ and the incubations and washes with swingingerAft
pelleting, the cells were incubated with increasingcentrations of ODVs diluted in PBS
(3.8x10,9.4x1d,1.9x16, 2.8 x 16, 3.8 x 16, 9.4 x 16, and 1.9 x 100DV particles
per cell). Two parallel samples were used for eamitentration and for the virus-free cell
control. The cells were incubated with the virus 105 h, after which the cells were
pelleted and resuspended in monoclonal p74 antiddpendix 1) diluted 1:20 in 1.5%
BSA-PBS. Following 1 h incubation, the cells werasled once with 1.5% BSA-PBS (10
min), pelleted, and resuspended in secondary afytidéexa Fluof 488 goat anti-mouse
IgG conjugate (green) (Appendix IIl) diluted in %IBSA-PBS for 1 h incubation in the
dark. Following a final pelleting, the cells weesuspended in 0.5 ml of PBS and stored
on ice in the dark until 3 x fGcells per sample were analyzed with FACSCalibowfl

cytometer (Becton Dickinson, Heidelberg, Germarsihg CellQuest software.

3.5.3 Transduction experiments with HepG2 cells

HepG2 cells were attached on coverslips and suksdiguincubated with a minimum
volume of ACWT ODV (3.4 x 1§ or 7.1 x 16 ODV particles per cell) or with 200 pfu/cell
of ACWT or AcZZp74 BVs diluted in complete growth medium. Virfuese medium was
used as a control. The cells were incubated wighvirus dilutions for 1 h at RT with

rocking, followed by addition of fresh complete gtbh medium. Thereafter, the
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transduction was continued for 24 h at 3. Finally, the cells were fixed and the
coverslips mounted and stored as described in osecd.4.3. Similar transduction
experiments were also performed by incubating thesgs and cells in PBS with different
pH values (7.4, 8.0, 8.5, 9.0, 9.5, 10.0, 10.5, aad) as well as by using different
liposomes to aid th&cWT ODV transduction of HepG2 cells. The liposomesdiwere
Cellfectin® Reagent (Invitrogen Life technologies), Oligofentael] Reagent (Invitrogen,
Life technologies), FUGENE 6 transfection reagétighe Diagnostics corporation), and
self-made unilamellar liposomes containing DOPC 2-dipleoylsn-glycero-3-
phosphocholine; Sigma-Aldrich) and DPPC (1,2-diptgt-sn-glycero-3-phospocholine;
Sigma-Aldrich). For detection of transduction, EGIERpression was monitored by
confocal microscopyThe occurrence of transduction was also assessbduminescence
measurements. For this purpose, the transductienpeeormed as described above with
400 pfu/cell ofACWT or AcZZp74 BVs. After the 24 h incubation, the cells eveletached
by scraping, pelleted, and analyzed for luciferderity (see section 3.4.1).

3.5.4AcZZp74 BV entry into HepG2 and A549 cells

Time series of AcZZp74 BV entry into HepG2 and A549 cells. The entry ofAcZZp74 BV
into HepG2 and A549 cells was examined with a teages using 0 h, 4 h, 8 h, and 24 h
time points. A549 and HepG2 cells were allowedttach on coverslips for 24 h and 48 h
at 37°C, respectively. The cells were incubated Witz Zp74 BV (200 pfu/cell) in PBS
for 1 h on ice. A recombinant baculovirusg-luc (Makela et al., 2006; 200 pfu/cell),
possessing wt phenotype and the reporter demwdgerase, was used as a control.
Subsequently, the cells were washed with PBS (1§ RiT), the O h time point cells were
fixed for 15 min with 3% PFA in PBS at RT, and fbe rest of the cells, complete growth
medium was added and the cells incubated &C3until fixed at the indicated time points.
The immunolabeling was conducted as describeddtiose3.4.3. First, monoclonal vp39
antibody (Appendix 1) diluted 1:50 was used tobda virus particles without
permeabilization. After a secondary antibody Alexaor® 488 goat anti-mouse IgG
conjugate (green) (Appendix lll) incubation, a 1tmermeabilization was performed.
Subsequently, the virus particles were similarhelad again, this time using Alexa Flfior

555 goat anti-mouse IgG conjugate (réxBe Appendix Ill) as the secondary antibody. All
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the antibodies were diluted in 3% BSA-PBS, whichsvedso used for the washes. This
labeling protocol should allow the virus inside ttedl to be seen as red and the virus on

the cell surface as yellow in the confocal micrgeemerge image.

Time series of AcZZp74 BV entry into early and late endosomes and lysosomes of HepG2
cells. The AcZZp74 BV entry into both early endosomes as welinas late endosomes
and lysosomes of HepG2 cells was examined with sems by using time points 0 h, 2 h,
6 h, and 24 hAcWT BV was used as a positive control. HepG2 ceksenallowed to
attach on coverslips overnight at 32, followed by a 1 h incubation at°€ with 1 000
pfu/cell of AcZZp74 orAcWT BVs in PBS. Subsequently, the cells were wagi3ex 10
min, 4°C), the 0 h time point cells were fixed (as destin section 3.4.3), and complete
growth medium was added to the rest of the celtsthay were further incubated at 32
until fixed at the indicated time points. The immolabeling was conducted as described in
section 3.4.3. For the study ékcZZp74 BV entry into early endosomes, the primary
antibodies used were mouse monoclonal anti-va88 rabbit monoclonal anti-EEA-1
(early endosome antigen 1) (Appendix Ill), and sexondary antibodies were Alexa
Fluor® 488 goat anti-mouse IgG conjugate (green) and &of’ 555 goat anti-rabbit
IgG conjugate (red) (Appendix lll), respectivelyhd AcZZp74 BV entry into late
endosomes and lysosomes was studied by using praamdéibodies rabbit polyclonal anti-
BV and mouse monoclonal anti-LAMP-2 (lysosome assedianembrane protein 2)
(Appendix ), as well as secondary antibodiglexa Fluof 555 goat anti-rabbit 1gG
conjugate (red) and Alexa Flifor88 goat anti-mouse IgG conjugate (green) (Appendi
1), respectively.
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4 RESULTS

4.1 Construction of the recombinant baculoviruseesc

Two occlusion-positive recombinant baculoviruseseangeneratedAcWT, a control virus,
andAcZZp74 with a surface-modified occlusion-derivedugi{ODV). Both viruses were
generated to contain reporter gerasiferase and EGFP to enable luminescent and

fluorescent detection of viral transduction in maafian cells.

4.1.1 Cloning of pWT

The cloning ofACWT was initiated by generating a transfer plasmp¥,T (see Fig. 3.1 A).
The gene encodingolyhedrin (738 bp) was successfully amplified by PCR using w
baculovirus as a template (Fig. 4.1 A). The primeese designed to produce a PCR
product flanked by¥coRI andPstl restriction enzyme sites. pWT was successfulgatzd
by replacing thé=3-VP39 fusion gene in pF3-VP39 (Makela et al., manusgrpth the
polyhedrin gene (not shown). The presence and orientatiadghegbolyhedrin insert in the
pWT was verified byxXhol / Pstl and EcoRI / Pstl restriction enzyme digestions (Fig. 4.1
B), producing the expected 1 055 bp (lane 1) ar®l )3 (lane 2) bands (excluding the
flanking restriction enzyme sites) for the corretbnes, respectively. Moreover, the
sequence was confirmed by sequencing (section; aidtshown).

Figure 4.1 PCR amplification of polyhedrin and restriction enzyme analysis of pWTA) PCR-amplified
polyhedrin gene (738 bp, arrow) after &toRI / Pstl restriction enzyme digestiol) Restriction enzyme
analysis of pWT withXhol andPstl (1 055 bp; lane 1, arrow) as well as wiHtoRI andPstl (738 bp; lane 2,
arrow) to confirm the presence and orientationheffiolyhedrin insert. The lengths of the DNAs are stated
without the restriction enzyme sites.
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4.1.2 Cloning of pZZp74

The AcZZp74 was generated by first creating a pZZp74stiemplasmid (see Fig. 3.1 B).
For the cloning of the fusion ge@&p74, theZZ domains (360 bp) were amplified by PCR
using pZZVSVgTM (Ojala et al., 2004) as a templéfey. 4.2 A). The upper band in
Figure 4.2 A represents ZZ domains (indicated witharrow), whereas the lower band
contains single Z domains. The primers were desigagroduce a PCR product flanked
by Xbal and Pstl restriction enzyme sites. Subsequently, ##& PCR product was
successfully introduced into an empty pFastBac™Duedtor under thepolyhedrin
promoter, producing pZZ. The presence and oriamtadf theZZ insert in the pZZ was
validated byEcoRI / Pstl restriction enzyme digestion (Fig. 4.2 B), proihgca 410 bp

bands (excluding the flanking restriction enzymntesjifor the correct clones.

=

Figure 4.2 PCR amplification ofZZ domains and restriction enzyme analysis of pZzA) PCR-amplified
ZZ domains (360 bp, arromp) The presence and orientation of #Z#insert in the pZZ was confirmed with
EcoRI / Pstl restriction enzyme analysis producing the expet#0 bp band (arrow). The lengths of the
DNAs are stated without the restriction enzymessite

Thep74 (1 938 bp) was also amplified by PCR using the pvéd$ed bacmid (see section
4.1.3) as a template (Fig. 4.3 A). The primers wasigned so that the PCR product was
flanked by Pstl and Hindlll restriction enzyme sites. pZZp74-intermediateasw
subsequently generated by cloning & in frame into pZZ, downstream of th&z
domains.Xbal / Hindlll restriction enzyme digestion was used to vetlg presence and
orientation of theZZp74 insert in the pZZp74-intermediate (Fig. 4.3 B).eTdigestion
produced the expected 2 304 bp band (excludindlah&ing restriction enzyme sites) for
the correct clones. The correct sequencéZpf74 was also verified by sequencing (section
3.1.5; not shown).
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Figure 4.3 PCR amplification ofp74 and restriction enzyme analysis of pZZp74-intermeidte. A) PCR-
amplifiedp74 (1 938 bp, arrow)B) Restriction enzyme analysis of pZZp74-intermediaith Xbal / Hindlll

(2 304 bp, arrow) to confirm the presence and tai@n of theZZp74 insert. The lengths of the DNAs are
stated without the restriction enzyme sites.

