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Analysis of the Fowlpox virus homologue of Mammalian PC-1
glycoprotein

Abstract

Fowlpox virus (FWPV) is the prototypic member of the genus
Avipoxviridae. Although no longer a commercial threat to livestock, in
recent years it has been extensively used for expression of foreign antigens,
as recombinant vaccines for avian and non-avian targets. Despite this
attention, FWPV remains poorly characterised. Sequence analysis of a
6.5kbp region near the left inverted terminal repeat of the FWPV genome
had revealed five major ORFs not previously observed in any other virus.
One of these ORFs (FP-PC1), exhibited 39% amino acid identity to
mammalian PC1 glycoprotein, initially described as an antigen of
terminally differentiated B-cells. The full length FP-PC1 gene was cloned
directly from the FWPV genome using specific primers. Using the transient
dominant selection technique, the resultant transfer vector was used to
construct three recombinant FWPV, with different deletions in the FP-PC1
ORF. The FP-PC1 gene was shown to be non-essential for FWPV replication
in vitro, as FWPV with a full gene deletion in the FP-PC1 ORF was readily
isolated. Further characterisation of the mutant FWPV indicated that FP-
PC1 did not affect FWPV replication in vitro, although a difference in
plaque size was observed. A possible involvement of FP-PC1 in the
nucleotide salvage pathway was investigated by comparing wt and mutant
FWPV growth in nucleotide deficient media. But no difference was
observed. Thus further investigation needs to be conducted to investigate a
potential role for FP-PC1 as a potential scavenger of nucleotides. Both the
full length and extracellular FP-PC1 domains were expressed in an in vitro
cell free system using rabbit reticulocyte lysates. They were also
overexpressed in FWPV infected cells, co-infected with a recombinant
FWPYV expressing T7 polymerase. Using data from both these systems, full
length FP-PC1 was shown to be an N-linked glycosylated integral
membrane protein with a type II configuration.
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1.1 Classification of poxviruses

Poxviruses are divided into two subfamilies, the Chordopoxvirinae
and the Entomopoxvirinae, on the basis of vertebrate and invertebrate host

range respectively.

The Chordopoxvirinae are by far the best characterised and are
subdivided into eight genera as shown below (Table 1.1). They are
antigenically and genetically related as they share a common antigen

(Woodroofe, 1962), and undergo non-genetic reactivation between genera

(Fenner, 1960),

The Entomopoxvirinae, remain largely uncharacterised (Table 1.2)
and are related to the Chordopoxvirinae on the basis of DNA sequence
homology to Thymidine kinase, DNA polymerase and nucleoside

triphosphate phosphohydrolase 1 (Moss, 1996).

1.2 Poxvirus structure and genome

Definitive characteristics of the Poxviridae family include a large double
stranded linear genome, ranging in size from 140Kbp to 380Kbp,
(parapoxviruses and entomopoxviruses respectively), cytoplasmic location
of replication and large size. Uniquely among viruses they can be filtered
and are observable by light microscopy. The virion is brick or ovoid in
shape, and in the case of fowlpox virus (FWPV) is 100 x 250 x 300nm in size,
the exterior being covered by surface tubule elements. As well as cell
associated enveloped virus (CEV), there are two morphologically distinct

infective virions, the extracellular enveloped virus (EEV) and intracellular



Table 1.1 Classification of Chordopoxvirinae

Chordopoxvirinae

Genera Member viruses Features

GC% Size Shape | Host range

Orthopoxvirus | Vaccinia, variola, 36 |~200Kb| Brick | Varied

ectromelia, cowpox

Parapoxvirus | Orf, chamois, 64 |~140Kb| Ovoid | Ungulates
pseudocowpox
Avipoxvirus | Fowlpox, turkeypox, 35 |~260Kb| Brick |Birds

pigeonpox, canarypox.

Capripoxvirus | Sheepox, lumpy skin ~150Kb| Brick | Ungulates

disease, goatpox.

Leporipoxvirus | Myxoma, rabbit 40 |~160Kb| Brick |Leporids and
fibroma, squirre squirrels
fibroma.

Suipoxvirus | Swinepox ~170Kb| Brick |Swine
Molluscipoxvirus | Molluscum 60 |~180Kb| Brick |Man
contagiosum.

Yatapoxvirus | Yaba monkey tumour, 33 |~145Kb| Brick |Primates and

tanapox rodents

Table modified from (Moss 1996). Bold type indicates prototypic member of

genera.



Table 1.2 Classification of Entomopoxvirinae

Entomopoxvirinae
Genera Member viruses Features

GC% Size Shape | Host range

Entomopoxvirus A| Melolontha ~370Kb| Ovoid | Coleoptera
melolontha

Entomopoxvirus B | Amscata moorei 18.5 |~225Kb| Brick |Lepidoptera,
orthoptera

Entomopoxvirus C| Chironimus luridus ~380Kb| Brick | Diptera

Table modified from (Moss 1996).




mature virus (IMV), the latter form is usually more abundant, but ratios
vary depending on genera and strain. In the Chordopoxvirinae the protein
associated genome is present in a biconcave core at the centre of the virus,
flanked by two lateral bodies of unknown function. The central 60% of the
genome in Orthopoxviruses is well conserved whereas considerable
variation is seen at the end (Mackett, 1979). The ends consist of inverted
terminal repeats of up to 15Kbp (Coupar et al., 1990), and are joined
together by an incompletely base paired hairpin loop. Poxviruses have been
extensively reviewed (Goebel et al., 1990; Johnson et al., 1993; Moss, 1990;
Moss, 1991; Moss & Flexner, 1987; Smith, 1993).

