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Abstract

This thesis reports an investigation of the role of Vaccinia virus (VACV) gene K7R in evasion of
innate immunity. The K7 protein is an inhibitor of intracellular signalling pathways leading to the
activation of the innate immune response and was shown to act by inhibiting TBK1/IKK-¢ -
mediated IRF signalling by targeting DDX3, a cellular RNA helicase (Schroder et al., 2008). To
characterise K7 further and study its interaction with DDX3, K7 in complex with fragments of

DDX3 was expressed in bacterial cells with the aim of obtaining co-crystals.

The role of K7R in the context of VACV infection was also studied. Previous in vivo work using
a recombinant virus lacking K7R had shown that K7 contributes to virulence. However, virulence
was retained when a mutation of the initiating methionine codon abrogated K7 protein expression
while preserving the nucleic acid sequence. It has been shown here that this is likely to be due to
the presence of viral miRNA(s) encoded from the K7R sequence. Computational analysis
identified putative pre-miRNAs within K7R and mutated versions of the K7R ORF which
contained the predicted pre-miRNA sequences but did not make protein were still able to inhibit
the IFN-B, NF-xB and ISRE-dependent intracellular signalling in vitro. Several of these mutated
genes were introduced into the K7R deletion VACV and their virulence will be examined in a
mouse model of infection. The presence of a miRNA also needs to be formally demonstrated

using northern blot and/or qPCR analysis.

Finally, there is a strong interest in using attenuated VACV strains such as Modified Vaccinia
Ankara (MVA) as vaccine vectors against various pathogens. To investigate whether the removal
of immunomodulators from MVA, such as the orthologue of K7R, can make the virus more
immunogenic, a deletion mutant and its revertant counterpart were made and characterised in

Vitro.
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Chapter 1: Introduction

Vaccinia virus (VACV), the prototypal member of the Orthopoxvirus (OPV) genus of the
Poxviridae, was the live vaccine used to eradicate smallpox, a highly contagious disease that
plagued humanity for thousands of years, killed hundreds of millions of people in the 20™ century
alone, (Fenner, 1993) and was caused by Variola virus (VARV), another OPV. Poxviruses are
large, enveloped, double stranded (ds)DNA viruses with genomes between 135 and 300 kb that
replicate in the cytoplasm of infected cells (Moss, 2007). They include two sub-families, the
Chordopoxvirinae and the Entomopoxvirinae which infect chordates and insects, respectively.
OPVs include VACV, VARV, Cowpox virus (CPXV), Monkeypox virus (MPXV), Ectromelia
virus (ECTV), Camelpox virus (CMLV), Raccoonpox virus and Taterapox virus (TATV).

Vaccination was introduced by Jenner in 1796 after he inoculated a child with CPXV, and a few
weeks later challenged the child with smallpox and showed the child was protected (reviewed in
(Baxby, 1999)). We now understand that this protection was afforded by the antigenic similarities
between CPXV and VARV. Interestingly, in 1939 it was found that all the smallpox vaccines in
use in the 20™ century were not CPXV but another OPV of unknown origin thereafter named
VACYV (Downie, 1939). After a vaccination programme driven by the World Health Organisation
(WHO), smallpox was eradicated in 1977 (Fenner et al., 1988). Therefore, VACV was the first
vaccine to eradicate a human disease. It was also the first animal virus observed by microscopy
(Buist, 1886). VACV is the most intensively studied poxvirus and analysis of the many
immunodulatory proteins it encodes has provided new insights into virus-host interactions.
Additionally, VACV has been developed as a live recombinant vaccine vector (Mackett ef al.,
1982; Panicali & Paoletti, 1982) against a variety of infectious agents and cancer (Cebere et al.,
2006; Harrop et al., 2007). However, because the different VACYV strains used in the vaccination
campaign were not perfectly safe (Lane et al., 1969), there is a need to improve vaccine safety.
One approach to do this is to identify and remove virus genes encoding proteins contributing to

virulence such a those interfering with the host immune response to infection (Clark et al., 2006).
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1.1 Genome organisation

VACYV strain Copenhagen (COP) was the first VACV strain to be sequenced and contains
approximately 200 tightly packed open reading frames (ORFs) (Goebel ef al., 1990). The central
region of the VACV genome generally includes essential genes encoding proteins involved in
viral transcription, DNA replication and structural components of virions (Gubser et al., 2004).
Approximately 90 genes from this central region are conserved between all chordopoxviruses
(Upton et al., 2003). In contrast, the genes located towards the termini are much less conserved,
are non-essential for virus replication, and encode proteins that affect virus host range,
immunomodulation or virulence (Wittek, 1982). Some of these genes encode viral mimics of host
proteins (Bugert & Darai, 2000). VACV genes do not have introns, and there are no reports of
splicing, consistent with the cytoplasmic location of virus mRNAs. The left and right termini of
the genome contain inverted terminal repeats (ITRs) and genes in these regions are diploid
(Wittek et al., 1980). At the genomic termini, the two DNA strands are connected covalently by
AT-rich incompletely base-paired hairpin loops that are important for DNA replication (Baroudy
et al, 1982). Adjacent to the hairpin loops, there is a highly conserved sequence
(ATTTAGTGTCTAGAAAAAAA) that is essential for the resolution of concatemeric DNA
intermediates formed during DNA replication (Merchlinsky & Moss, 1989). There are also sets of
short, tandemly repeated sequences of variable length (Wittek & Moss, 1980). The ITRs are

variable in length due to deletions, repetitions and transpositions (Wittek, 1982).

1.2 Virion structure

There are different forms of VACV particles and these were first described by electron
microscopy (EM) (Morgan ef al., 1954; Dales & Siminovitch, 1961). When observed by EM
VACYV virions appear brick-shaped and are approximately 360 x 270 x 250 nm (Cyrklaff et al.,
2005). The most abundant infectious form of virus is the intracellular mature virus (IMV) which
consists of an internal biconcave core surrounded by heterogeneous material called lateral bodies
and a single lipid membrane bilayer (Dales & Siminovitch, 1961; Hollinshead et al., 1999). The
core contains the viral genome, structural proteins and enzymes required for the transcription of
genes expressed early in the VACYV replication cycle (reviewed in (Condit et al., 2006)). The
extracellular enveloped virus (EEV) is an IMV which has been wrapped with an extra membrane

derived from either the trans-Golgi network (TGN) or early endosomes. This additional envelope
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contains at least 6 virus proteins (A33, A34, A56, K2, B5 and F13) (Roberts & Smith, 2008). The
E2 protein has also recently been shown to be associated with EEV, although it is not a
transmembrane protein and is also associated with IMV, so unlike other proteins mentioned

above is not EEV specific (Domi et al., 2008).

1.3 Life cycle of VACV

1.3.1 Overview

The life cycle of VACV consists of virus binding, entry, uncoating, gene expression, DNA
replication, virion assembly and virion release. An overview of the VACV life cycle is depicted

in Fig. 1.1.
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Fig. 1.1. VACY life cycle. EEVs or IMVs bind to the cell surface and lose their membrane(s).
Virus cores are then released into the cytoplasm and are transported on microtubules to
perinuclear sites. Early mRNAs are transcribed, the cores are uncoated and DNA is replicated.
IVs are assembled and processed to produce IMVs in viral factories. Some IMVs are transported
on microtubules and are wrapped by membranes from the early endosomes or the TGN to form
IEVs. IEVs are then transported to the cell surface on microtubules. The outer membrane of IEVs
fuses with the plasma membrane forming CEVs at the cell surface. Polymerisation of an actin tail
below the CEV can occur to push the CEV to a neighbouring cell or EEV is released. (Adapted
from (Roberts & Smith, 2008)).
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1.3.2 VACY binding and entry

The first step of infection is the binding of VACV to permissive cells. When studying VACV
binding and entry it is important to define which form of virus, IMV or EEV, is being studied
because these have different surface proteins and are surrounded by different numbers of
membranes. It is established that IMV and EEV bind to different receptors (Vanderplasschen et
al., 1998a) although the nature of these remain unknown. A claim that VACV binds to the
epidermal growth factor receptor (Brown et al., 1985) has been refuted (Eppstein et al., 1985).
IMV attachment to cells is partially mediated through viral membrane proteins such as D8, H3
and A27 which bind glycoaminoglycans (GAGs), though none of them is essential individually
(Chung et al., 1998; Hsiao et al., 1998; 1999; Lin et al., 2000). The binding of IMVs to cells via
GAGs was also shown to be cell-type specific and non-essential for IMV entry (Carter et al.,
2005). In addition, on some cell types, A26 was found to bind laminins and this could also

facilitate entry (Chiu et al., 2007).

After binding, the IMV and EEV particles must penetrate into the cytosol and lose their
membrane(s) in the process. The IMV enters by fusion with either the plasma membrane in a pH-
independent manner (Carter et al., 2005) or by endocytosis followed by fusion with the
endosomal membrane in a low pH-dependent manner (Townsley et al., 2006). The use of each
pathway is determined by the virus strain and cell-type (Moss, 2007). In addition, binding of IMV
to cells can induce cell blebbing on infected cells, which was claimed to mimic apoptotic bodies
allowing entry by macropinocytosis (Mercer & Helenius, 2008). However, some of these data
were refuted by Laliberte and Moss (2009) who confirmed the importance of phospholipids
present on IMVs for VACV entry, but showed that this was not phosphatidylserine specific
(Laliberte & Moss, 2009).

After binding to cells, a membrane fusion complex consisting of eight IMV transmembrane
proteins (A16, A21, A28, G3, G9, H2, J5, and L5) is responsible for the fusion of the virus and
cell membrane (Senkevich et al., 2005). More recently, it was demonstrated that F9 and 12 are
also required for entry (Brown et al., 2006; Nichols et al., 2008). In contrast, EEVs are
surrounded by an additional membrane and both membranes must be shed before replication can
commence. An explanation of this conundrum was provided by Law et al., (2006), who
demonstrated that when an EEV binds to the cell surface, at the point of contact its outer member
is disrupted in a non-fusogenic manner. This enables the IMV particle within to make contact
with the plasma membrane, fuse and enter (Law et al., 2006). In addition, it has been proposed

that EEV particles can be endocytosed and the outer membrane disrupted by low pH in
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endosomes (Ichihashi, 1996; Vanderplasschen et al., 1998a; Townsley & Moss, 2007).
Consequently, the IMV within the EEV becomes exposed and enters the cell. Viral cores are then
transported to perinuclear sites on microtubules (Carter et al., 2003) and enzymes present in the

core lead to the transcription of early genes.

1.3.3 VACYV gene expression

VACV mRNAs are capped and polyadenylated like eukaryotic mRNAs (Wei & Moss, 1975).
The VACV transcriptional complex includes the virally-encoded DNA-dependent RNA
polymerase, transcription factors, a capping enzyme and a poly (A) polymerase (Broyles & Moss,
1986). VACV genes are expressed in a strictly controlled manner and there are early,
intermediate and late classes (reviewed in (Broyles, 2003)) with the expression of genes in each
class determined by specific transcription factors (Sanz & Moss, 1999). Notably, VACV genes
can also be expressed constitutively by combining early and late promoters (Vos & Stunnenberg,
1988; Garces et al., 1993). Recently, a new sub-class of 35 immediate-early genes was identified
and defined as being expressed by 30 min post-infection (p.i.), though a genetic basis for this
classification is lacking (Assarsson ef al., 2008). Genes in this category are implicated in immune
evasion and DNA replication. VACV early genes include genes encoding proteins involved in
DNA replication, virulence factors, and factors required for intermediate gene transcription
(Broyles, 2003). Early genes are expressed by 1 h p.i. and their expression peaks at 2 h p.i. Only a
few genes are expressed at the intermediate stage. They include factors required for the
expression of late genes and these are expressed at 1.5 h p.i., reach a peak at 2 h but decline
rapidly later (Baldick et al., 1992). Late genes mainly encode virus structural proteins and factors
required for early gene transcription that are packaged in virus cores. These genes start to be
expressed between 2 and 4 h p.i. and their expression continues to 24 h p.i. (Assarsson et al.,
2008). Promoters of early, intermediate and late genes contain specific consensus sequences.
These are schematised and described in Fig 1.2. Additionally, for early genes, transcription
termination occurs approximately 20-50 nucleotides downstream of a TsNT sequence with N
being any base (Rohrmann et al., 1986; Yuen & Moss, 1987; Piacente et al., 2008). Interestingly,
late gene mRNAs are long and heterogeneous in length with undefined 3’ends because the late
transcriptional machinery does not recognise the early transcription termination signal (Yuen &

Moss, 1987).
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promoter consensus sequence

AlTe, G_ AT . Ny G/A

early

intermediate A/Tg N, TAAA (T/A)GG

AT, N, . TAAAT
late i >

Fig. 1.2. Consensus sequence elements in VACV early, intermediate and late promoters.
‘N’ indicates positions where any of the four nucleotides may be present and the letter in bold
indicates the transcriptional start site. Numbers represent the number of continuously repeating

residues (adapted from (Broyles, 2003)).

1.3.4 VACV DNA replication

The arrest of early mRNA transcription is associated with uncoating of the core and DNA release
(Woodson, 1967). The replication of viral genome then starts and takes place in viral factories
formed in the cytoplasm (Cairns, 1960; Harford et al., 1966). This event also signals the start of
intermediate and late mRNAs production. DNA replication starts 1 to 2 h p.i. and yields
approximately 10,000 genomic copies per cell, about half of which are incorporated into new
virions (Salzman, 1960; Joklik & Becker, 1964). The viral DNA polymerase (E9), nucleoside
triphosphatase (D11), serine threonine protein kinase (B1) and DNA glycosylase (D4) are
required for genomic DNA replication and were identified by studies of temperature sensitive

VACYV mutants that were impaired in DNA synthesis (Lackner ef al., 2003).

The currently proposed model for VACV replication starts with the introduction of a nick in a
single DNA strand near either of the terminal genomic hairpins loops to expose a free 3° hydroxyl
group (DeLange & McFadden, 1990). This serves as a self-primer for the VACV DNA
polymerase that copies the template to the end of the incompletely base-paired terminal hairpin.
The old and nascent strands are then denatured and refolded to form two hairpin termini. The

3’0OH of the newly formed hairpin loop is then itself used as a primer allowing replication to
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continue along the rest of the genome. During VACV DNA replication, concatemers are formed
in head-to-head or tail-to-tail fashion. These are then resolved into unit length genomes by
enzymes that recognise a palindromic structure including the ATTTAGTGTCTAGAAAAAAA

concatemer resolution sequence (Merchlinsky & Moss, 1989).

1.3.5 VACYV assembly, transport and release

The initial step of virus assembly is the appearance of crescent-shaped structures within viral
factories which later extend to form the non-infectious immature virus (IV). The IV particle
contains the virus core, DNA genome and enzymes required for transcription of early genes.
IMVs are formed from IVs when the DNA-nucleoprotein complex condenses and several capsid
proteins are cleaved proteolytically (Moss & Rosenblum, 1973), reviewed in (Condit et al.,

2006).

Some IMVs are transported on microtubules (Sanderson et al., 2000; Ward, 2005) to sites close to
the cellular microtubule organising centre (MTOC) where they are wrapped in an endosome or
TGN-derived double layer of membrane to form intracellular enveloped virus (IEV) (Tooze et al.,
1993; Schmelz et al., 1994). IEVs are also transported on microtubules to the cell periphery
(Geada et al., 2001; Hollinshead et al., 2001; Rietdorf et al., 2001; Ward & Moss, 2001) where
the outer membrane fuses with the plasma membrane to form cell-associated enveloped virus
(CEV) by exocytosis (Smith & Law, 2004). Some CEVs induce actin tail formation beneath the
plasma membrane and this pushes these virions away from the cell and into neighbouring cells
(Frischknecht et al., 1999), while others are released into the medium as EEVs that mediate long-

range spread of virus (Law & Smith, 2004).

1.4 Effect of VACY infection on cells

Cells infected with VACV undergo morphological, metabolic and functional changes and the
combination of these events results in cell death and is called the cytopathic effect (CPE)
(Bablanian, 1970). This includes rounding and cell-cell dissociation which are dependent on early
viral gene expression (Bablanian et al., 1978) as well as cytoskeleton alterations affecting
microtubules, actin and intermediate filaments (Meyer et al., 1981; Ferreira et al, 1994;

Ploubidou et al., 2000; Schepis et al., 2006). Additionally, VACV infection induces cell motility
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after early gene expression and the development of projections by extension and condensation of

lamellipodia from the cell body (Sanderson et al., 1998).

VACYV infection also causes downregulation of host DNA replication, RNA transcription and
protein synthesis. Cellular DNA replication is inhibited by 1-2 h p.i. (des Gouttes Olgiati et al.,
1976). Transcription of cellular genes by RNA polymerase II is inhibited and cellular mRNAs are
also rapidly degraded (Puckett & Moss, 1983; Rice & Roberts, 1983). Host mRNA translation is
also negatively regulated by mRNA decapping activity of the VACV D10 protein which exposes
the RNA to exonucleases (Parrish et al., 2007). DNA microarray studies have also demonstrated
that expression of host genes involved in essential cellular processes including replication,
transcription, translation, apoptosis and proteosomal degradation are downregulated after VACV

infection (Guerra et al., 2003).

1.5 Cell restriction and host range genes

VACYV has a relatively broad host range in cell culture and can replicate in most mammalian cells
except Chinese hamster ovary cells (CHO) (Moss, 1974; McFadden, 2005). In CHO cells, the
arrest in replication occurs at the stage of intermediate gene expression (Ramsey-Ewing & Moss,
1998). VACV genes KIL and C7L are host range genes that are needed for replication in human
cells (Gillard et al., 1986; Rosel et al., 1986; Perkus et al., 1990). Interestingly, K/L mutants are
also unable to replicate in rabbit kidney cells 13 (RK13) due to a blockage in the expression of
early proteins but can replicate in chicken embryo fibroblasts (CEFs) and baby hamster kidney 21
(BHK-21) cells (Ramsey-Ewing & Moss, 1995; Carroll & Moss, 1997).

VACYV genes E3L and K3L encode proteins that inhibit the action of the interferon (IFN)-induced
protein kinase R (PKR) (Davies et al., 1993; Rivas ef al., 1998) are also host range genes. The
replication of an E3L deletion mutant was restricted in Vero and Henrietta Lacks (HeLa) cells
(Beattie et al., 1996) and a lack of K3L led to incomplete replication in BHK-21 cells (Langland
& Jacobs, 2002). The absence of PKR expression in HelLa cells led to the restoration of
replication of £3L mutants in those cells (Zhang et al., 2008).
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1.6 Overview of host immune responses to viral infection

The host immune response to infection can be divided into the innate and acquired components.
The innate response is rapid and deployed in a non-antigen specific manner and does not confer
long lasting protective immunity but acts as the first line of defence against pathogens (Tosi,
2005). Innate immune induction relies also on pattern-recognition receptors (PRRs) that recognise
conserved pathogens-associated molecular patterns (PAMPs) as non-self. PRRs include
membrane receptors such as the Toll-like receptors (TLRs) and various intracellular sensors such
as retinoic-acid-inducible (RIG)-like helicases (RLH) (reviewed in (Medzhitov, 2009)) or the
DNA-dependent activator of IFN (DAI) (Takaoka et al., 2007). PRRs are particularly expressed
in epithelial or immune cells (e.g. macrophages and dendritic cells (DCs)) but some are present in
many cell types. PAMPs can be nucleic acid, proteins or lipids and their detection leads to
induction of anti-viral (or other pathogen) innate immune signalling pathways. These pathways
which are summarised in Fig. 1.3 consist of a cascade of biochemical events that result in the
activation of transcription factors that include the activator protein 1 (AP-1), nuclear factor kappa
B (NF-«xB) and IFN regulatory factors (IRF) families. These regulate expression of IFNs,
chemokines and inflammatory cytokines, which orchestrate the inflammatory and immune
response against viruses. IFNs are produced by infected cells and act in an autocrine and
paracrine way to establish an anti-viral state through induction of genes such as PKR,
oligoadenylate synthetase (OAS) and MX. These restrict virus replication and spread by targeting
processes such as translation. Cytokines and chemokines recruit and activate the effectors of the
innate immune response which include antigen presenting cells (APCs like DCs and
macrophages) and natural killer cells (NK) cells. NK cells play a key role in anti-viral immunity
by lysing infected cells when they detect alteration or downregulation of major histocompatibility
complex (MHC) class I (MHC-I) molecules (Vivier et al., 2008). Another key effector of innate
immunity is the alternative pathway of the complement system which recognises PAMPs directly
and consists of a biochemical cascade of cleavages leading to lysis of virion or infected cells, or

resulting in targetting them for phagocytosis by opsonisation (Atkinson & Frank, 2006).

The adaptive immune response is directed at specific antigens from pathogens and encompasses
the cell-mediated and humoral responses, which are mediated by T and B cells, respectively.
APCs present antigens to T cells in local lymph nodes, resulting in the activation of adaptive
immunity. Helper T-cells (cluster of differentiation antigen (CD)4+) can recognise antigens

presented on MHC class I (MHC-II) molecules and, in the presence of specific cytokines,
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differentiate into two subtypes. These are T helper (Th) 1 and 2 and these lead to the induction of
cell-mediated and humoral responses, respectively (reviewed in (Chtanova & Mackay, 2001)).
Cell-mediated immunity includes cytotoxic T-cells (CD8+) which recognise peptide epitopes
presented on an MHC-I molecules and induce the death of virus-infected cells. Humoral
immunity is mediated by B cells producing antibodies (Ab)s specific to foreign antigens. Abs can
directly neutralise pathogens and also mediate their destruction by opsonisation leading to uptake

by phagosomes or by recruitment and activation of complement.
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Fig. 1.3. Antiviral innate immune induction signalling pathways. This diagram depicts a
simplified representation of signalling that leads to the induction of the anti-viral innate immune
response. The pathways mediated by TLR-2/IL-1, TLR-3, RIG-I and DAI are illustrated.
Engagement of these PRRs by PAMPs leads to the recruitment of PRR adaptor proteins such as
myeloid differentiation factor 88 (MyD88), TIR domain-containing adapter-inducing IFN-$
(TRIF) and IFN-B promoter stimulator 1 (IPS-1) and biochemical cascades involving several
intermediate proteins lead to the activation of the AP-1, NF-xB and IRF-3 families of
transcription factors. This activation is achieved after these transcription factors are
phosphorylated and translocated to the nucleus where they bind the promoters of IFN and pro-
inflammatory genes (e.g. 1L-6, tumour necrosis factor (TNF)-a) and activate their expression.
These cytokines are released from cells and can bind neighbouring ones. IFN-B can bind the
IFNAR (R1 and R2) to induce the activation of many IFN-stimulated regulatory element (ISRE)-
dependent anti-viral genes (e.g. PKR, MX-1) as indicated. Other cytokines such as TNF-a and
IL-1 can also bind their receptors on cells and induce signalling to activate the expression of pro-
inflammatory genes. 2° 5° OAS = 2’-5’-oligoadenylate synthetase; FADD = Fas-associated
protein with death domain; IkB = inhibitor of NF-kB; IKK = inhibitor of nuclear factor-xB
kinase; IL-1R = interleukin 1 receptor; IRAK2 = IL-1 receptor associated kinase; ISGF3 = IFN
stimulating gene factor 3; Jakl = Janus activated kinase 1; MAPK = mitogen activated protein
kinase; NAP-1 = nucleosome assembly protein 1; R1 and R2 = IFN receptors 1 and 2; RIP-1=
receptor interacting protein 1; STAT = signal transducers and activators of transcription; TAB =
TAK-binding protein; TAK = TNF-associated kinase; TBK1 = TRAF-associated NF-«kB activator
binding kinase 1; TNFR = tumour necrosis factor receptor; TRAF2/6 = TNFR associated factor 2
or 6; Tyk2 = Tyrosine kinase 2. Others abbreviations are as defined in the preceding text.

Adapted from (Meurs & Breiman, 2007).

1.7 PRRs

1.7.1 TLRs and VACY infection

TLRs are a family of at least twelve proteins in mammals containing a Toll/interleukin (IL)-1
receptor (TIR) homology domain and each one of them recognises specific PAMPs (see (Kumar

et al., 2009) for recent review). Once a TLR engages with a PAMP, its TIR domain recruits an
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adaptor protein itself containing a TIR domain such as MyD88 (all TLRs except TLR3) and TRIF
(for TLRs 3 and 4). The activation of these adaptors induces signalling cascades involving several
proteins to lead to the activation of NF«B, IRF or AP-1 transcription factors as exemplified in Fig
1.3 for TLR2 and TLR3. Work with TLR2 knock-out mice has shown that the secretion of pro-
inflammatory cytokines by DCs in the context of VACV infection is TLR2/MyD88-dependent
and this is required for innate immune induction to control VACV infection (Zhu et al., 2007).
TLR3 recognises dsRNA, which means it could recognise hybridised VACV complementary
transcripts. TLR3 is located in the luminal side of the endosome and VACV RNA is cytoplasmic
but it can be envisaged that after phagocytosis of infected cells by DCs and macrophages,
phagosomes fuse with endosomes which could allow detection of viral RNA originating from
infected cells. Interestingly, when TLR3 knock-out mice were infected intranasally with VACV
they suffered a less severe infection than their wild-type counterparts and this was attributed to
the role of TLR3 in the induction of IL-6 and TNF-a which may promote adverse effects of
VACYV in vivo (Hutchens et al., 2008a). In contrast, TLR4 was implicated in protection against
VACYV in an intranasal in vivo mouse model using wild-type mice and mice with a non-functional
TLR4 mutant (Hutchens et al., 2008b). Finally, TLR9 which is located in the endosomal
membrane like TLR3 has been shown to be important for recognition of VACV by DCs
(Samuelsson et al., 2008).

1.7.2 Intracellular PRRs

Intracellular PRRs capable of detecting viral infections include DNA-sensing molecules such as
DAI (Takaoka et al., 2007), or RLHs such as RIG-I and melanoma differentiation—associated
gene (Mda)5 (Asahina et al., 2008). DAI binds Z-DNA in the cytoplasm and undergoes
homodimerisation and phosphorlylation leading to the recruitment of TRAF-associated NF-xB
activator binding kinase (TBK)1 and IRF3 (Wang et al., 2008). RIG-I and Mda5 contain two N-
terminal cysteine-aspartic acid protease (caspase) activation and recruitment domains (CARD)
and a C-terminal RNA helicase domain. Binding of RNA triggers a conformational change which
allows association with the adaptor molecule IPS-1 through its own CARD domain (Kawai ef al.,
2005). Subsequently, IPS-1 associates with TRAF3 which recruits and activates TBK1 and IKK-¢
which in turn activate IRF3 and IRF7 (Kawai et al., 2005). The DAI and RIG-I pathways
described here are both illustrated in Fig. 1.3.
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Additionally the dsRNA-dependent PKR plays a key role in the anti-viral response. It contains
two dsRNA binding domains and a serine/threonine kinase domain that phosphorylates
cukaryotic initiation factor (eIF)2a leading to translational arrest of cellular and viral mRNAs
(Garcia et al., 2007). Additionally, PKR seems to play an adaptor role (independent of RNA
binding) in various pathways leading to NF-xkB activation (Deb et al., 2001; Takada et al., 2007).
In particular PKR acts downstream of TLR3 signalling when recruited by TAK1 (Williams,
2001).

The 2°-5’-OAS is another dsRNA dependent enzyme with a key anti-viral role. It converts
adenosine triphosphate (ATP) to 2°-5’-linked oligoadenylates with a 2’-5 phosphodiester bond
instead of a 3’-5’ one (Hovanessian, 1991). These small molecules activate ribonuclease
(RNAse) L which cleaves mRNAs, tRNA, rRNAs and leads to inhibition of protein synthesis
(Silverman, 2007).

It is worth noting that neither PKR nor 2°-5° OAS has been conclusively implicated in the
primary response to cytoplasmic dsRNA.

1.8 IFNs

IFNs are important in host defence against virus infection. They were discovered over 50 years
ago as an agent that “interfered” with viral replication (Isaacs & Lindenmann, 1957). IFNs are a
family of structurally related cytokines sub-divided into three classes: IFN types I, II and III and
are involved in innate and adaptive immune anti-viral responses. Type I IFNs include several
subtypes of IFN-a, IFN-B and several others, and IFN-y is the only type II IFN (reviewed in
(Pestka et al., 2004)). Type III IFNs were discovered more recently and induce similar effects to
type I IFNs but they are less widely expressed and bind a different receptor (Kotenko et al.,
2003). Type I IFNs are induced though PRR signalling and once secreted from cells bind a
receptor composed of two subunits IFNAR1 and IFNAR2. The binding of IFN type I to the
IFNARs leads to the induction of over 300 IFN-stimulated genes (ISGs) which include PRRs (for
instance, RIG-I, Mda5 and TLR3), antiviral proteins (for instance, PKR and 2°5> OAS) as well
chemokines (for instance C-X-C motif ligand (CXCL)10 and C-C motif ligand (CCL)5). In the
first phase of the IFN response, IFN-B is produced and released from cells to bind the type I IFN

receptors. This then triggers a second phase in which various subtypes of IFN-a are secreted in a
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positive feedback loop. IFN-y is secreted by T cells to enhance the Thl response, and by

macrophages and NK cells to activate other immune cells.

1.8.1 IFN-induced signalling pathway

The intracellular domains of the IFNARs are associated with Tyk2 and Jakl which are activated
when IFNs bind their receptors. Once activated, these kinases phosphorylate STAT1 and STAT2
(Darnell et al., 1994). Tyrosine phosphorylation of STATSs leads to the formation of ISGF3 or
IFN-y-activated factor (GAF) complexes. ISGF3 is a heterotrimeric complex of tyrosine-
phosphorylated STAT1, STAT2 and another transcription factor, IRF9 (or p48), whereas GAF is
a homodimer of phosphorylated STAT1. GAF and ISGF3 are translocated to the nucleus where
they bind IFN-y-activated sequence (GAS) (Decker et al., 1991; Lew et al., 1991) and ISRE,
respectively (Kessler et al., 1990). This results in transcription of ISGs. The ISRE induction
pathway is illustrated in Fig.1.3. There are also alternative pathways of ISRE induction through
other signal transducers in a STAT-dependent or -independent manner and such components
include extracellular signal regulated kinase (ERK)2 (David et al., 1995) or Src homology-2
domain containing phosphatase (SHP)-2 (You et al., 1999). The p38 MAPK pathway also
induces IFN type I mediated signals (Katsoulidis et al., 2005). Although they bind different
receptors, type III IFNs trigger similar signalling pathways to the type I IFNs. IFN-y binds its
own dimeric receptor IFN-y receptor (IFNGRI/II) which associates with Jakl and Jak2 and
mainly signals through GAF (Pestka et al., 2004).