To create the final pZZp74, t@®&p74 fusion gene was amplified by PCR and inserted into
the pWT. The reverse primer was designed to incthdepFastBac™Dual-derived SV40
polyadenylation signal downstream tBgp74 fusion gene. Moreover, the primers were
designed to produce PCR products flanke®igl restriction enzyme sites. Accordingly,
ZZp74 with the polyadenylation signal (2 568 bp withdlwe flanking restriction enzyme
sites) was amplified by PCR (Fig. 4.4 A), followbd addition of an A overhang to the
Smal-digested insert and a T overhang Swmal-digested pWT vector. Since tHamal
restriction sites were not regenerated in the ¥ahg ligation reaction, colony PCR was
used to identify positive clones containing ##p74 insert (not shown). The presence of
the insert was further verified by amplifying th#&Zp74 with and without the
polyadenylation signal by PCR, using the isolatemids as templates. The expected 2
568 bp (Fig. 4.4 B) and 2 304 bp (not shown) badsluding the flanking restriction

enzyme sites) were detected, respectively.

A bp B bp
10 000 10 000
3000
3 500 3 59
2 000 2 000

Figure 4.4 PCR amplification of ZZp74 and verification of the presence o¥ZZp74 insert in pZZp74 by
PCR. A) PCR-amplifiedZZp74 (2 568 bp with polyadenylation signal, arrow). The presence dfZp74
insert (2 568 bp, arrow) in the isolated pZZp74 wesfied with PCR. The lengths of the PCR products
stated without the restriction enzyme sites.
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4.1.3 Production of the recombinant viruses

After the sequences of pWT and pZZp74 had beefie@rithe plasmids were transformed
into DH10Bac™ strain ofE. coli for the generation of recombinant bacmids.
Subsequently, positive white colonies were selecisidg blue-white screening, and the
bacmids were isolated from coli suspension cultures. Primary BV stocks were preduc
by transfectingS9 insect cells with the isolated bacmids. For thedpction of secondary
virus stocks, corredd¢cWT clones were selected by blotting the infectelts@ot shown)
and by monitoring the enzymatic activity of lucdse in the cells (not shown). The correct
AcZZp74 clones were selected by using only Westepottibf (not shown), for the
insertion of thezZp74 fusion gene abolished the activity of theiferase in insect cells.
Subsequently, the correct primary stocks were éurétmplified to generate secondary BV
stocks, and finally, similar procedures were perfed to produce tertiary BV stocks. ODV
stocks were generated by purifying ODV fra#® cells infected withAcWT and/or
AcZZp74 BVs (see section 3.3.4).

4.2 Characterization of the recombinant viruses

4.2.1 Western blot analysis

To characteriz&ddcWT andAcZZp74, Western blotting analysis was performed wwithck-
and virus-infected cells, polyhedra, ODV, and B\both viruses usingcMNPV-specific
antibodies raised against viral structural prot@olyhedrin, vp39 (not shown), and p74. In
addition, cellular expression and incorporationtleé ZZp74 fusion protein into virus
particles was analyzed using rabbit IgG. As a tedabeling with polyhedrin antibody
identified 29-kDa bands characteristic for polyhedsrotein in AcWT-infected 9 cells
(Fig. 4.5 A, lane 2), polyhedra (lane 3), and ODahé 4) as well as in the corresponding
AcZZp74 samples (Fig. 4.5 B, lanes 2-4). Howevelis iimportant to notice, that the
AcZZp74 polyhedra and ODV were, in fact, producedcbijnfection of 9 cells with
ACWT andAcZZp74 (see section 3.3.4), due to lack of suffitexpression of polyhedrin.
The polyhedrin antibody also identified approximat88 kDa bands in thécZZp74-
infected cells (Fig. 4.5 B, lane 2), polyhedra @&), and ODV (lane 4) (weakly observed).

These bands correspond for the ZZp74 fusion proteinich was labeled due to
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Figure 4.5 Western blot analysis to detect polyhedr in ACWT- and AcZZp74-infected Sf9 cells,
polyhedra, ODV, and BV.Western blots foAcWT (A) andAcZZp74 (B) samples labeled with polyclonal
polyhedrin antibody and an alkaline phosphatasgugated secondary antibody. Both blots contain1®x
mock-infectedS9 cells (lane 1) as a control, as well as 2 X \ifus-infectedS9 cells (lane 2), 1 mg
polyhedra (lane 3), 2.3 x DACWT ODV particles or 4.5 x F0AcZZp74 ODV particles (lane 4), and 1 x
10° BV particles (lane 5). Polyhedrin bands are ingidavith arrows.

the high affinity of the 1gG-binding Z domains foabbit 1gG antibodies, such as the
polyhedrin antibody used here. Moreover, the strmpolyhedra band in the ODV sample

indicates that some polyhedrin protein remain©ien@DV stock after ODV purification.

Anti-p74 labeling produced 74 kDa bands correspomndd ODV envelope protein p74 in
all the samples excluding the mock-infect#8 cells (Fig. 4.6 A, lane 1) and tAeWT

BV (lane 8). The p74 stain is weak in tAeWT samples (lanes 2, 4, 6, and 8) due to the
inherently low amount of wt p74 protein expressednsect cells. Th&cZZp74 samples
have more intense bands, probably bec#eZ&p74 contains both wt p74 and the fusion
protein ZZp74, and the resolution in the immunolWats not high enough to discriminate
between 74 kDa of wt p74 and 88 kDa of ZZp74. Ndhier effort was put within this
study to improve the resolution of the p74 blot.rbtaver, the ZZp74 is under the strong
pl0 promoter, and thus produced in vaster amounts thap74, which has a weak
promoter. Unexpectedly, a band labeled by p74 adyibvas also detected #czZZp74
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BV (Fig. 4.6 A, lane 9). Moreover, a similar bandsialso observed in the corresponding
sample, when IgG labeling produced an 88 kDa bamtesenting the ZZp74 fusion
protein (Fig. 4.6 B, lane 9). IgG was used to latel ZZ domains, and it produced no
bands for the wt virus as expected (Fig. 4.6 Be$a®, 4, 6, and 8). |IAcZZp74-infected
S9 cells (lane 3), polyhedra (lane 5), ODV (lane ahd BV (lane 9) the 88 kDa bands
were detected. The ZZp74 band observedAiZZp74 BV by two different labelings

suggest incorporation of the ZZp74 fusion proteio ibudded virions.
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Figure 4.6 Western blot analysis to detect p74 andZ domains in ACWT- and AcZZp74-infected Sf9
cells, polyhedra, ODV, and BV.Western blots for the detection of p74 (A), and @mains (B) with
monoclonal p74 and rabbit IgG antibodies, respebtjvfollowed by alkaline phosphatase-conjugated
secondary antibodies. Both blots contain 2 X@ck-infecteds9 cells (lane 1) as a control, as well as 2 x
10° AcWT- (lane 2) andAcZZp74-infectedS9 cells (lane 3); 1 m@cWT (lane 4) andAcZZp74 polyhedra
(lane 5); 2.3 x 18 AcWT ODV particles(lane 6) and 4.5 x £®czZp74 ODV particles (lane 7); and 1 x°10
ACWT (lane 8) andhcZZp74 BV particles (lane 9). The specific bandsiadicated with arrows.

4.2.2 Confocal microscopy studies

Infectivity of ACWT BV and ODV. To confirm the infectivity ofAcWT as well as its ability

to express polyhedrir§f9 insect cells were infected with eith&WT BV or ODV. In the
BV-infected 9 cells, both gp64 (Fig. 4.7, green) and polyhedpuarple) were clearly
detectable by confocal microscopy. Gp64 was dedetctenormally localize on the plasma
membrane, and accordingly, polyhedrin, which nolynadsides primarily in the nuclei of
infected cells, was observed inside the cells. fiRadya can be detected in the nuclei of few
of the BV-infected cells in the DIC image (blackaws) and as unlabeled spots among the

polyhedrin label (white arrows). ODV infec#9 cells more inefficiently and slower than



anti-gp64 anti-polyhedrin merge DIC

ODV (6 x 1d particles/cell). Expression of gp64 and polyheavire detected 72 h p.i. with monoclonal gp64 amtjband polyclonal polyhedrin antibody, as well as
with secondary antibodies Alexa Fl(io488 (green) and Alexa FIfb633 (purple), respectively. Polyhedra are indidatéth arrows. The images represent single

slices of z-stacks. Scale bar @®. DIC, differential interference contrast.
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BV, due to its less infectious nature towards theslés (Volkman et al., 1976). Thus, in
the ODV-infectedX9 cells, the infectious cycle has not proceedefdiasnd accordingly,
only gp64 can be detectd@ig. 4.7). From these results, it can be conclutted the

recombinant virusACWT, expresses polyhedrin, and that both phenotgipeifective.

Characterization of polyhedra. DIC images of polyhedra were obtained to confifmairt
normal morphology and the functionality of the gaddra purification protocol. Similar
polyhedra could be seen in boAtWT and AcZZp74 samples (Fig. 4.8 A and B,
respectively). MoreoverAcWT polyhedra samples were also prepared for arglygi

transmission electron microscopy (not shown), carifig the results.

Figure 4.8 Differential interference contrast imags of polyhedra. AOWT (A) and AcZZp74 (B)
polyhedra. Scale baryim.