Most genes characterised from poxviruses are from vaccinia virus
(VV), 200 potential ORFs are suggested (Johnson et al., 1993), VV ORFs are
tightly packed and have no introns (Goebel et al., 1990; Smith et al., 1991)
Other poxviruses including variola, shope fibroma virus, ectromelia virus,
myxoma and racoonpox have also been characterised, but to a lesser extent
(Cavallaro & Esposito, 1992; Douglass et al., 1994; Ichihashi & Kitamura,
1976; Massung et al., 1994; Mills & Pratt, 1980; Mossman et al., 1995; Sonntag
& Darai, 1996; Thomas et al., 1975) In contrast, only a few FWPV genes have

been characterised, and are discussed later.

Essential genes tend to be located in central regions of the genome.
Examples include enzymes involved in transcription, such as the mRNA
capping enzyme (Niles et al., 1989), RNA polymerase subunits (Amegadzie
et al., 1991a; Amegadzie et al., 1991b; Broyles & Moss, 1986; Jones et al., 1987)
transcription factors (Zhang et al., 1992) and poly A polymerase (Moss et al.,
1975) as well as structural proteins (Dyster & Niles, 1991; Kao & Bauer, 1987;
Wittek et al., 1984; Yang & Bauer, 1988) and genes involved in DNA

replication (Earl et al., 1986). Non-essential genes are usually located in



terminal regions. Notable examples include genes involved in host
inhibition, such as, serine protease inhibitors (Boursnell et al., 1988; Kotwal
& Moss, 1989; Law & Smith, 1992) and cytokine receptors or other proteins
involved in inhibition of the host immune response (Davies et al., 1993;

Davies et al., 1992; Kotwal et al., 1990) .

1.3 Viral life cycle

Knowledge of the poxviral life cycle has been accumulated mostly
by study of VV, however in general it can be applied to other poxviruses.
Evidence that a similar transcription mechanism is involved is suggested
as VV promoters work efficiently when introduced into FWPV and vice

versa (Boyle & Coupar, 1986; Boyle & Coupar, 1988; Kumar & Boyle, 1990a).

The replication cycle consists of virus entry followed by gene
expression and DNA replication, leading to assembly, maturation and

release of virions (fig. 1.1).

1.3.1 Attachment and entry

The mechanism of VV attachment and entry is not well
characterised and no specific viral attachment protein or a complementary
cellular receptor has been conclusively described. The issue is further
complicated as there are two infectious forms - IMV and EEV. The latter
form has a higher relative infectivity and is required for efficient long

distance dissemination (Moss, 1996).



Previous electron microscopy studies on IMV had indicated that
entry involved endocytosis or direct fusion at the plasma membrane
(Chang & Hertz, 1976; Dales & Kajioka, 1964). Later evidence implicated pH
independent fusion at the plasma membrane as a major mode of entry for
IMV and EEV (Janeczko et al., 1987, Doms et al, 1990), as entry and
uncoating were not inhibited by addition of chloroquine, methylamine and
monensin. Cellular fractionation also showed association of virions and
viral polypeptides with plasma membranes and not with endosomal
fractions (Janeczko et al., 1987). Fusion of both IMV and EEV occurred at
neutral pH and was not acid dependent, with optimal fusion occurring at

370C (Doms et al., 1990).

It has become progressively evident that IMV and EEV utilise
different receptors. IMV fusion was completely inhibited by an antibody to
the 14kDa protein, whereas EEV was unaffected (Rodriguez et al., 1987).
Attachment of both IMV and EEV were unaffected by the MAB to the
14kDa protein (Doms et al., 1990; Rodriguez et al., 1987).

However, as purified EEV can often become damaged and lead to
susceptibility to IMV specific MAb (Ichihashi, 1996), a method utilising
confocal microscopy and fluorescent labelling was developed which
allowed differentiation between EEV and IMV without purification and the
resulting disruption of EEV outer membranes (Vanderplasschen & Smith,
1997). A monoclonal antibody to the B2 trypsin sensitive surface epitope
was shown to block IMV infection (Chang, 1995), but had no effect on EEV
(Vanderplasschen & Smith, 1997). Further evidence indicated that EEV
binding efficiency to BSC-1, RK13 and HeLa cells varied considerably
whereas no such variation was observed with IMV, suggesting variation in

receptor content between the stated cell lines. Furthermore, pronase



treatment of cells abolished IMV binding, but did not affect EEV,

implicating the IMV receptor as a peptide (Vanderplasschen & Smith,
1997).