1.9 NF-xB pathway

The NF-xB family is a group of evolutionary conserved transcription factors that regulate
expression of genes involved in various physiological processes including the inflammatory
response, cell proliferation and apoptosis (reviewed in (Ghosh & Hayden, 2008)). In mammalian
cells, these include p50 (NF-xB1), p52 (NF-xB2), p65 (REL-A), REL-B and REL and these
components can homo or heterodimerise through the Rel homology domain they all share. In the
absence of stimulation, dimers are bound to members of the inhibitor of NF-xB (IxkB) family (of
which IkBa is the prototypical member) which retains them in an inactive form in the cytoplasm.

P50 and p52 are derived from precursors (P100 and p105, NF-kB2 and NF-kB1, respectively)
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which also act as IkB proteins. NF-kB activation occurs after stimulation with pro-inflammatory
cytokines (e.g. TNF-a)), microbial products (e.g. LPS), viruses or radiation to trigger signalling
cascades. The pathway of NF-xB activation after TNF-a and IL-1 stimulation is illustrated in Fig.
1.3. All signals then converge on the IKK complex which comprises two effector subunits (IKK-
o and IKK-B) and one regulatory subunit (IKK-y, NF-kB essential modulator, NEMO). In the
classical pathway, IKK-f is activated and phosphorylates kB which is then ubiquitinated and
targeted for degradation by the proteosome. This causes release of the NF-xB dimer which is then
translocated to the nucleus where it binds to «B sites in the promoters of target genes and
activates their expression. In the alternative pathway, which is triggered by certain TNF family
members, IKK-a activates and phosphorylates p100 which leads to its ubiquitination and the
degradation of its C-terminal IkB half by the proteosome. The NF-xB dimer is then released and
transported to the nucleus. The NF-kB combination of different homo and heterodimers are
selectively regulated by IkB proteins, and this a primary source of transcriptional specificity

(reviewed in (Hoffmann et al., 2006)).

1.10 VACYV immunomodulation

In response to the host immune response, VACV has acquired a wide range of proteins that
interfere with its induction or activity. These VACV immunomodulators can be divided into two
categories. Firstly, there are secreted proteins targeting IFNs, cytokines and chemokines outside
the cell, for instance, VACV protein A41 binds chemokines (Ng et al., 2001; Clark et al., 2000).
Secondly, there are intracellular proteins targeting signalling pathways and apoptosis, or
synthesizing steroid hormones e.g. VACV protein A44 is a steroid biosynthetic enzyme (Moore
& Smith, 1992; Reading et al., 2003a). These will be described in more detail in the following

sections.

1.10.1 Complement regulation

The VACV C21L gene from WR encodes a secreted protein called a VACV complement control
protein (VCP), which is mainly composed of four short consensus repeats (SCRs) that are typical
of complement regulators (Kotwal & Moss, 1988b; Kotwal et al., 1990; McKenzie et al., 1992;

Mullick et al., 2005). This protein inhibits the classical and alternative pathways of complement
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activation by binding C3b and C4b components of complement, and contributes to VACV
virulence (Isaacs et al., 1992; Sahu et al., 1998). B5, a component of the EEV outer membrane
also has SCRs but there is currently no evidence that it has complement inhibitory activity
(Takahashi-Nishimaki et al., 1991). However, EEV forms of VACYV are resistant to complement-
induced neutralisation due to the incorporation of cellular regulators of complement to the outer

membrane (Vanderplasschen et al., 1998b).

1.10.2 Inhibition of IFNs and cytokines by VACV-encoded proteins

VACYV can also interfere with a wide range of cytokines including type I and II IFNs, IL-1 related
cytokines (IL-1B, IL-18,) as well as TNF-a and CC chemokines.

B18 is a type I IFN-binding protein that is present in the cell supernatant and on the surface of
infected cells (Colamonici et al., 1995; Symons et al., 1995; Alcami et al., 2000). This protein
binds to IFN-o/p with high affinity, thus preventing IFN signalling. It also binds both infected
and uninfected cells and protects them from the anti-viral effects of type I IFN thus allowing viral
replication in those cells (Symons et al., 1995; Alcami et al., 2000). BSR encodes a secreted
protein with sequence similarity to the binding domain of cellular IFN-y receptors and which
binds to and inhibits the activity of IFN-y by preventing its interaction with cellular receptors
(Alcami & Smith, 1995). B8 can inhibit the biological activities of human, bovine, equine, ovine
and rat [IFN-y but not murine IFN-y (Alcami & Smith, 1995; Mossman et al., 1995; Symons et al.,
2002b). Consistently, loss of B§ did not affect VACV virulence in mice (Symons et al., 2002b).
IL-18 works synergistically with IL-12 to induce IFN-y which promotes a Thl response with
cytotoxic T cells and NK cell activation (Arend et al., 2008). VACV encodes an IL-18-binding
protein from the C/2L gene (Smith et al., 2000) which inhibits IL-18 activity thus inhibiting IFN-
y secretion by activated macrophages and it also promotes virulence (Symons et al., 2002a;
Reading & Smith, 2003). Most VACV strains do not express a TNF receptor, but three strains
(USSR, Lister and Evans) encode a soluble and cell surface TNFR called CrmE (Saraiva &
Alcami, 2001; Reading ef al., 2002). CrmE binds and inhibits TNF-a and contributes to virulence
in an in vivo murine model using VACV USSR (Reading ef al., 2002). Finally, VACV encodes
an IL-1 receptor from gene BI5R in VACV strain WR that binds IL-1f but not IL-1a (Alcami &
Smith, 1992). This receptor binds human or mouse IL-1f with high affinity and prevents

activation of the febrile response in mice infected intranasally (Alcami & Smith, 1992).
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All inhibitors described here are secreted proteins but VACV also encodes for H1 an intracellular

protein which inhibits IFN signalling by dephosphorylating STAT1 (Mann et al., 2008).

1.10.3 Chemokine inhibitors

Chemokines are small heparin-binding proteins that play an important role in the host defence
against viruses by mobilising leucocytes to sites of infection. They are classified into C, CC, CXC
or CX;C subfamilies based upon the positions of conserved cysteines (Ransohoff, 2009). Several
VACYV strains encode a CC chemokine binding protein (vCKBP) (Graham et al., 1997; Alcami et
al., 1998). vCKBP binds a wide range of CC chemokines (including CCL2, CCL3, CCL5 and
CCL11) with high affinity to block recruitment of inflammatory cells in response to chemokines
(Alcami et al., 1998). The presence of vCKBP affected the outcome of infection with VACV in
mice by reducing recruitment of inflammatory cells to lungs of VACV-infected mice (Reading et
al., 2003b). VACV A41L which shares sequence similarity with vCKBP, binds of some CC
chemokines (CCL21, CCL25, CCL26, and CCL28) with moderate affinity to inhibit their
interaction with GAGs at the cell surface (Clark et al., 2006; Bahar et al., 2008).

1.10.4 PKR and OAS regulation

The VACV E3 protein prevents the activation of PKR (Chang et al., 1992) and OAS (Rivas et al.,
1998) by binding dsRNA thus inhibiting the IFN-mediated antiviral response (Beattie et al.,
1995). Additionally, VACV encodes K3 which is a mimic of the N-terminal domain of elF2a
(Beattie et al., 1991). K3 acts as a pseudo substrate for PKR so that the phosphorylation of elF2a
is prevented and protein synthesis can continue (Davies et al., 1992; Kawagishi-Kobayashi et al.,
1997). Deletion of either K3 or E3 increases the sensitivity of VACV to IFN (Beattie et al.,
1995).

1.10.5 Apoptosis inhibitors

Apoptosis, or programmed cell death, is a process that can lead to elimination of virus-infected
cells to restrict viral replication and spread and therefore is part of the innate immune response
(reviewed in (Elmore, 2007)). Apoptosis can be induced by extracellular (for instance TNF or Fas

binding) and intracellular stimuli (sensed by the mitochondrion, ER or Golgi complex) that cause
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DNA damage or mitochondrial dysfunction. Apoptosis is mediated by cellular caspases and B-
cell lymphoma 2 (Bcl-2) proteins. Caspases are present as inactive pro-enzymes that are activated
in a proteolytic cascade by external stimuli leading to cell death (Thornberry, 1999).
Alternatively, caspase activation can begin at the mitochondrion where internal apoptosis stimuli
converge and result in the loss of mitochondrial membrane potential to lead to the release of
proteins that initiate caspase activation (Budihardjo ef al., 1999). Bcl-2 proteins act as homo or
heterodimers to regulate the release of both pro- and anti-apoptotic molecules from the
mitochondrion. They are characterised by up to four sequences termed Bcl-2 homology (BH) (1-
4) domains. The balance between apoptosis and cell survival is reliant on the relative levels of

pro- and anti-apoptotic proteins.

VACYV modulates apoptosis in several ways (Taylor & Barry, 2006). VACV strain WR B13 is a
serpin that protects virus-infected cells from TNF- and Fas-mediated apoptosis and inhibits
cleavage of pro-IL-1f to its mature form (Kettle e al., 1997). B22 is another VACV-encoded
serpin which regulates apoptotic cascades by acting as pseudo substrate for target proteases
(Kotwal & Moss, 1988a; Smith et al., 1989; Kettle et al., 1995). VACV proteins N1 and F1
inhibit the activity of pro-apoptotic Bcl-2 proteins. N1 is a virulence factor (Bartlett ef al., 2002)
and is a Bcl-2-like protein that interacts with pro-apoptotic Bcl-2s and protects infected cells from
staurosporine induced-apoptosis (Cooray et al., 2007). F1 localises to the mitochondria where it
inhibits the release of cytochrome c, a key intermediate of apoptosis (Wasilenko ef al., 2003). F1
is also a Bcl-2 protein and interacts with the BH3 domain of Bcl-2 proteins to inhibit apoptosis

(Fischer et al., 2006; Kvansakul ef al., 2008).

1.10.6 Steroid hormone synthesis

VACYV gene A44L encodes a 3 B-hydroysteroid dehydrogenase which contributes to virulence as
it synthesises steroid hormones that inhibit the inflammatory response (Moore & Smith, 1992;
Reading et al., 2003a). Mice infected intranasally with a deletion 444L virus displayed enhanced
IFN-y production and increased cytotoxic T cell activation (Reading et al., 2003a).

1.10.7 Intracellular inhibitors of TLR signalling

VACV encodes many intracellular inhibitors of innate immune signalling pathways, including

several that function downstream of TLRs such as A46 and A52 (Bowie et al., 2000). A52
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inhibits NF-xB activation by interacting with IRAK2 and TRAF6 (Harte et al., 2003; Keating et
al., 2007). A46 was predicted to contain a TIR domain (Bowie et al., 2000) and targets the host
TIR adaptors MyD88 and TRIF to lead to inhibition of NF-xB activation (Stack et al., 2005). In
addition, A46 can also inhibit MyD88 adaptor like (MAL) and TRIF-related adaptor molecule
(TRAM) which leads to TRIF-dependent IRF3 inhibition. However, it now seems unlikely that
A46 has a TIR domain because A46 and A52 are related and A52 has a Bcl-2 fold (Graham et al.,
2008) and A46 is also predicted to be a Bcl-2 protein. B14 is a virulence factor (Chen et al.,
2006) and blocks intracellular signalling from IL-1R, TLR and TNFR by binding to the IKK-f
subunit of the IKK complex leading to inhibition of NF-xB (Chen et al., 2008). N1 is both an
apoptosis inhibitor (Cooray et al., 2007) and an inhibitor of the NF-xB pathway, at least
downstream of the IL-1 receptor (DiPerna et al., 2004; Graham et al., 2008). The exact target for
N1 remains unknown but it is believed to act somewhere between TRAF6 and the IKK complex
(Graham et al., 2008). M2 and K1 are two additional VACV proteins modulating the NF-xB
pathway. M2 inhibits NF-xB activation by inhibiting the phosphorlylation of ERK2 (Gedey et al.,
2006) however it must be noted that this protein is located exclusively in the ER unlike all the
others discussed here (Hinthong et al., 2008). K1 blocks NF-kB by preventing its nuclear
translocation through inhibiting IkBa degradation (Shisler & Jin, 2004). K7 inhibits the TLR-
dependent and -independent induction of IFN-B by interacting with the DEAD-box protein 3
(DDX3) RNA helicase to prevent TBK1 and IKK-¢ from activating IRF3 and is also an inhibitor
of NF-xB (Schroder et al., 2008). K7 will be discussed in more details at the end of this
introduction. These signalling inhibitors are indicated in Fig 1.4 at the position in the pathways

where they cause inhibition.

Some of these intracellular signalling inhibitors namely A46, A52, N1, B14, K7 are members of a
family of VACYV proteins first described in 1991 (Smith et al., 1991). The structures of several of
these proteins (N1, B14, A52 and K7) have been determined and are all Bcl-2 family members
(Cooray et al., 2007; Graham et al., 2008; Kalverda et al., 2009) but have important differences.
N1 has an open groove on the surface that allows the binding of BH3 domains from pro-apoptotic
Bcl-2 proteins (Cooray et al., 2007). In contrast, A52, B14 and K7 have lost the surface groove
suggesting they are not anti-apoptotic and this has been confirmed experimentally for B14 and
AS52 (Graham et al., 2008). Instead, these proteins function as inhibitors of innate immune
signalling pathways and the stable Bcl-2 fold is exploited by VACV to provide a surface for

binding host signalling molecules.
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Fig. 1.4. VACYV intracellular modulators of innate immune signalling pathways. VACV
immunomodulatory proteins are shown at the sites where they have been demonstrated to inhibit
the pathways. M2 is an ER membrane protein that has also been shown to block NF-kB activation

but is not represented on the figure (see text).

1.10.8 VACYV and inhibition of peptide antigen presentation

Protein A35 from VACV WR contributes to virulence when the virus is administered by the
intranasal or intraperitoneal route to mice (Roper, 2006; Rehm ef al., 2010). It was also found that
A35 localized to endosomes and reduced the amount of antigenic peptide displayed by MHC-II
molecules (Rehm et al., 2009). In addition, A35 decreased VACV-specific T cell responses in
vivo (Rehm et al., 2009).

1.10.9 Summary of VACV immunomodulators

protein function

binds dsRNA preventing PKR and OAS activation and inhibition of
protein synthesis and IFN antiviral response (Beattie ef al., 1995; Rivas
E3 etal., 1998)

elF2 mimic which acts as pseudo substrate for PKR, enabling protein
synthesis to continue (Beattie et al., 1995; Kawagishi-Kobayashi ef al.,

K3 1997)

serpin, inhibits caspase 1 and thereby apoptosis, and cleavage of pro-IL-
B13 1 to mature cytokine (Kettle et al., 1997)
B22 serpin inhibiting apoptosis (Kettle ef al., 1995)

interferes with cytochrome c release from mitochondria and interacts
with BH3 domain of Bcl-2 proteins to inhibit apoptosis (Kvansakul et
F1 al., 2008)

inhibits apoptosis and NF-kB activation at the level of TRAF6 or
downstream components but upstream of IKK complex (DiPerna ef al.,
N1 2004; Cooray et al., 2007; Graham et al., 2008)

inhibits TLR-induced NF-kB and IRF3 activation by targeting TIR-
A46 containing PRR adaptors e.g. MyD88 (Stack et al., 2005)
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inhibits TLR-induced NF-«B activation by targeting IRAK2 and TRAF6

A52 (Harte et al., 2003; Keating et al., 2007)
inhibits TLR-dependent and independent IRF-3/7 signalling through
TBK1/IKKeg by binding DDX3 and inhibits TLR-induced NF-xB
K7 activation by targeting IRAK2 and TRAF6 (Schroder et al., 2008)
inhibits NF-«xB activation by suppressing IkBa degradation (Shisler &
K1 Jin, 2004)
M2 inhibits NF-kB activation and is localised in ER (Gedey et al., 2006)
B14 inhibits NF-kB by targeting IKK-B (Chen et al., 2008)
3-B-hydroxysteroid dehydrogenase which synthesises steroid hormones
inhibiting the inflammatory response (Moore & Smith, 1992; Reading et
Ad4 al.,2003a)
localises to endosomes and inhibits MHC-II antigen presentation (Rehm
A35 et al., 2009)
inhibits IFN signalling by dephosphorylating STAT1 (Mann et al.,
H1 2008)
B18 binds and inhibits IFN-a/p (Alcami et al., 2000)
B8 binds and inhibits IFN-y (Alcami & Smith, 1995)
B15 binds and inhibits IL-1p (Alcami & Smith, 1992)
inhibits the classic and alternative pathways of complement activation
C21 by binding C3 and C4b (Mullick et al., 2005)
binds IL-18 and inhibits IL-18 -induced IFN-y production (Reading &
C12 Smith, 2003)
binds some CC cytokines (CCL21, CCL25, CCL26, and CCL28) with
moderate affinity to inhibit their interaction with GAGs at the cell
A41 surface (Bahar et al., 2008)
binds CCL2, CCL3, CCL5 and CCL11 and blocks recruitment of
inflammatory cells to lungs of VACV-infected mice (Reading et al.,
vCKBP 2003b)

Table 1.1. Summary of VACV WR immunomodulatory proteins and their functions.

Shaded area indicates extracellular molecules
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1.11 Biogenesis of MicroRNAs

MicroRNAs (miRNAs) are short (approximately 20-22 nt long) single stranded (ss)RNA
sequences that regulate post-transcriptional gene expression. In human cells, these are initially
transcribed by RNA polymerase II to produce capped and polyadenylated RNA precursors of
variable length called primary miRNAs (pri-miRNAs) (Cai et al., 2004; Lee et al., 2004). These
are then cleaved in the nucleus by RNase III enzyme Drosha and its dsSRNA binding co-factor
DiGeorge syndrome critical region 8 (DGCR8) into pre-miRNAs consisting of approximately 70
nt hairpin loops with characteristic 2 -nt 3’overhangs (Lee ef al., 2003; Denli et al., 2004;
Gregory et al., 2004). Pre-miRNAs are exported from the nucleus and released into the cytoplasm
by exportin 5 and its co-factor Ran which recognise the overhangs (Yi et al., 2003). Pre-miRNAs
are then cleaved by the RNAse III enzyme Dicer and its co-factor Tar RNA binding protein
(TRBP) to remove the terminal loop and produce duplex intermediate miRNAs (Hutvagner ef al.,
2001; Chendrimada et al., 2005). These duplexes are then loaded into the miRNA induced
silencing complex (RISC), which is incompletely defined but whose core components are the
Argonaute family proteins (Ago 1-4). Here, the miRNA strand of the duplex which exhibits less
stable base pairing at the 5° end is cleaved into a ssSRNA mature form and the other strand is

released and degraded (Khvorova et al., 2003; Schwarz et al., 2003; Gregory et al., 2005).

The effects of miRNAs on mRNA translation are mediated by the binding of their seed region (nt
2-8 from the 5’ end) to a homologous sequence in the 3’ untranslated region (UTR) of the target
mRNA. This primes RISC to act by either cleaving and degrading the target mRNA if there is
extensive sequence identity between the miRNA and this target (Zeng et al., 2003), or, more
commonly, by inhibiting translation when there is only partial sequence complementarity (Zeng

et al., 2002). The miRNA biogenesis pathway is illustrated in Fig. 1.5.

MiRNAs regulate the expression of genes involved in wide range of processes including
development, differentiation, cancer and disease and their expression is often tissue specific
(Bartel, 2004). Single miRNAs can target multiple genes and single genes can be targeted by
several different miRNAs (Krek ef al., 2005). MiRNAs can also be encoded from intron, exons or
non-coding regions (Bartel, 2004; Rodriguez et al., 2004). Approximately half of mammalian
miRNA are thought to be within known transcriptional units and approximately 36 % are part of
clusters within either intergenic or intronic regions (Rodriguez et al., 2004; Olena & Patton,

2010). Exonic miRNAs are the rarest (Olena & Patton, 2010).
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Fig. 1.5. Biogenesis of human miRNAs. This diagram is a simplified overview of the miRNA
biogenesis pathway. Pri-miRNAs are transcribed by RNA polymerase I and cleaved by Drosha—
DGCRS in the nucleus. The resulting hairpin, the pre-miRNA, is exported from the nucleus by
Exportin-5 (Exp5) and its co-factor Ran. In the cytoplasm, the RNase Dicer and co-factor TRBP
cleave the pre-miRNA hairpin to its mature miRNAs. The functional strand of the mature miRNA
is loaded together with Ago proteins into RISC. RISC can silence target mRNAs through mRNA

cleavage or translational repression (adapted from (Cullen, 2006)).
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1.12 MicroRNAs and the immune response

MiRNAs are differentially regulated in immune cells (Chen et al., 2004). Several host miRNAs
such as miR-146a, miR-155 and miR-9 were found to be differentially expressed in response to
TIR and TNF-a receptor activation. These miRNAs downregulated TIR signalling components,
including NF-xB1 (by miR-9), TRAF6, IL-1 and IRAK1 (all by miR-146a), TAB2 and IKK-¢ (by
miR-155) (Taganov et al., 2006; O'Connell et al., 2007; Tili et al., 2007; Bazzoni et al., 2009;
Ceppi et al., 2009). Therefore, miRNAs can inhibit the activation of innate immune signalling
pathways by negative regulation of their components. Others, such as miR-233 and the miR-17-
19 cluster have been implicated in myeloid proliferation and differentiation (Fontana et al., 2007,
Johnnidis et al., 2008). The maturation of DCs and their pathogen binding ability is also affected
by miR-155 (Martinez-Nunez et al., 2009). Additionally, work carried out in conditional Dicer
knock-out mice showed that miRNAs were required for T-cell proliferation and CD4+ T
regulatory (T reg) cells maturation (Cobb et al., 2005; Cobb et al., 2006) and affected B-cell
function (Koralov et al., 2008). Less is known about the roles of individual miRNAs but it has
been demonstrated that miR-155 and miR-181 are important for differentiation and proliferation
of CD4+ T reg cells and the production of CD4+ and CD8+ T-cells respectively (Li ef al., 2007,
Rodriguez et al., 2007; Thai et al., 2007). MiR-106a was also shown to regulate IL-10 expression
(Sharma et al., 2009).

1.13 Virus-encoded miRNAs and their functions

Virus-encoded miRNAs were first discovered by Pfeffer et al., (2004) (Pfeffer et al., 2004) using
a combination of computational and experimental studies from Epstein-Barr virus (EBV)-infected
B cells. The miRNAs prediction programme used by Pfeffer et a/ (2004) was especially designed
for this purpose because established miRNA prediction programmes rely on conservation of
miRNAs between species. Some of the hits they obtained were verified experimentally by cloning

of small RNA, sequencing, and northern blotting (Pfeffer ef al., 2004).

To date, the miRNA registry at miRbase (www.mirbase.org) (version 14) lists 176 viral miRNAs

encoded from 19 different viruses. Interestingly, 171 of those miRNAs are encoded by herpes
viruses. Indeed, all herpes viruses examined encode miRNAs (Cullen, 2006). miRNAs are

expressed by human herpes viruses such as EBV (Cai et al., 2006; Grundhoff et al., 2006) or
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Kaposi’s sarcoma-associated herpes virus (KSHV) (Cai et al., 2005) but they have also been
identified in simian (Schafer et al., 2007), murine (Buck ef al., 2007; Dolken et al., 2007) and
avian herpes viruses (Yao et al., 2007). In addition to herpes viruses, miRNAs are also expressed
by two other virus families namely, polyomaviruses and adenoviruses. For instance, miRNAs
have been found in simian virus 40 (SV40) (Sullivan et al., 2005) and adenovirus type 5 (Xu et
al., 2007). It has been reported that retroviruses and flaviviruses, which have an RNA genome, do
not encode miRNAs (Pfeffer et al., 2004; Lin & Cullen, 2007) but this was later refuted by a
report of HIV-1-encoded miRNAs and the matter remains controversial (Ouellet et al., 2008).
Additionally, miRNA precursor sequences have been predicted for poxviruses (Pfeffer et al.,
2004) though their existence has not been validated nor ruled out. Furthermore, these viruses
replicate in the cytoplasm and as the initial step in miRNA biogenesis is the cleavage of the pre-
miRNA loop by Drosha in the nucleus, it is unclear how any miRNA from these viruses would be

processed.

Targets for all virus miRNAs discovered to date are still largely unknown. Interestingly, three
viruses have been found to share seed sequence identity with human miR-155 and are considered
miR-155 orthologues (Gottwein et al., 2007; Skalsky et al., 2007; Zhao et al., 2009). Other virus-
encoded miRNAs have been found to regulate the expression of virus-encoded genes. In some
cases, viral miRNA are transcribed anti-sense to a virus protein encoding region making the RNA
of the opposite strand an obvious target (Cullen, 2006). In herpes viruses, virus miRNA targeting
the expression of viral lytic transcripts enables the maintenance of a latent state of infection
(Umbach & Cullen, 2009). For instance, herpex simplex virus type 1 (HSV-1) miR-H2 is
transcribed anti-sense to ICP0, an immediate early gene which encodes a protein important for
starting productive replication (Umbach er al., 2008). However, validated virus targets of virus-
encoded miRNAs have mainly been viral regulatory protein-encoding genes (Umbach & Cullen,
2009). Examples of viral targets of virus miRNAs include SV40 miR-S1 which downregulates
expression of the viral T antigen (Sullivan et al., 2009) and EBV miR-Bart-2 which regulates
expression of EBV-encoded DNA polymerase BALFS (Barth et al., 2008). Cellular targets of
virus miRNAs discovered to date have been apoptosis regulators or host immune response
modulators (Cullen, 2009). For instance, KSHV miR-K5, K9 and K13 target apoptotic factor
BCLAF1 (Ziegelbauer et al., 2009) and EBV miR-BARTS targets PUMA a host pro-apoptotic
factor thus promoting host-cell survival (Choy et al., 2008). Host immune response gene targets
of virus miRNA include the cytokine CXCL-11, a T-cell chemoattractant, targeted by miR-
BHRF1-3 from EBV (Xia ef al., 2008) and MIC B a ligand for the NKG2D receptor, found
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primarily on NK cells, which is targeted by human cytomegalovirus (hCMV) miR-UL112-1
(Stern-Ginossar et al., 2007). Interestingly, miR-UL112-1 also targets the hCMV [/E! gene which
encodes an immediate early gene required for the activation of early gene transcription (Murphy

et al., 2008).

Recently, the conservation of virus-encoded miRNA within different y-herpes virus species was
analysed (Walz et al., 2009). Overall, miRNAs from these viruses are not evolutionary conserved
between species, but there are two exceptions. For instance, 7 miRNAs are conserved between
EBV and the closely related rhesus lymphocryptovirus (rLMV) out of a total of 25 and 16
miRNA they are known to encode respectively (Cai et al., 2006; Walz et al., 2009). Overall, the
sequences of those miRNAs are not conserved even though their genomic locations are (Walz et
al., 2009). This appears to also be the case for HSV-1 (an a-herpes virus) and polyomavirus
miRNAs (Cullen, 2009).

1.14 VACY as a vaccine vector

VACV was first developed as an expression vector in 1982 (Mackett ef al., 1982; Panicali &
Paoletti, 1982). Subsequently, recombinant VACVs expressing foreign antigens were shown to
induce immune responses to these antigens and protect against the organism from which the gene
was derived (Panicali ef al., 1983; Smith et al., 1983). VACYV also has a large capacity for foreign
DNA (Smith & Moss, 1983) which enabled the simultaneous expression of multiple foreign
proteins (Perkus et al., 1985). Additionally, infection with those recombinant viruses led to high
levels of expression in different cell types (Mackett & Smith, 1986). The main obstacle to
developing VACV as a vaccine vector was the poor safety record of the strains used for smallpox
vaccination (Lane ef al., 1969). Smallpox vaccination with the conventional VACYV strains led to
complications in vaccinees with immunodeficiencies or certain skin disorders (Lane et al., 1969;
Lane & Goldstein, 2003; Moore et al., 2006). Therefore, attenuated strains like Modified
Vaccinia virus Ankara (MVA) (Hochstein-Mintzel ef al., 1972), LC16m8 (Kidokoro et al., 2005)
or NYVAC (Tartaglia et al., 1992) have been proposed as alternative vectors but it is uncertain if

these induce protection against smallpox.
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1.15 VACV MVA

MVA was derived from its parent Chorioallantois vaccinia Ankara (CVA) strain by over 570
passages in CEFs (Mayr et al., 1975). This produced an attenuated virus (Hochstein-Mintzel et
al., 1972) that had lost approximately 30 kb in six large genomic deletions referred to as deletions
[to VI (Meyer et al., 1991). In addition, many virus genes were disrupted or mutated (Antoine et
al., 1998). The majority of ORFs at the left terminus of the genome were deleted, fragmented or
truncated. This region contains four large deletion corresponding to VACV strain Copenhagen
genes C22L-CI19L, C16L-CI12L, C5L-N1L and M1L-KI1L (Antoine et al., 1998). Towards the right
end of the genome, the regions corresponding to VACYV strain Copenhagen genes A5/R-A55R,
B25R-B28R and the B20R ORF were deleted. In contrast, most of the genes in the central region
of the MV A genome are intact except three genes (corresponding to F5L, F11L and 01L) which
are non-essential (Antoine et al., 1998). The recent availability of the CVA genome sequence has
also enabled the exact mapping of the six major deletions between MVA and CVA (Meisinger-
Henschel et al., 2007).

These large genomic changes in MV A have led to a restriction in host range. The two “classical”
host range genes in VACV needed for replication in human cells are K/L which is partially
deleted in MVA and C7L which is intact and has 100 % amino acid sequence identity with its
VACV WR orthologue (Perkus et al., 1990; Antoine et al., 1998). Despite the presence of an
intact C7L orthologue, MVA replication is abortive or greatly restricted in human cells even
though it can infect them normally in vitro (Sutter & Moss, 1992; Blanchard et al., 1998).
Consequently, the infection does not spread in human cells and MVA is highly attenuated in man.
That is also the case with most mammalian cell lines but the Syrian hamster BHK-21 cell line
(Carroll & Moss, 1997; Drexler et al., 1998) and the rat IEC-6 cell line (Okeke et al., 2006) are
fully permissive for MVA. Additionally, it was recently found that MVA could also replicate in
immortalised cell lines derived from foetal Egyptian fruit bats (Jordan et al., 2009). In contrast,
MVA replicates well in some avian cell types such as CEFs (Mayr et al., 1978; Altenburger et al.,
1989; Carroll & Moss, 1997). Interestingly, MVA lost the ability to replicate in the highly
permissive CEFs when modified to lack the MVA orthologue of another known host range gene
E3L (Langland & Jacobs, 2002; Hornemann et al., 2003).
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1.16 VACV MVA as a vaccine vector

Currently, there is strong interest in genetically engineering MVA to make it a recombinant
vaccine vector for HIV, malaria and other diseases (Gherardi & Esteban, 2005; Cebere et al.,
2006; Dunachie et al., 2006; Ondondo et al., 2006). MV A vectors expressing tumour antigens
have also been used for cancer immunotherapy (Harrop et al., 2007; Song et al., 2007) or suicide
gene therapy (Erbs ef al., 2007). Other applications include the use of MV A vectors for high level

protein expression in mammalian cells (Hebben et al., 2007).