Cellular localization of ZZp74. The localization of the fusion protein ZZp74 exgsed by
AcZZp74 was studied by infectin§f9 cells with AcZZp74 BV. 9 cells infected with
ACWT and AcZZVSVQTM BVs served as negative and positive cdafroespectively.
Gp64 was detected to be expressed on the plasménaeen(Fig. 4.9 A) and p74 inside
the cells (Fig. 4.9 B). The p74 label is slighti§fuse, possibly due to only a rather short
period of low expression of wt p74 during baculasiinfection (Kuzio et al., 1989). Gp64
and ZZVSVgTM are both plasma membrane-residing gimet and they were indeed
detected on the plasma membrane of the infesi@aells (Fig. 4.9). Accordingly, in the
infected cells, ZZVSVQTM can be observed to be tedaoutside of wt p74, and gp64
outside of ZZp74, which suggest normal localization both wt p74 and ZZp74 on the
nuclear membrane and in the intranuclear vesidleweover, ZZp74 and p74 partially

colocalize with each other, indicating similar agellular localization.
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Figure 4.9 Sf9 insect cells infected withAcWT, AcZZp74, or AcZZVSVgTM BVs. To study the
localization of the ZZp74 fusion protei9 cells were infected with 10 MOI dA¢WT, AcZZp74, or

AcZZVSVgTM BVs. At 48 h p.i., the ZZ domains were éhbd with rabbit IgG and secondary antibody
Alexa Fluof® 555 (red), and, in addition, either gp64 (A) o#B) was labeled with a specific monoclonal

antibody and Alexa FluBr488 (green). The images are 3D projections of & itdividual slices of z-stacks
in the middle of the cell. Scale bar fih. DIC, differential interference contrast.
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4.2.3 Transmission electron microscopy of ODVs

To confirm normal morphology dAcWT ODVs and to study the amount of nucleocapsids
in ODV, transmission electron microscopy samplesO@fVs were prepared. Plenty of
single-nucleocapsid ODVs could be detected (Fitj0 4, solid arrows), whereas ODVs
containing multiple nucleocapsids were absent, ssiygg that predominantly single-
nucleocapsid ODVs are produced by t&VT. Some ODVs were attached to darker,
electron-dense substance likely to be polyhedrig. (.10 A, dashed arrows; B, dark
substance), indicating that the purification protocould be rendered more efficacious.

Utilization of saccarose gradient ultracentrifugai would have improved the purity of

the stock, but simultaneous decrease in the yielddvhave resulted.

b

o
Figure 4.10 Transmission electron microscopy imagesf ACWT ODV. Transmission electron microscopy
samples were prepared from a dilufeWT ODV stock (6.4 x 1®ODV particlesfil diluted 1:10, 1:100, and
1:1 000) by attaching ODVs on copper grids and egbsntly staining with uranyl oxalat&cWT ODVs are

indicated with solid arrows. Most of the ODVs at#ll attached to polyhedrin (A, dashed arrows; Bcl
substance). Scale bar 200 nm.

4.2.4 PCR analysis

Since the polyhedra production &ZZp74 was detected to be low or absent, the presenc
of the polyhedrin gene in pZZp74, ZZp74 bacmid, amtZZp74 was examined by
amplifying thepolyhedrin (738 bp) by PCR using pWT as a positive control7/38 bp
band representingolyhedrin could be detected when pWT (Fig. 4.11, lane 1¢py4d
(lane 2), and ZZp74 bacmid (lane 3) were used @plages. Unspecific PCR products
were also observed. Nmlyhedrin band could be detected for tReZZp74 virus (Fig.

4.11, lane 4), which, however, does not reliablpfecon the absence of thpolyhedrin
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from the AcZZp74 genome, since the virus-containing mediund e a template might
interfere with the amplification reaction. No fuethefforts were conducted within this
study to optimize the reaction. However, it is gallg possible to successfully amplify
genes by PCR using nonpurified baculovirus-contginmedium as a template (an
example of this is thpolyhedrin PCR described in sections, 3.1.1 and 4.1.1).

Figure 4.11 Verification of the presence opolyhedrin in pZZp74, ZZp74 bacmid, and AcZZp74 with

PCR. The presence of theolyhedrin insert in pZZp74 (lane 2), ZZp74 bacmid (lane&@)dAcZZp74 (lane
4) was confirmed by PCR amplification pélyhedrin. pWT was used as a control (lane 1). Pob/hedrin

PCR products (738 bp) are indicated with arrows.

4.3 Binding and transduction experiments with hurcamcer cells

4.3.1 Binding

AcWT ODV binding and entry to HepG2 cells. To study the ability oAcWT ODV to bind
to and enter HepG2 cells, a time series was peddrand examined by confocal
microscopy AcWT BV was used as a positive control, since itriswn to bind to HepG2
cells (Hofmann et al., 1998; Hofmann et al., 199HDV and BV were allowed to bind to
the cells for 1 h on ice. The low temperature pnéveBV internalization by endocytosis
(Volkman and Goldsmith, 1985), whereas it does wompletely prevent ODV
internalization, since direct membrane fusion of\OWith its target membranes is known
to occur also at 4C (Horton and Burand, 1993). The entry of ODV iktepG2 cells was
gualitatively assessed at 0 h, 2 h, 4 h, 6 h, &nld, 24 h post-transduction (p.tAcWT
ODV was observed to bind to HepG2 cells at all tmoants (Fig. 4.12, time points O h, 4
h, and 24 h are shown) and the amount of boundswitid not appear to change
significantly over time. As can be observed in dilnogonal cut of a HepG2 cell in Figure
4.13, small amount of ODVs have entered the cysmplaf HepG2 cells already at 0 h
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Figure 4.12 AcWT ODV binding and entry to HepG2 cells. A time series ofAcWT ODV binding and
entry to human HepG2 hepatocarcinoma cells waopeed usingAcWT BV (0 h) as a control. BV (20
pfu/cell) and ODV (1.9 x 1Vparticles/cell) were allowed to bind to HepG2 sébr 1 h on ice, after which
the cells were fixed either immediately (O h timan) or after further incubation at 3T (time points 2 h, 6
h, and 8 h are not shown). The virus particles viedbeled with a monoclonal vp39 antibody and seaond
antibody Alexa Fludt 488 (green). The images represent single slicesstdicks from the middle of the cell.
Scale bar 1Qum. DIC, differential interference contrast.

Figure 4.13 Entry of ODV into HepG2 cells.Orthogonal cut of a HepG2 cell after 1 h incubatiaith
ACWT ODVs (white) on ice. ODVs were labeled with amoolonal vp39 antibody and secondary antibody
Alexa Fluof® 488. The image is acquired from the z-stacks efdéll with the LSM 510 software using
range indicator style from color palette. Scale®pm. N, nucleus.

time point. A similar ODV entry pattern was alsoatted in the later time points (not
shown). In addition, the colocalization &AWT ODV with two cellular plasma membrane
proteins, integrina2 and transferrin receptor, was studied by labethmgm and ODVs

bound to the surface of HepG2 cells. No significasibcalization was observed (data not

shown).
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Quantification of ACWT ODV binding to HepG2 cells by flow cytometry. In order to study
the kinetics of ODV binding to HepG2 cells and tetatmine the saturation point, the
binding of ODV to HepG2 cells was quantified with flaw cytometer. Increasing
concentrations of ODVs (3.8 x 1®.4 x 106, 1.9 x 16, 2.8 x 16, 3.8 x 16, 9.4 x 16, and
1.9 x 16 ODV particles per cell) were allowed to bind to i@pcells by incubating for
1.5 h at 4°C. Subsequently, the virus particles were detelyeldbeling the viral protein
p74. The binding of ODV to HepG2 cells appearedb® concentration-dependent,

although no clear saturation was achieved (Figt)4.1
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Figure 4.14 Quantification of ACWT ODV binding to HepG2 cells. AcWT ODV binding to HepG2 cells
was quantified by flow cytometry using increasinB\Dconcentrations (3.8 x £09.4 x 14, 1.9 x 16, 2.8 x
10°, 3.8 x 16, 9.4 x 16, and 1.9 x 10DV particles per cell). The ODVs were allowed tocbto HepG2
cells for 1.5 h at £C, and subsequently detected by labeling with acolemal p74 antibody followed by
secondary antibody Alexa Fllfor88. Two parallel samples of each concentratiorewsed, and three runs
per sample were performed (1 x“16ells/run). The experiment was repeated three stinamd one
representative set of results is illustrated hitean fluorescence values for each concentratigtandard
deviations of dublicate samples are indicated.

Transmission electron microscopy of ACWT ODV binding to HepG2 cells. ACWT ODV
binding to HepG2 cells was studied by transmissieatron microscopy. ODVs (1.9 x°.0

particles per cell) were incubated with HepG2 chiis1 h and subsequently prepared for
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transmission electron microscopy. ODVs were obskiweund to the surface of HepG2

cells (Fig. 4.15). However, only a scarce amour®biVs were detected in total.

Figure 4.15AcWT ODV binding to HepG2 cells. Transmission electron microscopy imageAoWT ODV
bound to the surface of HepG2 cell. Scale bar 200 n

4.3.2 Transduction of HepG2 cells

The ability ofACWT BV and ODV as well agcZZp74 BV to transduce HepG2 cells were
gualitatively studied by monitoring EGFP expressimn confocal microscopy. HepG2
cells were incubated either wigktWT ODV or with ACWT or AcZZp74 BVs, followed by
detection of EGFP expression at 24 h p.t. The EGEporter gene ofAcWT was
demonstrated to be functional, since intense gfielmescence was detected both in the
nucleus and in the cytoplasm in approximately 30%he treated HepG2 cells (Fig. 4.16).
On the contrary, no green fluorescence was detaotdie HepG2 cells transduced with
eitherAcWT ODV or AcZZp74 BV (Fig. 4.16). The transduction abilitiedaefficiency of
ACWT or AcZZp74 BVs were also assessed by monitoring the reatig activity of
luciferase, the protein product of the reporteregesiferase, in transduced HepG2 cells.
Transduction of HepG2 cells was performed with p@cell of ACWT or AcZZp74 BVSs,
and at 24 h p.t., the amount of emitted light waasured immediately after the addition
of D-luciferin, the substrate of luciferascWT BV was again shown to efficiently
transduce HepG2 cells, since intense light emisgias detected (approximately 2 x*10
counts/s for 1 x 10cells). In AcZZp74 BV-transduced HepG2 cells, no light emission

could be detected.



77

ACWT BV AcWT ODV

AcZZp74 BV

EGFP

DIC

e — e —

Figure 4.16 EGFP expression in transduced HepG2 ¢&l AcCWT ODV (7.1 x 16 ODV particles per cell)
or 200 pfu/cell ofACWT or AcZZp74 BVs were allowed to bind to HepG2 cells fdan &t 4°C, followed by
incubation at 37C. At 24 h p.t., EGFP expression was detected bjocal microscopy. The EGFP images
represent 3D projections of z-stacks. Scale bampdD DIC, differential interference contrast; EGFP,
enhanced green fluorescent protein.