1.3.2 Gene expression

The relative autonomy of vaccinia virus from the host cell makes it
an excellent experimental system for biochemical and genetic studies of
transcription. VV gene expression has been divided into early,
intermediate and late classes based on the time of expression. Early mRNA
is detected within 20 min. of infection, and peaks at about 100 min.
Intermediate mRNAs are detected at 100 min and peak at about 120 min;
and late mRNAs are detected at 140 min and continue to be expressed for
up to 48hrs post infection (Baldick & Moss, 1993b). Gene expression is
regulated primarily by the ordered synthesis of class specific viral
transcription factors and requirements for unique and specific promoter
sequences and trans acting factors (Baldick & Moss, 1993a; Keck et al., 1993).
Expression proceeds in a cascade manner where the preceding class of genes

encode factors required for the next class.

The elucidation of the mechanism of poxvirus transcription has
been aided by in vitro assay methods. In vivo, the transcription machinery
is activated upon entry of the virus into the cytoplasm of the cell. This
activation process can be mimicked by treating virions with a reducing
agent (DTT) and non-ionic detergent (NP-40). These permeabilised virions
will, when provided with NTPs, magnesium, and S-adenosylmethionine,
produces functional early mRNAs that are capped, methylated,

polyadenylated and extruded into the cytoplasm (Moss, 1996). However, a



Fig.1.1 Proposed model for assembly of poxviruses

After attachment and entry (1), the virus uncoats and early gene expression initiates
within cores (2). After a second uncoating event other enzymes and factors required
for virus assembly are transcribed. The first morphologically distinct form is a
crescent shaped double membrane derived from the intermediate compartment
between the golgi and the ER, surrounded by a dense granular viroplasm (3). Crescent
circularisation is preceded by entry of the nucleoprotein complex (4), the inner
membrane withdraws to from a brick shape and the granulation becomes denser (5).
The virion then becomes brick shaped and surface spicules are replaced by surface
tubule elements (6), the virion is now categorised as an intracellular immature virus
(IMV). A second membrane wrapping event derived from the trans golgi leads to for-
mation of a tetra-membrane virion (7) known as the intracellular enveloped virus
(IEV). Some IEV are transported to the plasma membrane where they are released (8)
to form the extracellular enveloped virus (EEV), some EEV remain at the surface of the
cell and a re known as cell associated enveloped virus (CEV).



universal problem is that an in vitro system can only loosely emulate an
in vivo system, in which there are up to 40 genes being transcribed at any
one time, (Kates & Beeson, 1970) in both directions. In addition, the
genome in vivo is not naked, and is probably coated with DNA binding
proteins. Finally early genes are being reiteratively transcribed and
continue to do so as long as the core is still intact and NTPs are available.
All these events would not occur in an in vitro system. It is not known
how the RNA polymerase recycles or how completed transcripts are

extruded from the core (Gross & Shuman, 1996).

1.3.2.1 Uncoating and early gene expression

The macromolecular components necessary for transcription of VV
early genes are present in the virion and are brought with it into the host
cell during infection (Munyon et al., 1967). Early genes encode proteins
involved in DNA replication, intermediate gene expression and host
interactions. Components required for early transcription were identified
by extraction from vaccinia virions (Golini & Kates, 1985). Proteins required
for early gene expression include the viral multi-subunit RNA polymerase,
the RNA polymerase associated protein (RAP94), the VV early
transcription factor (VETF) and the capping enzyme transcription factor.
Additional virus encoded enzymes such as mRNA (nucleoside 2’-O)
methyltransferase and poly A polymerase are required for mRNA

modification (Moss, 1996).



1.3.2.1.1 Early Initiation and Elongation

Early transcription is by far the best characterised out of the three
major classes of VV gene expression. Promoter sequences seem to be
conserved between genera, as consistent with the phenomenon of non-
genetic reactivation. In addition FWPV promoters have been shown to
function effectively in VV and vice versa (Boyle, 1992). VV early promoters
are 30bp long and can be divided into three functional regions, the critical
region, the spacer region and the initiation region (Davison & Moss, 1989a).
The critical region is important for transcriptional strength and definition
of location of initiation, and is located at —28 to —13bp relative to the start
site in the VV p7.5k early/late gene, and varies only by a few nucleotides in
other genes (Davison & Moss, 1989a). The sequence of the 11bp spacer

region is less important.

For initiation, only the VV RNA polymerase and the
heterodimeric VETF ( encoded by genes A7L and D6R) are required. VETF
is a general, heterodimeric, sequence specific DNA binding transcription
initiation factor with nucleoside triphosphate phosphohydrolase activity.
Purified VETF binds early promoters with high affinity in vitro (Broyles et
al., 1991). VETF binding is essential for promoter function (Yuen et al.,
1987). Promoter bound VETF recruits VV RNA polymerase to the pre-
initiation complex (Li & Broyles, 1993). Analysis of the interaction of VETF
with the promoter region of the VV p7.5kDa gene has shown that VETF
binds to the critical region, and a region at nucleotide positions +8 to +10.
(Broyles et al., 1991). This introduces a bend in the promoter region due to
the double binding sites and creates a distortion in the duplex DNA, this
may potentially allow entry of RNA polymerase into the complex and

allow initiation (Hagler & Shuman, 1992).