MVA is an ideal vaccine strain because of its safety and good immunogenicity. It was used in
more than 120 000 primary vaccinees in Germany without any significant adverse effects (Mayr
et al., 1978). This was also supported by more recent studies using a third generation smallpox
vaccine clone derived from MVA which confirmed its safely profile in immunocompromised
individuals (Vollmar ef al., 2006). MVA can also express foreign proteins at a high level (Sutter
& Moss, 1992) and is immunogenic despite being replication defective in human cells (Sutter et
al., 1994). MVA is as immunogenic as the conventional replication-competent VACV vaccine
strain, Dryvax (Davies et al., 2007) if not more so (Gomez et al., 2001; Earl et al., 2004;
Coulibaly et al., 2005). However, the mechanisms by which MVA elicits the immune response
are poorly understood. VACYV infection is abortive and induces apoptosis in DCs (Jenne ef al.,
2000) but this process was found to be accelerated after MV A infection compared to infection
with a replication competent strain (Chahroudi et al., 2006). This was the first indication that
enhanced immunogenicity of MVA compared to other strains may be a result of cross
presentation whereas direct priming is known to be more usually the case with replication
competent strains (Chahroudi e al., 2006). Differences in antigen presentation between MVA
and other VACYV strains were later studied by Gasteiger et al (2007) and cytotoxic T-lymphocyte
(CTL) responses against MVA were found to be dominated by cross-priming (Gasteiger et al.,
2007). Additionally, a recent study in mice showed that delivery route of MVA (intradermal vs.
intramuscular) impacts on the quality of the immune response, as the former yielded better
antigen distribution and APC recruitment (Abadie et al., 2009). These studies highlight the need
for a better understanding of how MVA elicits the immune response to design more immunogenic

vaccines and better antigen delivery routes.
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1.17 VACV MVA and immunomodulation

MVA lacks several immunomodulators present in other VACV strains such as the soluble
receptors for TNF, [FN-y, or IFN-o/B but others remain (Antoine et al., 1998; Blanchard et al.,
1998). Additionally, some MVA orthologues of other VACV immunomodulators are partially
deleted, disrupted or mutated, for instance N1 and B14 orthologues (Antoine et al., 1998). The
orthologue of N1 is fragmented and the protein it encodes (008) has three deletions towards its C
terminus (Antoine et al., 1998) but based on the known structure of N1 it is unlikely to be
expressed stably. The MVA orthologue of B14, called 183 has a couple of conserved amino acid
substitutions but also has a 6 amino acid internal deletion that renders the protein unstable and
non-functional (Laura McCoy, personal communication). In contrast, the sequences of VACV
WR K7 and its MVA orthologue (028) are identical. Similarly, the sequence of VACV WR A46
and its orthologue MVA 159 differ by a single amino acid substitution (from poxvirus.org).
Additionally, the sequences of A35 in COP and MVA are the same, though the VACV WR
orthologue, which was recently characterised (Rehm ef al., 2009), has a single amino acid
substitution at position 150. The deletion of specific genes encoding immunomodulatory proteins
from VACYV strain MVA can increase immunogenicity (Staib et al., 2005; Clark et al., 2006) and
therefore more immunogenic MVA vaccines can be created by targeted removal of additional
immunomodulatory genes. For instance, the K7 or A35 orthologues would be ideal candidates for
removal as they are highly conserved in MVA. Therefore, part of this project was aimed at
deleting the K7R orthologue from MVA. The MVA used in this project is called MVA-C and has
human immunodeficiency virus (HIV) clade C Env/Gag-Pol-Nef sequence inserted in the

thymidine kinase (TK) locus of wild type MVA (Gomez et al., 2007).

In summary, table 1.2 lists the orthologues of known immunomodulatory genes and the state of

their conservation in MVA.
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VACV VACV
WR MVA % sequence
protein protein Amino acid sequence condition in MVA identity

E3 50 7 conserved aa substitutions 97

K3 11 2 aa substitutions, one is conserved 95

B13 - deleted NA
18 aa extension, 15 aa substitutions, 12 aa
deletion and some discordance compared to 84 (with VACV

B22 189 VACV COP orthologue COP)
4 aa deletion at N-terminus and 1 conserved

F1 29 aa substitution 97
internal 4 aa deletion and 20 aa substitutions

N1 20 all at the C terminus; unlikely to be stable 81

A46 159 single conserved aa substitution 99

AS52 - deleted NA

K7 28 identical 100

K1 - deleted NA

M2 - deleted NA
internal 6 aa deletion and 1 conserved aa

B14 183 substitution 94

Ad4 157 single aa substitution 97.99

A35 146 single aa substitution 99

B18 - fragmented, no protein produced NA
gene fragmented, no functional protein is

B8 - produced NA

H1 91 single conserved aa substitution 99

BI15 184 no change 100

C21 - deleted NA
19 aa substitutions and a 6 aa internal

C12 8 deletion 84

A4l 157 6 aa substitutions, 5 of which are conserved 97

Tablel.2. Conservation of VACV immunomodulatory proteins between WR and MVA

strains. aa = amino acid.
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1.18 VACYV K7 overview

This project was focused on K7R and the K7 protein it encodes. K7 is highly conserved amongst
VACYV strains and OPVs suggesting an important function. Within the VACV proteome K7 is
most closely related to A52 with which it shares 26 % amino acid sequence identity and 45 %

similarity (see 3.1 for details).

K7 in VACV WR was previously studied in the Smith lab by Dr Stuart Lucas (unpublished
results). A deletion mutant lacking the K7R gene (VAK7) and a revertant virus where the K7R
gene was re-inserted into VAK7 (vK7-rev) were made. Growth of vAK7 in cell culture was
measured after infection at 10 plaque forming units (pfu)/cell and its replication compared to that
of the wild-type virus (vK7) and vK7-rev and all three viruses produced equivalent titres.
However, when cells were infected at 0.01 pfu/cell, slightly lower titres were obtained from
vAK7-infected cells at 48 and 72 h p.i. As there were no significant differences in the size of
plaques formed on infected cells by the three viruses, this difference was believed to be due to
enhanced cellular defence mechanisms in the absence of K7 rather than reduced cell to cell

spread efficiency.

To assess virus virulence, VAK7 was tested in vivo in both the intradermal (Tscharke & Smith,
1999) and the intranasal (Williamson et al., 1990) mouse models of infection and was found to be
attenuated compared to wild type and revertant controls. In mice infected intradermally, the size
of the resulting lesions was monitored and mice infected with vAK7 displayed a reduced lesion
size compared to those infected with vK7 and vK7-rev. This difference was statistically
significant from days 7-11, 13 and 14 p.i. In the intranasal model, vAK7 induced substantially
less weight loss from days 4-13 p.i. Additionally, virus titres in infected lungs were significantly
lower at 6 days p.i and there was an increase in lymphocytes (CD45 +) infiltrating into the lung.
This increase in CD45+ correlated with an increase in CD8+ T-cells. Collectively, all these data

indicated that K7 contributes to virulence.

However, it seems that loss of the K7 protein was not the primary cause of the attenuation
observed in those experiments. This was because a virus that contained the K7 gene but was
engineered not to make the K7 protein was as virulent as wild type. Specifically, an extra
nucleotide was introduced into the K7R translational initiation codon, thus mutating the ATG

codon to ATAG so that the protein was not produced. Consequently, confirming and

55



investigating how K7R nucleic acid contributes to virulence formed a significant part of this

project.

The function of K7 has also been studied by Dr Andrew Bowie and co-workers in Trinity College
Dublin (Schroder et al., 2008). They showed that expression of K7 in transfected cells inhibited a
broader range of innate signalling pathways than the related AS2. Like AS52, K7 co-
immunoprecipitated with TRAF6 and IRAK?2 and inhibited the induction of NF-xB via TLRs, but
unlike A52, K7 also inhibited non-TLR induced NF-xB activation. Additionally, K7 inhibited
TLR-dependent and TLR-independent activation of IRF3. The latter effect was mediated by an
interaction with the host DEAD-box protein DDX3, an RNA helicase (Yedavalli et al., 2004)
which led to the discovery of a novel role for DDX3 in innate immune signalling pathways.
DDX3 had previously been shown to play a role in cellular transcription and translational control,
RNA splicing and export and cell cycle control (Rosner & Rinkevich, 2007). In this case, DDX3
was found to be phosphorylated by IKK-¢ and/or TBK1 that are the two components upstream of
IRF3 and IRF7 and essential for their activation, but K7 binding to DDX3 inhibited their
activation (Schroder et al., 2008; Soulat et al., 2008). Interestingly, it is also known that hepatitis
B virus (HBV) and HIV encode proteins that target DDX3 (Kwong et al., 2005; Ariumi et al.,
2007).

Collectively, these data indicate that the K7 protein is an immunomodulator and suggest that the
nucleic acid transcribed from K7R may contribute to virulence even when it does not encode

protein.

1.19 Project aims

This study aimed to further characterise K7 from VACV WR strain, and investigated its role in
VACYV infection. Characterisation of K7 included delineating its conservation through the OPV
genus, its expression profile and localisation within the context of a viral infection. In addition,
the possible role of K7R nucleic acid in virus virulence in vivo and immunomodulatory effects in
vitro were investigated. Co-expression of K7 with its binding partner DDX3 to produce soluble
complexes for crystallisation trials was also attempted. Finally, MVA lacking 028R, the K7R

orthologue was constructed and characterised.
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The experimental results are arranged in the following order:

Chapter 3: Analysis of the K7 protein

Chapter 4: Expression and purification of K7 protein and its binding partner DDX3 in a bacterial

expression system for crystallisation trials

Chapter 5: Investigating the possible contribution of K7R nucleic acid to virulence in VACV WR

Chapter 6: Construction and in vitro characterisation of MV A-C viruses lacking K7R orthologue

028R
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Chapter 2: Materials and methods

2.1. Molecular cloning

2.1.1 Restriction digestion of plasmid DNA

DNA was digested with restriction enzymes (New England Biolabs or Roche) at a minimum of 1
unit (U) of restriction enzyme per pg of DNA and no more than 10 % (v/v) of restriction enzyme

per reaction to minimise glycerol content. DNA was digested for 1-2 h at 37 °C.

2.1.2 Agarose gel electrophoresis

DNA was resolved by electrophoresis on 1 or 2 % (w/v) agarose gels made up in Tris-acetate-
ethylenediaminetetraacetic acid (EDTA) (TAE) (40 mM Tris pH 8, 20 mM acetic acid, 1 mM
EDTA) with 10,000 X SYBRsafe dye (Invitrogen). Samples were mixed at a ratio of 5:1 with 6 X
loading buffer (10 mM Tris pH 7.6, 0.03 % (w/v) bromophenol blue, 0.03 % (w/v) xylene cyanol
FF, 0.15 % (w/v) orange G (inorganic synthetic azo chemical compound), 60 % glycerol, 60 mM
EDTA) before loading. The DNA fragments were visualized and photographed using the
SYBRsafe imager (Invitrogen), a 300 nm blue light transilluminator, to avoid UV damage to
DNA that occurs when using a short wave UV transilluminator. The DNA bands of interest were
excised with a clean scalpel and the DNA was purified using the QIAquick gel extraction kit
(QIAGEN) according to manufacturer’s instructions. Briefly, the gel slice was dissolved in 3 X
(w/v) buffer QG by heating at 50 °C until the gel dissolved. The DNA was then adsorbed onto a
silica gel membrane in a spin column at high salt concentration and pH < 7.5 which were
provided by the QG buffer. Impurities were then washed away by centrifugation at 13,000
rotations per minute (rpm) for 1 min in a benchtop microcentrifuge (Heraus) and pure DNA was

eluted in deionised distilled H,O (ddH,0).
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2.1.3 Dephosphorylation of 5° ends of DNA fragments

Dephosphorylation of the 5’ ends of linearised plasmid vectors was performed using 1 U of
shrimp alkaline phosphatase (SAP, Amersham Biosciences) per pg DNA in 20 mM Tris-HCI pH
8.0, 10 mM MgCl, for 1 h at 37 °C. The reaction was terminated by heating at 65 °C for 15 min to

inactivate the phosphatase.

2.1.4 Klenow reaction

Linear DNA fragments containing overhanging sticky ends that were generated by restriction
enzyme digestion were made blunt ended where necessary by using the Klenow enzyme (large
fragment of DNA polymerase I from E. coli). The DNA was mixed with nick translation buffer
(50 mM Tris-HCI pH 7.5, 10 mM MgSQO,, 0.1 mM dithiothreitol (DTT), 500 pg/ml in H,0O), 80
uM deoxyribonucleotide triphosphate (AINTP) and 1 U of Klenow enzyme (Roche). After 30 min
incubation at room temperature (RT), the reaction was stopped by adding EDTA to a
concentration of 20 mM.

2.1.5 DNA ligations

DNA ligations were carried out at 1:3 vector to insert molar ratio with 100-200 ng of vector DNA
and 1 U of T4 ligase (Rapid DNA ligation kit, Roche) per reaction in T4 DNA ligase buffer. The

reaction was incubated at RT for 5 to 10 min.

2.1.6 Transformation of plasmids into chemically competent cells

Transformation competent E. coli cells (Nova blue DHS5a, Novagen) were stored at -80 °C and
then thawed on ice before use. No more than 10 % total volume of a DNA ligation reaction
(section 2.1.5) was added to a 20 ul aliquot of competent cells and incubated on ice for 30 min.
The cells were then heat-shocked at 42 °C for 30 s before recovery on ice for 2 min. Usually 80 pl
of super optimal catabolite (SOC) medium was added, the mix was spread on LB (Luria-Bertani)
agar dishes containing the relevant antibiotic (typically ampicillin (50 pg/ml) and/or kanamycin

(30 pg/ml)) and incubated at 37 °C overnight.
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2.1.7 Preparation of plasmid DNA

A 5 ml LB broth culture supplemented with the relevant antibiotic(s) was inoculated with a single
bacterial colony and was incubated overnight at 37 °C with shaking at 200 rpm. Plasmid DNA
was extracted from the pellet of 1.5 ml of the overnight culture by alkaline lysis. Briefly, the
pellet was lysed by resuspending in 150 pl P1 buffer (50 mM Tris-HCI pH 8, 10 mM EDTA,
RNAse A 100 pg/ml) in an Eppendorf tube. Then 150 pl of buffer P2 (0.2 M NaOH, 1 % sodium
dodecyl sulphate (SDS)) was added and the tube was shaken gently and incubated for 5 min at
RT. Afterwards, 150 pl of P3 buffer (2.55 M KOAc pH 4.8) was added and the tube was shaken
thoroughly and centrifuged at 13,000 rpm for 5 min in a benchtop microcentrifuge (Heraus). The
supernatant (approximately 450 pl) was then transferred to another tube and 1 ml of ethanol was
added to it to precipitate the DNA. The DNA was collected by centrifugation, washed with 150 ul
of 70 % ethanol and dried in a speed vacuum (Savant). The DNA pellet was dissolved in 40 ul of
ddH,O. To obtain a larger amount of highly purified and concentrated DNA, a Maxi-prep kit
(Qiagen) was used starting from a 250 ml culture of the DHS5a E. coli strain harbouring the
plasmid clone of interest according to the manufacturer’s instructions. The principle of this
procedure was also based on DNA extraction from bacteria by alkaline lysis. DNA was dissolved
in 1 ml of TE buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA) and its concentration determined by
spectrophotometry by measuring UV absorbance at 260 nm using the Nanodrop ND-1000
(Labtech International) (1 ODys = 50 pg/ml dsDNA). The purity of the nucleic acids was
assessed by the OD 54280 ratio. A ratio between 1.8 and 1.9 is considered as highly pure DNA.

2.1.8 Screening of plasmid clones

The presence of the correct DNA fragment after cloning was verified by restriction enzyme
digestion and PCR. The plasmid DNA was digested with the appropriate restriction enzyme(s)

followed by agarose gel electrophoresis. For PCR analysis see section 2.1.10.

2.1.9 Preparation of glycerol stocks

A 5 ml LB culture supplemented with the appropriate antibiotic(s) was inoculated with a single
bacterial colony and was incubated overnight at 37 °C with shaking at 200 rpm. A 0.5 ml sample
of this culture and an equal volume of 30 % (v/v) sterile glycerol in LB solution were mixed and

frozen at -80 °C. When required, this frozen glycerol stock of bacteria was scraped using a sterile
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loop and streaked out on an LB agar plate containing the appropriate antibiotic(s) and incubated

overnight at 37 °C to obtain isolated colonies.

2.1.10 Standard PCR

Platinum Pfx high-fidelity DNA polymerase (Invitrogen) was used to amplify DNA used for
cloning. Gotaq (Roche) or Taq (Invitrogen) polymerases were used for diagnostic screening of
DNA. A standard PCR in a 50 pl reaction volume contained 10 to 100 ng of template DNA,
oligonucleotide primers (0.1-1 uM each), 200 uM dNTPs, 1.5 mM MgCl,  PCR buffer (20 mM
Tris-HCI pH 8.4, 50 mM KCI) and 2 U of thermal polymerase. Typically, the template DNA was
denatured at 95 °C for 3 min, followed by 25 cycles of denaturing at 95 °C (30 s), annealing at 50
°C (30 s) and extension at 72 °C (for a length of time equal to 1 min per kb of desired extension
product). A final extension at 72 °C for 5-10 min followed. DNA from PCRs was analysed by
agarose gel electrophoresis, visualised and excised from the gel as described in section 2.1.2 and
purified using the Qiagen Gel Extraction kit. When not electrophoresed on an agarose gel, the
DNA was purified using the Qiagen PCR purification kit. The DNA purification principle in this

kit was the same as for the gel extraction kit.

2.1.11 DNA ligation with PCR fragments

Blunt-ended ligations were carried out using the Zero Blunt TOPO Cloning Kit (Invitrogen)
where the plasmid vector (pCR4 Blunt-TOPO) is supplied linearised with VACV topoisomerase |
bound to the 3’ ends, ready for cloning blunt-ended products. The vector and the fresh PCR
product insert were mixed gently in 1.2 mM NaCl, 10 mM MgCl, for 5 min at RT. The reaction

mix was then placed on ice and transformed into competent bacterial cells.

2.1.12 Oligonucleotides

PCR primers were produced by Sigma-Aldrich, UK or IDT. Lyophilised primers were dissolved
in to yield a master stock with a concentration of 100 uM. Working stocks were diluted to 10 pM
in ddH,O and stored at -20 °C. Below is a list of all primers used.
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oligonucleotide
name

5' to 3' sequence

sequence bound

Fl-1 ACTTCTTCCATGTCCAATATG 028R left flank
Fl1-3 ACCCCTATATCATCTAGAGACTATCTCACAAAAGACAG 028R left flank
Fl-2 m ATTAGCGGCCGCACGAAGTTAATACTATACTAATG 028R right flank
Fl-4 m ATTATCTAGATACAGATCTGATGACCGACG 028R right flank
039U AACTTCTAGATTCACCATTACTTCTTCCATGTCC K7R left flank
039D TGATGAATTCGGGGTTGGGTGTAAGATTGG K7R right flank
K7R left flank with K7R1_171
1-171F4 GGAAGACTGTACAAGGAATTGTAATGATATAGGGGTCTTCATAACG overlap
K7R1_171 with K7R rlght flank
1-171R3 CGTTATGAAGACCCCTATATCA TTACAATTCCTTGTACAGTCTTCC overlap
K7R left flank with K7R scrambled
ScrR1 CGTAGTCCAACTTTGTGGCCATGACTATCTCACAAAAGACAGTAG overlap
K7R scrambled with K7R left flank
ScrF2 CTACTGTCTTTTGTGAGATAGTCATGGCCACAAAGTTGGACTACG overlapp
K7R scrambled with K7R right
ScrR3 CGTTATGAAGACCCCTATATCATCAGTTTAACTTCTTCTCAAGG flank overlap
K7R right flank with K7R
ScrF4 CCTTGAGAAGAAGTTAAACTGATGATATAGGGGTCTTCATAACG scrambled overlapp
K7R left flank with K7R inverted
InvR1 AGAAAAAAAATTGAATTGAGACTATCTCACAAAAGACAGTAG overlap
K7R inverted with K7R left flank
InvF2 CTACTGTCTTTTGTGAGATAGTCTCAATTCAATTTTTTTTCT overlap
K7R inverted with K7R right flank
InvR3 CGTTATGAAGACCCCTATATCAATGGCGACTAAATTAGATTA overlap
K7R right flank with K7R inverted
InvF4 TAATCTAATTTAGTCGCCATTGATATAGGGGTCTTCATAACG overlap
K7R left flank with K7R»79.450
270-450R1 CTTTCCTGATCATGGACTTTTCATGACTATCTCACAAAAGACAGTAG overlap
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K7R270_450 with K7R left flank

270-450F2 CTACTGTCTTTTGTGAGATAGTCATGAAAAGTCCATGATCAGGAAAG overlap
K7R left flank with K7R17g_269
VMRI GTACCGTATAGCGACATCATCGAGACTATCTCACAAAAGACAGTAG overlap
K7R178_2(,9 with K7R left flank
VME2 CTACTGTCTTTTGTGAGATAGTCTCGATGATGTCGCTATACGGTAC overlap
K7R178_269 with K7R rlght flank
VMR3 CGTTATGAAGACCCCTATATCAGTAAAATTGATGTAGTGGTC overlap
K7R right flank with K7R 75269
VMF4 GACCACTACATCAATTTTACTGATATAGGGGTCTTCATAACG overlap
K7R left flank with K7R171_450
172-450R1 GCGACATCATCGAACTTCATGACTATCTCACAAAAGACAGTAG overlap
K7R171_450 with K7R left flank
172-450F2 CTACTGTCTTTTGTGAGATAGTCATGAAGTTCGATGATGTCGC overlap
p9l CAAGGTGAAGCAGTGGCC HIV-C antigen
p92 CGGCCTTGCCGATCTTGG HIV-C antigen
K7 N-His fwd AAGTTCTGTTTCAGGGCCCGGCGACTAAATTAGATTATGAGGATGC K7R with N-6 X His
ATGGTCTAGAAAGCTTTAATTCAATTTTTTTTCTAGAAAAAGTATCAAGA
K7 N-His rev TG K7R with N-6 X His
K7 C-His fwd AGGAGATATACCATGGCGACTAAATTAGATTATGAGGATGC K7R with C-6 X His
K7 C-His rev GTGATGGTGATGTTTATTCAATTTTTTTTCTAGAAAAAGTATCAAGATG K7R with C-6 X His

Table. 2.1. Oligonucleotides used for PCR. The exact context for the use of these oligonucleotides will be described in Results. N-6 X His and

C-6 X His = N-terminal and C-terminal 6 histidine tag.
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2.1.13 Automated DNA sequencing

DNA samples were prepared by adding 3 pmol of sequencing primer to 3 pg of extracted
DNA. Sequencing was carried at the MRC Clinical Sciences Centre, Hammersmith Hospital.

Results were analysed using Chromas and Clustal X programmes.

2.2. Protein expression and purification

2.2.1 Bacterial protein expression systems

Plasmid pET28a (Novagen) containing the K7R ORF with a N-6 X His tag was introduced
into E. coli B834 DE3 cells by transformation. K7R was under the control of bacteriophage
T7 promoter and its expression only started after inducing T7 RNA polymerase in host B834
cells with B-D-1-thiogalactopyranoside (IPTG) (pET system manual, 11" Edition, Novagen).
Later, pOPIN E and F vectors developed by Prof David Stuart, OPPF, Wellcome Trust Centre
for Human Genetics, University of Oxford, were used instead (Berrow et al., 2007). The
pOPIN vectors made it possible to cleave the histidine tags more easily by using 3-C protease
(PreScission protease, GE healthcare) rather than the less efficient thrombin that is required
when using pET-28a. The K7 protein expressed had either a C- or N-6 X His tag. A single
well-isolated bacterial colony from an LB agar plate was used to inoculate 5 ml of LB broth
supplemented with the appropriate antibiotic(s) and this culture was incubated at 37 °C with
shaking at 200 rpm overnight. The antibiotics used to select for bacteria were ampicillin (100
pg/ml) when using pOPIN vectors and kanamycin (30 pg/ml) when using pET-28a. The
overnight culture was used to inoculate 250 ml of Terrific Broth (TB) autoinduction medium
(Overnight Express Instant TB medium, Novagen) that was incubated at 23 °C for two days
with shaking at 200 rpm or 37 °C for 6 h followed by overnight incubation at 25 °C. When
using TB, induction with IPTG during the exponential phase of bacterial growth is not
required. This is due to the presence of several metabolisable components in the medium that
automatically induce protein expression from lac promoters (pET system manual, 11"
Edition, Novagen). The cells were harvested by centrifugation at 3,000 rpm in an Allegra 6R
centrifuge (Beckmann Coultier) for 20 min at 4 °C. When not processed immediately, pellets

were stored at -80 °C.
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In later experiments, the co-expression of DDX3 5-167 or DDX3 22-409 from pET-28a with
K7 pOPINE was required. In this case, B834 cells were co-transformed with the two plasmids
and bacterial colonies were selected in the presence of both kanamycin and carbenecillin. LB
was also used instead of TB medium and cultures were induced with IPTG during the
exponential growth phase for 3 h at 37 °C or overnight at 30 °C. Cultures were then processed

as described previously.

2.2.2 Bacterial pellet lysis for protein extraction

A pellet containing the bacteria from a 250 ml culture (section 2.2.1) was lysed in 10-14 ml of
lysis buffer (25 mM Tris pH 8, 500 mM NacCl, 20 mM imidazole, 1 % Nonidet-P 40 (NP-40),
2 mM [-mercaptoethanol and 1 protease inhibitor tablet per 10 ml, Roche) and was sonicated
five times for 30 s with incubations on ice for 30 s between each sonication. The tube
containing the lysate was rotated in the presence of benzonase nuclease (1000 X, 25 U/ul,
Novagen) for 30 min at RT to digest contaminating DNA. The lysate was then centrifuged at
11,000 rpm in an Optima L-100 ultracentrifuge using an SW41-TI rotor (Beckmann Coultier)
for 30 min at 4 °C. After centrifugation, soluble and insoluble fractions were obtained and
separated into different 50 ml Falcon tubes. Samples of these two fractions were analysed by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie blue staining
or immunoblotting (see sections 2.2.4; 2.2.5 and 2.2.6).

2.2.3 Purification of His-tagged protein

The soluble protein fraction obtained after lysing the bacterial pellet (section 2.2.2) was
filtered and loaded on to a 5 ml HisTrap column (GE Healthcare). The column was washed
with 50 ml (10 column volumes, (CV)) binding buffer (20 mM Tris-HCI, 500 mM NaCl, 40
mM imidazole, pH 7.5) to remove non-specific protein and then bound protein was eluted
with 15 CV using a gradient of increasing imidazole concentration (from 40 to 500 mM
imidazole) with elution buffer (20 mM Tris-HCI, 500 mM NaCl, 500 mM imidazole, pH 7.5).
Fractions of interest were analysed by SDS-PAGE followed by immunoblotting or staining
with Coomassie blue to check for protein content. Fractions containing recombinant protein
were combined and concentrated using a Centricon YM-10 to no more than 1-2 ml. This was
applied to a Superdex 75 16/60 column (GE Healthcare) for gel filtration and eluted with 1.2
CV gel filtration buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 50 mM NaCl, pH 8). Again, fractions were analysed for protein by SDS-PAGE

followed by staining with Coomassie blue or immunoblotting.
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2.2.4 SDS-PAGE

Proteins were resolved by electrophoresis on a 5 % polyacrylamide stacking gel (125 mM
Tris pH 6.8, 5 % (v/v) acrylamide mix (Protogel, National Diagnostics) 0.1 % (w/v) SDS, 0.1
% (w/v) ammonium persulphate and 0.04 % v/v N,N,N’,N’-tetramethylethylenediamine
(TEMED)) and a resolving gel (12 or 15 % (v/v) acrylamide mix, 375 mM Tris pH 8.8, 0.1 %
(w/v) SDS, 0.1 % (w/v) ammonium persulphate, 0.04 % (v/v) TEMED) by electrophoresis, in
a Tris-glycine running buffer (24 mM Tris-Base, 192 mM glycine, 1 % (w/v) SDS) using a
Mini-PROTEAN 1I apparatus (BioRad). The prestained molecular mass marker used was
Precision-Plus (BioRad). Protein samples were mixed at a ratio of 5:1 with 6 X Laemmli
loading buffer (300 mM Tris pH 6.8, 12 % (w/v) SDS, 60 % (v/v) glycerol, 0.6 %
bromophenol blue) supplemented with 100 mM DTT before use. Samples were heated at 85
°C for 3 min and run at 80 V through the stacking gel and then at 160 V through the

separating gel.

2.2.5 Coomassie blue staining

Polyacrylamide gels were stained for 30 min in Coomassie blue solution (10 % (v/v) acetic
acid, 45 % (v/v) methanol, 0.25 % (w/v) Coomassie brilliant blue (BDH)) and then destained
in 10 % (v/v) acetic acid, 25 % methanol solution. Gels were equilibrated in water and dried
between 2 sheets of pre-wet cellophane membrane (Bio-Rad) in a hot air dryer (GelAir drying
system, Bio-Rad).