AcWT ODV transduction of HepG2 cells was also attedpty using different pH values

(7.4, 8.0, 8.5, 9.0, 9.5, 10.0, 10.5, and 11.0g tluthe preference of ODV to enter its
natural target cells at alkaline conditions (Hortord Burand, 1993). However, no EGFP
expression was detected at 44 h p.t. (data not show preliminary study with several

liposomes to aid th&cWT ODV transduction of HepG2 cells was also conddctNo

viral transduction could be detected this timeasittdata not shown).

4.3.3AcZZp74 BV entry into human cancer cells

AcZZp74 BV entry into HepG2 and A549 cells. To gain further insights into the
mechanisms underlying the reduced transductiontyalot AcZZp74 BV in HepG2 and
human lung carcinoma A549 cells, a time seriespearmed with O h, 4 h, 8 h, and 24 h
time points p.tAc-luc BV (Makela et al., 2006) was used as a pasitiontrol to confirm

the success of the labeling protocol (not showre Viruses were allowed to bind to
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HepG2 or A549 cells for 1 h on icAcZZp74 BV was observed to enter both HepG2 and
A549 cells in low quantities at the 4 h, 8 h, addh2time points (Fig. 4.17 for HepG2 and
Fig. 4.18 for A549; the 8 h time points are notwhp However, most of the virus
remained on the cell surface, and from the 4 h tpoat on, large aggregates were
characteristic for thécZZp74 BV, especially in HepG2 cells. The entryfalzZZp74 BV
into the two cell lines was not quantified, althbugwould have been useful to assess the
differencies in the amounts of internalized virus eompared to the control virus.
Nevertheless, these results indicate thefZp74 BV does not enter HepG2 and A549
cells as efficiently as wt BV, and even the f8eZZp74 BVs internalizing are not able to

mediate transgene expression (as was detectedtiorsd.3.2), suggesting lack of nuclear

localization of the internalized virus particles.

Figure 4.17 AcZZp74 BV entry into HepG2 cells.A time series ofAcZZp74 BV entry into HepG2 cells
was performed using time points 0 h, 4 h, 8 h grawn), and 24 Mc-luc BV (Mékela et al., 2006) was
used as a positive control (not shown). The vir268 pfu/cell) were allowed to bind to HepG2 cétis 1 h

on ice, after which the cells were fixed either iediately (0 h time point) or after further inculoetiat 37
°C. The virus particles were first labeled with anodonal vp39 antibody and secondary antibody Alexa
Fluor® 488 (green), followed by permeablization and a teveling with anti-vp39, this time followed by a
secondary antibody Alexa FIfo655 (red). With this labeling protocol, the virinside the cell should be
seen as red and the virus on the cell surface leswig the merge image. The images are 3D prajectiof

3-5 individual slices of z-stacks in the middletbé cell. Scale bar 1@m. DIC, differential interference
contrast.
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Figure 4.18 AcZZp74 BV entry into A549 cells.A time series ofAcZZp74 BV entry into A549 cells was
performed using time points 0 h, 4 h, 8 h (not spwand 24 hAc-luc BV (Méakela et al., 2006) was used as
a positive control (not shown). The viruses (200/qéll) were allowed to bind to A549 cells for Toh ice,
after which the cells were fixed either immediat@yh time point) or after further incubation at 37. The
virus particles were first labeled with a monoclowa39 antibody and secondary antibody Alexa Flut88
(green), followed by permeablization and a new liagewith anti-vp39, this time followed by a secamy
antibody Alexa Fludt 555 (red). With this labeling protocol, the virinside the cell should be seen as red
and the virus on the cell surface as yellow in therge image. The images are 3D projections of
approximately 3-5 individual slices of z-stackstlire middle of the cell. Scale bar fuin. DIC, differential
interference contrast.

AcZZp74 BV entry into early endosomes of HepG2 cells. To examine the lack of
transduction byAcZZp74 BV, the entry of BV into early endosomes vaisdied by
performing a time series with 0 h, 2 h, 6 h, andh2dme pointsACWT was used as a
positive control (not shown). Matilainen and collag (2005) have shown that the
antibody against early endosome antigen 1 (EEAxhjch was also used in this study,
colocalizes withAcMNPV BV 15 to 45 min p.t. Accordingly, Kukkonen amdworkers
(2003) have detected colocalization of EEA-1 an@%@30 min p.t. In our study, no
colocalization could be detected betweZZp74 BV and EEA-1 marker in any of the
time points (Fig. 4.19; the 6 h and 24 h time poiate not shown). This indicates that
AcZZp74 BVs possibly have never reached the earlpsoues. From the 2 h time point

on, large aggregates were characteristic foAtz&zp74 BV.
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AcZZp74 BV entry into late endosomes and lysosomes of HepG2 cells. To further ensure
that AcZZp74 BVs are not confined in the endosomes and ithlysosomes, a time series
was performed with 0 h, 2 h, 6 h, and 24 h timenfiusing a late endosome/lysosome
marker LAMP-2.AcWT was used as a positive control (not shown). évigus study has
shown that a different late endosome marker, Cl-MB¥Rtially colocalizes witAcMNPV
first at 45 min p.t. and maximumly at 1.5 h p.t.afMainen et al., 2005). Moreover, in an
experiment with a late endosome/lysosome marker3CBEVINPV has been observed in
CD63 positive vesicles 2 to 4 h p.t. by electrocnescopy (Matilainen et al., 2005). In our
study,AcZZp74 BV and LAMP-2 did not show significant coldization; only at 6 h p.t.
an exiguous amount of colocalization was detedtgl @.20; data not shown for the 24 h
time point). Again, from the 2 h time point on,daraggregates were again characteristic
for theAcZZp74 BV.
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Figure 4.19 AcZZp74 BV entry into the early endosomes of HepG2 ds. A time series ofAcZZp74 BV entry into the early endosomes of HepGlksogas
performed using time points 0 h, 2 h, 6 h, and Zddta not shown for time points 6 h and 24ATWT BV was used as a positive control (not showe Viruses
(1000 pfu/cell) were allowed to bind to HepG2 celtsA°C, after which the cells were fixed either immeeligt(O h time point) or after further incubation3at°C.
The virus particles were labeled with a monoclami-vp39 antibody and secondary antibody AlexaFEl488 (green) and early endosomes with monoclorial an
EEA-1 (early endosome antigen 1) antibody and sgagnantibody Alexa FluSr555 (red). The images are 3D projections of 3viialtial slices of z-stacks in the

middle of the cell. Scale bar 18n. DIC, differential interference contrast.
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Figure 4.20AcZZp74 BV entry into the late endosomes and lysosom@f HepG2 cellsA time series oAcZZp74 BV entry into the late endosomes and lysosome
of HepG2 cells was performed using time points 2 h, 6 h, and 24 h (data not shown for the 24xile fpoint). ACWT BV was used as a positive control (hot shown).
The viruses (1000 pfu/cell) were allowed to bindHepG2 cells at 4C, after which the cells were fixed either immeeint0 h time point) or after further incubation
at 37°C. The virus particles were labeled with a polyaloanti-BV antibody and secondary antibody Alexadft 555 (red) and late endosomes and lysosomes with
monoclonal anti-LAMP-2 (lysosome associated memimamtein 2) antibody and secondary antibody Aleker® 488 (green). The images are 3D projections of 3
individual slices of z-stacks in the middle of d¢®l. Scale bar 1Q0m. DIC, differential interference contrast.
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5 DISCUSSION

The baculovirus,AcMNPV, is a rather new and attractive candidate ifor vivo
applications, especially for gene delivery and waaion purposes. The more studied and
applied phenotype oAcMNPV in this field is the BV, while the potentiaFf ¢the other
phenotype, ODV, in the same context, has beenestu a lesser degree. The inherent
inability of baculovirus to replicate in mammalie@lls and lack of cytotoxic effects render
it a safe gene delivery vector candidate (Carbaaedl Miller, 1987; Groner et al., 1984,
Hofmann et al., 1995; Kenoutis et al., 2006; Sardigl., 1996; Shoji et al., 1997; Tjia et
al., 1983; Volkman and Goldsmith, 1983). BV hasrbesed to transiently and stably
transduce a wide range of mammalian cellgitro andin vivo with the aid of mammalian
cell-active promoters (for review see Hu, 2006; tkasd Condreay, 2002; Kost et al.,
2005). The transduction ability of BV has beenHartimproved by employing baculovirus
display technology, which has been applied to @&tanf other purposes as well, such as
cell- and tissue-specific targeting of BV vectomsdaantibody production against a
displayed immunogen (for review see Makela and @tem, 2006; Oker-Blom et al.,
2003). The transduction potential of ODV in mammalcells has been scarcely studied.
In 1983, Volkman and Goldsmith detected that ODYesys to enter various human and
nonhuman vertebrate cell lines, although no nuelpsicls were detected to enter the
nucleus. The entry route of ODV in mammalian céés not been identified to date. In
principle, ODV could have several advantages owraB8 a gene delivery vector, since
ODV is easy to purify, possesses no natural trogiswards mammalian cells, and can
simultaneously transport several genetic payloattstarget cells. The aim of the present
study was to investigate the entry and gene dglieélODV to human hepatocarcinoma
HepG2 cells as well as to apply the baculovirupldis technology to include ODV

surface display.