Early transcription initiation has a mandatory requirement for ATP
hydrolysis (Shuman et al., 1980). This is catalysed by VETF with the RAP94
VV RNA polymerase subunit acting as a bridge between VV RNA
polymerase and VETF bound at the promoter (Ahn et al., 1994). The fact
that transcription termination is coupled to initiation from an early viral
promoter raises the question of whether ATP hydrolysis during initiation
and termination is performed by the same transcription apparatus. VETF
remains associated with the template DNA after the elongating polymerase

has cleared the promoter.

1.3.2.1.2 Early Termination

Like initiation, termination is also an energy dependent process
(Hagler et al., 1994; Shuman et al., 1980). Virus-encoded-transcription-factor
(VTF/capping enzyme), mediates early termination at the TTTTTNT
sequence, which is actually recognised as a single stranded (Luo et al., 1995)
UUUUUNU sequence in the nascent RNA (Shuman & Moss, 1988). VTF
functions to transduce the UUUUUNU signal to the elongating VV RNA
polymerase (Shuman et al.,, 1987). Release of the RNA chain from the
template engaged RNA polymerase occurs in absence of ongoing
elongation, provided that the polymerase has passed at least 20 bases past
the termination signal. VTF termination activity is independent of its role
in capping and methylating the 5' end of nascent RNA (Luo et al., 1995).
Recent evidence has showed that recognition of specific phosphate groups
in the termination heptamer is also essential for termination (Deng &

Shuman, 1997).



Nucleoside triphosphate phosphohydrolase II (NPH2) was
identified as an ancillary early termination factor as ts mutants showed that
NPH2 was not packaged into cores and lead to defective synthesis and
extrusion of early mRNA as well as abnormally long mRNA products
(Gross & Shuman, 1996). NPH II is also a NTP dependent helicase that
catalyses unidirectional unwinding of 3’ tailed duplex RNA in the presence
of a divalent cation and any NTP (Shuman, 1993). It has been proposed that
NPH II facilitates transcription termination in the virion by prevention of
R loop formation behind the elongating polymerase, therefore preventing

masking of the TTTTTNT signal (Gross & Shuman, 1996).

Resultant early viral mRNAs are of discrete length and like cellular
mRNA are capped, methylated and polyadenylated. In vivo, viral RNA can

undergo further methylation by cellular enzymes (Boone & Moss, 1977).

1.3.2.2 Intermediate gene expression

Intermediate genes are expressed after DNA replication but before
late gene expression. Five intermediate genes have been described so far,
these include: three late transcription factors (encoded by genes G8R, All
and A2L) (Keck et al., 1990) known as VLTF 1, 2 and 3 respectively (Wright
& Moss, 1989; Zhang et al., 1992), NPH II (I8R) and a DNA binding protein
(I3L) which interacts with ribonucleotide reductase (Vos & Stunnenberg,

1988).

Intermediate stage promoters consist of a 14bp core element
separated from the TAAA initiator element by 10 or 11bp (Baldick et al.,
1992).



Necessary factors and enzymes for transcription of intermediate
promoter templates in vitro include VV RNA polymerase, VTF/Capping
enzyme (Vos et al., 1991), VV intermediate transcription factor 1 (VITF -1)
and VITF-2. VITF-1 is actually the RP030 subunit of VV RNA polymerase
and VITF-2 is a cellular transcription factor (Rosales et al., 1994a; Rosales et

al., 1994b).

Transcribed mRNAs are of variable length as they do not terminate
at the early termination heptamer sequence (Mahr & Roberts, 1984), and
have 5’ poly A leader sequences of up to 30 additional bases (Baldick &
Moss, 1993b).

1.3.2.3 Late gene expression

Activation of vaccinia virus late gene transcription is dependent on
DNA replication and the expression of three genes: A1L, A2L, and G8R
(Keck et al., 1990). These factors were discovered by use of a novel reverse
genetic based approach (Keck et al., 1990), utilising the base analogue
cytosine arabinoside and cotransfection of cloned VV genomic fragments
and a reporter gene regulated by a late promoter. A1L, A2L, and G8R have
now all been characterised as essential late transcription factors VLTF 1-3
(Passarelli et al., 1996; Wright & Coroneos, 1993; Wright et al., 1991). An
additional early factor called P3 was also identified as necessary for late
transcription, therefore modifying the classical cascade model of gene
expression (Kovacs et al., 1994). P3 has now been renamed VLTF-4 and

shown to be encoded by the H5R ORF (Kovacs & Moss, 1996).



Additional factors have been suggested for late transcription in
vivo, including G2R and A18R. G2R mutants exhibit 3’ truncation of
intermediate and late RNA (Black & Condit, 1996), A18R is a 56kDa DNA
dependent ATPase and DNA helicase (Bayliss & Condit, 1995). A18R
mutants show promiscuous transcription, leading to transcription of early
genes at late times (Bayliss & Condit, 1993); this is identical to the effects of
treatment with isatin-B-thiosemicarbazone (IBT). A18R and G2R gene
products are hypothesised to act as late, in vivo, elongation and

termination factors respectively (Condit et al., 1996).

Late promoters consist of a 20bp core region separated by ébp from a
highly conserved and essential TAAAT transcription initiation element,
which can frequently overlap the initiation codon (Davison & Moss, 1989b).
Late mRNAs have a 5 capped heterogenous length poly A sequence as a
result of VV RNA polymerase slippage (Moss, 1996). Most late transcripts
are long and heterogenous as the heptameric early termination sequence is

not recognised by the late transcription system (Moss, 1996).