2.2.6 Immunoblotting

After electrophoresis, polyacrylamide gels were equilibrated for 15 min in transfer buffer
(190 mM glycine, 25 mM Tris pH 9, 0.1 % SDS, and 20 % (v/v) methanol) and transferred to
Hyperbond enhanced chemiluminescence (ECL) 0.2 pM pore size nitrocellulose membranes
(GE Healthcare) at 18 V for 25 min. The membrane was incubated in blocking buffer (5 %
milk powder (w/v) (Fluka), phosphate-buffered saline (PBS), 0.1 % Tween) for 1 h at RT or
overnight at 4 °C. Then the primary Ab was added to fresh blocking buffer and incubated with
the membrane for 1 h at RT or overnight at 4 °C. The membrane was washed 3 times in 0.1 %
Tween PBS and incubated with horseradish peroxidase (HRP)-labelled secondary Ab in
blocking buffer for 45 min at RT. After washing again 3 times with 0.1 % Tween PBS, ECL
Plus Western blotting detection reagent (GE Healthcare) was added to the membrane for 4
min at RT. The membrane was then drained of ECL and exposed on X-ray film (GE
healthcare).
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2.3 Cell culture

2.3.1 Cell lines

Chicken embryo fibroblasts (CEFs) were used for the construction, growth, and titration of
recombinant MVA-C viruses. CEFs were purchased from the Institute for Animal Health,
Compton. CEFs used were either primary or had been passaged no more than three times.
Baby hamster kidney (BHK)-21 cells were used for titration of virus stocks and for
characterisation of recombinant MVA-C viruses. Henrietta Lacks (HeLa) uterine carcinoma
cells were used for some transfections and for some infections with VACV WR. Human
embryonic kidney cells 293T (HEK 293T) were used to carry out luciferase reporter assays.
BSC-1, CV-1 (both African green monkey kidney cells), D98OR (subclone of HeLa cells)
and rabbit kidney 13 cells (RK-13) were used for infection and plaque assays with VACV
WR.

2.3.2 Cell line maintenance and passage

All cells were maintained in medium supplemented with 50 U/ml penicillin, 50 pg/ml
streptomycin (Gibco BRL) and 10 % heat-treated foetal bovine serum (FBS, heat-treated at
56 °C for 30 min, Harlan Sera-Lab). CEFs (prepared from 10-day old embryos at Institute for
Animal Health, Compton), HEK 293T (CRL-1573), BSC-1 (ATCC CCL-26), RK-13, (ATCC
CCL-37), CV-1 (ATCC CCL-70) and D98OR cells (ATCC CCL18.3) were cultured in
Dulbecco's modified Eagle’s medium (DMEM, Gibco BRL). BHK-21 (ATCC CCL-10) were
cultured in modified Eagle’s medium (MEM, Gibco BRL) supplemented with MEM vitamins
(Gibco) and MEM non-essential amino acids (Sigma). HeLa cells (ECACC CCL-2) were
cultured in MEM with MEM non-essential amino acids. The cells were incubated at 37 °C (or
a different temperature where appropriate) in a humidified incubator with 5 % CO,. HEK
293T-Rex-based (Invitrogen) stable inducible cell lines were maintained in DMEM
supplemented with blasticidin (50 pg/ml) and zeocin (100 pg/ml). Doxycycline (2 pg/ml) was

used to induce expression of the gene of interest.

2.3.3 Transfections

Lipofectamine 2000 transfection reagent (Invitrogen) was used for transfections of CEFs
infected with MVA-C. Typically, 10 pl of lipofectamine 2000 was added to 250 pul of Opti-
MEM medium (Gibco BRL) in one tube and 5 pg of DNA to 250 pl of Opti-MEM in another
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tube. These tubes were incubated for 10 min at RT. The two solutions were then mixed and
incubated for 20 min at RT. This mix and 5 ml of DMEM (with 2.5 % FBS) were added to a
T25 flask of CEFs previously infected with MVA-C (see section 2.4.1 for infection protocol).
The cells were incubated for 4-5 h, the transfection reagent was removed and replaced by

DMEM supplemented with 2.5 % FBS. The cells were incubated for 2 days.

Polyethylenimine (PEI, 10 mg/ml) transfection reagent (Sigma-Aldrich) was used for all other
transfections. Briefly, cells were seeded at 70 % confluency. After 24 or 48 h, the culture
medium was replaced by pre-warmed DMEM containing 2 % FBS. Plasmid DNA was added
to serum-free Opti-Mem and then PEI was added directly into the DNA mixture at a ratio of
1:2 of ug DNA to uL PEIL The reagents were vortexed briefly and incubated for 30 min at RT
before adding to the cells.

2.3.4 Preparation of lysates of mammalian cells

Lysis of mammalian cells for analysis of proteins by SDS-PAGE was carried out using a
Triton X buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 10 % glycerol, 1 % Triton
X-100, 0.05 % NP-40, 500 X protease inhibitor tablet (Roche), filtered). The cells were
washed with PBS and the lysis buffer was added and the cells scraped with a cell scraper. The

harvested lysates were stored at -20 °C.

2.3.5 Luciferase assays

HEK 293T cells were seeded at 2 x 10° per well of a 96-well plate two days prior to
transfection. The NF-kB-firefly-luciferase reporter plasmid (NF-kB-luc), ISRE-firefly-
luciferase reporter plasmid (ISRE-luc) and a TK-Renilla-luciferase (TK-Renilla luc) plasmid
were all obtained from the Promega PathDetect system. The IFN-B-firefly-luciferase reporter
(IFN-B-luc) plasmid was a gift from Prof Bowie’s group, Trinity College Dublin. Cells were
transfected with 60 ng of NF-kB-luc/ISRE-luc/IFN-B-luc, 10 ng of TK-Renilla-luc, and 60 ng
of the different K7R plasmids with PEI (Sigma-Aldrich). After 24 h, cell were treated with
250 ng/ml TNF-0, 1000 U/ml IFN-a and 100 pg/ml poly I:C with 250 ng/ml TNF-a for 6 h
for the NF-«xB, ISRE and IFN-B luciferase reporter assays, respectively. Cells were then
harvested in passive lysis buffer (Promega) and freeze-thawed to lyse the cells. Firefly
luciferase activity was measured by adding firefly luciferase reagent (8 mg/ml luciferin (Lux
Biotechnology), 270 uM acetyl co-enzyme A (Sigma-Aldrich), 530 uM ATP, 33 mM DTT,
0.1 mM EDTA, 2.67 mM MgSO,, 20 mM Tricine) to the cell lysates. Renilla luciferase

68



activity was measured by adding renilla luciferase reagent (2 pg/ml Coelenerazine (Lux
Biotechnology) in PBS) to the cell lysates. The relative stimulation of reporter luciferase
activity was measured as relative light units (RLUs) in a Luminoskan Luminometer
(Labsystems). Reporter activity was calculated by normalizing firefly luciferase activity with
Renilla luciferase activity. In all cases, data shown are from one of at least three independent
experiments with similar qualitative results. Experiments were performed in triplicate and

data are expressed as means + SD.

2.3.6 Immunofluorescent staining

HeLa cells used for scanning confocal microscopy were grown on 22-mm sterilised glass
coverslips (borosilicate glass, BDH) in 6-well plates. After 24 h cells were infected at 1
pfu/cell overnight with virus, or were transfected with plasmids of interest for 6, 12, 16, 20 or
24 h. At various times p.i or post-transfection, cells were washed twice in ice-cold PBS and
fixed with 4 % paraformaldehyde (PFA) in 250 mM HEPES in PBS for 20 min at RT.
Coverslips were then washed twice in PBS and quenched for 5 min with 50 mM NH,CI. After
an additional two washes in PBS, cells were permeabilised in 0.1 % (w/v) Triton X-100
(Sigma-Aldrich) in PBS for 7 min. The cells were then blocked for 1 h at RT with PBS, 10 %
FBS and incubated for 1 h with primary Ab diluted in the same blocking buffer. This was
carried out by depositing each coverslip on 100 pL of the appropriate diluted Ab solution on
parafilm and covering it with a darked-out moisture chamber. Slides were then washed three
times with blocking buffer and stained with Alexa 488 or 546-conjugated secondary Abs
(Invitrogen) at RT for 30 min in the same set-up as before. Coverslips were then washed three
times in blocking buffer, three times in PBS, and once in ddH,O before being mounted on
glass slides in Mowiol-4’,6-diamidino-2-phenylindole (DAPI) mounting medium. Slides were

examined with a Zeiss LSM5 Pascal confocal microscope using Zeiss LSM software.

2.3.7 Cell fractionation

HeLa cells in 14.5-cm dishes were infected at 5 pfu/cell overnight with different recombinant
viruses. Cells were gently washed twice with ice-cold lysis buffer (20 mM HEPES pH 7.8,
0.5 mM DTT, 0.5 mM MgCl,) and then 20 ml of the same buffer were added per dish and
incubated on ice for 10 min to allow the cells to swell. The buffer was then removed and
dishes were tilted to help remove any residual buffer. Cells were gently scraped, collected and
dounced on ice (25 strokes) in a 1 ml dounce homogeniser with 50 pL protease inhibitor

cocktail (1 tablet in 10 ml ddH,O, Roche). Lysates were then transferred to Eppendorf tubes
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and centrifuged at 3,200 rpm at 4 °C for 2 min. Supernatants were transferred to new tubes
and represented the cytoplasmic fractions. Nuclei were washed in PBS by gently
resuspending the pellet, centrifuging as before and carefully removing the supernatant. This
was repeated at least four times to avoid cytoplasmic contamination in the nuclear fractions.
Nuclear resuspension buffer (100 uL, 50 mM Tris-HCI pH 8, 0.5 mM MgCl,, and 20 mM
iodoacetamide, supplemented with Roche protease inhibitor tablets) was then added to each
sample and nuclei were sonicated until well disrupted. Samples were supplemented with 6 X

protein gel loading buffer and boiled for 5 min before use.

2.4 Virus

2.4.1 VACY infection of CEFs or mammalian cells

Cells were washed once in PBS prior to infection. Typically, virus was added in 0.5 ml of
DMEM with 2.5 % FBS in a well of a 6-well plate and 2 ml in a T25 flask. Infection was
carried out for 90 min and the plates or flasks were rocked every 20 min to prevent cells
drying out. The medium was then removed and replaced with either a solid overlay containing
1 % low melting temperature agarose (Agarose type VII, Sigma) in DMEM with 2.5 % FBS,
or a semi-solid overlay containing 1.5 % carboxymethylcellulose (CMC) in DMEM with 2.5
% FBS, or liquid DMEM with 2.5 % FBS overlay. When using a solid overlay, the cells are
placed in the 37 °C, 5 % CO, incubator after the agar had set.

2.4.2 Making recombinant WR viruses

Recombinant VACVs strain WR were made by transient dominant selection (Falkner &
Moss, 1990) as detailed in chapter 5. The targeting plasmid contained a selection cassette of
E. coli guanine phosphoribosyltransferase fused to enhanced green fluorescent protein
(Ecogpt-EGFP) under the control of a VACV synthetic early/late (E/L) promoter (Boyle &
Coupar, 1988; Davison & Moss, 1990). This plasmid was transfected into CV-1 cells in a T25
flask that had been infected at 0.1 pfu/cell for 90 min with the relevant parental virus.
Recombinant viruses that had integrated the plasmid into the virus genome were distinguished
from the parental virus by growth on cells incubated with 50 ug/ml mycophenolic acid
(MPA), 250 pg/ml xanthine (X) and 15 pg/ml hypoxanthine (HPX) and by visual observation
of expression of EGFP using fluorescent microscopy (Zeiss Axiovert 200M inverted light

microscope, EGFP filter set, 10 X magnification). This provided positive selection for viruses
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that have integrated the plasmid at the K7R locus and therefore express Ecogpt-EGFP. In
some cases, the targeting plasmid used contained only Ecogpt. In this case, recombinant
viruses were also obtained by growth on cells with MPA selection and plaques were
visualised after overlaying cells with solid agar overlay supplemented with neutral red stain
(50 pug/ml). In both cases, recombinant viruses were plaque purified a further 2-3 times and
screened by PCR to ensure intermediate viruses that had integrated the plasmid at the K7R
locus were obtained. Typically, plaques were picked into 0.5 ml and stored frozen at -80 °C
until use. Usually 0.01 — 0.2 ml of this was used to infect pre-treated monolayers of BSC-1
cells. Again, green plaques were picked after 2-3 days and the process repeated. Intermediate
viruses were then passaged in BSC-1 cells without drug until viruses were fully resolved as
monitored by PCR for the loss of the targeting cassette. Alternatively, intermediate viral
clones were first grown in D98OR cells in the presence of 6-thioguanine (6-TG), to select
against expression of Ecogpt before plaque purifying on BSC-1 without drug selection. Virus
genotypes were analysed by PCR using primers homologous to the flanking regions of K7R.
Viral genomic DNA was obtained after Proteinase K digestion of infected cells (see section

2.4.6) and the PCRs were carried using Gotaq polymerase as described in section 2.1.10.

2.4.3 Production of recombinant MVA-C viruses

MVA-C (Gomez et al., 2007) recombinant viruses were made using a modified version of an
established method (Staib et al., 2005) or by transient dominant selection as detailed in
chapter 6. In both cases, a T25 flask of CEFs was infected with MVA-C or its derivatives at
0.1 pfu/cell for 90 min and was then transfected with a targeting plasmid containing an
Ecogpt-EGFP fusion protein. The recombinant viruses that had integrated the plasmid
containing Ecogpt-EGFP were distinguished from the parental virus by growth on CEFs in
the presence of MPA, (50 pg/ml), X (250 pg/ml) and HPX (15 pg/ml) and by visual
observation of expression of EGFP using fluorescent microscopy (Zeiss Axiovert 200M
inverted light microscope, EGFP filter set, 10 X magnification). To ensure intermediate
viruses (recombinants expressing Ecogpt-EGFP) were obtained, a further 2 or 3 rounds of
foci purification were carried out. This step was carried out as described for WR plaques in
2.4.2. Intermediate viruses were then amplified by infecting a T25 in drug free medium. To
obtain resolved recombinant viruses, the virus stock harvested from T25 flasks was diluted
and used to infect CEFs for 2 days under semi-solid overlay without drug. Viruses that have
resolved and lost Ecogpt-EGFP were identified by staining cells with anti-VACV rabbit
polyclonal serum, followed by rabbit secondary immunofluorescent (red) Ab (see section

2.4.4) and lack of EGFP expression when observed by microscopy. Virus genotypes were
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analysed by PCR using primers homologous to the flanking regions of 028R. Viral genomic
DNA was obtained after Proteinase K digestion of infected cells (see section 2.4.6) and the

PCRs were carried using Gotaq polymerase as described in section 2.1.10.

2.4.4 Immunostaining of MVA-C recombinant foci

After incubating infected CEFs or BHK-21s for 2 or 3 days, the semi-solid overlay was
aspirated and the cells were washed twice gently with PBS and incubated for 90 min at RT
with anti-VACV rabbit polyclonal serum ((Law & Smith, 2001), 1:1000 dilution in 2.5 %
FBS, PBS). Cells were then washed twice in PBS and incubated for 60 min with anti-rabbit
Alexa 546 (red) fluor-labelled secondary Ab (1:1000 dilution in 2.5 % FBS, PBS, prepared by
Mr Mike Hollinshead using the Alexa protein labelling kit, Molecular Probes). Cells were
washed once with PBS and observed by microscopy. EGFP negative foci were picked after

the cells were covered with solid agar overlay (see section 2.4.1).

2.4.5 Immunotitration of MV A strains

After incubating infected cells with virus for 2 or 3 days, the semi-solid overlay was aspirated
and the cells were washed twice gently with PBS. The cells were fixed for 2 min with 1:1
methanol/acetone solution, washed twice with PBS and incubated for 90 min with the anti-
VACYV rabbit polyclonal serum. Cells were then washed twice in PBS and incubated for 60
min with anti-rabbit HRP-labelled secondary Ab (1:1000 dilution in 2.5 % FBS, PBS, Sigma).
Cells were then washed twice in PBS and stained for 15 min with 3,3’-diaminobenzidine
tetrahydrochloride (DAB) substrate (1 tablet per 10 ml of deionised water with and 0.03 %
NiSO, and 0.03 % H,0,). The plates were washed with PBS and dried before counting the

dark brown foci obtained.

2.4.6 Proteinase K treatment of infected cells to obtain virus DNA for PCR analysis

Confluent cells in 96-well plates were infected with 50 pl (10 % v/v) of a plaque or focus
isolate in DMEM supplemented with 2.5 % FBS for 48 h. Cells were then washed once in
PBS and typically mixed with 50 pl of proteinase K reaction solution (0.05 mg/ml proteinase
K enzyme (Fluka) in PCR buffer (Invitrogen)) and freeze-thawed once. Proteinase K
reactions were transferred to 0.2 ml PCR tubes. A thermocycler (Corbett Research) was used
to heat the tubes at 56 °C for 20 min for digestion by proteinase K and then at 85 °C for 10

min to inactivate the enzyme.
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2.4.7 Growth Kkinetic analysis of recombinant MVA-C viruses

Monolayers of CEFs in T25 flasks were infected with 10 or 0.01 pfu/cell for measurement of
single or multiple growth kinetics, respectively. After infection for 90 min, the virus inoculum
was removed, cells were washed twice in PBS to remove unbound virus and were incubated
with 4 ml DMEM containing 2.5 % FBS. At the indicated times p.i., the culture medium was
removed and centrifuged at 1,500 rpm at 4 °C for 10 min to collect detached cells. Attached
cells were scraped into the growth medium, added to the cells collected from the culture
supernatant, freeze-thawed 3 times, sonicated for 30 sec and then the cell-associated virus
(including IMV, IEV and CEV) titres were determined by foci assay using BHK-21s. The
titre of virus released into the medium (mostly EEV but with some IMV released from broken

cells) was also determined.

2.4.8 Analysis of foci formed by recombinant MVA-Cs

Confluent monolayers of CEFs or 70 % confluent monolayers of BHK-21 were infected with
approximately 50 pfu per well of a 6-well plate. Infected cells were overlayed with 1.5 %
CMC in DMEM with 2.5 % FBS and incubated for three days and then immunostained with
anti-VACV Ab. Foci (n=20 per virus) were chosen randomly and photographed using Zeiss
Axiocam and Axiovert software. Using this software a line was drawn across the length of

each focus and its length in uM was noted.

2.4.9 Virus purification by centrifugation through 36 % w/v sucrose cushions

For VACV WR purification, 10 T175 flasks of confluent RK-13 cells were infected at 0.1
pfu/cell for three days. For VACV MVA-C purification, 12-15 T175 flasks of confluent CEFs
or BHK-21 cells were infected instead. Infected cells were harvested by either tapping the
flasks a few times (RK-13s only) or scrapping and collected by centrifugation at 1,500 rpm
for 15 min. The cell pellets were resuspended in chilled 10 mM Tris pH 9.0 buffer (1 ml per
flask of cells initially infected) and left on ice for 15 min for the cells to swell. Virus was
released by lysing the cells on ice using a dounce homogeniser (25 strokes) and the cell nuclei
and debris were removed by centrifugation at 1,500 rpm for 5 min at 4 °C. The pellet was
resuspended in 10 ml of 10 mM Tris pH 9.0, re-dounced and re-centrifuged as before.
Supernatants were pooled, sonicated briefly and loaded carefully, taking care not to mix the

supernatant and the sucrose, onto 18 ml of 36 % (w/v) sucrose solution in 10 mM Tris pH 9.0
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buffer in 25 x 89 mm centrifuge tubes (Beckman Ultra-Clear Tubes). The tubes were
centrifuged at 32,900 g for 80 min at 4 °C using a Beckman L8M Ultracentrifuge and SW28
rotor. The supernatant was removed by aspiration and the pellet was resuspended in 1 ml 10

mM Tris pH 9.0 buffer.

2.4.10 Virus purification by sucrose density gradient centrifugation

Only virus that has been purified as described in 2.4.9 can be further purified by
centrifugation through at 24-40 % (w/v) sucrose gradient. Gradients were prepared a day in
advance by layering 5.8 ml of each of 40, 36, 32, 28 and 24 % (w/v) sucrose in 10 mM Tris
pH 9 solutions in 25 x 89 mm tubes taking care not the mix the different layers and were
stored at 4 °C overnight. The purified virus was then layered on the sucrose gradient and
centrifuged at 26,000 g for 50 min at 4 °C. The white band containing the virus was collected
carefully. The solution corresponding to the collected virus band (approximately 10 ml) was
then topped up to 36 ml with 10 mM Tris pH 9 and transferred to new centrifuge tubes and
collected by centrifugation at 32,900 g for 80 min. Both centrifugations were carried out
using the Beckman L8M Ultracentrifuge and the SW28 rotor. The final pellet was
resuspended in a small volume (0.5-1 ml) of 10 mM Tris pH 9, sonicated, aliquoted and
stored at -80 °C.

2.4.11 Phenol/chloroform extraction of DNA

The purified virus was resuspended in a volume of 0.6 ml in 10 mM Tris pH 9 and 50 uL 1 M
Tris (pH 7.8), 50 uL 10 % SDS, 100 pL 60 % sucrose and 200 pL Proteinase K were added to
it and incubated for 4 h at 37 °C. The genomic DNA was extracted by adding 1 volume of
25:24:1 phenol:chloroform:isoamyl alcohol mixture, mixing the phases thoroughly but gently
by inversion, spinning in a microfuge at 3,000 rpm for 2 min, and pipetting the top (aqueous)
phase into a new tube using blunt-end pipette tips to avoid shearing DNA and taking care not
to disturb the lower organic phase or the interface between the two phases. The organic phase
was then discarded and the last step repeated with the aqueous phase. The aqueous phase was
then removed and 1 volume of a 24:1 part mixture (chloroform:isoamyl alcohol) was added,
the tube was inverted to mix the solutions and was centrifuged as before. The aqueous phase

was removed and DNA was recovered by ethanol precipitation.
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2.4.12 Ethanol precipitation of DNA

DNA was extracted from aqueous solutions by the addition of sodium acetate (pH 5.2) to a
final concentration of 0.1 M, followed by the addition of 2.5 volumes of absolute ethanol.
Tubes were inverted gently several times to mix and were incubated at -20 °C overnight.
DNA was recovered by centrifugation (13,000 rpm, 30 min and 4 °C) and the pellet obtained
was washed once with 70 % ethanol and re-centrifuged. The DNA pellets were air dried until
no moisture was visible inside the tube and were dissolved overnight at 4 °C in 100 pL sterile

ddH,O.
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Chapter 3: Analysis of K7 protein

3.1 Bioinformatics analysis of K7

WR gene K7R encodes K7, a 149 amino acid protein with a predicted molecular mass of 17.5

kDa (Poxviruses Bioinformatics Resources (PBR) Centre www.poxvirus.org). To investigate

how conserved K7 is in poxviruses, the sequences of K7 orthologues available at poxvirus.org

were aligned using Clustal W (http://www.ebi.ac.uk/clustalw/). All strains of VACV for

which sequence data were available showed a K7R open reading frame encoding a highly
conserved K7 protein. VACV strains included WR and MVA, which were used in this
project, as well as, COP, Lister, Duke, LC16m8, and rabbitpox Utrecht (RPXV-UTR). The
K7 protein was identical in all strains except RPXV Utrecht that contained three amino acid
changes, two of which were conserved. This computational analysis showing conservation of
K7 sequences was consistent with experimental investigation of K7 protein expression by
different VACV and CPXV strains using an anti-K7 Ab. This demonstrated that in addition to
the strains for which sequence data were available (WR, MVA, COP, Lister, rabbitpox
Utrecht, 3737, Acambis 3, Acambis 2000, Acambis 3000 MVA, CVA, Duke, LC16mS,
LC16mO, Lister VACV107, MVA 1721, and Tian Tan) an additional 10 strains (USSR,
Evans, Wyeth, buffalopox, Kings’s Institute, Patwad, Dairen, IHD-J, IHD-W and Tashkent )
all expressed a K7 protein of similar size (Dr. Stuart Lucas unpublished data). Therefore, a

total of 27 VACYV strains are known or predicted to encode K7.

Next, the VACV WR K7 sequence was compared to K7 orthologues within other OPVs. K7
orthologues were predicted in VARV, MXPV, CPXV, CMLV, TATV and horsepox (HSPV)
but not in ECTV. ECTV strains Moscow and Naval contain a nucleic acid sequence with 95
% identity to K7R but several mutations at the beginning of the sequence (first 60 bp)
followed by a stop codon mean that no K7 protein is encoded. The peptide sequence identity
between all K7 orthologues found in OPVs was > 93.96 % and sequence similarity was >
96.58 %. A K7 amino acid sequence alignment with representative orthologues from each
OPV species is shown in Fig. 3.1. This strong K7 sequence conservation within OPV's despite
the location of K7R in the less conserved terminal regions of the genome suggests an

important function for K7.
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Fig. 3.1. Amino acid alignment of K7 orthologues in OPVs. CPXV-BR = cowpox virus
strain Brighton; TATV-DAH68 = taterapox virus strain Dahomey 1968; CMLV-CMS =
camelpox virus strain CMS; HSPV-MNR76 = horsepox virus strain MNR76; VAR-
BGD75maj = variola major virus strain Bangladesh 1975 and MPXV-ZAR = monkeypox
virus strain Zaire. The sequences were retrieved from the PBR Centre, aligned using Clustal
W and visualised using GENEDOC. Black background = 100 % amino acid identity between
sequences; dark grey = 80-99 % amino acid identity between sequences; light grey = 60-79%
amino acid identity between sequences. The last row of letters indicates the consensus

sequence.

Within other chordopoxvirus genera, K7 had significant sequence similarity with proteins
predicted to be encoded by swinepox (SWPV) ORF 133 (genus Suipoxvirus) and lumpy skin
disease virus (LSDV) ORF 136 (genus Capripoxvirus). The former shared 25 % amino acid
identity and 50 % similarity with K7 and the latter only 24.6 % identity and 47 % similarity.

A Blast similarity search (www.ncbi.nlm.nih.gov/blast/) gave no hits for K7 outside

poxviruses meaning it does not have any cellular orthologues.

In addition to the K7 orthologues identified in VACV strains, other OPVs and
chordopoxviruses, K7 shows similarity to other VACV proteins including A52. VACV WR
AS52 and K7 sequences share 26 % amino acid identity and 45 % similarity. Notably, K7 also
shares some of the intracellular targets of A52, namely TRAF6 and IRAK2, but it is a broader
inhibitor of innate immune signalling than A52 because it inhibits both TLR-dependent and
independent pathways (Harte et al., 2003; Schroder et al., 2008). Additionally, K7 and A52
are members of a family of poxvirus proteins first described in 1991 (Smith ef al., 1991) and
which also includes VACV proteins, A46, A52, C6, N1, F1 and B14. The structures of
several of these proteins (N1, B14, A52, K7 and F1) have been determined and are all Bcl-2
family members (Cooray et al., 2007; Graham et al., 2008; Kvansakul et al., 2008; Kalverda
et al., 2009). Although these proteins have a similar structures, the sequence identity between
them is low (< 20 %) but the amino acid physiochemical properties are conserved (Fig. 3.2).
For instance, 40 % of K7’s peptide sequence is physiochemically conserved in other proteins
of this family. Fig. 3.2 also indicates that the N terminus of these proteins is variable in
length. In addition, these proteins share other biochemical properties: they are small, acidic
(low pl), non-hydrophobic and are also known or predicted to be mainly alpha-helical. The
structures of N1, B14, A52, K7 and F1 also indicate important differences. N1 and F1 have an

open groove on the surface that allows the binding of BH3 domains from pro-apoptotic Bcl-2
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proteins and both are known to inhibit apoptosis. In contrast, A52, B14 and K7 have lost the
surface groove suggesting they are not anti-apoptotic and this has been confirmed
experimentally for B14 and AS52 (Graham er al., 2008). Instead these proteins function as
inhibitors of innate immune signalling pathways and the stable Bcl-2 fold is exploited by
VACYV to provide a surface for binding host signalling molecules. The properties of these
VACYV Bcl-2 like proteins including, pl, molecular mass, and conservation in MVA as well as

sequence identity to K7 are summarised in Table 3.1.

Within MV A there is no A52 orthologue because the corresponding region was deleted from
the MV A genome during extensive passage in CEFs (Antoine ef al., 1998). In contrast, MVA
encodes an orthologue of VACV WR A46 (called 159) with which it shares 99 % amino acid
identity and has a single conserved amino acid substitution. F1 and its MV A orthologue 029
shared 97 % amino acid identity and 029 has a 4 amino acid N-terminal deletion and a
conserved amino acid substitution. MV A does not encode a full length orthologue of a N1
due to gene fragmentation so that the corresponding protein (008) has three deletions towards
its C terminus (Antoine et al., 1998). Based on the published crystal structure of N1, it is
highly likely the remaining peptide (008) will be unstable. The MVA orthologue of B14,
called 183 has a couple of conserved amino acid substitutions but also has a 6 amino acid
internal deletion that renders the protein unstable and non-functional (Laura McCoy, personal
communication). Finally, VACV WR C6 is uncharacterised but has 97 % identity with its
MVA counterpart, 019, which has 3 conserved amino acid substitutions but also a 6 amino

acid extension at the C terminus (Antoine ef al., 1998).
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Fig. 3.2. Amino acid alignment of VACYV Bcl-2 like proteins from strain WR. The sequences were retrieved from the PBR Centre, aligned using Clustal
W and visualised using GENEDOC. Black background = hydrophobic amino acid (aa); grey background and blue letter = aromatic aa; grey background and
red letter = aliphatic aa; green background = polar aa; blue background = charged aa; yellow background and green letter = small aa and blue letter =aa A, G

or S in particular.
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VACY Bcl-2 like

predicted
molecular mass

peptide sequence

proteins (WR) orthologue in MVA pl kDa function structure identity with K7
inhibits NF-xB and  |Bcl-2-like with no BH3
K7 028, identical sequence 4.7501 17.5 IRF3/7 activation binding groove 100 %
183, two conserved substitutions and inhibits NF-xB by Bcl-2-like with no
B14 a 6 aa deletion 4.82 17.38 targeting IKK-f BH3 binding groove 22 %
inhibits NF-xB by Bcl-2-like with no
AS52 deleted 5.4474 22.71 targeting IRAK-2 BH3 binding groove 22 %
inhibits NF-kB by
targeting MyD88 and | predicted to be mainly
A46 159, single conserved aa substitution| 4.99 27.62 TRIF alpha-helical 20 %
020, several substitutions and three inhibits apoptosis and | Bcl-2-like with open
N1 small aa deletions at C terminus | 4.48 13.9 NF-kB activation BH3 binding groove 18 %
029, 4 aa deletion at N terminus and Bcl-2-like with open
F1 1 conserved aa substitution 4.58 26.4 inhibits apoptosis BH3 binding groove 12 %
019, 3 conserved aa substitutions and predicted to be mainly
Co6 a 5 aa extension at C terminus 4.96 17.33 unknown alpha-helical 15 %
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Table 3.1. Summary of VACV WR Bcl-2 like proteins biochemical properties, function
and convervation in MVA. The table indicates the pl, predicted molecular mass, function (if
known) and structure (if known), conservation in MVA and % sequence identity with K7 of

the proteins listed. aa = amino acid

3.2 Localisation of K7 protein in mammalian cells

3.2.1 Localisation of K7 protein in mammalian cells by immunofluorescence

The location of the K7 protein was examined by immunofluorescence in HeLa cells
transfected with a plasmid expressing an N-terminally Haemaglutinin (HA)-tagged (N-HA)
K7 (pCI-HA-K7) or empty vector control (pCl) (Fig. 3.3). This showed that K7 is
cytoplasmic and has no obvious co-localisation to specific organelles. These experiments
were repeated using an anti-K7 polyclonal Ab raised against recombinant K7 expressed in E.

coli (Harlan labs) but the Ab was found not to detect K7 protein by immunofluorescence.