5.1 Binding, entry, and transgene delivery of ODHepG2 cells

ODV enters its natural target cells in the host gunidby direct membrane fusion
(Granados, 1978; Granados and Lawler, 1981; HatwhBurand, 1993; Kawanishi et al.,

1972; Tanada et al., 1975), although the preciseham@sm has not been completely
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characterized. Also, the entry of ODV to mammalbatis has been poorly studied, and the
route is currently unknown. In 1983, ODV was obseérto enter the cytoplasm of various
human and nonhuman vertebrate cell lines, whereasicleocapsids were observed in the
nuclei of the target cells (Volkman and Goldsmit®83). In the ODV-inoculated cells,
nucleocapsids were detected by electron microsaogytoplasmic vacuoles, or, in some
cell lines, in cytoplasmic projections at the calirface as enveloped virions or in the
cytoplasm as unenveloped nucleocapsids (Volkman @aldismith, 1983). Moreover,
although no virus was detected in the nucleus, rabebodies, resembling commonly
observed structures in the baculovirus-infecteddigmeran cell nuclei, were detected
(Volkman and Goldsmith, 1983). In this study, thenxding of ODV to human
hepatocarcinoma HepG2 cells was examined. Detdnteconfocal microscopyAcWT
ODV was observed to efficiently bind to the surfamfeHepG2 cells (Fig. 4.12). Flow
cytometry was used to quantify the binding of ODVHepG2 cells by using increasing
concentrations of ODV. The binding appeared to tmecentration-dependent, although a
clear saturation point for viral attachment to &rgells was not observed (Fig. 4.14). In
1993, Horton and Burand conducted similar bindirgegiments withLymantria dispar
MNPV ODV and its natural target cells and obsemrekimal ODV binding to occur 4 to
5 h p.i. at £C. This might partially explain the lack of satuoatin our study, the binding
time being only 1.5 h, during which an equilibridvatween the bound and unbound virus
might not be achieved. The amounts of ODV partiges cell were similar both in this
study and in the experiments conducted by HortahBurand with insect cells. ODV is
known to bind to specific receptors on its targetsc(Haas-Stapleton et al., 2004; Horton
and Burand, 1993), whereas ODV binding to HepGdscalight not be receptor-
dependent, but could be mediated by non-speciferactions with ubiquitous cell surface

components, such as heparan sulfate proteoglycatsospholipids.

ODV has been observed to enter its natural hokst lbgldirect membrane fusion besides at
27 °C but also at 4°C, although with decreased efficiency as comparedvarmer
temperatures (Horton and Burand, 1993). In thidyst®DV was detected to enter into the
cytoplasm of HepG2 cells (Fig. 4.13). InterestingdDV was detected to enter the cells
already during viral binding at 4C, suggesting that ODV might use direct membrane

fusion to gain entry into mammalian cells. Threet@ins, p74, pif-1, and, pif-2, are known
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to be involved in the binding of ODV to midgut cel(Faulkner et al., 1997; Haas-
Stapleton et al., 2004; Kikhno et al., 2002; Kugial., 1989; Ohkawa et al., 2005; Pijilman
et al., 2003). The components involved in the fagioocess of ODV envelope with cell
membrane are still unknown. It also remains undeterd whether the same viral and
cellular proteins are involved in the entry of O both insect and mammalian cells.
ODV might even use some alternative route to emtammalian cells, if, for example,
specific components required in direct membran@fusvere absent from the surface of
mammalian cells. Ohkawa and collagues (2005) hagemplated the possibility of
integrins being involved in ODV entry into insedlls (see section 1.2.4.1). Integrins are
reasonable candidates for the cellular receptor®D@Y binding, although they are very

scarcely studied in lepidopteran larvae.

Volkman and Goldsmith (1983) have demonstrated uptake of ODV to several
vertebrate cell lines, although no nucleocapsidddcde detected in the nuclei of the
ODV-inoculated cells. Accordingly, in the presetidy, no transduction, i.e. transgene
(EGFP) delivery and expression, was observed inQb&/-exposed HepG2 cells (Fig.
4.12 and 4.16). Moreover, preliminary transductemperiments were also conducted with
different pH values or liposomes in order to enlgaoc enable transduction. Horton and
Burand (1993) have shown that ODV prefers alkatiorditions for the entry to its target
cells, which is logical since alkaline condition®yail in the larval midgut. However, no
transduction occurred even though pH values ranfjiom 7.4 to 11.0 were applied.
Moreover, cationic liposomes are known to enharica gene delivery (Fukuhara et al.,
2003; Hodgson and Solaiman, 1996; Porter et aB81%waney et al.,, 1997), and in
addition, they can be used to broaden the rangeltsf susceptible to transduction or for
targeting of the virus vector (Innes et al., 19%Mmrter, 2002; Price et al., 2005).
Accordingly, preliminary transduction experimentsrer conducted with several different
liposomes, but again transduction was not detediedether, these studies suggest that
ODV is not capable of transducing HepG2 cells, altth HepG2 cell line is highly
susceptible to BV transduction (Boyce and Buche®396]l Hofmann et al., 1995;
Matilainen et al., 2005; Tani et al., 2001).
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ODVs were detected in the cytoplasm of mammalidis,deut not in the nucleus, both in
this study and by Volkman and Goldsmith in 1983e Tause to the absence of ODV-
derived nucleocapsids from the nucleus might be tduproblems in the release of the
nucleocapsids to the cytoplasm or in their nuctesrsport. If ODV used direct membrane
fusion to gain entry to mammalian cells, the redeat nucleocapsids into the cytoplasm
would be supposed to be followed by nuclear trarisgwobably with the aid of actin
filaments (Charlton and Volkman, 1993; Goley et aD06; Lanier and Volkman, 1998;
Roncarati and Knebel-Mo6rsdorf, 1997), since ideitiBV-derived nucleocapsids are
transported into the nuclei of transduced mammatelis as evidenced by expression of
reporter genes (Boyce and Bucher, 1996; Hofmared.e995; Matilainen et al., 2005;
van Loo et al., 2001). Moreover, purified nuclecadp microinjected into the cytoplasm
of HepG2 cells have been shown to be transportediye nucleus, although some remain
in the cytoplasm (Salminen et al., 2005). This ltealso suggests that no structural
alterations affecting the nuclear transport of Bdfided nucleocapsids occur in the
endosomes (Salminen et al., 2005). However, ODVlemgapsids might remain very near
the cell surface after their release, and thus iplgsdiave problems in the transport
process, since, for example, BV nucleocapsids eleased from endosomes nearer the
nucleus and thus have shorter distance to be waesh Interestingly, ODV has a
structural glycoprotein, gp41, residing betweenniteleocapsid and envelope (Whitford
and Faulkner, 1992a; Whitford and Faulkner, 199Zhg function of this protein has not
been determined, but due to its localization ipdssible that it could have a role in the
entry and/or nuclear transport of the releasedemeelpsids following membrane fusion.
Thus, gp41 might require a specific binding partmbich is absent from mammalian cells.
It is also possible that ODV might use some otmryeroute than direct membrane fusion
to enter mammalian cells. Volkman and Goldsmith8@)9detected ODV-inoculated
mammalian cells to contain enveloped virions in tiygoplasmic projections at the cell
surface as well as partially enveloped nucleocapsidering the cells and in cytoplasmic
vacuoles. Thus, ODV entry might occur without leégshe ODV envelope, which could
disturb nuclear transport of the nucleocapsids. @ia¥ also been observed in phagocytic
vacuoles (Volkman and Goldsmith, 1983), and henigghinhave difficulties to be released
from the vacuoles. However, Volkman and Goldsmit®83) also observed unenveloped

nucleocapsids in the cytoplasm of the ODV-inoculatells, and in the present study,
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ODV was observed to enter HepG2 cells 4C4a temperature at which phagocytosis and
other endocytosis is strongly reduced (for revies Silverstein et al., 1977), suggesting
that direct membrane fusion might occur. It is afswssible that ODV could enter
mammalian cells via several routes, direct membfasien, for example, being the most
prevalent. In conclusion, the entry route of ODV n@mmmalian cells remains to be

determined as well as the block to ODV entry.

5.2 Expression of the ZZp74 fusion protein in daliand viral

membranes

Baculovirus display technology has been appliedtaimet or enhance BV-mediated
transduction (see section 1.4.1; for review see élalkand Oker-Blom, 2006), one
approach of targeting being the display of IgG-bgdZ domains, derived from
Saphylococcus aureus protein A, on the surface of BV (Mottershead et 2000; Ojala et
al., 2004; Ojala et al., 2001). In principle, theddmain should enable rather universal
targeting, since it can mediate binding to any salface antigen for which an antibody
exists. To enable viral targeting, Mottershead aoavorkers (2000) and Ojala and
collagues (2001) displayed the Z/ZZ domains ondidace of BV by fusion to the N-
terminus of gp64. The viruses were indeed obsetwvdd specific in binding (Mottershead
et al., 2000; Ojala et al., 2001), and targetedsalaction of baby hamster kidney cells via
an IgG antibody against a cell surface antiges§1 integrin, was achieved, although the
efficiency was not improved (Ojala et al., 2001)ore recently, fusion of the ZZ domains
to the transmembrane anchor of VSVg, instead ofigp@s shown to increase the amount
and provide uniform distribution of the displayeibn protein on the viral surface as well
as to enhance the binding of the display virugy® &ntibodies, whereas no improvement

in transduction efficiency was gained (Ojala et 2004).

In the present study, the ZZ display strategy wpglied to ODV by fusing the ZZ
domains to the N-terminus of the ODV envelope profg74, the N-terminus of which
resides on the surface of ODV (Faulkner et al.,71%ack et al., 2001). The display of
foreign proteins or peptides on the ODV envelops hat been previously reported,

whereas polyhedra surface display has been pertbrnfeccordingly, influenza
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hemagglutinin epitope has been inserted into palshgorotein and thus displayed on the
polyhedron surface (McLinden et al., 1992), anddidition, polyhedral surface display of
polyhedrin-GFP fusion protein with (Chang et a03; Seo et al., 2005) or without (Je et
al., 2003) Bacillus thuringiensis insect toxin has also been reported. Although ODV
display as such has not been conducted, foreigesghave been fused to complete or
truncated ODV envelope proteins (see also sectib2)l The resulting fusion proteins are
not considered as displayed proteins if the fordiggion partner is not exposed on the
virion surface. One of the ODV envelope fusion pna$ constructed to date was generated
from the ODV envelope protein E56, and the resgltEb6f-gal fusion protein was
subsequently observed to be incorporated into tred wucleocapsids instead of ODV
envelope (Braunagel et al., 1996). Moreover, GF® lteen fused to full-length and N-
terminally truncated forms of the ODV envelope pmtp74, although the fusions were
conducted to the C-terminus of p74 (Slack et @Q13, which is not exposed on the viral
surface. However, the full-length p74-GFP fusionotpin was confirmed to be
incorporated into polyhedra (Slack et al., 2001itarly, GFP and/o3-gal have been
fused to the C-termini of the N-terminal sequeraie®DV envelope proteins E66 and E25
(Braunagel et al., 2004; Hong et al., 1997), theei@iini of which are suggested not to
reside on the viral surface (Slack and Arif, 200Mareover, the fusion protein containing
23 N-terminal amino acids from the E66 fused to G##s observed to be normally
incorporated into polyhedra (Hong et al., 199n).conclusion, there are no reports of
ODV envelope fusion proteins, in which the foreifyrsion partner would have been
exposed on the virion surface. Together, theseietuduggest that ODV display is
possible, since some of the ODV envelope fusioteme have localized intracellularly in
a normal manner and also been incorporated intghpdra. The presence of the fusion
proteins in polyhedra does not ensure that thefugroteins are correctly localized on the
ODV envelope, but it is highly possible. It is aleb utmost importance to retain the
original function of the ODV envelope protein to ialin foreign proteins or peptides are
fused.