1.3.2.4 Constitutive gene expression

Both early and late promoter sequences have been identified
upstream of some genes, these are consequently expressed throughout the
replication cycle (Cochran et al., 1985) Such a gene has also been found in

FWPV (Kumar & Boyle, 1990b)

The VV 7.5k early/late promoter is also reactivated late in infection
(Garces et al., 1993). To identify how this happens and why other early

promoters cannot be reactivated, mutational analysis of the 7.5k early



promoter indicated that sequences both upstream and downstream of the
initiation site were responsible for reactivation (Masternak & Wittek, 1996).
In addition overexpression of VETF lead to suppression of late
transcription and reactivation of early promoters which were not normally

reactivated (Masternak & Wittek, 1996).

1.3.3 DNA replication

Apart from African swine fever virus, poxviruses are the only
other viruses that undergo DNA replication in the cytoplasm, implying
near exclusive non-usage of cellular replication machinery (fig. 1.2).
Consequently VV encodes a large number of enzymes associated with DNA
replication, including enzymes associated with dNTP synthesis (thymidine
kinase [J2R] (Hruby & Ball, 1982; Hruby et al., 1983), thymidylate kinase
[A48R] (Smith et al., 1989), ribonucleotide reductase [I4L and F4L] (Slabaugh
et al., 1988; Slabaugh et al., 1984), deoxyuridine triphosphatase [F2L]
(Broyles, 1993)

DNA replication occurs in distinct areas in the cytoplasm called
factory areas, occurring between 1-2 hours in VV (Salzman, 1960) and
within 12 hours in FWPV (Prideaux & Boyle, 1987). Enzymes required for
DNA replication have been identified using complementation groups of ts
mutants which undergo early gene expression but exhibit arrested DNA
replication. To date four such ts mutant groups have been described,
leading to discovery of the VV DNA polymerase [E9L] (Condit et al., 1983); a
serine/threonine protein kinase [B1R] (Banham & Smith, 1992); a 90kDa
protein of unknown function with an ATP/GTP binding motif [D5R]



Fig.1.2 Mechanism of VV DNA replication
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(Evans & Traktman, 1987) and a uracil DNA glycosylase [D4R] (Millns et al.,
1994).

VV expresses a 50kDa DNA ligase (Kerr & Smith, 1989), which is
homologous to human DNA ligases I, II and III, but is surprisingly non
essential for recombination and DNA replication (Kerr & Smith, 1991). The

proposed model of VV DNA replication obviates the requirement for a

DNA ligase.

The VV genome, is in effect, a covalently closed circle. as the linear
dsDNA genome has incompletely base paired terminal hairpins. Shortly
after infection a nick occurs close to one of the terminal hairpins (Pogo,
1977) so that theoretically, VV DNA replication can occur by unidirectional
leading strand synthesis (Traktman, 1990), requiring only a single ligation
step for each progeny genome, which might be carried out by the VV
nicking joining enzyme (Reddy & Bauer, 1989). DNA replication involves
formation of concatameric intermediates which are resolved into unit
length molecules by an unidentified resolvase at the junctions after the
onset of late gene expression (Merchlinsky & Moss, 1989b). Each concatamer
junction is a precise duplex copy of a TeN7.9T/CAAAT/A sequence, joined
by hairpin loop of 200 bp of less conserved but palindromic sequence

(Merchlinsky & Moss, 1986; Merchlinsky & Moss, 1989a).

1.3.4 Virus assembly

Assembly of poxviruses commences after onset of late transcription
in distinct granular, electron dense areas of the cytoplasm called viral

factories (fig. 1.1) or B-type inclusion bodies (Moss, 1996). Elucidation of



poxvirus assembly has been mainly achieved by use of genetic (conditional,
ts and drug resistant mutants), and physical methods (by use of drugs that
inhibit assembly without affecting protein synthesis or DNA replication,

such as IMCBH and Rifampicin).

The first structure to be visible is a crescent shaped membrane
located within the viral factory, which has a brush like array of electron-
dense spicules on the convex surface (Moss, 1996). Previous observations
indicated that VV undergoes de novo membraneogenesis. However, a
study using immunostructural ultrastructural localisation and lipid
profiling of the early crescents, indicated that the membrane is acquired
from the cisternae of the intermediate compartment (IC), between the
endoplasmic reticulum and the golgi apparatus (Sodeik et al., 1993).
Crescents with proximity and continuity to IC cisternae have also been
observed (Sodeik et al., 1993). Acquisition of IC membranes is possibly
mediated by A14L, with Al7L involved in organisation of these
membranes into crescents (Rodriguez et al., 1995; Rodriguez et al., 1997).
Early crescents then circularise just prior to entry of the nucleoprotein, to
form the double membraned Immature virions (IV), which mature to
form ovoid or brick shaped IMV. VETF repression leads to arrest of VV
morphogenesis at the IV stage (Hu et al., 1996), repression of D13L, F17R
and I7L also lead to arrest of VV assembly at early stages (Kane & Shuman,
1993; Zhang & Moss, 1991; Zhang & Moss, 1992).