The finding that K7 is cytoplasmic when expressed transiently contradicts an earlier report
(Schroder et al., 2008)) that K7 is located in both the cytoplasm and the nucleus. Some of
those experiments were also carried out using a plasmid expressing N-HA K7 but it must be
noted that cells were stained and observed 48 h post-transfection whereas data shown here
were generated with cells transfected for 6 h. Further investigation showed that K7 was still
mainly cytoplasmic at 20 or 24 h post-transfection, when the level of K7 increased, but some
K7 was also seen in the nucleus (results not shown). Taken together, these data suggest that
some K7 can be detected in the nucleus between 20 and 48 h post-transfection when high
levels of the protein are present. However, the biological relevance of this is uncertain given
that K7 is an early protein whose expression is detected 1 h p.i. and steadily increases up to

24 h p.i. (e.g. shown in Fig. 3.6 and Fig. 5.20).

Consequently, the localisation of K7 in the context of VACV infection was also investigated.
This was carried out in HeLa cells after infection for 24 h with a virus producing N-HA K7
protein (vK7-HA) or with vAK7 as a control. Fig. 3.4 shows that K7 is predominantly

cytoplasmic and excluded from the nucleus during infection. There was no significant
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background in cells infected with vAK7 that were identified by anti-B5 staining. In

conclusion, K7 is located in the cytoplasm during infection.

a-HA phase contrast merge

pCIl-HA-K7

pCl

Fig. 3.3. Sub-cellular localisation of K7. HeLa cells were transfected with pCI or pCI-HA-
K7 as indicated for 6 h. Cells were then fixed and permeabilised as described in Materials and
Methods 2.3.6 and stained with anti-HA mouse monoclonal Ab (mAb) followed by staining
with anti-mouse Alexa 488-conjugated (green) secondary Ab. Images were recorded by laser
scanning confocal microscopy. Phase contrast and merge images are also shown as indicated.
The scaling is 0.14 um x 0.14 pum for each of the three top panels and 0.29 pm x 0.29 pum for

the three lower panels.
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Fig. 3.4. Localisation of K7 in VACV-infected cells. HeLa cells were infected with vVK 7HA
or vAK7 as indicated at 1 pfu/cell for 16 h. Cells were then fixed and permeabilised as in Fig.
3.3 and stained with anti-B5 and anti-HA Abs. Cells were then stained with anti-rat Alexa 546
(red) and anti-mouse Alexa 488 (green)-conjugated secondary Abs and images were recorded
by laser scanning confocal microscopy. Phase contrast and merge images are also shown as
indicated. The scaling is 0.10 um x 0.10 um for each of the four left panels and 0.16 um x
0.16 pum for the four right panels.

3.2.2 Localisation of K7 in VACV-infected mammalian cells by immunoblotting

The sub-cellular localisation of K7 was also investigated by biochemical fractionation of cells
followed by immunoblotting. HeLa cells were mock-infected or infected with vK7, vAK7,
visK7-1, and vK7-HA. A full description of vfsK7-1 will be provided in chapter 5. Briefly, it
is a virus in which an extra nucleotide was introduced into the K7R translational initiation
codon thus mutating the ATG codon to ATAG and consequently it was shown not to produce
K7 protein. Cell lysates were then fractionated into nuclear and cytoplasmic (Materials and
Methods 2.3.7) before they were analysed by SDS-PAGE followed by immunoblotting (Fig.
3.5). A 4-fold greater proportion of the nuclear fraction was loaded onto the gel than for

cytoplasmic fraction. Cellular proteins, tubulin and lamins A and C, known to localise to
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either the cytoplasm or nucleus, respectively, were used as controls, together with the VACV
IMV protein, D8. Fig. 3.5 shows that tubulin and lamins A and C are expressed in the
expected cellular compartments. The control D8 protein was seen in both cytoplasmic and
nuclear samples and indicated that infections were carried at similar levels for all the viruses.
K7 was detected in cytoplasmic fractions from the viruses that express it (vK7 and vK7HA)
but was absent in the fractions from the vAK7, vfsK7 and mock-infected samples. A very
faint band corresponding to the size of K7 was detected in the nuclear fraction after
overexposure but this was similar to an equally faint band of the size of tubulin in the nuclear
fraction samples after overexposure (result not shown) indicating a small amount of
cytoplasmic contamination in nuclear samples. Therefore this experiment confirms that K7 is

cytoplasmic during infection.

nuclear cytoplasmic

M K/ A FsHA M K7 A Fs HA

75 a-lamins Aand C
a-tubulin

50

37 a-D8

: :- -

20
15

a-K7

Fig. 3.5. Determination of K7 localisation by immunoblotting. Cells were mock-infected
or infected at 10 pfu/cell with the vK7 (K7), vAK7 (A), vfsK7-2 (FS) and vK7HA (HA) for
16 h and then lysed. Cell lysates were harvested and fractionated into cytoplasmic and nuclear
fractions and analysed by SDS-PAGE (12 % gel) and immunoblotting with the indicated Abs.

The positions of molecular mass markers are shown in kDa.

3.3 Temporal expression of K7 during VACYV infection

The temporal expression of K7 during VACYV infection was investigated by infecting cells at

5 pfu/cell in the presence or absence of p-D-arabinofuranoside (AraC), an inhibitor of viral



DNA replication and thereby of intermediate and late gene expression. In addition to
AraC, treatment with cycloheximide (CHX, a translation inhibitor) was included to
demonstrate that the K7 protein seen early during infection was the product of new protein
synthesis rather than being introduced into the cell by the infecting virions. Infected samples
were lysed at different times p.i. and lysates were analysed by immunoblotting (Fig. 3.6).
The VACV DS protein was only expressed in the absence of AraC, as expected, for it is
known to be expressed only late during infection (Niles & Seto, 1988). By contrast, K7 was
detected from 1 h p.i., and its level increased up until 8 h p.i. In the presence of AraC, K7
expression was reduced but not absent, indicating that K7 is expressed both early and late

during infection.

M 05h 1h 2h 4h 6h 8h

AraC - - - - - - = - - - 4+ - 4+
CHX - - + - + - + - + - - - -

kDa
50

a-tubulin

37
25
20
15

10

Fig. 3.6. Temporal expression of K7 during VACV WR infection. HeLa cells were mock-
infected (M) or infected with VACV WR at 10 pfu/cell in the presence (+) or absence (-) of
40 pg/ml AraC or in the presence or absence of 100 ug/mL CHX. At the indicated times p.i.,
the cells were washed once with PBS and lysed by addition of Triton X based cell lysis buffer
(see Materials and Methods 2.3.4). Samples were analysed by SDS-PAGE (12 % gel) and
immunoblotting with anti- alpha tubulin, anti-D8 and anti-K7 Abs. The positions of molecular

mass markers are shown in kDa.



Chapter 4: Expression and purification of K7 protein in a
bacterial expression system for crystallisation trials

To gain further insight into the mechanism of action of the K7 protein we sought to determine
its structure in collaboration with David Stuart’s group at the University of Oxford. All
protein expression and purification steps were undertaken at Imperial College London and
protein crystallisation trials and collection of diffraction data were carried out by Dr Stephen

Graham from Prof Stuart’s group at the University of Oxford.

Preliminary work carried out by Dr Stuart Lucas in this lab showed that the K7 protein from
VACYV strain WR was insoluble when expressed from pET-28a in Rosetta E. coli cells that
were grown in LB and induced by addition of IPTG. This was done using DNA encoding an
N-6 X His K7 that had been cloned into pET-28a by Dr Lucas.

4.1 Expression and purification of K7 from a bacterial expression system

4.1.1 Expression of soluble K7 protein from pET-28a in TB broth

To obtain soluble protein, B834 E. coli harbouring pET-28a-K7 were cultured for two days at
RT. Other E. coli strains such as BL-21 were tested but this strain was found to give the
highest expression. Bacterial cells were collected by centrifugation, lysed and the soluble and
insoluble fractions obtained were analysed by SDS-PAGE followed by staining with
Coomassie blue and immunoblotting using an anti-4 X histidine (His) Ab. Both soluble and
insoluble K7 were obtained (Fig. 4.1a). Optimisation of conditions for K7 soluble expression
showed that incubation at 23 °C for 48 h gave the highest yield of protein (results not shown).
Soluble protein was affinity purified via its N-terminal His tag by immobilised metal affinity
chromatography (IMAC) (Fig. 4.1b). Non-specific protein was washed away using wash
buffer and bound protein was eluted with an imidazole gradient. A peak in UV absorbance at
280 nm was seen and samples from fractions corresponding to this peak were analysed by
SDS-PAGE followed Coomassie blue straining or immunoblotting (Fig. 4.1c). Soluble K7
protein was observed on the stained gel in all peak lanes and this was also seen on the
immunoblot. These fractions were pooled, concentrated and applied to a Superdex 75 10/30

column (analytical grade) for gel filtration.
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Fig. 4.1. Purification of His-tagged K7 protein expressed from pET-28a by IMAC. (a) N-
6 X His K7 was expressed from pET-28a in B834 E. coli and the soluble and insoluble
protein fractions were harvested as described in Materials and Methods 2.2.2. Samples of
soluble (S) and insoluble (P) fractions were analysed by SDS-PAGE (15 % gel) followed by
staining with Coomassie blue and immunoblotting using anti-4 X His Ab. (b) Soluble N-6 X
His K7 was purified by IMAC using a HisTrap column as described in Materials and Methods
2.2.3. The blue line indicates the UV absorbance at 280 nm and the green line indicates the
percentage v/v of elution buffer flowing through the Histrap column. The different fractions
collected during this experiment are indicated in red. The x-axis indicates the volume of
buffer that has entered the column since the beginning the run. The left y-axis indicates the
UV absorbance in milli-absorbance units (mAU) and the right y-axis indicates the percentage
of elution buffer (v/v) entering the column. (c) Fractions corresponding to the peak in UV
absorbance at 280 nm (after the washing step, indicated by a black box in (b)) were analysed
for the presence of N-6 X His K7 by SDS-PAGE (15 % gel) followed by staining with
Coomassie blue or immunoblotting using anti-4 X His Ab. A sample of the input and a
sample of the flowthrough from the initial washing step were also tested as indicated. The

positions of molecular mass markers are shown in kDa.
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Fig. 4.2a shows that several peaks of UV absorbance at 280 nm were obtained and samples of
corresponding fractions were analysed by SDS-PAGE and Coomassie blue staining (Fig.
4.2b). Fractions from the middle peak contained soluble purified His-tagged K7 protein.
Samples from other peaks did not contain any K7 protein and no other bands were visible.
The first small peak appears to correspond to the void volume (Vo) of the gel filtration
column (elution volume of any molecules too big to enter the largest pores in the gel matrix)
and the last large peak may correspond to the elution of imidazole that was present in the
elution buffer in the protein solution from the Histrap purification step. In subsequent repeat
experiments, the gel filtration buffer used initially which had 200 mM NaCl was replaced
with one with 50 mM NaCl, because K7 was found to precipitate in presence of higher salt
concentrations and the larger Superdex 75 16/60 gel filtration column (preparation grade) was
used. Protease inhibitors were also left out as these can interfere with crystallisation and

proteases should no longer be present after the affinity purification step.
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Fig. 4.2. Purification of His-tagged K7 protein expressed from pET-28a by gel filtration.
(a) N-6 X His K7 was purified by IMAC as described in Fig. 4.1, was applied to a Superdex
75 10/300 column in 0.5 ml and eluted in 20 mM Tris-HCI pH 8, 200 mM NacCl as described
in Materials and Methods 2.2.3. The blue line indicates the UV absorbance at 280 nm and the
brown line indicates the conductance. The different fractions collected during this run are
indicated in red. The x-axis indicates the volume of buffer that has entered the column since
the beginning of the run and the y-axis indicates the absorbance in mAU. (b) Fractions
corresponding to different peaks in UV absorbance at 280 nm in (a) were analysed for the
presence of N-6 X His K7 by SDS-PAGE (15 % gel) followed by staining with Coomassie

blue as indicated. The positions of molecular mass markers are shown in kDa.
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Over the course of these experiments, yields of up to 28 mg of protein were obtained from a
single 500 ml culture. Soluble K7 protein obtained was sent to collaborators where it was
found to be monodisperse in solution by Dynamic Light Scattering (DLS) analysis. This
technique is used to determine the size distribution of protein in solution. K7 protein solution
was concentrated to 5 mg/mL and crystallisation trials were set up and some small crystals
were being obtained reproducibly (Fig. 4.3) but these were not of good enough quality for X-
ray crystallography. These crystals may have been inherently disordered and it was thought
that removing the N-6 X His tag from protein may bring some improvement. This cleavage
was done using thrombin but was incomplete despite several attempts and tagged and

untagged K7 protein could not be separated by IMAC (results not shown).

Fig. 4.3. Crystallisation of N-6 X His K7 expressed from pET-28a vector. N-6 X His K7
was purified by IMAC and size exclusion chromatography as described in Fig. 4.1 and 4.2
(except that the gel filtration buffer used was 10 mM HEPES, 50 mM NaCl, pH 8) and was
sent to Prof. D Stuart’s group for crystallisation trials. The purified protein was concentrated
from 1 mg/ml to 5 mg/ml and used to set up 96-well microfluidics crystallisation experiments

and small crystals of K7 protein were obtained and are shown in this photograph.
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4.1.2 Expression of soluble K7 protein from pOPIN E and F vectors in TB broth

As thrombin cleavage of the His-tag of protein expressed from pET-28a vector was
incomplete, recombinant protein was expressed from pOPIN E and pOPIN F vectors. These
were developed at the OPPF, Wellcome Trust Centre for Human Genetics, University of
Oxford and express proteins that have either a C or N-6 X His tag which can be cleaved
completely by using 3-C protease (N-terminal tag) or carboxylpeptidase A (C-terminal tag).
The K7R sequence was cloned into pOPIN F linearised with Kpnl and Hindlll to generate the
N-6 X His allele and into pOPIN E linearised with Ncol and Pmel to generate the C-6 X His
version. The sequences were generated by PCR using VACV WR genomic DNA as template
and primers K7 N-His fwd and rev or K7 C-His fwd and rev (See Materials and Methods
2.1.12). Cloning of the PCR product into plasmids was carried out using In-Fusion™ Dry-
Down PCR Cloning Kit where a proprietary enzyme is used to carry out ligation-independent
cloning (Clonetech, www.clontech.com/images/pt/PT3754-1.pdf). This is based on a

recombination between the pOPIN vectors that were designed to contain universal 15 bp

sequences and their homologous sequences also present in PCR primers.

The expression of these versions of K7 was carried out in TB and the incubation conditions
were the same as described when using pET-28a. This His-tagged protein was also affinity
purified as before (Fig. 4.4) and purified by size exclusion chromatography on a Superdex 75
16/60 column (Fig. 4.5). As with K7 protein expressed from the pET-28a vector, soluble and
insoluble K7 protein was obtained from B834 cells as seen by SDS-PAGE followed by
staining with Coomassie blue (Fig. 4.4a) and when the soluble fraction was loaded on a
Histrap column, a peak in UV absorbance at 280 nm was seen (Fig 4.4b). Samples from that
peak were found to contain K7 protein (results not shown) and were pooled and concentrated
before gel filtration. The latter yielded a large peak of UV absorbance at 280 nm (Fig. 4.5a)
and its corresponding fractions contained soluble K7 protein as seen in Fig. 4.5b. Final
protein yields of up to 6 mg were obtained from a 250 ml culture of C-6 X His-K7. This clone
was the one used most frequently as only 1 mg of protein was obtained with N-terminal his-
tagged protein. However, it is unknown why these yields are much lower (nearly 30 fold less)

than those obtained with N-6 X His K7 expressed from pET-28a.
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Fig. 4.4. Purification of His-tagged K7 protein expressed from pOPIN E by IMAC. (a)
C-6 X His K7 was produced from pOPIN E in B834 E. coli and the soluble and insoluble
protein fractions were harvested as described in Materials and Methods 2.2.2. Samples of
soluble (S) and insoluble (P) fraction were analysed by SDS-PAGE (15 % gel) which was
later stained with Coomassie blue. The positions of molecular mass markers are shown in
kDa. (b) Soluble C-6 X His K7 protein was purified by IMAC as described in Fig. 4.1b. The
blue line indicates the UV absorbance at 280 nm and the green line indicates the percentage
v/v of elution buffer flowing through the Histrap column. The different fractions collected
during this run are also indicated in red. The x-axis indicates the volume of buffer that has
entered the column since the beginning the run. The left y-axis indicates the absorbance in

mAU and the right y-axis indicates the percentage of elution buffer (v/v) entering the column.
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Fig. 4.5. Purification of His-tagged K7 protein expressed from pOPIN E by gel filtration.
(a) C-6 X His K7 was purified by IMAC as described in Fig. 4.4b, was concentrated to 1-2 ml
and was applied to a Superdex 75 16/60 column and eluted in 10 mM HEPES 50 mM NaCl as
described in Materials and Methods 2.3.3. The blue line indicates the UV absorbance at 280
nm and the different fractions collected during this experiment are indicated in red. The x-axis
indicates the volume of buffer that has entered the column since the beginning the run and the
y-axis indicates the absorbance in mAU. (b) Fractions corresponding to a peak in UV
absorbance at 280 nm (indicated with an arrow in (a)) were analysed for the presence of C-6
X His K7 by SDS-PAGE (15 % gel) followed by staining with Coomassie blue. The positions

of molecular mass markers are shown in kDa.
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The pure soluble protein was taken to Oxford for crystallisation trials. The His tag was
removed from K7 produced after expression from pOPIN E by Dr Graham in Oxford before
setting up crystallisation trays. Although small protein crystals, the largest of which was 134
microns, were obtained (Fig. 4.6), the diffraction of these crystals only yielded a resolution of
10 &ngstrom (A), which is not enough to resolve the crystal structure of K7. Normally a

resolution in the range of 2-3 A would be required.

(a)

crystal
of 134
microns

diffraction pattern

Fig. 4.6. Crystallisation of C-6 X His K7 expressed from pOPIN E vector. C-6 X His K7
expressed from pOPIN E was purified by IMAC and size exclusion chromatography as
described in Fig. 4.4 and Fig. 4.5 and was sent to Prof. D Stuart’s group for crystallisation
trials. The purified protein was concentrated and used to set up 96-well microfluidics
crystallisation experiments. Several crystals were obtained a few days later, one of which was
134 microns (b) X-ray diffraction was carried out on these crystals at Diamond light source,
Didcot, UK and the diffraction pattern obtained from them is shown in (b). The resolution

obtained was 10 A.
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Thousands of crystallisation experiments using different conditions were carried out but only
crystals that yielded low resolution diffraction were obtained. This suggested an inherent
disorder within the crystals formed. Therefore, it was decided to attempt to co-purify K7 with
its known binding partner DDX3. Work published by Prof A. Bowie’s lab in Trinity College
Dublin showed that DDX3, a cellular DEAD box helicase interacts with K7 and that K7’s
inhibition of IRF-3 signalling is mediated by its interaction with DDX3 (Kalverda et al.,
2009). Co-expression of the two proteins might enable formation of crystals that are more
ordered and yield higher resolution diffraction data. Data generated from a co-crystal
structure would also be more informative and help explain how K7 modifies DDX3 to lead to

signalling inhibition.

4.2. Expression and purification of K7 protein in complex with N-terminal
fragments of its binding partner DDX3

Binding studies carried out in Prof Bowie’s laboratory show that N- or C-terminally truncated
K7 (K7;.100 and K74;.149) no longer binds DDX3 and that the N-terminus of DDX3 is required
for K7 binding. Therefore, work was carried out using full length C-6 X His K7 expressed
from pOPIN E as before. Initial work towards a co-structure was carried out by Dr A. Khan,
also in Dublin, who found that N-terminal fragments of DDX3 (5-167 and 22-409) bind K7
and in contrast to the full length protein, yield soluble protein when expressed in bacteria.
Two pET-28a plasmids expressing DDX3s5.16; and DDX3,,.499 with an N-6 X His tag were
obtained from Dr Khan and the protein expression and purification work was continued at
Imperial College London. The co-expression of either DDX3 fragments with K7 by co-
transformation into B834 cells was attempted because pET-28a plasmids contain a kanamycin
resistance gene whereas the pOPIN plasmid from which K7 is expressed contains an
ampicillin resistance gene. Competent B834 cells were co-transformed and plated on LB agar
plates supplemented with both antibiotics. Bacterial cultures were induced with 0.1 mM IPTG
for 3 h at 37 °C (Fig. 4.7a) or overnight at 30 °C (Fig. 4.7b) and were collected by
centrifugation and lysed as described in section 4.1.1. The resulting soluble and insoluble

fractions were analysed by SDS-PAGE followed by staining with Coomassie blue (Fig. 4.7).
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Fig. 4.7. Co-expression of DDX35 5, and K7 or DDX3,,.499 and K7 from B834 E. coli. (a)
N-6 X His DDX3 fragments were expressed from pET-28a in B834 E. coli with or without
co-production of C-6 X His- K7. Bacterial cultures were incubated at 37 °C until the ODggo
reached 0.4 and were then induced with 0.1 mM IPTG for 3 h at 37 °C. Samples of soluble
(S) and insoluble (P) fractions as well as uninduced (U) whole lysate controls were harvested
as described in Materials and Methods 2.2.2 and were analysed by SDS-PAGE (15 % gel)
followed by staining with Coomassie blue. (b) DDX3 fragments and K7 protein were co-
produced as before but induced with IPTG overnight at 30 °C. Samples were run on SDS-
PAGE (15 % gel) and analysed by staining with Coomassie blue (left) and immunoblotting

using anti-4 X His Ab (right). The positions of molecular mass markers are shown in kDa.
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DDX35.14; and DDX3,, 499 have predicted molecular masses of approximately 20 and 45 kDa
and the strong bands observed in the soluble fraction samples on the Coomassie blue stained
gel in Fig. 4.7a were slightly larger than this. However these bands were also seen by
immunoblotting with anti-4 X His Ab (Fig. 4.7b) confirming that they are DDX3 protein
fragments. Under these induction conditions, K7 (approximately 18 kDa) was observed in
both soluble and insoluble fractions. When cultures were induced at 30 °C overnight the ratio
of K7 to DDX35 14, protein appeared to have increased suggesting that the stoichiometry of
the two proteins was closer to 1:1 so this incubation condition was used in subsequent

experiments. However, with DDX3,, 499 these conditions reduced solubility (Fig. 4.7b).

Both DDX35.16; with K7 and DDX3,;.490 with K7 were purified by IMAC (Fig. 4.8a and
4.10a) and subjected to gel filtration as above. IMAC fractions were analysed by SDS-PAGE
followed by staining with Coomassie blue. Some lanes were found to contain both or either of
the two proteins, but mostly both proteins were in the same fractions (Fig. 4.8b and 4.10b).
However, because they both have a His tag this does not imply that both proteins are

necessarily in complex.

98



(a)

100% mAU
elutlon_
buffer
— 4000
80 —
60 — 3000
| 14k
0] . 11 2000
| | PE )
20! | 1000
| o [ ] A
0 st o Nosiop Mo D SEPRILY e B30 G 5
(b) 60 80 20 140
kDa
25— P DDX3s 167
20 —8
. - K7
15—

| F 1518 20 21 23 25 26 27 29 30 31
Fraction numbers

Fig. 4.8. Purification of N-6 X His DDX3;.4; and C-6 X His K7 by IMAC. (a) Soluble N-6
X His DDX3s 16; and C-6 X His proteins described in Fig. 4.7 were purified by IMAC as
described in Materials and Methods 2.2.3. The blue line indicates the UV absorbance at 280
nm and the green line indicates the percentage v/v of elution buffer flowing through the
Histrap column. The different fractions collected during this run are also indicated in red. The
x-axis indicates the volume of buffer that has entered the column since the beginning the run.
The right y-axis indicates the absorbance in mAU and the left y-axis indicates the percentage
of elution buffer (v/v) entering the column. (b) Some of the fractions corresponding to a peak
in UV absorbance at 280 nm (after the washing step, fractions 15-31) were tested for the
presence N-6 X His DDX3s.¢;and N-6 X His K7 by SDS-PAGE (15 % gel) and staining with

Coomassie blue as indicated. The positions of molecular mass markers are shown in kDa.
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Fig. 4.9. Purification of recombinant N-6 X His DDX3; ,5; and C-6 X His K7 protein by
gel filtration. (a) N-6 X His DDX3s.4; and C-6 X His K7 were purified by IMAC as
described in Fig. 4.8 and were applied to a Superdex 200 16/60 column and eluted in 10 mM
HEPES 50 mM NacCl as described in Materials and Methods 2.2.3. The blue line indicates the
UV absorbance at 280 nm and the different fractions collected during this experiment are
indicated in red. The x-axis indicates the volume of buffer that has entered the column since
the beginning of the run and the y-axis indicates the absorbance in mAU. Two different peaks
of UV absorbance at 280 nm were obtained and were designated A and B as indicated (b)
Fractions corresponding to peaks A and B were tested for the presence of N-6 X His DDX3;.
167 and C-6 X His K7 by SDS-PAGE (15 % gel) followed by staining with Coomassie blue.
The letter and number designating each gel filtration fraction tested in each lane are indicated.

The positions of molecular mass markers are shown in kDa.

Samples obtained were pooled, concentrated and applied in 1-2 ml to a Superdex 200 16/60
column for gel filtration. Fractions corresponding to a peak at 280 nm were analysed by SDS-
PAGE followed by Coomassie blue straining. In Fig. 4.9b two distinct but overlapping 280
nm peaks were formed (designated A and B). Both contain the two proteins (Fig. 4.9a) so this
suggested that different types of complexes may have formed and that it is not necessarily a

1:1 complex between DDX3s.,,; with K7. Samples from peaks A and B were pooled
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separately and sent to Oxford where multiple angle laser light scattering (MALLS) was
carried out on the samples. This technique enables the determination of the molar mass of
proteins in solution. Samples A and B ran as a single species of 40 kDa suggesting that the
stoichiometry of the complex is 1:1 however sample B appeared to be the most monodisperse.
It was possible that these would also include DDX3 or K7 dimers, but this was not followed
up, because the NMR structure of K7 became available (Kalverda et al., 2009) at this time
and it was shown conclusively that K7 is a monomer in solution. Proteins from samples B
were concentrated by Dr Graham to 7 mg/mL and used to set-up some crystallisation trays;

unfortunately, no crystals were obtained.

By contrast, in Fig. 4.11b the gel filtration of the DDX3,.499 and K7 sample yielded a
multitude of peaks at 280 nm (A-E) all which contained both proteins as shown by Coomassie
staining in Fig. 4.11a. This suggested the sample was very heterogeneous as it was eluting at
different stages of the run. Samples from each of those peaks were sent to Dr Graham who
carried out MALLS and the samples were all found to be polydisperse even though peaks A
and B contained some DDX3/K7 complex, meaning that they were totally unsuitable for

crystallisation trials.
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Fig. 4.10. Purification of N-6 X His DDX3,, 400 and C-6 X His K7 by IMAC. (a) Soluble
N-6 X His DDX3,;,.400 and C-6 X His proteins described in Fig. 4.7 were purified by IMAC,
as described in Materials and Methods 2.2.3. The blue line indicates the UV absorbance at
280 nm and the green line indicates the percentage v/v of elution buffer flowing through the
Histrap column. The different fractions collected during this run are also indicated in red. The
x-axis indicates the volume of buffer that has entered the column since the beginning the run.
The left y-axis indicates the absorbance in mAU and the right y-axis indicates the percentage
of elution buffer (v/v) entering the column. (b) Some of the fractions corresponding to a peak
in absorbance at 280 nm (after the washing step, fractions 15-29) were tested for the presence
of N-6 X His DDX3,,.409 and N-6 X His K7 by SDS-PAGE (15 % gel) followed by staining
with Coomassie blue as indicated. (I) is a sample of the input and (F) is a sample of the flow
through from the initial washing step. The positions of molecular mass markers are shown in

kDa.
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Fig. 4.11. Purification of recombinant N-6 X His DDX3,, 40 and C-6 X His K7 protein by
gel filtration. (a) N-6 X His DDX3,,40 and C-6 X His K7 were purified by IMAC as
described in Fig 4.10 and applied to a Superdex 200 16/60 column and eluted in 10 mM
HEPES 50 mM NaCl as described in Materials and Methods 2.2.3. Several peaks of UV
absorbance at 280 nm were obtained and were designated A-E as indicated. The blue line
indicates the UV absorbance at 280 nm and the different fractions collected during this
experiment are indicated in red. The x-axis indicates the volume of buffer that has entered the
column since the beginning of the run and the y-axis indicates the absorbance in mAU. (b)
Fractions surrounding and including those corresponding to peaks A-E of UV absorbance at
280 nm were tested for the presence of N-6 X His DDX3,,.4¢9 and C-6 X His K7 by SDS-
PAGE (15 % gel) followed by staining with Coomassie blue. The positions of molecular mass

markers are shown in kDa.
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4.3 Conclusions

In conclusion, it was possible to purify complexes of DDX3s_j5; with K7 or DDX3,, 499 With
K7. The former yielded samples that were monodisperse in solution but unfortunately no
crystals were obtained despite thousands of crystallisation experiments being set up. For the
latter experiment, purified samples were too polydisperse for use in crystallisation. One
possible way to improve this situation could be the use of untagged DDX3 protein meaning
that only complexed DDX3 and K7 would be affinity purified before the size exclusion
chromatography step, therefore excluding monomer contaminants. Alternatively, based on the
findings of (Kalverda et al., 2009) that the first 8 amino acids of K7 are unstructured and are
not required for binding DDX3 the use of an N-terminally truncated K7 could help yield
ordered crystals. However, this publication also showed that the N-terminus of DDX3 is itself
highly disordered but that residues 61-90 are sufficient for K7 binding. Therefore a better
approach could be to work on crystallising K7 with this short peptide.
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Chapter S: Investigating the possible contribution of K7R
sequence to virulence in VACV WR

Previous work in this laboratory by Dr. Stuart Lucas demonstrated that deletion of the K7R
gene from VACV strain WR caused attenuation in a mouse intranasal infection model
(Williamson ef al., 1990) compared to parental and revertant controls. As shown in Fig. 5.1a,
mice infected with vAK7 lost less weight than those infected with controls from three days
p.i. As a further control, an additional recombinant virus was constructed by Dr. Lucas in
which an extra nucleotide was introduced into the K7R translational initiation codon thus
mutating the ATG codon to ATAG. As expected, PCR and sequence analysis demonstrated
that this new virus (vfsK7-1) contained the mutant ATAG codon and immunoblotting with a
polyclonal anti-K7 Ab raised against the full length protein did not detect any K7 protein
(results not shown). The virulence of this virus was then tested by intranasal infection and
compared to vK7, vAK7 and vK7-rev, a revertant virus in which the K7R gene was re-
introduced at its natural locus in vVAK7. Surprisingly, it was found that the vfsK7-1-infected
mice lost weight to a similar extent to vK7 or vK7-rev-infected ones and significantly more
than those infected with vVAK7, demonstrating that despite not making the K7 protein this
virus retained virulence (Fig. 5.1b). Dr Lucas also made a recombinant VACV virus in which
a stop codon was inserted in place of codon 108 of the K7R sequence (called vtrK7) and it
was found that this virus too did not express K7 protein and its virulence profile was the same
as that of vfsK7 (results not shown). These data provided an interesting scenario: namely, that
the nucleic acid of the K7R gene, but not the protein, was contributing to virulence, despite
the report that the K7 protein inhibits multiple innate immune signalling pathways and binds
to host protein DDX3 (Schroder et al., 2008).