Slack and collagues (2001) have constructed a psidrf protein by fusing GFP to the C-
terminus of a second copy of p74. The p74-GFP fupiotein was observed to localize in

the intranuclear ring zone of the infected cella¢® et al., 2001), where the assembly of
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ODVs is known to occur (Summers and Volkman, 19%6Yhis study, the fusion of the
ZZ domains to the N-terminus of p74 was also pemfat to a second copy of p74, and
Western blotting was used to confirm the presentehe ZZp74 fusion protein in
AcZZp74 ODV and polyhedra (Fig. 4.6). However, inigidd to ODV and polyhedra, the
fusion protein appeared to be incorporated inAbéZp74 BV as well (Fig. 4.6). This is
very interesting, since p74 is an ODV-specific pnotand totally absent from BVs
(Faulkner et al., 1997; Haas-Stapleton et al., pO0bre recently, thé\cZZp74 BV was
shown to be purified by immunoprecipitation withof@in A sepharose conjugated with
rabbit 19G, which further demonstrates the presesfcthe ZZp74 fusion protein in the
BVs (Mékela et al., manuscript). The efficiencidspd4 and VSVg to incorporate ZZ
domains on the viral envelope were also compar&lg/being approximately three to
four times more efficient (Makela et al., manusgripespite its abnormal localization to
BV, the ZZp74 was detected to localize on nucleamioranes in virus-infecte®9 cells
similarly to wt p74, although the correspondingdisbdid not completely colocalize (Fig.
4.9 B). The partial colocalization might resultrfraghe ZZp74 residing under the control of
thepl0 promoter, which is a very strong promoter, untikep74 promoter. Moreover, the
cells were examined at a rather late time pointh(48i.), at which time th@10 promoter

is still active while thgp74 promoter is not (Kuzio et al., 1989; Smith et 4B83b). In
addition to detecting that p74-GFP localizes inititeanuclear ring zone of infected cells,
Slack and coworkers (2001) also observed the clsaimgthe nuclear localization of p74-
GFP occurring over time. Accordingly, p74-GFP wastedted to accumulate within
vesicle-like structures in the intranuclear ringieat 24 h p.i. and later (72 h p.i.) in the
centre of the nucleus (Slack et al., 2001). Theeokesd p74-GFP localization was similar
than previously reported for the fusion of GFP dhd N-terminal sequence of ODV
envelope prtotein E66 (Hong et al., 1997). Moreergéstudies performed to investigate the
temporal localization of ZZp74 in infecte®9 cells show that the protein is located

similarly than was observed for the p74-GFP fugiostein (Makela et al., manuscript).

Braunagel and coworkers (1996) have constructediarf protein consisting of the ODV
envelope protein E56 with its C-terminal portionpleeed with B-galactosidase.
Interestingly, it was detected that the fusion @irotwas incorporated into viral

nucleocapsids instead of ODV envelope or intrararctaicrovesicles (Braunagel et al.,
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1996). Thus, it is possible that the ZZp74 fusiootg@n is also incorporated into viral
nucleocapsids, since then, as was detected (F8y. itwould inevitably be incorporated
into both BVs and ODVs. Moreover, as the ZZp74 vmas detected on the plasma
membrane of thécZZp74-infectedS9 cells (Fig. 4.9), it is rather improbable thaé th
fusion protein would be incorporated to the plasmembrane-derived envelope of BV.
The localization of the ZZp74 in nucleocapsids woalso indicate that the fusion protein
is most likely not displayed on the ODV surface jehhwas also the case with EBé&gal.
Braunagel and collagues (1996) also used electrorostopy to compare the localizations
of the E56B-gal fusion protein and the major capsid proteirBQpin insect cells
(Braunagel et al., 1996). Vp39 was observed to aateo with elongated empty capsid
structures and viral nucleocapsids unlike the B&f&l fusion protein. E5@-gal localized
in the densely staining regions and vp39 in tharcdeeas of the virogenic stroma, whereas
wt E56 was not observed in the virogenic stromalb{Braunagel et al., 1996). These
results indicate that the Ef%gal fusion protein has a different route of inamation into
the nucleocapsids than vp39 (Braunagel et al., 1®ifice both E56 and E®Bgal were
observed to localize similarly in the cytoplasm amadl the outer and inner nuclear
membranes, it was suggested that the initial nucteansport of both proteins is
membrane-mediated, and that the nuclear localizaignal is in the N-terminal portion of
E56 present in the fusion protein (Braunagel et1#196). Based on the observed H56-
gal localization, it was also suggested that somasport and/or retention signal
responsible for the intranuclear localization of6Efesides in the deleted C-terminal
portion (Braunagel et al., 1996). The ZZp74 fusgwatein appears to behave similarly to
E56{-gal, since it also first localizes on the nuclea@mbrane, and then most likely is
incorporated into the nucleocapsids. However, siiZp74 appears to localize into the
intranuclear membranes as well, it is possible Zizgt74 and E5@-gal do not use entirely
identical routes for incorporation into nucleocalssiThe N-terminus of p74 is supposed to
function in the nuclear import of the protein, atite C-terminus in intranuclear
localization and as a membrane insertion sequeBlzek et al., 2001). Rather similar
functions were suggested for the correspondingiteraf E56 (Braunagel et al., 1996),
and hence also wt p74 appears to behave quiteasiyrihan wt E56. A difference between
the fusion proteins ZZp74 and EB6gal is the terminus the fusion resides at. Nota®is

were performed to p74 before fusion, but sincettitee-dimensional structure of p74 is
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unknown, the ZZ domains might disturb the normaifoamation of p74 virtually in any
region of the protein. If the C-terminus of p74eed functions in membrane insertion, it
operates normally in ZZp74, since ZZp74 was obgkteereside on nuclear membrane,
whereas the ZZ domains might disturb the intrararclecalization function of the C-

terminus.

AcZZp74 BV appeared to be normally infective 89 cells (Fig. 4.9), whereas its
transduction ability of HepG2 cells, detected bynitmring expression of the reporter
genes, was observed to be completely abolished a@dpgo theAcWT BV (Fig. 4.16).
This is most intriguing, since BV is supposed te assimilar endocytic route for entry into
both insect and mammalian cells (Boyce and Buct®&96; Hofmann et al., 1995; Long et
al., 2006; Matilainen et al., 2005; Pieroni et 2D01; van Loo et al., 2001; Volkman and
Goldsmith, 1985; Volkman et al., 1984), and ouuhsssuggest that there must be some
differencies in the entry processes. Most likehgarporation of the ZZp74 fusion protein
into the AcZZp74 BV somehow disturbs the uptake of the vinte imammalian cells or
inhibits later steps in the transduction proce$® BV major envelope glycoprotein gp64
is necessary and sufficient for the low pH-indudedion of BV envelope with the
membrane of an endosome in insect cells (Blissaddvdenz, 1992; Chernomordik et al.,
1995; Leikina et al., 1992; Markovic et al., 1998pnsma and Blissard, 1995), and it has
also been suggested to have a similar role in vy ef BV into mammalian cells, since
anti-gp64 antibodies that prevent infection of giseells also inhibit transduction of
mammalian cells (Hefferon et al., 1999; Hofmannakt 1998; van Loo et al., 2001;
Volkman and Goldsmith, 1985). It is likely that thenction of gp64 is not affected in the
present study, since budding and entry of BV ieai€ells appeared to be normal. Prior to
virus entry, gp64 also functions as a viral hodk @eptor-binding protein (Hefferon et
al., 1999). This function also appeared to be @uddid in theAcZZp74 BV, since it was
observed to effectively bind to both HepG2 and A5délls (Fig. 4.17 and 4.18,
respectively). Moreover, thAcZZp74 BV was detected to enter the cytoplasm of bot
HepG2 and A549 cells 4 h to 24 h p.t. in small antewith most of the virus remaining at
the cell surface (Fig. 4.17 and 4.18). Furtherdation of the abnormal behaviour of the
virus was gained as the virus was detected to foacent-shaped aggregates, especially
around HepG2 cells (Fig. 4.17, 4.19, and 4.20).
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The block toAcZZp74 BV transduction did not appear to be duehwo BVs confined in
early or late endosomes or lysosomes (Fig. 4.19 4Rd). Although the chosen time
points were not ideal, the absence of colocalinabietweenAcZZp74 BV and an early
endosome marker (Fig. 4.19) suggest that the BWdbahly have not even entered the
endosomes. Colocalization of BV with a late endositysosome marker LAMP-2 was
detected only minimally 6 h p.t. (Fig. 4.20). Howeyvthe colocalization might as well
result from the virus and the late endosomes aslysies merely residing near each other,
even if the virus was not in the endosomes or lyses. Halftime for the endosomal
escape oAcCMNPV BV nucleocapsid in mammalian has been detezthio be 50 min in
LLC-PK1 cells (van Loo et al., 2001), and the reteas been suggested to occur during
the early stages of endocytic pathway (Salmineal.e2005), although not before 30 min
p.t. (Kukkonen et al., 2003). Moreover, a late esmioe marker CI-MPR has been
observed to colocalize withkcMNPV first at 45 min p.t. and maximumly at 1.5 h. pand

in addition, electron microscopic studies have sh@eMNPV in vesicles containing a
late endosome/lysosome marker CD63 at 2 to 4 {Mdtilainen et al., 2005). Together,
these results indicate that in this study, in the tdne point, theAcZZp74 BV virus was
already released from the endosomes, if it hadedtdnem in the first place, or otherwise
colocalization should have been observed betweeriths and LAMP-2. It has also been
suggested that some virus is transported to lysesdar degradation (Matilainen et al.,
2005), but that probably is not the case heregsamtocalization was not detected already
earlier. If the ZZp74 fusion protein was assemhl#d the nucleocapsids as discussed
above, it would be logical to assume that the fugimtein affects BV transduction during
or after the endosomal release of the nucleocapsinishe cytoplasm. However, it appears
that already the entry dkcZZp74 BV to mammalian cells is diminished, and tlius

likely that the ZZp74 fusion protein causes sonstulbances already during viral uptake.