Most IMV virions now stay in the cytoplasm until they are released
by cell lysis, however some acquire two further cellular membranes
derived from the trans golgi network (Schmelz et al., 1994). to form the
IEV. These four membraned virions are transported via actin containing

microfilaments to the plasma membrane (Cudmore et al., 1995; Cudmore et



al., 1996), where-upon fusion occurs. The resultant three membraned
virions mostly associate with the cell membrane as CEV, or detach to form
EEV. A mechanism involving budding of IMV at the plasma membrane
has also been proposed for formation of EEV (Tsutsui et al., 1983). B5R,
F13L and A27L are essential for the second wrapping event. The latter
protein is IMV associated and therefore probably forms a bridge between

the IMV and EEV membranes.

Incorporation of viral proteins into assembling virions and
membranes is currently ill defined. Analysis of incorporation of membrane
proteins p14 and p32, indicated that p32 is inserted into viral membranes
prior to crescent formation whereas p14 was inserted between IV and IMV
formation (Sodeik et al., 1995). A further insight was gained upon analysis
of an inducible mutant of RAP94, whereupon RNA Polymerase, as well as
other enzymes involved in processing of early mRNA, was missing from
assembled virus (Zhang et al., 1994). The inference is that RAP%4 is
involved in formation of a multi-enzyme complex, therefore obviating the
need for each protein to have its own targeting signal (Zhang et al., 1994).
VETF also seems to form an analogous complex with VV RNA
polymerase, VIF/capping enzyme and NPH1 (Li et al., 1994), further

substantiating a view of packaging of VV proteins as interdependent .

1.3.5 Virus release

Release of IMV occurs by lysis of infected cells or by entry into
microvilli and breakage of their tips (Blasco & Moss, 1992), whereas the
mechanism of EEV release is yet to be fully elucidated, but is thought to

involve fusion at the plasma membrane (Moss, 1996). EEV specific proteins



are also thought to be involved, as release is blocked when assembly of IEV
is arrested by N-isonnicotinoyl N’ 2-3 methyl-4-chlorobenzoylhydrazine
(IMCBH). After release, most of the EEV remains associated with the cell
surface as CEV, the ratio between CEV and EEV is dependent upon whether
the lectin binding domain of A34R is intact (Blasco et al., 1993).

The EEV envelope contains at least eleven extra proteins, 9 of
which are glycoprotein and possibly involved in the entry/release
mechanism (Smith, 1993). This was suggested because 1-10mM
glucosamine (a glycosylation inhibitor) lead to a 90% decrease in EEV
release, whereas production of IMV was unaffected (Payne & Kristensson,
1982). Deletion of A56R [89kDa haemagglutinin], F13L [non-glycosylated
37kDa], B5R [42kDa], A36R [43-50kDa], A34R [22-24kDa] and A33R EEV
specific proteins, has a profound affect on virus spread and plaque
formation, without affecting IMV production (Moss, 1996; Roper et al.,
1996).

1.4 Virus-host interactions

All viruses are obliged to use mechanisms to evade host immune
responses that would otherwise lead rapidly to their elimination, as well as
employment of mechanisms for manipulation and redirection of host
metabolic systems. Specific examples of such redirection are described

below.

VV infection in vitro leads to shut down of host DNA, RNA and
protein synthesis. Conversely, VV stimulates VV growth factor (VGF)
mediated hyperplasia in vivo (Moss, 1996). Poxviruses have developed
methods to shut down host systems as well as counter the immune

response. Notable ingenious examples are discussed below.



1.4.1 Interferon

The Interferon (IFN) response is the primary defence mechanism
against viruses in mammalian cells. The response is triggered by the
presence of large amounts of dsRNA as a result of viral infection (Jacobs &
Langland, 1996). The induction of IFN leads to expression of 2'-5’
oligoadenylate synthetase and PKR. Activation of these enzymes is
dependent on the presence of dsRNA. 2'-5" oligoadenylate synthetase
catalyses polymerisation of 2’-5’ linkages in oligoadenylates. These
oligoadenylates then activate RNAse L which is a latent cellular enzyme,
which cleaves ssSRNA. Activated PKR phosphorylates the o subunit of the

eukaryotic translation factor elF-2a and IxkB the NFxB inhibitor.

Poxviruses utilise two key methods to counteract the host IFN
response; firstly poxviruses have been shown to encode soluble IFN-y
receptors that inhibit IFN-y activity, in direct contrast to the highly species
specific cellular homologues, the vaccinia IFN-y receptor has been shown to
have broad species specificity (Alcami & Smith, 1996). Secondly, VV
encodes proteins encoded by the K3L and E3L ORFs, which interfere with
the interferon mediated inhibition of protein synthesis (Chang et al., 1992).
K3L and E3L both target the cellular RNA dependent protein kinase PKR.
K3L is an elF-2o0 homologue which acts as a viral substrate for PKR,
therefore preventing inactivation of the translation initiation factor by PKR
(Beattie et al., 1991). E3L is a double stranded RNA binding protein that
inhibits the dsRNA dependent autophosphorylation of PKR (Chang et al.,
1988).