Disclaimer: Work shown in this chapter was carried out in a collaborative manner with Dr
Gabriel Almeida. I was responsible for the making of all new recombinant viruses and also
cloned some of the plasmids used in luciferase assays. Dr Almeida cloned the other K7R
alleles. The luciferase assays were a joint effort between us. The in vivo work shown was

carried out by Aodhnait Fahy.
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Fig. 5.1. Evaluation of the virulence of K7R recombinant viruses. Mice were infected

intranasally (n=5) with 10* pfu of vK7, vAK7 and vK7-rev (a) or with vK7, vAK7, vK7-rev

and vfsK7-1 (b). Mice were weighed daily and the mean weight of each group of animals on

each day is expressed as a percentage of the mean weight of the same group of animals on

day zero. These data are presented as mean +SD. A two-tailed student T-test was carried out

between all different mice groups for each day and significant p values between vAK7-

infected mice and each of vK7, vK7-rev and vfsK7-1-infected mice are indicated. Work

shown here was performed by Dr Stuart Lucas.
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5.1 Construction and characterisation of a new recombinant virus with
frameshifted K7R sequence

5.1.1 Construction of a new recombinant virus with frameshifted K7R sequence

The finding that vfsK7-1 retained virulence despite not making the K7 protein was surprising.
Although it seemed unlikely that this phenotype was caused by a mutation elsewhere in the
virus genome that increased virulence, it was important to eliminate this possibility before
investigating how the K7R nucleic acid might contribute to virulence. To rule out secondary
site mutations as the cause of retention of virulence with vfsK7-1, another vfsK7, hereafter
called vfsK7-2 was made independently. The same frameshifted sequence was re-inserted
into the K7R locus of vAK7 by transient dominant selection (Falkner & Moss, 1990) as shown
in Fig. 5.2. Cells were infected with vAK7 and transfected with pSTU6fs, a plasmid
constructed by Dr. Lucas by cloning the K7R sequence and flanks into the multiple cloning
site of pSJH7 plasmid (Hughes et al., 1991). pSJH7 contains the Ecogpt gene downstream of
a VACV E/L promoter (Boyle & Coupar, 1988) and is suitable for selection of recombinant
VACVs by transient dominant selection. The extra adenine within the K7R ATG was added
by site-directed mutagenesis. After infection-transfection, a single homologous recombination
event between one of K7R flanks in the plasmid and its counterpart in the virus genome leads
to integration of the whole plasmid into the virus genome. This virus can be distinguished
from parental virus because it expresses Ecogpt and so is able to replicate in the presence of
MPA, whereas parental virus cannot (Boyle & Coupar, 1988). The plasmid within the virus
genome is maintained in the presence of MPA and such viruses are termed intermediate
because they contain repeated DNA sequences that are unstable if the drug selection is
removed. Recombination between the repeated sequences can generate either vfsK7-2 or
parental vAK7. Details of the protocol for making recombinant viruses are given in 2.4.2 of
Materials and Methods. MPA-resistant intermediate viruses were plaque purified 3 times in
the presence of drug and then plaque purified three times without MPA to allow resolution.

The final virus obtained was called v{sK7-2.

107



Deletion virus
A B
A fsK7 B
Ecogpt
l Intermediate virus
— A fsK7 B [ Ecogpt —1 A B
| |
- A B A fsK7 B —
-+ +
A fsK7 B A B
Ecogpt Ecogpt

Fig. 5.2. Construction of vfsK7-2 by transient dominant selection. vAK7-infected cells
were transfected with pSTU6fs containing fsK7 and K7R flanking regions (A and B) and the
dominant selectable marker Ecogpt. Recombination between a K7R flank sequence in the
plasmid and corresponding sequences in the virus genome generated an intermediate virus
with direct repeated sequences, and these Ecogpt-expressing recombinants were selected in
the presence of MPA. After removing the selective pressure for Ecogpt, the intermediate virus
resolved by the recombination between the repeat sequences as illustrated to generate either
vAK7 (parental virus) and pSTU6fs or vfsK7-2 and a pSTUG6fs that had lost the fsK7
sequence but retained the K7R flanks.

5.1.2 Viral genome analysis by PCR

The genotype of individual plaque isolates at the K7R locus was then analysed by PCR. This
was carried out using primers 039U and 039D (Materials and Methods 2.1.12) which bind to
the K7R flanks as shown in Fig. 5.3a. When K7R is present, the expected PCR product size of
K7R and flanks is 1.1 kilobase (kb) pairs. In vAK7, the expected size decreases to 660 bp. Fig.
5.3b shows that clone 4 yielded a 1.1 kb product (indicated by an arrow) meaning it has
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resolved to the vfsK7-2 genotype, whereas the other clones have resolved to vAK7 genotype.
In most cases a fainter band of the size expected from the alternative allele is also observed
and this indicates that the isolate is not yet pure but a mix of resolved and intermediate virus.
Consequently, two additional rounds of plaque purification were carried out with a vfsK7-2
and a vAK7, called vAK7-2. These two viruses would be genetically most closely related as
they were derived from the same intermediate parent virus. The genomes of plaque purified
viruses were analysed by PCR as before and Fig. 5.3c shows that the genomes of vfsK7-2
(clones 1-5) and vAK7-2 (clones 6 and 7) yielded PCR products of the expected sizes.
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Fig. 5.3. Analysis of recombinant VACV genomes by PCR. (a) The diagram depicts the
visK7-2 and vAK7 alleles and indicates the expected product sizes after a PCR using those
templates with primers 039U and 039D. (b) Virus DNA was extracted from cells that had
been mock-infected (M) or infected with the numbered plaque isolates. This DNA was used
as template for PCR with 039U and 039D primers. (¢) Virus DNA was extracted from cells
that had been mock-infected (M) or infected with the indicated plaque purified viruses and
these DNAs were used as templates for PCRs using primers 039U and 039D. PCR products

were analysed by agarose gel electrophoresis. The positions of DNA size markers in kb pairs

are indicated.
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5.1.3 K7 protein expression from K7R recombinant viruses

K7 protein expression was analysed by immunoblotting using extracts of virus-infected cells.
K7 was only expressed by vK7 and vK7-rev, and not by vAK7, vfsK7-1, vtrK7 and vfsK7-2
as expected (Fig 5.4). Cell extracts were also immunoblotted with a mAb against the IMV
surface protein D8 and this confirmed that all viruses had infected the cells. In conclusion,
this immunoblot confirms that K7 is not expressed from viruses with a frameshifted K7R
sequence. Since the anti-K7 Ab was raised against the entire K7 protein expressed in bacteria,
this result also made it unlikely that any smaller K7 protein was expressed by translational

initiation from a downstream AUG codon in-frame with the K7R ORF.

a-tubulin

a-D8

a-K7

Fig. 5.4. Analysis of K7 protein expression by recombinant viruses by immunoblotting.
BSC-1 cells were infected with the indicated viruses at 1 pfu/cell overnight or mock-infected
and then cell lysates prepared as described in Materials and Methods 2.3.4. Lysates were
analysed by SDS-PAGE (15 % gel) followed by immunoblotting with the indicated Abs. The

sizes of molecular mass markers are indicated in kDa.
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5.1.4 In vivo intranasal challenge experiment repeat (Aodhnait Fahy)

vfsK7-2 described in section 5.1 was amplified and purified by centrifugation through a 36 %
sucrose cushion as described in Materials and Methods 2.4.9 and titrated in duplicate. The
virulence of the recombinant virus was then compared to controls by intranasal infection of
mice. The titre of infectious virus administered to mice was measured by plaque assay and
found to be similar for all viruses. Fig. 5.5 shows mice infected with vAK7 lost significantly
less weight than those infected with any of the other viruses from 5 days p.i. There were no
significant differences between mice infected with vAK7 or vAK7-2 and the results for vAK7-
2 are not shown for clarity. Mice infected with vfsK7-1 or vfsK7-2 lost weight to a similar
extent to each other and to vK7. However, vAK7-infected mice lost significantly less weight
than those infected with vK7, VfsK7-1 and vfsK7-2 from 6-10 days after infection. Those two
vfsK7-1 viruses made independently had the same phenotype and this confirms that virulence
is maintained in the presence of K7 nucleic acid despite absence of K7 protein and that this

phenotype is very unlikely to be due to a secondary site mutation.

110 - Intranasal infection
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Fig. 5.5. Evaluation of the virulence of vK7fs-2. Mice were infected intranasally (n=5) with
10* pfu of vK7, vAK7, vfsK7-1 and vfsK7-2. Mouse weights were monitored daily and data
were generated and are presented as described in Fig. 5.1. A two-tailed student T-test was
carried out between all different mice groups for each day and significant p values between
vAK7-infected mice and each of vK7, vfsK7-1 and vfsK7-2-infected mice are indicated.

These data are presented as the indicated mean =SD.
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5.2 Possible explanations of the vfsK7 virulent phenotype

5.2.1 F1 expression levels are similar between vK7 and vAK7

Several hypotheses that could explain the virulent phenotype of vfsK7-1 were investigated.
One possibility was that the expression of neighbouring genes was disrupted by the deletion
of the whole K7R gene sequence in VAK7 virus and this was responsible for attenuation.
Consequently, the levels of expression of /L, the gene downstream of K7R, were analysed in
vK7, vAK7, vK7-rev, vfsK7-1, vtrK7 and the new vfsK7-2 virus by immunoblotting using
lysates of infected BSC-1 cells. The results in Fig. 5.6 show that only vK7 and vK7-rev
express the K7 protein, as expected, and the levels of F1 are similar between all viruses.
Similarly the level of the D8 IMV protein was equivalent between viruses indicating the
infections had been similar for all viruses. Therefore the attenuated phenotype of the vAK7

virus was not due to disruption of F1 expression.
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Fig. 5.6. Analysis of F1 protein expression by immunoblotting. BSC-1 cells were infected
with the indicated viruses at 1 pfu/cell overnight or mock-infected and cell lysates were
prepared as described in Materials and Methods 2.3.4. Lysates were analysed by SDS-PAGE
(15 % gel) followed by immunoblotting with the indicated Abs. The sizes of molecular mass
markers are indicated in kDa. The diagram below the immunoblot is a schematic
representation of the VACV WR genome around the K7R locus and was reproduced from

WWW.POXVIrus.org.
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KG6L is the gene upstream of K7R. K6L is expressed immediate-carly (Assarsson et al., 2008)
and is predicted to encode an 81 amino acid peptide. Its expression level in different viruses
was not analysed, because there was no Ab available, however the intergenic region between
K7R and K6L is predicted to contain the K6L promoter based on its orientation in the VACV
genome. This region is unaltered in vAK7 and contains a putative promoter sequence based
on the consensus sequence for early genes (Broyles, 2003). Therefore is it unlikely that the

expression of K6L would be affected in vAK7.
In conclusion, it is improbable that the expression of K6L or F1L genes is affected in vAK7.

5.2.2 Is a smaller K7 protein expressed by vK7fs?

In the presence of the mutated translation initiation codon (ATAG), it was possible that
ribosomes might initiate translation from an alternative downstream AUG start codon, either
in the same or different reading frame. In the other 2 reading frames no peptide greater than
15 amino acids could be produced because of the presence of multiple translational
termination codons in the A:T rich VACV DNA. In the K7 reading frame the next potential
initiation codon is present at bases 171-173 and if this was used a polypeptide of 10 kDa
would be produced. However, this seemed unlikely as there was no strong Kozak consensus
sequence around this ATG. In addition, there are 7 AUGSs present in other reading frames that
a ribosome scanning down the mRNA would encounter before reaching the AUG codon at
171-3. Immunoblotting also showed that during infection no such protein was detected (Fig.
5.7). It is therefore possible that this 10 kDa protein is not produced by the virus. The Ab used
for expression detection by immunoblotting was polyclonal and raised against the whole 17.5
kDa K7 protein. However, it cannot be completely ruled out that this 10 kDa protein is simply

not detected by the Ab or is unstable once made.

To address the former possibility K7;7;.450 with an N-terminal HA tag (N-HA) called K7,71.4s0
was amplified and cloned into the X#ol and Nof sites of pCl, a mammalian expression vector
with a constitutively active hCMV promoter. Another plasmid containing the frameshifted
K7R sequence with an N-HA tag (fsK7) was constructed similarly. These plasmids were then
transfected into mammalian cells alongside an empty vector plasmid and an N-HA K7
plasmid (K7), previously cloned by Dr Stuart Lucas, and samples were analysed by
immunoblotting with anti-K7 and anti-HA Ab (Fig. 5.7a). Full length K7 protein was detected
by both Abs in cells transfected with K7 plasmid but no other bands were detected by either
Abs in any of the other samples. Expression of the loading control a-tubulin was detected to
similar levels in all samples. In conclusion, no smaller K7 protein expression was detected

from the N-HA fsK7 or K7,7,.4s50 transfected cells in those conditions.
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Fig. 5.7. Analysis of transient expression of K7;7;.459 by immunoblotting. (a) HEK 293T
cells were transfected with an empty vector (EV) or K7 or fsK7 or K7,7,.450 plasmids for 24 h
and cell lysates were prepared as described in Materials and Methods 2.3.4. Lysates were
analysed by immunoblotting with anti-K7, anti-HA or anti-alpha tubulin Abs. (b) The
experiment described in (a) was repeated but where indicated the transfected cells were
treated with the proteosome inhibitor MG132 (5 ug/mL) at 24 h post-transfection for the
indicated times before they were lysed. Lysates were analysed by immunoblotting with anti-

HA and anti-alpha tubulin Abs. The sizes of molecular mass markers are indicated in kDa.
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However it was possible that the putative 10-kDa K7 protein was made but was unstable and
targeted for proteosomal degradation. In this regard it was known that the K7 protein was
likely to be a Bcl-2 like protein because of similarity to other Bcl-2 proteins as described in
section 3.1. These proteins are small, globular a-helical proteins. If the region of K7
represented by the putative 10 kDa protein was aligned with the other VACV Bcl-2 family
members for whom structural data was available, it was evident that the truncated protein
would lack a-helix 1 and most of a-helix 2 which are predicted to contribute to overall protein
stability. Consequently, it was quite likely that the putative 10-kDa protein would be unstable.
Therefore, the last experiment was repeated in the presence of the protesome inhibitor
MG132 (5 pg/mL) inhibitor for 0, 1, 2, or 4 h the day following transfection and lysates were
analysed by immunoblotting with anti-HA Ab (Fig. 5.7b). The figure shows that only N-HA
K7 was detected by the anti-HA Ab and no protein was detected in the other samples as
before. This indicated that no K7 protein was expressed from nucleotides 171-450 of the K7R

gene.

5.3 Bioinformatics analysis of K7R sequence with regard to possible miRNA
encoding regions

The retention of virulence by vfsK7-2 raised the possibility that the viral RNA was
contributing to virulence, possibly by the production of miRNAs. To address this possibility,
computational analysis to identify putative pre-miRNAs hairpin loops within the K7R
sequence was carried out. The VMir programme (Grundhoff et al., 2006) was developed to
predict viral pre-miRNAs and this was used with the recommended default settings. This
identified two possible pre-microRNAs within the K7R gene: one in the sense-strand (mRNA)
and one for the negative-strand RNA sequence (Fig. 5.8a and 5.8b). The scores obtained were
94 and 77 respectively. To put this into context, Grundhoff and colleagues (2006) have
indicated that with a cut-off score of 110, 98 % of a set of human reference miRNA
precursors passed the filter meaning that scores above this cut-off are more likely to be
biologically relevant. An alternative programme, MiR-abela developed by Zavolan’s lab (who
was the first to discover miRNAs in viruses) (Pfeffer et al., 2004) was available at

http://www.mirz.unibas.ch/cgi/pred miRNA genes.cgi and was also used to analyse K7R and

this also predicted miRNAs within the K7 sequence (Fig. 5.8a). Indeed, the predictions made
by these two programmes were partially overlapping, which was encouraging as schematised
in Fig 5.8c. Both programmes predicted the possible presence of a hairpin loop between
positions 179-233 on the positive stand and there is some overlap for the second pre- miRNA

prediction (nucleotides 212-269) on the anti-sense strand.
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Fig. 5.8. Pre-miRNA hairpin loop predictions for VACV WR K7R. (a) Predictions were
carried out using Vmir (Grundhoff et al., 2006). The graph indicates the position in the
nucleotide sequence of K7R of the predicted pre-miRNAs and their score. Numbers shown
represent the positions of the hairpin loop with the 450-bp K7R. (+) = sense and (-) = anti-
sense RNA strands. (b) Schematic representation of hairpin loops predicted by programme
Vmir. (c) [lustration of the positions of pre-miRNA hairpin loops predictions made by Vmir
(in red) and MiR-abela (in blue) within K7R (Pfeffer et al., 2004). The nucleotide sequence
for K7R bases 178-269, the region where pre-miRNAs were predicted, is also shown.

To determine if the predicted miRNAs within the K7 sequence were conserved in other
VACYV strains and other OPVs, a DNA sequence alignment was carried out using Clustal W

using K7R orthologue sequences retrieved from www.poxvirus.org. This alignment focused

on the sequence where pre-miRNA hairpin loops were predicted by the two computational
programmes used (hairpins A and B). This sequence (positions 178-269) was conserved
within OPVs as illustrated in Fig. 5.9. Notably, this sequence was also conserved in ECTV
which does not express a K7R orthologue because of an early stop codon in the corresponding
sequence. This indicated that these putative miRNAs could also be encoded in other OPVs,
and in the case of ECTV they were retained despite the K7R open reading frame being
disrupted.
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Fig. 5.9. DNA sequence alignment for position 178 to 269 of VACV WR K7R with K7R orthologues. The alignment was carried out using Clustal W.

VARV_AFG =VARY strain Afganistan and CMLV_M96 = CMLV strain M96. Dark background = identical nucleotides between sequences. Grey

background = 80-99%% identical nucleotides between sequences.
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So far the only way of assaying whether the different K7R alleles had a biological effect was by
analysis in vivo. Consequently, setting up an in vitro assay that would enable the testing of the
contribution of K7 RNA rather than K7 protein was attempted and this will be addressed in the

next section.

5.4 Inhibition of IFN-f promoter activation by K7 nucleic acid or protein

K7 was reported to inhibit innate immune signalling pathways, including the activation of the
IFN-B promoter (Schroder ef al., 2008), yet does not contribute to VACV virulence in the in vivo
model tested. Therefore, it was possible that the RNA was also contributing to inhibition of innate
immune signalling pathways. To investigate this, the contribution of K7 RNA and protein to
inhibition of activation of the IFN-B promoter was studied using K7 alleles that would make
either RNA and protein, or only RNA. The N-HA K7, fsK7 and K7,71450 and empty vector were
co-transfected with the IFN-B-luc plasmid and the TK-renilla-luc as described in Materials and
Methods section 2.3.5. After 22 h, the cells were stimulated with both poly I:C and TNF-a for 6
h, as this was found to give good activation of the IFN- promoter, whereas under the conditions
tested either stimulus alone did not give a sufficient level of induction. Firefly luciferase data
were normalised by dividing them by TK-renilla luciferase readings and data were expressed as
the mean fold induction relative to mean empty vector control (Fig 5.10). These data show that
the presence of all K7R alleles tested inhibited IFN-B activation induced by poly:IC and TNF-a.
This showed that 1) it was possible to use this in vitro assay to assess the biological effect of

different K7 alleles, and ii) that alleles that do not express protein have biological activity.
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Fig. 5.10. Analysis of the effect of K7, K7fs and K7,7;45 on IFN-f activation by luciferase
reporter assay. (a) Schematic representation of the different K7R alleles tested in the IFN-B
promoter luciferase reporter assay. The green boxes represent the region predicted to encode
miRNAs. (b) HEK 293T cells were co-transfected with plasmids K7, fsK7, K7,7;.450 and empty
vector (EV) together with IFN-B-luc and TK-renilla-luc. At 22 h post-transfection, cells were
stimulated with TNF-a and poly I:C for 6 h at indicated concentrations. Firefly luciferase activity
was measured and data were normalised against TK-renilla luciferase data. Data are expressed as
a mean fold induction compared to the normalised mean data in cells expressing empty vector
control. Data shown are from one of at least 3 independent experiments with similar qualitative
results and are presented as mean fold induction £SD. A two-tailed student T-test was carried out

and significant p values between treated samples and EV treated samples are shown.
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Interestingly, all three alleles contained nucleotides 178-269 of the K7R sequence, which is the
stretch predicted to encode pre-miRNA hairpin loops by two different bioinformatics
programmes. To investigate whether or not this nucleic acid is sufficient to inhibit IFN-B gene
expression several new K7R alleles were designed and cloned into pCIl. All alleles used in this
project are illustrated and described in Table 5.1. These included K7 inverted (invK7), K7
scrambled (scrK7), K71.171, K7300-450 K7178269, K7238.450 and K 757¢.450.
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presence of
predicted K7 protein
K7 allele miRNAs expression

| Kz |
yes ves

| fsK7 |
yes no

| K7171—450 |
yes no

| invk?7 |
yes no

| scrk?7 |
no yes
no no
no no

| K7178.269 |
yes no
1
| K7 238I450 )

— partially no

| K7370.450 |
no no

Table 5.1. Overview of different K7R alleles cloned into pCI. The table lists the different K7R
alleles constructed and indicates whether K7 protein can be produced and if the sequence is
predicted to encode for miRNAs for each allele. Numbers indicate which section of the 450-bp
K7R sequence is present in the allele and green boxes represent the region predicted to encode
miRNAs. K7= full length gene; fsK7 = full length gene starting at ATAG instead of ATG; invK7
= inverted full length gene; scrK7 = mutated K7R described in Fig. 5.11; K7, 7, = bases 1 to 171
of K7R; K7300.450= bases 300 to 540 of K7R; K7,73.260= bases 178 to 269 of K7R; K7,33.450= bases
238 t0 450 of K7R and K7,79.450 = bases 270 to 450 of K7R.
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The invK7 contained the K7R sequence in the opposite orientation and was made to exclude the
possibility of any internal initiation of translation while a full length RNA sequence is still

transcribed.

scrK7 has a K7R nucleotide sequence mutated so the mRNA would still encode an identical
protein but this was no longer predicted to encode miRNAs. This was achieved by designing
mutations at every third base when possible. The sequence was also designed so that the overall
A-T content was maintained. The scrK7 sequence is shown in Fig. 5.11 and is compared to the
K7 sequence in an alignment. This allele was constructed to investigate the contribution of the K7

protein to IFN-f promoter activation, or other activity, in absence of putative miRNAs.
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Fig. 5.11. DNA sequence alignment of K7 and scrK7 gene sequences. Alignment generated using Clustal W. The sequences shown encode the

same polypeptide. Dark background = identical nucleotides for both sequences.
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Another allele K7,75.0¢9 containing only the region predicted to encode two miRNAs (putative

hairpins A and B in Fig. 5.8) was also constructed.

In addition, a set of truncated alleles of K7R were also designed to exclude the 178-269 region of
K7R and these included K771, K7500450 and K7,70.450. These would indicate whether the

inhibition of IFN-B observed is linked to the presence of this RNA sequence.

Finally, K7235.4s50 Was constructed to encode only one predicted pre-miRNA sequence (hairpin B

in Fig 5.8) and to see whether this is sufficient to inhibit IFN-§ promoter activation.

IFN-fB promoter luciferase reporter assays were carried out in HEK 293T as described previously
and representative examples of data obtained are shown in Fig. 5.12. In Fig. 5.12a and b, scrK7
and K7,35450 alleles are shown to inhibit IFN-B promoter activation to a level similar to that
observed with the K7 wild-type control. This inhibition is not complete but statistically
significant (p< 0.001). In Fig. 5.12c-f the IFN-B promoter fold activation measured for K7, scrK7
and K7,75.2¢9 transfected samples was significantly lower than that of empty vector control. In
contrast, that of K7,79.450, K71.171 or K7300.450 Was not reduced, meaning RNA transcribed from
these sequences is not sufficient to inhibit IFN-f promoter activation. These three alleles do not
contain the sequences predicted to encode miRNAs. All these inhibitors except scrK7 contained
the 178-269 sequence predicted to encode pre-miRNA hairpin loops. ScrK7 which produces K7
protein from a mutated transcribed RNA also inhibited IFN-B activation. This suggests that both
the protein and the RNA transcribed have activity and that transcription of K7,75,69 i sufficient to

yield an inhibitory effect on IFN-§ gene activation.
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Fig. 5.12. Analysis of the effect of different K7R alleles on IFN-P activation. A representation
of each different K7R allele is shown in above data from the experiment in which it was tested.
The green boxes represent the region predicted to encode miRNAs. HEK 293T cells were co-
transfected with the indicated plasmids and empty vector (EV) together with IFN-B-luc and TK-
renilla-luc. At 22 h post-transfection, cells were stimulated with TNF-a and poly I:C at the
indicated concentrations. Samples were treated and data are presented as described in Fig. 5.10.
Data shown are from one of at least 3 independent experiments with similar qualitative results
and are presented as mean fold induction £SD. A two-tailed student T-test was carried out and

significant p values between treated samples and EV treated samples are shown.

In conclusion, RNA containing K7;75.69 transcribed from a transfected plasmid is sufficient to
partially inhibit IFN-B promoter activation. In contrast, K7R sequences not containing the region
predicted to encode a miRNA were not able to do so with the exception of scrK7 which expressed
the K7 protein from a mutated K7 sequence. It is also noteworthy, that immunoblotting
experiments indicated the levels of K7 expressed by the scrK7 allele were significantly higher
than those encoded by K7R (data not shown). Therefore this suggests that both K7 protein and
part of the K7R mRNA are sufficient to modulate this pathway.

5.5 Analysis of effect of K7R nucleic acid on other gene reporter assays

5.5.1 Effect of fsSK7 on NF-kB luciferase reporter assay

Schroder et al., (2008) reported that K7 inhibits activation of NF-kB as well as IFN-f. However,
it is possible that this effect could be mediated by the K7 RNA rather than the protein.
Consequently, the effects of the K7 protein and K7R nucleic acid sequence on NF-kB dependent
gene expression were analysed by a luciferase reporter assay as described in 2.3.5. Cells were
transfected with empty vector, N-HA K7, fsK7, scrK7 and a plasmid expressing VACV WR
protein B14 together with NF-kB-luc and TK-renilla-luc plasmids. B14 was used as a positive
control because it is a known inhibitor of this pathway (Chen et al., 2008). Cells were stimulated
with TNF-a and data were generated and analysed as described in section 5.4. Results in Fig. 5.13
show that K7, fsK7, scrK7 and B14 all significantly inhibit the activation of NF-kB promoter in
response to TNF-a. Thus, it appears that both K7 protein and K7R RNA contribute to inhibition
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of NF-kB-dependent gene expression. However, it would be preferable to repeat the experiment

by transfecting with an allele that would not inhibit this pathway to act as a negative control.
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Fig. 5.13. Analysis of the effect of different K7R alleles on NF-kB activation by luciferase
reporter assay. HEK 293T cells were co-transfected with either empty vector (EV), K7, fsK7
(Fs), scrK7 (Scr) or HA-B14 (B14) together with NF-kB-luc and TK-renilla-luc plasmids. At 22
h post transfection the cells were stimulated with 250 ng/ml TNF-a for 6 h. Data were generated
and are presented as described in Fig. 5.10. Data shown are from one of at least 3 independent
experiments with similar qualitative results and are presented as mean fold induction £SD. A
two-tailed student T-test was carried out and significant p values between each treated sample
group and EV treated samples are shown and * = p< 0.05 and ** = p< 0.01. The variance of K7,
Scr and B14-transfected and IFN-treated samples was significantly different from the variance of
EV-transfected and IFN- treated samples therefore a Welch’s correction was applied before

obtaining the final p value.

5.5.2 Effect of fsK7 on ISRE promoter luciferase reporter assay

Aodhnait Fahy showed previously that both VACV WR proteins K7 and C16 inhibit ISRE
promoter activation using luciferase assays with IFN-a stimulation for 6 h (Aodhnait Fahy PhD

thesis). Consequently, the effect of K7 protein and K7R nucleic acid sequence on this pathway
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were analysed by reporter luciferase assay as described in 2.3.5. Cells were transfected with
empty vector, N-HA K7, fsK7, scrK7 and untagged C16 expressed from the same plasmid vector,
pClI together with ISRE-Iuc and TK-renilla-luc plasmids. Cells were stimulated with IFN-o and
data were generated and analysed as described in section 5.4. Fig. 5.14 shows that N-HA K7,
fsK7, scrK7 and C16 all significantly inhibit the mean fold activation of ISRE promoter in
response to IFN-a. Thus, it appears that both K7 protein and K7R RNA contribute to inhibition of
ISRE-dependent gene expression. However, it would be preferable to repeat the experiment by

transfecting with an allele that would not inhibit this pathway to act as a negative control.
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Fig. 5.14. Analysis of the effect of different K7R alleles on ISRE activation by luciferase
reporter assay. HEK 293T cells were co-transfected as in Fig. 5.13 except that i) the ISRE-Iuc
reporter was used instead of an IFN-B-luc reporter, ii) a C16-expressing plasmid was included as
a positive control, and iii) cells were stimulated with 500 U/ml IFN-a for 6 h, 22 h post-
transfection, instead of TNF-a. Data were generated and are presented as detailed in Fig. 5.10.
Data shown are from one of at least 3 independent experiments with similar qualitative results
and are presented as mean fold induction £SD. A two-tailed student T-test was carried out and
significant p values between treated samples and EV treated samples are shown and * = p< 0.05.
The variance of Cl6-transfected and IFN-treated samples was significantly different from the
variance of EV-transfected and IFN- treated samples therefore a Welch’s correction was applied

before obtaining the final p value.