BV is known to exiguously enter insect cells &Clby direct fusion of its envelope with
the plasma membrane, although it is not known wdretthis entry process is followed by
infection (Volkman et al., 1986). Moreover, bacutog has been suggested to also use
macropinocytosis (Matilainen et al., 2005) for #matry into mammalian cells, whereas
clathrin-mediated endocytosis has been suggestbd the main route of entry into both
insect and mammalian cells (Long et al., 2006; Maen et al., 2005). Thus, if BV
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normally uses several pathways to enter mammalits, cAcZZp74 BV might be

restricted to use only some minor entry pathwayifshhe major endocytosis route was
inhibited. However, this would be supposed to léadiral transduction and transgene
expression, unless the fusion protein also affedtsicellular trafficking and/or nuclear

transport of the nucleocapsids.

Detected by confocal microscopy and Western bigttthe production of polyhedra by
AcZZp74 was detected to be minimal or totally abgEig. 4.9; Mékela et al., manuscript).
The virus might have attained genomic deletionsindupassaging, which has been
observed to occur rapidly during serial passagini® virus in insect cells (Pijlman et al.,
2001). However, another option for the lack of pelgira is the presence of a few
polyhedra (FP) phenotype, which is characterizedsigyificantly reduced polyhedrin
expression and diminution of its nuclear locali@aat{Harrison et al., 1996). FP phenotype
viruses produce fewer polyhedra containing fewerMOEbmpared to wt virus, and
furthermore, the FP ODVs predominantly contain osiygle enveloped nucleocapsids
(Fraser and Hink, 1982; Hink and Vail, 1973; Mackan et al., 1974; Potter et al., 1976;
Ramoska and Hink, 1974). Moreover, the extent ef ER phenotype characteristics can
vary (Beames and Summers, 1988; Pedrini et al5;28vicek et al., 1998). Thus, if the
polyhedrin gene was present in theZZp74 genome, the lack of polyhedra could be due
to FP phenotype. The polyhedra production of Ab®&/T virus appeared also to be rather
low (Fig. 4.7), lower than with genuine WeMNPV, and theAcWT ODVs were observed
to contain predominantly only single nucleocapsiéig. 4.10), which imply thaAcWT
might as well represent the FP phenotype. Whileviwtses produce several dozens of
polyhedra per infected cell, FP mutant virusesdglty produce fewer than 10 polyhedra
per cell (Potter et al., 1976), as was also the eath ACWT (Fig. 4.7). The FP phenotype
viruses have also higher BV titer than wt viruseeager and Hink, 1982; Harrison and
Summers, 1995b; Potter et al., 1978). The titerAod¥T andAcZZp74 were observed to
be at a normal level. The FP phenotype can resmth fmutations occurring in several
regions of theAcMNPV genome (see also section 1.2.2; Beames andn®wsn 1988;
Beames and Summers, 1990; Fraser et al., 1985 rFeasl., 1983; Kumar and Miller,
1987), and is known to be rapidly produced by $exéssaging of baculoviruses in cell
culture (Fraser and Hink, 1982; Kumar and Mille®8T; Lua et al., 2002; MacKinnon et
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al., 1974; Potter et al., 1976).. Transposable etgmof the host integrating into the virus
genome are one known cause for the FP phenotymar@®eand Summers, 1988; Beames
and Summers, 1990; Fraser et al., 1985; Frasér, @983), and relevant to this study, this
is also known to occur during serial passaginginfses inSpodoptera frugiperda cells
(Beames and Summers, 1988; Beames and Summerg, T888, the FP phenotype could
have emerged during serial passaging ofMt\& T and/orAcZZp74 inS9 cells. However,
the presence of several of the characteristick@fP phenotype were not investigated in
the viruses, and further experiments might haveakd evidence for or against the FP

phenotype hypothesis.

In this study, ODV was shown to bind to human hegatcinoma HepG2 cells in a
concentration dependent-manner. Moreover, ODV emity the cytoplasm of the cells
was demonstrated to occur af@ and in warmer temperatures, although ODV was not
detected to enter the nuclei of the cells, and egmently no transgene expression was
observed. ODV enters insect cells by direct men#ifasion, and our results suggest that
ODV might use direct membrane fusion also to emiammalian cells. The baculovirus
surface display strategy was also applied to OD¥weVer, the ZZp74 fusion protein was
most likely not incorporated on the ODV envelopé tauthe nucleocapsids of both BV
and ODV. Although we were unable to successfullpdpce an ODV displaying a
heterologous targeting peptide, the ODV displayhtetogy is promising and should be
readily applicable for several purposes, which dalko include gene therapy, providing
that the block to ODV transduction is first bypaks&n interesting possibility would be to
pseudotype ODV with (membrane) proteins from othiarses, such as VSVg, which has
proven to supplement BV with several beneficial rebgeristics, including wider host
range and increased transduction efficiency. |stargly, the ZZp74 fusion protein-
containing BV was observed to be infective in inseells but had lost its ability to
transduce mammalian cells. To date, BV has beegestigd to use a similar endocytic
route for the entry into both insect and mammatialts, whereas our results suggest that
there are some differencies in the entry procesBes.intriguing characteristics of the
ZZp74-containing BV could provide a feasible toalr ffuture studies of BV entry

mechanism into mammalian cells.
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APPENDICES

Appendix I: Primers

The sequences of the primers used in PCR readiindssequencing. All the primers are
presented in 55 3’ direction and the restriction enzyme sites rawéfied in parentheses

and underlined in the sequences.

polyhedrin primers (Oligomer, Helsinki, Finland):
PolhForw (EcoRI): AAAAGAATTC ATGCCGGATTATTCATACCGTC

PolhRev (Pstl): AAMAACTGCAGTTAATACGCCGGACCAGTGAA

ZZ primers (Oligomer, Helsinki, Finland):
ZZForw(Xbal): ATATCTCTAGAATGGTAGACAACAAATTCAACAAAGAAC

ZZRev Pstl): AAMMAACTGCAGCGCGTCTACTTTCGGCG

p74 primers (Oligomer, Helsinki, Finland):
p74Forw(Pstl): AAAAACTGCAGATGGCGGTTTTAACAGCCG

p74Rev Hindlll): AAAAAAAGCTT TTAAAATAACAAATCAATTGTTTTATAATATTCG

ZZp74 primers (Thermo Electron Corporation, Ulm, Germjany
ZZp74Forw (Smal): ATATCCCCGGGATGGTAGACAACAAATTCAACAAAGAAC
SV40polyARev @mal): ATATCCCCGGGSATCCAGACATGATAAGATACATTGATG

Primers for sequencing the inserts underpilghedrin promoter(TAG Copenhagen A/S,
Copenhagen, Denmark):

PolhIRD-700:AATGATAACCATCTCGCA

PolhIRD-800:CTACAAATGTGGTATGGCTG

Primers for sequencing the inserts undempit@promoter (Oligomer, Helsinki, Finland):
p1OIRD-700:CATTTTATTTACAATCACTCGACG
p1lOIRD-800:GGTATTGTCTCCTTCCGTG



Appendix II: Nucleic acid and amino acid sequerafgsolyhedrin
and ZZp74

Polyhedrin (738 bp; 245 amino acids; 28 591 Da). Start aod sbdons are underlined.

1 ATGCCGGATTATTCATACCGT CCCACCAT CGGGECGTACCTACGT GTACGACAACAAGTAC
1 M P DY SYRPTI GRTY VY DNKY
61 TACAAAAATTTAGGT GCCGT TATCAAGAACGCT AAGCGCAAGAAGCACT TCGCCGAACAT
21 Y K NL GA VI KNAKWRKIKMHFATEH
121 GAGATCGAAGAGGCTACCCT CGACCCCCTAGACAACTACCTAGT GGCTGAGGATCCTTTC
41 E I EEATULDWPILIDNY L V AETDUPF
181 CTGGGACCCGGCAAGAACCAAAAACT CACTCTCTTCAAGGAAAT CCGTAATGT TAAACCC
61 L GP GKNOQKLTULZFKEI RNYVKP
241 GACACGATGAAGCT TGT CGT TGGAT GGAAAGGAAAAGAGT TCTACAGGGAAACTTGGACC
81 DT MKLVYV GWIKGIKEFYRETWT
301 CGCTTCATGGAAGACAGCTTCCCCATTGT TAACGACCAAGAAGT GATGGATGT TTTCCTT
101 R FMEDSFWPI VNDOQEVMDVEFL
361 GI'TGTCAACATGCGT CCCACT AGACCCAACCGT TGT TACAAATTCCT GGCCCAACACGCT
121 VVNMRPTIRPNRTCY K FLAIOQHA
421 CTGCGT TGCGACCCCGACTATGTACCT CATGACGT GATTAGGATCGT CGAGCCTTCATGG
141 L RCDPDYVPHDVI RI VEPSW
481 GTGGGCAGCAACAACGAGT ACCGCAT CAGCCT GGCTAAGAAGGGCGGECGECTGCCCAATA
161 V G S NNEYRI SL A KIKU GGG GT CP I
541 ATGAACCTTCACTCTGAGTACACCAACT CGTTCGAACAGT TCATCGATCGTGTCATCTGG
181 M NL HSEYTNSZFEIOQFI1I DRVI W
601 GAGAACTTCTACAAGCCCATCGT TTACAT CGGTACCGACT CTGCTGAAGAGGAGGAAATT
201 ENFYKWPI VYI GTDSAETETE E I
661 CTCCTTGAAGI TTCCCTGGT GT TCAAAGT AAAGGAGT TTGCACCAGACGCACCTCTGITC
221 L L EVSLVFKVIKEFAPUDAWPILF
721 ACTGGTCCGGCGTATTAA

241 T G P A Y *

ZZp74 (2 304 bp; 767 amino acids; 87 670 Da). Start aop sodons are underlined (also

the start codon of p74 is illustrated).