E3L mutant VV exhibits decreased host range and increased
sensitivity to interferon seen at the level of interferon inhibition of protein

synthesis and interferon induction of RNA degradation (Beattie et al.,



1996). The E3L protein actually represses both the protein synthesis shut off
mediated by PKR and activation of the 2’-5" A synthetase pathway.

It was recently shown that PKR induces apoptosis (Lee & Esteban,
1994). Cowpox virus has previously been shown to block apoptosis induced
by Fas and TNFa through expression of the crmA gene product which acts
as an inhibitor of cellular aspartic proteases. E3L mutant VV induces
apoptosis in direct contrast with wt VV in HeLa cells (Lee & Esteban, 1994).
Recent evidence has indicated that dsRNA directly initiates the apoptotic

response in infected and non infected cells (Kibler et al., 1997).

1.4.2 Chemokines

One of the key features of the early inflammatory response to a
viral challenge is the influx and activation of leukocytes — in particular
neutrophils, macrophages and NK cells are particularly involved in the
first wave of cellular infiltration. All these cell types require directional
signals to be directed towards damaged or infected cells. Chemokines are
critical for this process. Chemokines can be divided into three classes CXC,
CC and C based upon cysteine distribution. Initially it was believed that
specific classes affected different immune cells, but recent studies have
shown that different classes of chemokines demonstrate overlapping

induction of a wide range of leukocytes.

Recently a broad class of secreted poxvirus proteins that interact
with a broad class of chemokines in vitro have been shown to retard the
extent of leukocyte influx into virus infected lesions in vivo (Graham et al.,

1997). As well as VV, myxoma, SFV, rabbitpox, Cowpox and racoonpox



were shown to express secreted proteins which interact with the CC and

CXC families of chemokines (Graham et al., 1997).

1.4.3 Complement

The complement system consists of more than 30 proteins which
operate in a precise sequence to eliminate invading micro-organisms. The
proposed antiviral effects of the complement pathway include virus
neutralisation, opsonisation, lysis of infected cells, and amplification of

inflammatory and immune responses.

One group of complement proteins consists of proteins made up of
4-30 short consensus repeats (SCRs) each of which is a 60-70aa repeat. This
family includes complement receptors 1 and 2, C4b binding protein, factor-
H, membrane co-factor protein (MCP), and VV complement control
protein (VCP) (Kotwal & Moss, 1988b). VCP has four SCRs which have
homology to C4B binding protein (Kotwal & Moss, 1988b). Purified VCP
was shown to bind to C3 and C4, thereby blocking the complement pathway
(Kotwal et al., 1990). VCP homologues have also been described in variola
and cowpox (Miller et al., 1997).

1.4.4 Polads

POLADS are small untranslated polyadenylated RNAs, which are
produced during VV infection and selectively inhibit host protein

synthesis by an inhibitory moiety residing on the poly A tail (Bablanian et



al., 1986), with the length of the poly A region being proportional to the
strength of inhibition (Bablanian et al., 1987). It has recently been shown
that during VV infection viral mRNA, host mRNA, host tRNA and small
nuclear RNAs are all polyadenylated and may serve as POLADS (Lu &
Bablanian, 1996). Polyadenylation of these normally non-adenlyated RNA
is probably carried out by VV poly A polymerase which acts as a
promiscuous polymerase and can prime any RNA without requirement for
a specific sequence. It is proposed that POLADS specifically inhibit host
protein synthesis by the increased amount of poly A in the cytoplasm leads
to sequestering of Poly A binding protein (PAB) which is an essential
cellular translation initiation factor. Viral translation can continue

normally as it is less affected by poly A (Bablanian et al., 1991).

1.4.5 Tumour necrosis factors and Interleukins

Tumour necrosis factors and interleukins are key cytokines which
regulate the inflammatory and immune response. The diploid T2 gene in
Shope Fibroma virus (SFV) has been shown to act as a receptor for TNF
and LTo by being analogous to the cellular type II TNF receptor. Wt SFV is
usually fatal for its host whereas T2 mutant infected rabbits showed two

thirds survival (Upton et al., 1991)

Cowpox virus contains another diploid ITR localised gene called
cytokine response modifier (crm) B which is expressed early and has
identical properties to SFV T2 in terms of receptor mediated inhibition
binding (Hu et al., 1994). A different mechanism for countering host
cytokines is used by crm A which encodes a 38kDa cytoplasmic protein that

inhibits activation of the precursor of IL1 by inactivation of the IL1



converting enzyme (ICE) (Ray et al., 1992). A third member of the crm
family called crm C has been recently identified which encodes a soluble
secreted protein which specifically binds TNF and completely inhibits TNF
mediated cytolysis (Smith et al., 1996). But unlike crm A and B, crm C does
not bind LTa (Smith et al., 1996).

1.5 Fowlpox

1.5.1 FWPV disease

Fowlpox is characterised by lesions, which are either cutaneous or
diptheritic. The virus enters through damaged skin, the respiratory tract or
insect bites. Once inside an epithelial cell, viral proliferation can lead to
spread of infection to internal organs and the blood, causing viraemia.
Cutaneous lesions progress from papules to pustules, which dry leaving
scabs on non-feathered regions. The scabs dry and drop off 2 weeks p.i,
containing infective virions which are resistant to desiccation (Jordan,
1990) Diptheritic lesions are present mostly in the mouth as white nodules
which later become raised as yellow plaques. Lesions can also occur in the
oesophagus and trachea, leading to eating and breathing problems. Nasal
and ocular discharges can result, the latter can lead to blindness (Jordan,

1990).