5.5.3 K7R sequence and protein both inhibit the ISRE pathway through a STAT1 -
independent mechanism
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In light of the inhibition of ISRE promoter activation following stimulation with type I IFN, the
position within the signalling pathway at which K7 and K7 RNA acted was investigated. STATI
is phosphorylated after type I IFNs bind to their receptor (see Fig. 1.3). This is shown in Fig.
5.15. These experiments were done using HEK 293T cells lines that express K7 or fsK7 or scrK7
inducibly upon addition of doxycycline. These cells lines were produced in T-Rex HEK 293T
cells (Invitrogen) by Amanda Cunningham (K7 cell line) and Gabriel Almeida (fsK7 and scrK7
cell lines) and all the alleles had a C-terminal streptavidin plus FLAG tag. A similar cell line
expressing another VACV protein, C6 was also used as a negative control because this protein
has previously been shown not to inhibit ISRE pathway activation by luciferase reporter assays
(unpublished data from our lab). Cells were induced with doxycycline overnight and treated the
next day for 15 min with 1000 U/ml IFN-a. Cells were then lysed and lysates were analysed by
immunoblotting (Fig. 5.15). No K7 protein was detected in the fsK7 cell line but it was seen in
samples induced with doxycycline in the K7 and scrK7 cell lines when probing with anti-FLAG
Ab. The levels of a-tubulin control protein were similar in all samples. Expression of C6 was also
detected from C6 cell line samples in the presence of doxycycline. Samples were also
immunoblotted for phosphorylated STAT1 (at tyrosine 701) and this was found only in samples
that had been treated with IFN. However, the level of phospho-STAT1 was similar regardless of
whether doxycycline was present. The levels of total STAT1 protein were also similar for all
samples of a given cell line. This indicated that the presence of K7 protein and or K7R mRNA
was not affecting STAT1 phosphorylation.
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Fig. 5.15. Expression of phosphorylated STAT1 from IFN-a-treated cells expressing K7,
fsK7, scrK7 or C6 in a doxycycline-inducible manner. Cells from each different cell line were
induced with doxycyline at 2 ug/ml (+) or left uniduced (-) overnight and were then treated with
1000 U/mL of IFN-a for 15 min or left untreated as indicated. Samples were lysed in the lysis
buffer described in Materials and Methods 2.3.4 supplemented with phosphatase inhibitor tablets
(Roche) and were analysed by immunoblotting with the indicated Abs. The sizes of molecular

mass markers are indicated in kDa.
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In conclusion, the presence of both K7 protein and K7 RNA expressed from the K7R sequences
does not lead to inhibition of STAT1 phosphorylation and so these alleles may be modulating

ISRE promoter activation by blocking components further downstream in the IFN pathway.

5.6 Construction of VACV WR recombinant viruses with different K7R alleles

Fig. 5.12 shows that K7R mRNA can inhibit IFN-f gene expression in vitro, and therefore several
new recombinant VACV WR viruses were constructed to test if these alleles affected virus
virulence in vivo. New K7R alleles were re-inserted into the K7R locus of vAK7 and these
included vK 771450, VK 7178260, VK 71171, VK7270.450, vinvK7 and vscrK7. These new viruses will be
tested in the in vivo mouse intranasal model to determine whether vK7,73.063 retains virulence,
now that it has been shown that RNA transcribed from that allele inhibits innate immune
signalling. The other viruses would act as various negative or positive controls. As shown in Fig.
5.16, K7,71.450 and invK7 alleles still contained the sequences predicted to encode miRNAs, so it
is hypothesised that virulence would be comparable to that of vK7 and vfsK7 in vivo. Alleles K7,
171 and K7,79.450 do not contain the region shown to be sufficient for the in vitro phenotype and it
is expected these viruses would be attenuated. vscrK7 would contain a mutated K7R RNA
sequence but produce K7 protein and so would enable the contribution of K7 protein to virulence

to be made in the absence of K7 miRNA.
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Fig. 5.16. K7R alleles re-introduced into vAK7 at the K7R locus by transient dominant
selection. Different K7R alleles and K7R flanks (in blue) designated A to F are illustrated. The

-n

green box indicates the section of the K7 sequence predicted to encode miRNAs. A to F were
each subcloned into pUC13 Ecogpt-EGFP as shown in Fig. 5.17 and the resultant plasmids were

used to generate recombinant viruses by transient dominant selection.

These six new viruses were made by transient dominant selection. Unlike the earlier viruses the
transient dominant selectable marker was an Ecogpt-EGFP fusion protein that enabled selection
of viruses by virtue of resistance to MPA and visual selection due to EGFP expression by
fluorescent microscopy. The various alleles flanked by the upstream and downstream sequences
of the K7R locus were cloned into the EcoRlI site in pUC13 Ecogpt-EGFP. These different alleles

were amplified by overlap extension PCR as illustrated in Fig. 5.17.
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Fig. 5.17. Cloning of plasmids for re-introducing K7R alleles into vAK7 at the K7R locus by
transient dominant selection. (a) The diagram is a generic depiction of the various fragments
needed and the primers used to amplify alleles A to F that were shown in Fig. 5.16. These
fragments were assembled by overlap extension PCR. The left flank of K7R was amplified using
primers 039U and R1 and that PCR is designated la. The K7 allele of interest was amplified
using primers F2 and R3 by a PCR called 1b. The right flank of K7R was amplified using primers
F4 and 039D in a PCR called Ic. Primers R1, F2, R3 and F4 vary from allele to allele but this
generic terminology is used for clarity and a full list of primers is given in Materials and Methods
section 2.1.12. Products from PCRs la and 1b were then used as templates for a PCR with
primers 039U and R3 to yield a product consisting of the left flank and the allele of interest. This
product was then used with the right flank as templates for a PCR with 039U and 039D. This
final PCR yielded one of the alleles marked A-F. However, for A, E and F only one overlap
extension PCR was necessary as there is no break between one end of the allele’s sequence and
one of the K7R flanks and the protocol was modified accordingly. (b) Alleles A to F were cloned
into the commercial TOPO pCR4 intermediate vector directly and then subcloned into pUC13
Ecogpt-EGFP at the EcoRI site to yield the plasmids illustrated.
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Recombinant viruses were constructed and isolated as described in section 5.1. After the viruses
were plaque purified, their genomic DNA was extracted from infected cells (see Materials and
Methods 2.4.6) and their genomes analysed by PCR using primers homologous to the K7R flanks
as schematised in Fig. 5.18a. For vAK7, only the flanks can be amplified and the product size
expected is 660 bp. For vK7,71.4s50, VK7178260, K71.171, K7270.450, templates, the expected sizes
increase by 279, 90, 171 and 180 bp respectively. InvK7 and scrK7 alleles are the same length as
wild type K7 (450 bp) so the PCR product is expected to be 1.1 kb. Fig. 5.18b confirms that the

six new recombinant viruses DNA template yielded PCR products of the expected sizes.
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Fig. 5.18. Analysis of recombinant VACV genomes by PCR. (a) The diagram illustrates K7R
alleles re-introduced into vAK7 and indicates the expected product size for each allele by PCR
with primers 039U and 039D. (b) Virus DNA was extracted from cells that had been infected
with the indicated viruses and used as template for PCR with primers 039U and 039D. PCR
products were analysed by agarose gel electrophoresis. The positions of DNA size markers in bp

are indicated.
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The genomes of the new recombinant K7R viruses described in this chapter were analysed after
Hindlll restriction digestion to check if any gross genomic modifications have occurred during
their isolation. Each virus was purified by sucrose density gradient centrifugation (Materials and
Methods section 2.4.10), virus DNA was extracted and then this was digested with HindIll. The
digested genomic DNA was then analysed by agarose gel electrophoresis (Fig. 5.19). All the
viruses had the same restriction digest pattern with the exception of the HindIIl K fragment which
is normally 4.526 kb in VACV WR. This fragment includes the K7R locus and so a slight
reduction in its size compared to WR was expected for some of the recombinant viruses. In the
deletion virus, the loss of the 450-bp K7R would make HindIIl K fragment size practically the
same as HindlIll L fragment meaning it would not be seen on the gel. This is indeed what was
found for vAK7 and vK7,75.¢ in which only 90 nt of K7R remain. It was also evident that DNA
co-migrating with the HindIll L fragment was also more intense that wild type, indicating the
presence of additional DNA. No change in HindIll K fragment was seen in the genome of vK7fs-
2, vinvK7 and vscrK7 as expected as these viruses contain a full length K7R sequence, or, in the
case of vscrK7, contains a mutated sequence of the same size as wild type. For the remaining
viruses the shift in HindIll K fragment size is in line with the designed reduction in K7R sequence
for that virus. In conclusion, none of the recombinant viruses contained gross genomic

modifications.
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Fig. 5.19. Characterisation of the genomes of recombinant VACVs. Genomic DNA was
extracted from purified virus stocks for the indicated viruses and 1 pg of each genomic DNA was
digested with HindlIIl and the resulting DNA fragments were resolved on a 0.7 % agarose gel
overnight at 4 °C. The gel was then stained in ethidium bromide for 90 min prior to photography
under UV light. The positions of molecular size markers are indicated in kb. K= VACV WR
HindlIll K fragment.
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Fig. 5.20. Expression of K7 by recombinant viruses. BSC-1 cells were infected with the
indicated K7 viruses at 1 pfu/cell overnight. Cells were then lysed as described in Materials and
Methods 2.3.4 and lysates were analysed by SDS-PAGE (15 % gel) followed by immunoblotting

with the indicated Abs. The sizes of molecular mass markers are indicated in kDa.

The expression of K7 by these viruses was then examined. BSC-1 cells were infected overnight
with the indicated viruses and cell lysates were analysed by immunoblotting for K7 expression
(Fig. 5.20). Expression of K7 was seen in vK7, vK7-rev and vscrK7, but none of the other
viruses, as expected. Immunoblotting with a mAb against the IMV DS protein demonstrated that
each virus had infected the cells. Interestingly, it appeared that the level of K7 expression by
vK7scr might be slightly increased compared to wild type but this was equivocal because the
expression of D8 control in that sample was also slightly higher. This was investigated further
with samples harvested at different times p.i. with vK7, vAK7, vfsK7-2 and vscrK7 (Fig. 5.21).
The expression of the D8 control protein was detected from 4 h p.i. and its levels were similar at
the same timepoint for samples infected by different viruses. K7 was detected earlier (from 2 h
p.i.) in samples infected with vK7 or vscrK7 and their levels of expression were similar. In

conclusion, K7 is expressed at similar levels from vK7 and vscrK7.
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Fig. 5.21. Expression of K7 by vK7 and vscrK7 at different times post infection. BSC-1 cells were infected with the indicated viruses at 5
pfu/cell for the indicated time. Cells were then lysed as described in Materials and Methods 2.3.4 and lysates were analysed by SDS-PAGE (12 %

gel) followed by immunoblotting with the indicated antibodies. The sizes of molecular mass markers are indicated in kDa.
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Chapter 6: Construction and in vitro characterisation of MV A-
C viruses lacking K7 orthologue 028R

VACV WR K7R encodes an immunomodulatory protein and its orthologue in MVA, 028R is
predicted to encode a protein with the same sequence and activity. It is known that the targeted
removal of immunomodulators from MVA can make the virus more immunogenic (Staib et al.,
2005; Clark et al., 2006). Therefore, a more immunogenic MVA vaccine could be created by the
removal of 028R. This project has undertaken the first steps to test that hypothesis.

Consequently, 028R was deleted from MVA. Initially, a deletion 028R virus (vA028-d) was
obtained using a technique based on a double recombination between a transfected plasmid and
the MVA genome and in which a short sequence is left within the MVA genome at the 028R
locus (section 6.1.1). Subsequently, this repeat was removed by transient dominant selection to
form a complete, clean deletion virus (vA028). Finally, a revertant virus (v028-rev) was produced
in which the 028R gene was restored to its natural locus, again by transient dominant selection
(section 6.1.2). The parental strain of MVA used in this project is called MVA-C and has the HIV
clade C Env/Gag-Pol-Nef sequence inserted in the TK locus of wild type MVA (Gomez et al.,
2007). This is illustrated in Fig. 6.1.

E/L promoter

MVA-C — gL | 9p120-C WGag-Pol-Nef-C - kR

Fig. 6.1. Structure of TK gene locus of MVA-C containing HIV clade C gp120-C (Env) and
Gag-Pol-Nef. The expression of these antigens is driven by two VACV synthetic E/L promoters
in a back-to-back orientation. TK-L (left) and TK-R (right) are the TK flanking regions.
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6.1 Construction of MVA-C vA028-d, vA028 and v(028-rev

6.1.1 Construction of vA028-d

6.1.1.1 Cloning the vector for making vA028-d

A plasmid required for the removal of 028R from MV A-C was constructed. This vector, based on
pCR4 blunt TOPO (Invitrogen), contains the Ecogpt-EGFP chimeric coding sequence driven by a
VACYV promoter and flanked by short repeats (R1 and R2). This whole region was flanked by
VACYV DNA taken from upstream and downstream of the 028R gene. The regions flanking 028R
were engineered to include the 3’ end of the 028R gene because it contains a potential
transcription termination site (TsNT) for the gene downstream of 028R (see Fig. 6.2). Fig. 6.3
illustrates the cloning process for creating the pCR4 (A-R1-Ecogpt-EGFP-R2-B) vector used to
make vA028-d.

VACV MVA 25301-25385

028R

5" GAAAAAAAATTGAATTGATGATATAGGGGTCTTCATAACGCATAATTATTACGTTAGCATTCTATATCCGTGTTAAAAAAAATTATCCTA 3”
3 CITTTTTTTA ACTTAACTACTATATCCCCAGAAGTATIGCGTATTAATAATGCAACTCGTAAGATATAGGCACAATTITTTITAATAGGAT 5

=

Intergenic region 029L

Fig. 6.2. Potential early transcription termination sequences for 029L. The primers used to
generate the flanking regions of 028R were designed not to delete part of the 028R open reading
frame that contains an additional potential transcription termination sequence (TsNT) for the
neighbouring 029L gene. One of those sequences is positioned between the two genes and the
other is at the end of 028R and both are underlined. 029L runs in the direction opposite to 028R so
the TsNT consensus region of interest corresponds to AAAAAAA in the 028R coding strand.
Therefore, the downstream flanking region of 028R cloned into plasmids included the last 17
nucleotides of 028R. The last 17 nucleotides of the 028R coding region are in blue, the sequence
between the two genes is in black and the last few bases of 029L coding region are in green. The

stop codons for 028R and 029L are in large bold letters on the coding strand for each gene.
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Fig. 6.3. Construction of the plasmid vector for making MVA-C vA028-d. The flanking

regions of 028R in MVA (-320 bp upstream of 028R to the beginning of the open reading frame
and +354 downstream of 028R to base 433 of 028R) were each amplified using primers FI-1 and
FI-3 for the 5’ flank (A) and Fl-4m and F1-2m for the 3” flank (B). The template used was MVA
genomic DNA extracted from infected cells. An Xbal site was also introduced to enable insertion
of DNA between the flanks. Flank A was cloned directly into pCR4 Blunt-TOPO (Invitrogen).
Subsequently, flank B was cloned between the Xbal and Nofl restriction sites in pCR4. This
vector (pCR4 (A-B)) was sequenced to check that no mutations had been introduced into flanks A
and B during PCR. It was then linearised with Xbal and the sticky ends rendered blunt-ended
using the Klenow fragment of DNA polymerase. The R1-Ecogpt-EGFP-R2 fragment was excised
from a parent vector made by Dr Mike Piitz (pCI-S R1-Ecogpt-EGFP-R2) with Smal and ligated
to the linearised pCR4-(A-B) vector.
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6.1.1.2 Gene knock-out strategy based on double homologous recombination

Gene 028R was initially knocked out from MVA-C using a modified version of an established
method (Staib et al., 2005) because it was the strategy agreed by the consortium of laboratories
funded through the same grant from the Gates Foundation. This method consisted of infecting
cells with the parental virus (MVA-C) and then transfecting these cells with a plasmid containing
sequences flanking the 028R gene separated by a cassette comprising the Ecogpt-EGFP fusion
protein under the control of a synthetic VACV E/L promoter. This cassette was flanked by repeat
sequences (R1 and R2) derived from the Lac Z gene of E. coli (Fig. 6.4). The VACV E/L
promoter was described previously (Davison & Moss, 1990). The Ecogpt-EGFP sequence was
obtained from vector pSEL-Ecogpt-EGFP, created by Emily Glyde (MRes Thesis, 2005). The F.
coli gene Ecogpt confers resistance of VACV to MPA (Boyle & Coupar, 1988). Within the
infected cells a double homologous recombinant event between the regions flanking the 028R
gene in the plasmid and the virus genome replaced the 028R gene with the repeats and Ecogpt-
EGFP cassette. Given that only about 0.1 % of progeny virus is recombinant, selective methods
were needed to distinguish these from parental virus. The recombinant viruses containing Ecogpt-
EGFP were distinguished from the parental virus by growth on CEFs in the presence of MPA, X
and HPX (Boyle & Coupar, 1988; Falkner & Moss, 1990) and by visual observation of
expression of EGFP using fluorescent microscopy. The MPA-resistant green virus isolated was
termed an intermediate virus because it contains the R1 and R2 repeats that make it unstable.
Once the selective pressure for retention of Ecogpt was removed, a recombination between these
repeats caused excision of one repeat and the intervening DNA. Viruses that have undergone such
recombination and have lost Ecogpt-EGFP were identified after plaque assays by staining cells
with anti-VACV rabbit polyclonal serum, followed by rabbit secondary fluorescent Ab. Lack of
EGFP expression was confirmed by microscopy. The genome of the deletion virus (vA028-d)

obtained contains a single R repeat in place of the targeted 028R gene (Fig. 6.4).
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Fig. 6.4. Overview of construction of vA028-d. MV A-C-infected cells were transfected with
pCR4(A-R1-Ecogpt-EGFP-R2-B) which was described in Fig. 6.3. A double homologous
recombinant event between the (28R flank sequences in the plasmid and corresponding
sequences in the virus genome replaced the target gene with the R1 and R2 repeats and Ecogpt-
EGFP cassette. These Ecogpt-EGFP-expressing recombinants were selected in the presence of
MPA and by visual observation of EGFP expression by fluorescent microscopy. When the
selective pressure for retention of Ecogpt was removed; a recombination between the repeats
caused excision of one repeat and the intervening DNA. This recombination event generated

vA028-d with a single repeat sequence remaining at the 028R locus.

6.1.1.3 Making recombinant MVA-C viruses

Primary CEFs were infected with MV A-C and then the targeting plasmid was transfected into the
cells. After 48 h, CEFs were observed by fluorescent microscopy. If expression of EGFP in cells
was observed, the infection-transfection was harvested. Fig. 6.5 shows fluorescent cells 48 h after

a typical infection-transfection.
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Fig. 6.5. Expression of EGFP in CEFs. CEFs were infected with MVA-C at 0.01 pfu/cell for 90
min. Cells were then transfected with 5 pg of pCR4(A-R1-Ecogpt-EGFP-R2-B) and incubated for
48 h before being visualised by fluorescent microscopy (Zeiss Axiovert 200M inverted light
microscope, EGFP filter set, 10 X magnification).

To obtain single, well-isolated foci of recombinant viruses distinct from the parental virus, CEFs
were pre-treated with MPA, HPX and X before being infected with different dilutions of virus
derived from the infection-transfection. This provided positive selection for viruses that have
integrated the plasmid at the 028R locus and therefore express Ecogpt-EGFP. After infection for
2-3 days small green foci were detected by fluorescence microscopy and marked prior to picking

from plates under solid overlay. Examples of such foci can be seen in Fig. 6.6a.
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Fig. 6.6. Observation of EGFP positive foci by florescent microscopy. (a) The two foci were
formed on CEFs infected with MVA-C expressing Ecogpt-EGFP and were visualised by
fluorescent microscopy. Foci shown were obtained after a plaque assay on CEFs in the presence
of MPA using virus harvested from the infection-transfection. (b) The two foci shown were
obtained after virus isolates shown in (a) were picked and used to infect new CEFs in the
presence of MPA. (c) Intermediate viruses were amplified in CEFs without MPA for 2-3 days and
harvested. These virus stocks were used to carry out plaques assays on CEFs. Infected
monolayers were then stained with anti-VACV Ab followed by Alexa 546-conjugated (red
fluorphore) secondary Ab and observed by fluorescent microscopy. The two images shown are of
the same focus observed under the Alexa 546 and EGFP filter sets. The fluorescent microscope

used was the Zeiss Axiovert 200M inverted light microscope at 10 X magnification.

To ensure that intermediate viruses (recombinant viruses that have integrated the cassette and lost
the 028R gene from its locus) had been obtained, a further two rounds of foci purification with
drug selection were carried out. Typically, foci were picked into 0.5 ml and stored frozen at -80°
C until use. Usually 0.1 — 0.2 ml of this was used to infect pre-treated CEFs. Again, green foci
were picked after 2-3 days and the process repeated. Images of typical foci are in Fig. 6.6b.
Subsequently, the foci obtained after three rounds of selection were amplified in T25 flasks of
CEFs for 3-4 days in drug-free liquid medium. The quality and confluency of CEFs was

important to obtain foci in all experiments.

To obtain resolved recombinant viruses, the virus stock harvested from T25 flasks was diluted
and used to infect CEFs for 2 days under semi-solid overlay without drug. Then EGFP-negative
foci were selected. To visualise these, the semi-solid overlay was removed, and the plates were
stained with rabbit anti-VACV Ab. Bound Ab was detected with anti-rabbit-Alexa red fluor
labelled secondary Ab (Fig. 6.6c). The foci were then used to infect more CEFs without drugs.
This process was repeated 3 times and the genotype of the final plaque isolate was determined by

PCR.
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6.1.2 Construction of the clean A028R and rev028R viruses

6.1.2.1 Cloning the vectors for making vA028 and v028-rev

To clone the plasmid required for making vA028, the 028R flanks were excised from pCR4 (A-B)
shown in Fig. 6.3 using EcoRl, rendered blunt-ended using the Klenow fragment of DNA
polymerase and ligated into the Smal site in the MCS of pCI-S Ecogpt-EGFP. The latter plasmid
contains the Ecogpt-EGFP cassette downstream of the E/L VACV promoter. To clone the
plasmid required for making the v028-rev virus, the 028R sequence and flanking region was
excised from pCR4 (A-028R-B) and ligated into pCI-S Ecogpt-EGFP. This process is illustrated
in Fig. 6.7.
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Fig. 6.7. Construction of the plasmid vectors for making vA028 and v028-rev. 028R and
flanking regions in MVA (-320 bp upstream of 028R to +354 downstream of 028R) were
amplified from MVA genomic template using primers Fl-1 and FI-2m. A and B are the upstream
and downstream flanks of 028R. The PCR product obtained was cloned into pCR4 by “TOPO
cloning” (Invitrogen). Vector pCR4 (A-028R-B) was sequenced and then pCR4(A-B) and
PCR4(A-028R-B) were digested with EcoRI and the A-B and A-028R-B fragments were rendered
blunt-ended using the Klenow fragment DNA polymerase. These were then subcloned into the

Smal site of pCI-S Ecogpt-EGFP.
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6.1.2.2 Construction of recombinant viruses by transient dominant selection

The strategy used to construct the vA028 was transient dominant selection. This method also
consists of transfecting CEFs with a plasmid containing the same Ecogpt-EGFP cassette but in
this instance this sequence is situated distal to the sequence of the gene and its flanks. Thus, a
single homologous recombination event between one of 028R flanks in the plasmid with its virus
counterpart leads to the whole plasmid being integrated into the virus genome. Its presence within
the genome is maintained in the presence of MPA and intermediate viruses are obtained. The
presence of flanking region repeats at the site of insertion of the plasmid make the intermediate
virus unstable, and growth on CEFs in absence of selective pressure to maintain Ecogpt, causes
the spontaneous loss of the plasmid DNA by recombination to form vA028 or parental vA028-d
(Fig. 6.8).
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Fig. 6.8. Overview of construction of vA028 from vA028-d by transient dominant selection.
Cells infected with vA028-d were transfected with pCI-S Ecogpt-EGFP (A-B) containing 028R
flanking regions and the dominant selectable marker Ecogpt-EGFP. Recombination between a
028R flank sequence in the plasmid and corresponding sequence in the virus genome generated
an intermediate virus with direct repeated sequences and these Ecogpt-EGFP-expressing
recombinants were selected in the presence of MPA after visual observation of expression of
EGFP under fluorescent microscopy. After removing the selective pressure for Ecogpt, the
intermediate virus resolved by recombination between the repeat sequences as illustrated to
generate either vA028-d (parental virus) and pCI-S Ecogpt-EGFP (A-B) or the clean 028R
deletion mutant vA028 and pCI-S Ecogpt-EGFP (A-R-B).

154



After vA028 was obtained, the 028R gene was re-inserted into this deletion mutant to form v028-
rev. The purpose of the revertant virus was to ensure that any phenotypic differences between the
parental and deletion viruses are attributed to genetic modifications in the 028R gene locus rather
than to possible second site mutations. The strategy to construct v028-rev was also transient
dominant selection and is illustrated in Fig. 6.9. When flanking region repeats recombine in the

intermediate virus, either parental vA028 or v028-rev is formed.

Both vA028 and v028-rev were made and obtained as described in 6.1.1.3.
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Fig. 6.9. Overview of construction of v028-rev in from vA028 by transient dominant
selection. Cells infected with vA028 were transfected with pCI-S Ecogpt-EGFP (A-028R-B)
containing 028R and flanking regions and the dominant selectable marker Ecogpt-EGFP.
Recombination between a 028R flank sequence in the plasmid and corresponding sequence in the
virus genome generated an intermediate virus with direct repeated sequences and these
recombinants were selected as described in Fig. 6.8. After removing the selective pressure for
Ecogpt, the intermediate virus resolved by recombination between the repeat sequences as
illustrated to generate either vA028 (parental virus) and pCI-S Ecogpt-EGFP (A-028R-B) or
v028-rev and pCI-S Ecogpt-EGFP (A-B) that had lost the 028R sequence but retained the 028R
flanks.
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6.1.3 Viral genome analysis by PCR

The genotypes of the different viral clones were analysed by PCR using primers to the flanking
regions of the 028R gene. Genomic DNA was obtained from infected cells. The PCR product
expected for wild type and revertant viruses is 1.1 kb , whereas the size for the 2 deletion mutants
vA028-d and vA028 was 900 and 660 bp, respectively, depending whether the Lac Z repeat was
present (see Fig. 6.10a). The PCR products obtained from each virus DNA are shown in Fig.
6.10b and were of the expected sizes for all viruses. Another PCR was carried out to verify the
presence of HIV-C DNA in the TK locus of the MVA-C virus and derivatives. The PCR was
carried out using primers p91 and p92 that anneal within the Gap-Pol-Nef sequence and yield a
1.8-kb product (Fig. 6.10c). A 1.8-kb band was obtained in all MV A-C viruses but not from DNA
of MVA and mock-infected preparations. The HIV-C gene sequence is therefore present in

MVA-C viruses tested (Fig. 6.10d).
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Fig. 6.10. Analysis of recombinant MVA-C genomes by PCR. (a) The diagram illustrates the
028R locus in MVA-C, vA028-d and vA028 and indicates the expected product size for each
allele by PCR with primers Fl-1 and FI-2m. (b) Virus DNA was extracted from cells that had
been infected with the indicated viruses and used as template for PCR with primers F1-1 and Fl-
2m. PCR products were analysed by agarose gel electrophoresis. (¢) The diagram illustrates the
structure of TK gene locus of MVA-C containing HIV clade C gp120-C (Env) and Gag-Pol-Nef
and the arrows indicate where primers p91 and p92 bind and the expected size of the PCR
product amplified using those primers. (d) DNA template from the indicated viruses was used for
PCR with primers p91 and p92. PCR products were analysed by agarose gel electrophoresis. In b)

and d) the positions of DNA size markers in kb are indicated.

6.1.4 K7 and HIV-C protein expression

K7 protein expression was analysed by immunoblotting using extracts of virus-infected cells. K7
was only expressed by MVA, MVA-C and v028-rev, and not by the deletion mutants, as expected
(Fig. 6.11a). Cell extracts were also immunoblotted with a mAb against the IMV surface protein
D8 and this confirmed that all viruses had infected the cells. Lastly, expression of the HIV-C
gpl120 and Gag proteins was investigated by immunoblotting with HIV specific sera and all
MVA-Cs expressed the HIV antigen as expected (Fig. 6.11b).
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Fig. 6.11. Expression of K7 and HIV-C antigens by MVA-C viruses. (a) CEFs were infected
with the indicated viruses at 1 pfu/cell overnight and cells were lysed. Lysates were analysed by
SDS-PAGE (15 % gel) followed by immunoblotting with the indicated Abs. (b) The same cell
lysates were analysed by SDS-PAGE (10 % gel) followed by immunoblotting with the indicated

Abs. The sizes of molecular mass markers are indicated in kDa.
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6.2. In vitro characterisation of 028R recombinant viruses

6.2.1 Foci size analysis

The size of foci produced by the three recombinant 028R MV A-C viruses was compared to that
of parental MV A-C virus on CEFs and BHK-21s. After infection, monolayers were overlaid with
semi-solid medium to prevent the formation of secondary foci and 72 h later, foci were visualised
by immunostaining. After initial inspection, the foci of MVA-C and vA028-d looked visibly
smaller than those of vA028 and v028-rev on CEFs (Fig. 6.12a), but there were no obvious
differences observed on BHK-21s (Fig. 6.12b). The monolayers were then observed by light
microscopy and the length of each focus measured (=20 per virus). Length of foci formed by
each virus was compared to that of the other viruses by the Student’s t test. A range of focus sizes
for each virus (Fig. 6.13 lower panel) was found and overall the median size increased for each
new virus made compared to its parent virus. Despite this range, there were significant
differences (p< 0.0001) in mean foci size between either the vA028 or v028-rev compared to each
of the other two viruses on CEFs. However, there were no significant differences in mean foci
size between MV A-C and vA028-d or between vA028-d and v028-rev (Fig. 6.13). In contrast, no

repeatable significant differences were found between foci lengths measured on BHK-21.
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Fig. 6.12. Immunostained foci formed by MVA-C recombinant viruses. Confluent
monolayers of CEFs (a) and 70 % confluent monolayers of BHK-21 (b) were infected with the
indicated viruses and overlaid with semi-solid medium for three days. Monolayers were
immunostained using polyclonal rabbit anti-VACV Ab as described in Materials and Methods
section 2.4.4 and photographed.
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Fig. 6.13. Foci sizes formed by the recombinant MVA-Cs. Foci such as those shown in Fig.
6.12. were viewed under a light microscope (Zeiss Axiovert 200M inverted light microscope, 10
X magnification) and foci (#=20 per virus) were chosen randomly and photographed using Zeiss
Axiocam and Axiovert software. Using this software a line was drawn across the length of each
focus and its length in uM was noted. In the top panels, results are shown as the mean = SD and
in the lower panel, individual points represent each focus and the bar is the median. Data shown
are from one of 2 and 3 independent experiments on BHK-21 and CEFs, respectively, with

similar results.
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The focal phenotype observed on CEFs could be attributed to differences in spreading efficiency
from cell to cell which could be caused by genetic differences between the viruses acquired
during virus making. This phenotype was only observed on CEFs; therefore it seems to be a host
specific phenotype. The viruses were obtained sequentially from the MVA-C backbone in the
following order: vA028-d, vA028 and v028-rev. As vA028 and v028-rev yield bigger foci, any
genetic change should have occurred when making vA028 from vA028-d. During virus
construction, the natural tendencyis to pick bigger foci which might lead to selection of
rare mutant viruses with increased focus size. This could have happened while making vA028.
The possibility that a genetic difference was responsible for this focus phenotype was

investigated in the next section.