1 ATGGTAGACAACAAATTCAACAAAGAACAACAAAACGCGT TCTATGAGATCTTACATTTA
1 MV DNIKZFNIKEQQNATFYEI L HIL
61 CCTAACTTAAACGAAGAACAACGAAACGCCT TCATCCAAAGT TTAAAAGATGACCCAAGC

21 P NL NEEOQQRNAZFI QS L KDDP S



121
41

181
61

241
81

301
101

361
121

421
141

481
161

541
181

601
201

661
221

721
241

781
261

841
281

901
301

961
321

1021
341

1081
361

1141
381

1201
401

1261
421

CAAAGCGCTAACCT TTTAGCAGAAGCTAAAAAGCTAAAT GAT GCTCAGGCGCCGAAAGT A
Q S ANL L A EAKI KLNDAOQAUPIKV

GACAACAAATTCAACAAAGAACAACAAAACGCGT TCTATGAGATCTTACATTTACCTAAC
DNKFNIKEQQNAFYEI L HL PN

TTAAACGAAGAACAACGAAACGCCT TCATCCAAAGT TTAAAAGAT GACCCAAGCCAAAGC
L NEEQRNAFI QS L KDWDUPS QS

GCTAACCTTTTAGCAGAAGCT AAAAAGCT AAAT GAT GCT CAGGCGCCGAAAGT AGACGCG
ANLL A EAKIKILNDAQAUZPIKVDA

CTGCAGATGGECGGT TTTAACAGCCGT CGATTTAACT AATGCCAGTAGGTATGCCATACAT
L OQMAV L TAVDLTNASIRYAI H

ATGCATCGTCTCGAGT TTATTTCGAGAT GGCGCACCAGGT TTCCGCATATACTAATCGAC
MHRLEFI S RWRTWRZFW®PMHI L I D

TACACGCTGCGT CCCGCGT CAAGT GACGACGATTATTAT GT GCCGCCGAAATTGGCCGAC
Y T L RPASSDUDUDYYVPPKILAD

AAAGCGCT GGCCGTCAAACT GGCT T TCAGCAAGCGCGEGT GTGTAAGCATGAGCTGCTAT
K AL AV KLAFSIKRGCVSMSTCY

CCGITTCACGAAACCGGCGT CGT GT CCAACACGACGCCGT TCATGTACATGCAGACCTCC
P FHETGVYV SNTTWPFMYMOQT S

GAGACT AGCGT GGGT TACGCGCAGCCCGCGT GCTACCACCT GGACAGGGECGECGECCATG
E TSV GY AQPACYHLIDRAAAWM

CGT GAAGGCGCCGAAACCCAAGT TCAGT CTGCCGAGT TTAGATACACGCT CGACAACAAA
R EGAETQVQSAEUFIRYTULDNK

TGCATCTTAGT GGACT CGCTGT CCAAAATGTACT TTAACAGCCCATACT TGCGCACCGAA
cl L vDbSL SKMYZFNSUZPYLRTE

GAACACACGATCAT GGGECGT GGACGAT GT GCCGECTTTTAACGT TCGGCCCGATCCCGAC
EHTI MGV DDVZPAFNVRZPDPD

CCCTTGITTCCCGAACGCT TTAAAGGCGAAT TCAACGAAGCCTACTGTCGACGT TTCGGC
P L FPERZFIKGEVFNEAYT CRRFEG

AGAGAGCTATTCAACGECGGT TGT TCGT TTAGATGGT GGGAATCGCTCATCGGATTCGT G
R EL FNGGCSFRWWESTULI GFV

CTGGGCGACACGATCTTTGT CACTTTCAAAAT GCTGGECCAACAACATTTTTAGCGAACT G
L &6bT1I1I FVTZFIKMMLANNI F S EL

CGCGATTTTGATTACAAAGCGCCT TCCAGCATACT ACCGCCACGACCCAACGTGGACTCC
R DFDYKAPSSI L PP RPNV DS

AACGCAATACTAGCGCAAT GGCGCAGCGT GCGCGATAACGCCACAGACTTGGAATTTGAA
NAI L AQWRSVRDNATUDILEF E

AAACTTTTTAACAAAAAT CCAACACTAAACGAT TTGGGCATGAT CGT CAACGGGT CGCCC
K L FNKNWPTILNDLGMI VNG GSP

GTI'CCAGAT CACGT ACACGGCCGAAACCGCECTTTACTAAAACT CCGATCGCATACAATTAC
v QI T Y TAETGZFTIKT®PI AY NY



1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

1681
561

1741
581

1801
601

1861
621

1921
641

1981
661

2041
681

2101
701

2161
721

2221
741

2281
761

CGCGGTAACGAACGT GCACGT GT CGAACAT T TCGAGGCGCT CGACCGT TCAATCAGCGAC
R GNERARVEMHZFEALIDRSI S D

CAAGACTTGGAGT CAATTATAACATCGT TTTTGGAAGATTACGCGCTCGI TTTCGGTATT
QbLESI I T SFULEDYAL V F G I

GCTACGGACATTGCCTTTGATATGCTAATGT CCGGGT TTAAAAGCATGT TGAAAAAAATT
AT DI GF DMLMSGFIKS ML K K I

AACACTTCTCTCATTCCGGCCAT GAAACACAT GT TGCT TAGCACGACT CGECGCGT GACC
NTSLI PAMKMHMLILSTTRRVT

GTI'GCGCATGI TGGGAGAGACT TACAAAGCCGCGT TAGT GCACT CGCTCAACGT GATCGCC
vV R ML GETYKAALVHSLNWVI A

ATCAAAACGCT GACCGT GACT GCCAAAGCGT TAACT CGAATCGCTATCCAAGCCAGCTCC
I K T L T VTAKALTWRI ATl QAS S

ATTGICGECATCGTGCTCATTCTATTGACGCTGECAGATTTGGT TTTGGCGCTATGGGAC
Il v GG1 v L I L L TLADULVLAL WD

CCGITCGGTTACAACAACATGI TTCCGCGCGAGTI TTCCCGACGACATGT CGCGCACGT TC
P F GYNNMMFWPREFWPDIDMSRTF

CTGACTGCGTACT TTGAGAGT TTCGACAACACCACGT CCAGAGAAATCATAGAGT TTATG
L TAYFESFDNTTSREI | EFM

CCCGAGTTCTTTTCGGAAAT GGT CGAAACGGACGATGACGCCACGT TTGAATCTCTATTT
P EFFSEMYVETUDUDUDATFE S L F

CATTTATTAGATTATGTGGCATCTTTAGAAGT TAATTCCGACGGCCAAATGT TAAACTTG
HLLDYVASLEVNSUDG GOQML NIL

GAGGAGGGTGATGAAATTGAGGATTTTGACGAATCTACT TTGGT GGGGCAAGCGT TAGCC
E E GDEI EDZFUDESTLV G QAL A

ACTAGCTCGCTATACACT CGCATGGAGT TTATGCAGTACACGT TTAGGCAAAACACACTA
T S sSLYTRMEFMOQYTFROQNTL

TTGTCTATGAACAAAGAAAACAACAATTTTAATCAAATAATACTGGGT TTATTTGCAACA
L S MNKIENNNFNOI I L GL F AT

AACACAATTGTGGCGT TTACAGCATTTGT TATACACACAGAACTCATATTTTTTATATTT
N TI VAFTAFVI HTEWLI F F I F

TTCGTAATCTTCCTAATGATCACATTTTATTACATAATCAAAGAATCGTACGAATATTAT
F VI FL MI TFYY 1l I KESYEYY

AAAACAATTGATTTGITATTTTAA
K T 1 DL L F *



Appendix IlI: Primary and secondary antibodies

The primary and secondary antibodies used in imnhalneting are listed below. The

antibodies were diluted as indicated here unldssratse stated in the text.

Primary antibodies

Rabbit IgG (1 mg/ml); Sigma, Saint Louis, MO; 1:200

Mouse monoclonal anti-vp39 (p10 Co6capsid)*; reference: Whitt and Manning, 1988;
1:100.

Mouse monoclonal anti-gp64 (B12D5)*; reference: #iecet al., 1989; 1:100.

Rabbit polyclonal anti-polyhedrin*; reference: Voikan, 1983; 1:100.

Mouse monoclonal anti-p74 (N25-8C)*; reference:lkaer et al., 1997; 1:50.

Rabbit polyclonal anti-BV**; 1:500.

Rabbit monoclonal anti-EEA-1; BD Transduction Ladttories, Lexington, KY; 1:500.

Mouse monoclonal anti-LAMP-2 (0.1 mg/ml); SouthdBiotechnology Associates, Inc.,

Birmingham, AL; 1:50.

* kindly provided by Dr. Loy Volkman from the Univaty of California, Berkeley, CA
** kindly provided by Dr. Max Summers and Dr. Sharaunagel from the University of Texas A&M
College Station, TX

Secondary antibodies

Alkaline phosphatase-conjugated goat anti-mouse 1gG
Alkaline phosphatase-conjugated goat anti-rabl@t Ig
Both: 1 mg/ml; Promega, Madison, WI; 1:5 000.

Alexa Fluof® 488 goat anti-mouse IgG conjugate (green).
Alexa Fluof® 633 goat anti-rabbit IgG conjugate (purple).
Alexa Fluof® 555 goat anti-rabbit IgG conjugate (red).
Alexa Fluof’ 555 goat anti-mouse 1gG conjugate (red).

All: 2 mg/ml; Invitrogen Molecular Probes; 1:200.