Mortality can be as high as 50%, but a decrease in egg production
and weight gain are the more usual symptoms (Jordan, 1990) Control has
been successfully administered by vaccination with attenuated FWPV for
many decades, consequently research attention has shifted away from

disease eradication into new areas. Early work resulted in FWPV being the



first virus to be grown on the choriallantoic membrane. FWPV virions
were seen by light microscopy and termed Borrel bodies, these were present
in distinct areas of the cytoplasm termed Bollinger bodies (Simpson, 1969),
later renamed A-type inclusion bodies. However, contemporary research
has lead to elucidation of FWPV molecular virology leading to its use as a
recombinant vaccine vector (Boyle & Coupar, 1988; Taylor & Paoletti, 1988a;

Taylor et al., 1988b).

1.5.2 FWPV Vaccines

Interest was sparked in use of recombinant poxviruses as vaccines,
when it was shown that foreign genes could be introduced into and
expressed by VV (Mackett et al., 1982; Panicali & Paoletti, 1982) Poxviruses
make good vectors for vaccines as it is relatively easy to insert multiple
large sections of foreign DNA into non-essential regions of the viral
genome by homologous recombination. Additionally the cytoplasmic
location of replication decreases the probability of integration of viral DNA
into host DNA. Unlike VV, FWPV only replicates in poultry, making it
ideal for use as an avian and non-avian vaccine vector. Consequently,
FWPYV has been developed for use as a live non-replicating vaccine vector
in mammals (Mackett et al., 1982; Panicali & Paoletti, 1982; Taylor et al.,
1990; Taylor & Paoletti, 1988a; Wild et al., 1990). In non-avian species
replication is abortive, however pre- and post-replicative viral gene
expression in different mammalian cell types has been observed (Somogyi

et al., 1993).



1.5.2.1 Avian vaccines

The use of fowlpox as a vaccine vector for use in avian and non-
avian species was proposed in the late 80’s (Boyle & Coupar, 1988; Taylor &
Paoletti, 1988). It was proposed that recombinant FWPV could be used as a
highly cost effective method for multiple vaccination of poultry. Since then
many recombinant vaccines using FWPV have been constructed expressing
foreign genes. Candidate vaccines have been developed for Newcastle
disease virus (NDV) (Taylor et al., 1990) avian influenza (Beard et al., 1991)
turkey rhinotracheitis virus (TRTV) (Qingzhong et al., 1994) and infectious
bursal disease virus (IBDV) (Bayliss et al., 1991). (Indeed a commercial NDV
recombinant FWPV vaccine has been licensed for use, and is marketed in
the United States). Vaccines for NDV and avian influenza utilised viral
haemagglutinin as the immunogens, whereas TRTV and IBDV vaccines

used viral fusion protein and VP2 coding sequences as immunogens.

1.5.2.2 Non-avian vaccines

FWPV has immense potential for use as a vaccine vector in
non-avian species, as it cannot cause disease in humans or other non-target
species. Protective vaccines against rabies in mice, cats and dogs (Taylor et
al., 1988b) and measles encephalitis in mice (Wild et al., 1990) have been
developed. A recombinant FWPV expressing B-galactosidase as a model,
tumour associated antigen, has also been shown to protect mice against

cancer (Wang, 1995).



1.5.3 Fowlpox genome analysis

VV and other viruses in the same genus, the Orthopoxviruses,
exhibit a high degree of genome conservation as indicated by restriction
map profiles and DNA hybridisation studies (Esposito & Knight, 1985;
Mackett, 1979). But the degree of homology between viruses in different

poxvirus genera has only recently been investigated.

The size of the FWPV genome has been derived by restriction
endonuclease mapping and pulsed field gel electrophoresis as 254Kbp for
strain FP9 (Mockett et al., 1992) The former technique was used to show a
size of 309Kbp for FWPV mild vaccine strain (FWPV-M) and 299Kbp for
FWPV-M3 (derivative of FWPV-M) (Coupar et al., 1990). The FWPV
genome has inverted terminal repeats of 10Kbp in FP9 (Tomley et al., 1988)
and 16.5Kbp for FWPV-M and FWPV-M3. Extensive rearrangement of
blocks of genes between VV and FWPV has been described (Mockett et al.,
1992) Fig. 1.3 shows seven blocks of the FWPV genome which have
homology with regions of VV. Blocks 5, 6 and 7 are in the same order, but
blocks 1, 2, 3 and 4 are present in an inverted order. FWPV-specific
sequences are likely to be present in the terminal regions, as this is the most
variable region of poxviral genomes. However rearrangements discussed
raise the possibility of FWPV-specific genes in a central region between

blocks 4 and 5 (Mockett et al., 1992).

1.5.3.1 VV homologous genes

As expected, analysis of the FWPV genome has revealed several

FWPV genes with varying degrees of homology to VV genes; these include:





















































































































































































































































































































































































































































































































































































