6.2.2 Virus genomic DNA restriction digests

To check for genetic alterations in the recombinant viruses, virus genomic DNA was extracted
from virus stocks that had been purified by sucrose density gradient centrifugation and was used
for restriction enzyme digest by Hindlll or Xhol (Fig. 6.14 and 6.15). The genomic DNA was
then studied by agarose gel electrophoresis. When VACV MVA was digested with HindIIl, 15
DNA fragments were obtained (Mayr et al, 1991) and were named A to Q representing fragments

in order of decreasing size as listed in the table on Fig. 6.14.

164



Size in kb

==
i G, H, )1 4u=m
8
Hindill digest band sizes
b in lﬂ]
A 46,027
3 B 27,165
C 19,045
4 D 16,044
E 15,132
F 13,302
G 8,877
A H 8,613
25 i 8,430
I 6,493
K 4,506
2 L 4,115
M 1,434
N 987
1.5 0] 273

1
0.8

Fig. 6.14. Analysis of the genomic DNA of recombinant MVA-C viruses digested with
HindIIl. Genomic DNA was extracted from purified virus stocks for the indicated viruses and 1
pg of each genomic DNA was digested with Hindlll and the resulting DNA fragments were
resolved on a 0.7 % agarose gel overnight at 4 °C. The gel was then stained in ethidium bromide
for 90 min prior to photography under UV light. The positions of molecular size markers are
indicated in kb. The table lists the letters designating each of the genomic DNA fragments

obtained after digestion with HindIIl and their respective sizes in bp.
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The Hindlll K fragment which contains the 028R locus was found to be of a smaller size for the
vA028-d and vA028, as expected because the knock-out leads to the loss of about 250 and 450
bps respectively. The HindlIl J band is normally 5 kb in MV A and contains the 7K gene but for
MVA-C viruses an approximately 6.1 kb sequence of HIV-C antigens are present in that locus
and the TK sequence (534 bp) and part of its flanks (159 bp downstream and 182 bp upstream)
totalling 875 bp were removed. This new sequence contains several HindlIIl sites and after
restriction, a band of 8.6 kb can be seen below the HindIll H fragment, but other products are too
small to be seen on the gel as expected. Notably a distinct genetic difference was also found
between MVA-C/vA028-d and vA028/v028-rev. The Hindlll C fragment was absent in the vA028
and v028-rev viruses yet it was intact in the parental MVA-C and the vA028-d. This fragment
corresponds to the 20 kb at the left end of the VACV MVA genome. With the exception of the
HindlIll K fragment described previously, no other changes were seen in the HindIIl digestion

profile between the viruses.

The genomic DNA of these viruses was also digested with XAol. In MVA this restriction yields
an Xhol H fragment of 5.3 kb. As the Xhol H fragment contains the 7K gene, it is therefore
modified in MVA-C where an additional 6.1 kb HIV-C antigen sequences are present and the TK
sequence with a small part of its flanks removed (approximately 0.8 kb). After digestion with
Xhol bands of approximately 4.3, 4.1, 1.5 and 0.8 kb are obtained, the first three of which were
visible on the gel for all the viruses. In addition, there was no visible Xhol F fragment in vA028
and v028-rev. As with the HindIll C fragment, the Xhol F band corresponds to the left end of
VACV MVA genome and is approximately 16 kb. All other fragments seen on the gel are of the
same size for all viruses, the largest of which is the X#ol A band (approximately 43 kb) meaning

there is no visible evidence of a transposition of the Xhol F fragment.

Thus, the analysis of restriction digest of the VACV MVA-C viruses genomes by using two
different enzymes, suggests that a deletion may have occurred at the left end of the genome

during the construction of the recombinant virus.
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Fig. 6.15. Analysis of the genomic DNA of recombinant MVA-C viruses digested with Xhol.
Genomic DNA was extracted from purified virus for the indicated viruses and 1 pg of each
genomic DNA was digested with X#Aol and the resulting DNA fragments were resolved on a 0.7
% agarose gel overnight at 4 °C. The gel was then stained in ethidium bromide for 90 min prior to
photography under UV light. The positions of molecular size markers are indicated in kb. The
table lists the letters designating each of genomic DNA fragments obtained after digestion with

Xhol and their respective sizes in bp.
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6.2.3 Single and multiple growth kinetics

To look for possible differences in replication and growth kinetics between viruses, the growth of
each virus was compared on CEFs cells after infection at 10 or 0.01 pfu/cell (Fig. 6.16). At the
indicated time after infection, the medium was collected and detached cells were collected by
centrifugation. These cells were pooled with the adherent cells that were scraped from the dish.
The infectious virions from the clarified culture medium or from the cells were defined as
medium or cell-associated viruses, respectively. The amount of virus in the medium provides a
good estimate of EEV production, although a small proportion of this may represent IMV
released through cell lysis. The cell-associated virus represents mainly IMV but also with I[EV

and CEV.

In the single growth kinetics experiment (infection at 10 pfu/cell) the titres for MVA-C and
vA028-d were significantly lower (p<0.001) than those of vA028 and v028-rev (student’s T-test).
This was the case for both cell-associated and medium-associated viruses. This suggested that
there are differences in replication efficiency between the viruses. In contrast, there were no
significant differences between titres of viruses in the multiple growth kinetics experiment (0.01
pfu/cell). This was surprising as it was expected that any differences in replication during single

step growth conditions would be more marked during multiple rounds of replication.
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Fig. 6.16. Growth kinetics of the MVA-C recombinant viruses. (a-b) A single growth kinetics

experiment was carried out with recombinant MVA-C viruses. CEFs were infected with the

indicated viruses at 10 pfu/cell. At 0, 12 and 24 h p.i, virus present in the cell lysates (cells), (a))

or in the clarified supernatants (medium (b)) was collected and was titrated on BHK-21

monolayers. The experiment was performed in duplicate and results are shown as the mean + SD.

(c-d) A multiple growth kinetics experiment was carried out with recombinant MVA-C viruses.

CEFs were infected with the indicated viruses at 0.01 pfu/cell. At 0, 12, 24, 48 and 72 h p.i. virus

was harvested and titrated as for the single growth kinetics experiment. Results for cell-associated

virus are in (cells (c¢)) and those for medium virus are in (medium (d)). Each experiment was

performed in duplicate and results are shown as the mean + SD.
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The discrepancy between single and multiple step growth conditions needs addressing by
additional experiments and without those data it is uncertain if there are replication differences

between the viruses.

In conclusion, differences in replication observed in the single growth kinetics experiment do not
appear to be linked to the differences in foci size though this remains to be validated. However,
evidence of a genetic difference between the viruses was found and this may have caused this
phenotype. The focal size phenotype observed could be due to variation in genes involved in
tropism between these viruses as the phenotype was observed on CEFs but not on BHK-21s. In
this regard it is known that the HindIll C fragment, which was shown to be different between the
viruses, encodes some host range genes such as 0/8L, the MVA orthologue of C7L (Perkus et al.,
1990). However, the exact genetic differences between the viruses may only be discovered if their

whole genomes are sequenced.
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Chapter 7: Discussion

The K7R gene from VACV WR is located near the left terminus of the VACV genome and is

predicted to encode a 149 amino acid protein with a molecular mass of 17.5 kDa

(www.poxvirus.org). Bioinformatic analysis of the K7 peptide sequence indicated that it is
identical to VACV strains WR and MVA and only VACV strain RPXV shows differences.
Additional bioinformatic analysis showed that K7 is also highly conserved amongst OPVs
CMLYV, CPXV, HSPV, MPXV, VARV and TATV. A notable exception is ECTV that retains the
comparable gene although it is not predicted to encode the K7 protein. The high amino acid
sequence identity between K7 orthologues despite the location of K7R in the less conserved
terminal region of the genome suggests an important function for K7. Additionally, the pre-
miRNA sequences predicted in the K7R ORF are also conserved amongst OPVs including ECTV

which does not encode K7 protein.

K7 was expressed early and late during infection and this expression profile was consistent with a
genome-wide transcriptional analysis that detected K7R mRNA by 30 min p.i. and it was present
until 24 h p.i. (Assarsson et al., 2008). As an early protein, K7 expression is independent from
viral DNA replication and this would be consistent with the immunomodulatory role described
for K7 (Schroder et al., 2008) to protect infected cells as quickly as possible from host immune

responses.

Immunofluorescent microscopy indicated that K7 was cytoplasmic when expressed ectopically
and this contradicted a report that K7 was located both in the cytoplasm and the nucleus
(Schroder et al., 2008). However, Schroder et al analysed the localisation of K7 48 h post-
transfection whereas data in this thesis were obtained 6 h post-transfection. Analysis of K7
localisation at later times 24 h post transfection indicated that a small amount of K7 was nuclear
(data not shown). This suggested that K7 can be detected in the nucleus when present at high
levels but the biological relevance of this is uncertain. Firstly, 24 h p.i. with VACV WR, K7 was
detected in the cytoplasm with no obvious nuclear localisation both by immunofluorescence and
by sub-cellular fractionation. Secondly, K7 is an early protein whose expression steadily
increases until 24 p.i. and its reported immunomodulatory functions would be most relevant early
after infection. Finally, K7 was shown to inhibit IRF3/IRF7 activation at the level of TBK1/IKK-
¢ through its interaction with its binding partner DDX3 and K7 would only be in a position to
modulate that signalling pathway by being in the cytoplasm (Schroder et al., 2008). K7 and
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DDX3 co-localise at discrete sites in the cytoplasm though they also co-localise in the nucleus in
the presence of leptomycin B (LMB) which blocks CRM-1 dependent nuclear export (Meissner et
al., 2004; Schroder et al., 2008). Nonetheless, to rule out the presence of K7 in the nucleus
unequivocally, immunofluorescence experiments should be repeated in the presence of LMB to
allow putative nuclear K7 to accumulate there and indicate if K7 shuttles between the cytoplasm
and the nucleus. Nuclear association of K7 could be linked to another yet unknown function
and/or be the result of an interaction with an unknown binding partner. VACV replicates in the
cytoplasm and encodes few nuclear proteins, and these can be found in both nucleus and
cytoplasm such as C16 (Fahy et al., 2008) and E3 (Yuwen et al., 1993). However, other VACV
proteins including A46, A52, N1, B14 and K1, which like K7 inhibit NF-xB signalling, function
within the cytoplasm (Bowie et al., 2000; Bartlett ef al., 2002; Shisler & Jin, 2004; Chen et al.,
2008).

Some of these VACV intracellular signalling inhibitors including A52, N1, B14 and K7 are
known to be Bcl-2 like proteins. A46 is also predicted to be one. These proteins share only low
amino acid sequence identity but the structures of N1, B14, A52 and K7 have been determined
and shown to be Bcl-2 family members (Cooray et al., 2007; Graham et al., 2008; Kalverda et al.,
2009). However, at the start of this project, the structure of N1 was the only one known.
Subsequently, determining the crystal structure of K7 in collaboration with Prof David Stuart’s
group at the University of Oxford was attempted to gain further insight into its mechanism of
intracellular signalling inhibition. N-His K7 was purified by IMAC followed by size exclusion
chromatography and sent to collaborators to set up crystallisation screens. K7 was found to be
monodisperse in solution and small crystals were formed reproducibly but were not of good
enough quality for X-ray diffraction. As the presence of an N-His tag could be causing the
formation of disordered crystals, K7 protein was expressed from alternative vectors to enable the
efficient cleavage of the His tag from its N or C terminus. Some crystals were formed from these
purified proteins and their quality was an improvement on what had been obtained previously, but
unfortunately these did not diffract beyond 10 A resolution (structures are usually solved from 2-
3 A resolution diffraction data). Additionally, at this time, the NMR structure of K7 was solved
by another group (Kalverda et al., 2009). K7 was confirmed to have an a-helical fold belonging
to the Bcl-2 family of proteins. The structure solved was K7 8-149, an N-terminally truncated
version which yielded better NMR spectra. Proteins of the Bcl-2 family are constituted of a
bundle of alpha helices termed al-a7 (Graham et al., 2008). Unlike other solved structures of
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Bcl-2 like proteins in VACV, K7 was shown to have a loop region between a3 and a5 instead of
an o4 helix (amino acids 84-93) (Kalverda et al., 2009), though at that stage the functional
implications of that were unclear. Anti-apoptotic Bcl-2 proteins regulate apoptotic pathways by
binding the BH3 motifs of pro-apoptotic Bcl-2 proteins via a surface groove that is opened in the
ligand bound state to enable hydrophobic contact with BH3 motifs (Cory ef al., 2003). Consistent
with this, N1 which has been shown to be an anti-apoptotic protein, has an open BH3 groove that
binds cellular Bel-2 proteins Bad, Bax and Bid (Cooray et al., 2007). However, the K7 structure
did not reveal a BH3 binding groove as with B14 and A52 and this is in agreement with the fact
that these proteins have no effect on apoptosis (Graham et al., 2008; Schroder et al., 2008).
Additionally, K7 was a monomer in solution whereas A52, B14 and N1 are dimeric (Cooray et
al., 2007; Graham et al., 2008; Kalverda et al., 2009). Notably, the N terminus of K7 (amino
acids 8-23) was unstructured and this may explain the difficulty in obtaining ordered crystals that

diffracted at an appropriate resolution.

Consequently, it was decided to attempt to co-purify K7 with its known binding partner DDX3
because a complex of the two proteins could lead to the formation of a stable complex and
therefore crystals that diffract better. Additionally, this structure would give more insight into
K7’s mechanism of intracellular signalling inhibition. K7 was co-expressed with either DDX35_ 4,
or DDX3,,.499 which included the N-terminal fragment of DDX3 (DDX3.139) shown to bind K7
and mediate the induction of IRF3/IRF7 (Schroder et al., 2008) and which were soluble when
expressed in bacteria (Dr Amir Khan, personal communication). Notably, this N terminus was not
included in the published structure of DDX3 which was determined using DDX3 455, which only
comprises the two conserved tandem, RecA helicase domains typical of DEAD box helicases like
DDX3 (Hogbom et al., 2007). Complexes of DDX3s.15; with K7 or DDX3,;,.400 with K7 were
purified. The former yielded samples that were monodisperse in solution but unfortunately no
crystals were obtained. For the latter experiment, purified samples were too polydisperse for use
in crystallisation. This may have been improved by the use of untagged DDX3 protein meaning
only complexed DDX3 and K7 would be affinity purified, therefore excluding monomeric
contaminants. Additionally, since the first 8 amino acids of K7 are unstructured and are not
required for binding DDX3 (Kalverda et al., 2009) the use of an N-terminally truncated K7 may
have helped in the formation of ordered crystals. However, it was also demonstrated that the N
terminus of DDX3 is itself highly disordered but that residues 61-90 are sufficient for K7 binding
(Kalverda et al., 2009). Therefore a better approach could be to work on crystallising K7 with this
short peptide.
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Recently, this idea was followed up by the same group and the crystal structure of K7 in complex
with such a DDX3 peptide was obtained (Oda et al., 2009). That work indicated DDX3g;.90 had a
similar affinity for K7 compared to near full length DDX35.550 and the crystal structure of K7¢.149
in complex with DDX3g,.4s was obtained. Interestingly, the structure revealed that K7 lacked both
04 and a6 of the 7 canonical helices found in Bcl-2 like proteins and it appears that the
corresponding region forms a deep hydrophobic pocket where the DDX3 peptide is bound (Oda
et al., 2009). Interestingly, this region corresponds to the surface of A52 that enables dimer
formation and which is conserved within the VACV Bcl-2 family. In contrast, K7 does not seem
to form homodimers and this surface can therefore interact with DDX3. Overall the DDX3
peptide crystallised is believed to form a projection into a hydrophobic pocket within K7 thus
occupying the a6 position of the Bcl-2 canonical fold (Oda et al, 2009). Additionally,
mutagenesis experiments indicated that DDX3g, g5 contains two phenylalanine side chains (84 and
85) which are essential for DDX3/K7 binding and DDX3 activation of IRF3 and type I IFN
induction (Oda et al., 2009). The study has therefore demonstrated that K7 had evolved as a
monomer that binds DDX3 in contrast to the other dimeric members of VACV Bcl-2 like family.
This also explains why A52 which has sequence similarity with K7 shares some of its targets
such as TRAF6 and IRAK?2 but does not bind DDX3 (Schroder et al., 2008). Consequently, K7
interaction with these proteins must be mediated through a different region which contains the
same epitopes as A52. So far the only information available is that a peptide from the a4-a5 loop
of A52 inhibits NF-kB activation following TLR-dependent stimulation (McCoy et al., 2005) but
more work is needed to determine IRAK2 and TRAF6 binding sites. A peptide of the
corresponding region of K7 could be used to investigate whether the effect is the same and

mutagenesis experiments could be carried out on the K7 structure.

Unpublished data from this lab has shown that vAK7 was attenuated in intranasal and intradermal
mouse infection models (Williamson ef al., 1990; Tscharke & Smith, 1999). However, when an
additional control virus (vfsK7-1) containing a K7R sequence with an additional nucleotide
mutating the translational initiation codon from ATG to ATAG was tested in vivo, it was found to
retain virulence and was phenotypically similar to wild type virus (vK7). Second site mutations as
a cause of this phenotype were unlikely because these would be increasing rather than decreasing
virulence, but to address this possibility a new virus (vfsK7-2) was made independently by

transient dominant selection and shown to retain virulence in vivo as well. The genotype of this
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virus at the K7R locus was confirmed by PCR using primers to the flanks of K7R, and

immunoblotting confirmed that the virus did not produce K7 protein infected cells.

Since the anti-K7 Ab used was raised against the full length protein it was deemed unlikely that
any smaller K7 protein was expressed by translational initiation from an alternative downstream
AUG codon in-frame with the K7R ORF. Moreover, the next potential initiation codon within
K7R was not surrounded by a strong Kozak consensus sequence. Nonetheless, it could not be
completely ruled out that this smaller protein was either not detected by the K7 Ab or that it was
unstable. However, no such protein was detected from cells transfected with a plasmid containing
a K7R sequence starting at that putative downstream initiation codon with an HA epitope
sequence when immunoblotting with anti-HA Ab. Based on structural data, the putative smaller
protein would lack a1 and most of a2 of the canonical a-helices forming the Bcl-2 like fold and is
therefore likely to be unstable. However, no smaller K7 protein was detected even when

transfections were repeated in the presence of proteosome inhibitor.

Another hypothesis to explain the retention of virulence of vK7fs was that the attenuation of
vAK7 was due to disruption of expression of neighbouring gene(s) K6L or F1L rather than to the
absence of K7. The predicted promoter for K6L is outside the K7R ORF meaning its expression is
unlikely to be affected. In addition, immunoblotting with anti-F1 Ab indicated that F1 expression

in vAK7 was similar to that in vK7 or vK7fs.

Taken together, these data suggested that the viral K7 RNA was contributing to virulence,
possibly by the production of miRNAs. Using two different virus-encoded miRNA prediction
programmes (Pfeffer et al., 2004; Grundhoff ez al., 2006), two putative pre-miRNA hairpin loops
were identified by both programmes within the 178-269 region of K7R and the sequences
predicted by the two programmes were mostly overlapping. Once these hits were obtained,
attempts were made to predict potential targets of K7R encoded miRNAs. However, these were
not successful as the mature miRNA sequence that would be processed from these hairpins is not
yet known and miRNA target prediction programmes require knowledge of the seed sequence of

the mature miRNA to give results.

An in vitro experiment that would enable testing the biological effect of K7 RNA rather than K7
protein was set up because hitherto the only way to investigate this phenotype was in vivo. K7 has
been reported to be a broad inhibitor of intracellular signalling pathways leading to NF-kB and
IRF3/7 activation which then induce IFN-B (Schroder et al., 2008) and some of these effects may
be mediated by the K7 RNA rather than protein. The IFN-B promoter is composed of AP-1, NF-
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kB and IRF3 binding sites and therefore its activation could be diminished if any of these
transcription factors was inhibited. The contribution of K7 RNA and protein to inhibition of the
IFN-B promoter was studied by reporter assay using K7 alleles transcribed from transfected
plasmids that would make either K7 RNA and protein, or only RNA. It was found that some
alleles still had the ability to inhibit that pathway, although they did not express the protein.
Several more alleles were then designed in a bid to identify the region of the K7 RNA which was
sufficient to yield a biological effect. RNA containing K 7,756 predicted to encode miRNAs, was
sufficient to inhibit IFN-B promoter activation. In contrast, K7R truncated sequences not
containing this region were not able to do so. Interestingly, scrK7 which expressed the K7 protein
from a mutated K7 nucleotide sequence, but was not predicted to make a miRNA was able to
inhibit IFN-B promoter activation too. Therefore both the K7 protein and part of the K7R mRNA

are sufficient to modulate this pathway.

It is also noteworthy, that immunoblotting experiments indicated the levels of K7 expressed by
the scrK7 allele were significantly higher that those encoded by K7R (data not shown). A possible
explanation is that given scrK7 is not predicted to encode miRNAs all of its mRNA would be
used for translation to K7 protein whereas a significant part wild-type K7 mRNA would be

processed into pre-miRNA and not available for translation into protein.

K7’s reported broad inhibition of intracellular immune signalling pathways (Schroder et al.,
2008) could be an indication of the combined effects of both K7 RNA and protein. They may
have different targets but which lead to the same end-results. IFN-B, NF-xkB and ISRE pathways
were tested using K7R which produced both K7 RNA and K7 protein and therefore should be
repeated using alleles that only produce RNA or the protein but not miRNA (Schroder et al.,
2008). K7 RNA and protein may target different components upstream of IFN-$ promoter and
this was investigated by studying different pathways independently. For example, K7 was
reported to inhibit IL-1, TLR3 and TLR4 induced activation of NF-kB (Schroder et al., 2008).
Interestingly, K7 also inhibits NF-kB gene activation after TNF-a stimulus. The effects of the K7
protein and K7R nucleic acid sequence on NF-kB-dependent gene expression were analysed by a
luciferase reporter assay where NF-kB gene expression was induced by TNF-a stimulus.
Interestingly, both K7 protein and K7R RNA contributed to inhibition of NF-kB-dependent gene
expression in this case. The same results were obtained after stimulation with IL-1p (Gabriel
Almeida, personal communication). However, these experiments need repeating by transfecting

with an allele that would not inhibit this pathway to act as a negative control.
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Previously, it was shown in this lab that K7 can inhibit the ISRE promoter in a reporter assay
after stimulation with IFN-ao for 6 h (Aodhnait Fahy PhD thesis). This relatively early timepoint
was used to ensure the Jak/STAT pathway of ISRE-dependent gene expression is activated
directly with no positive feedback effect of IFN-f induction. Curiously, both K7 protein and K7R
RNA were found to downregulate IFN-a-induced ISRE gene expression just as they did with the
NF-xB promoter reporter assay described earlier. In both experiments, the positive controls,
which were other VACV proteins, behaved as expected but these results also highlighted the need
for repeating these reporter assays with an appropriate negative control. Nonetheless, the possible
mechanism of K7 RNA and protein downregulation of ISRE gene expression was investigated
further by analysing the phosphorylation of STAT1, a modulator which transduces the IFN-a
signal. The effect of K7 RNA or protein on STAT! phosphorylation was tested using
doxycycline-inducible cell lines expressing K7, fsK7 or scrK7 alleles or a negative control cell
line which were IFN-a-treated. Neither K7 protein nor K7 RNA led to inhibition of STATI
phosphorylation, at least not at the time point and IFN-a concentration tested, so these alleles may
be modulating ISRE promoter activation by blocking components further downstream in the IFN
pathway. IFN-a binds IFNAR, induces the catalytic activation of JAK that interacts with and
phosphorylates the STATI1 protein, allowing interaction with STAT2 and IRF9, and the
translocation of this complex (referred to as ISGF3) into the nucleus, where it activates the
transcription of genes containing an ISRE-promoter sequence (Lew et al., 1991). Consequently,
phosphorylation or translocation patterns of STAT2 and IRF9 should also be analysed.
Additionally, it would be of interest to test whether translocation of STAT1 into the nucleus is
inhibited in any of the K7 cell lines. Moreover, it cannot be ruled out that K7 RNA and/or protein
inhibit an alternative pathway of ISRE induction such as the p38 MAPK pathway (Katsoulidis et
al., 2005) although, preliminary data have shown that K7 can still inhibit ISRE-dependent
expression in the presence of a MAPK inhibitor, suggesting it does not affect that pathway
(Aodhnait Fahy, PhD thesis).

Additional recombinant VACVs were constructed by insertion of various K7R alleles into the
K7R locus of vAK7 and these included vK7,71450, VK7178.260, VK71.171, VK7270450, vinvK7 and
vscrK7. PCR analysis with primers to the K7R flanks and genomic DNA restriction digestion
analysis demonstrated that these viruses were as expected at the K7R locus and did not have
major genetic alterations elsewhere in the genome. These new viruses will be tested in the in vivo
mouse intranasal model to determine in particular whether vK7,75.¢5 retains virulence, now that it

has been shown that RNA transcribed from that allele is sufficient to inhibit innate immune
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signalling. Interestingly, in contrast to the transfection model, the levels of K7 produced from

vK7 and vscrK7 were similar.

Both in vivo and in vitro data gathered to date suggest a functional role for K7 RNA. It is
hypothesised that this could be explained by the presence of miRNA encoded by this virus
because the sequence predicted to encode miRNAs was sufficient to yield a phenotype in vitro.
Therefore, the next essential experimental step would be to validate the presence of these
miRNAs. This can be carried by northern blotting using probes corresponding to the predicted
sequence or by qRT-PCR using primers annealing to those regions (Pfeffer et al., 2004;
Grundhoff et al., 2006; Reichenstein et al., 2009). Encouragingly, recent qRT-PCR data from this
lab have confirmed the presence of a miRNA which would be processed from one of the two
hairpin loops (K7512.2¢9, Negative sense RNA) predicted from K7R during infection but nothing
corresponding to the other predicted hairpin loop (K7,79.233 positive sense RNA) was detected
(Gabriel Almeida, personal communication). The presence of this miRNA in infected cells should

now be confirmed by northern blotting.

MiRNAs have only relatively recently been found to be encoded by members of the herpesvirus,
polyomaviruses and adenovirus families ((Pfeffer et al., 2004; Sullivan et al., 2005; Xu et al.,
2007)). From an evolutionary point of view, virus-encoded miRNAs offer many advantages.
They provide a highly specific way of down-regulating expression of host genes, are not
antigenic and due to the very short length and requirement for only limited homology with their
target they can rapidly acquire mutations to downregulate new target genes (reviewed in (Cullen,
20006)). It is interesting that viruses have evolved to encode their own miRNAs rather than target
protein components of the host miRNA biogenesis pathway. A plausible explanation for this is
that mature miRNAs have a long half life (days) and would already be present in host cell at the
time infection, so that even if a virus produced a protein that inhibited further synthesis of host
miRNAs, the levels of existing miRNAs would remain for the virus replication cycle (Cullen,
2009). Therefore, the production of miRNAs by the virus would be more effective than encoding
proteins targeting the miRNA biogenesis pathway. However, poxviruses replicate in the
cytoplasm and as the initial step in miRNA biogenesis is the cleavage of the pre-miRNA loop by
Drosha in the nucleus it is unclear how any miRNA from these viruses would be processed. So
far, miRNA precursor sequences have been predicted in poxvirus genomes (Pfeffer et al., 2004)

but their existence not validated. An interesting hypothesis would be that some cellular proteins
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could be recruited to the cytoplasm or to virus factories. Alternatively, VACV mRNAs could be
transported to the nucleus for processing or could enter the cellular miRNA biogenesis pathway at
a later stage. In situ hybridisation experiments using probes against K7 mRNA may help to

clarify whether or not any of it is transported to the nucleus.

MVA has been developed as a vaccine vector against various infections and diseases (Gherardi &
Esteban, 2005; Cebere et al., 2006; Dunachie et al., 2006; Ondondo et al., 2006) and it has been
demonstrated that the removal of some of the immunomodulatory proteins it encodes can make it
more immunogenic (Staib et al., 2005; Clark et al., 2006). MVA 028R, the orthologue of K7R
was deemed a good candidate for removal because it is predicted to encode a protein with the
same sequence and activity as the protein made by VACV WR. Consequently, analysis of the role
of 028, the MV A orthologue of K7 was carried out using a set of recombinant viruses namely,
vA028-d, vA028 and v028-rev. All of these viruses were derived from MVA-C which has an
HIV-C Env/Gag-Pol-Nef sequence inserted in the TK locus of wild type MVA (Gomez et al.,
2007). VA028-d was constructed using a targeting method based on a double homologous
recombination between a plasmid containing the 028R flanking regions and the 028R locus. The
protocol was a modified version of an established method (Staib ez al., 2005) as required by the
consortium of laboratories funded through the same grant from the Gates Foundation and resulted
in the insertion of a short heterologous sequence in between the 028R flanks. This sequence was
removed, to give vA028, using a transient dominant selection method which involves selection of
single recombination events (Falkner & Moss, 1990). A revertant virus (v028-rev) was also
obtained with this method. Genotypes of the different recombinant viruses were confirmed by
PCR analysis with primers binding in the 028R flanks. Additionally, no 028 protein was detected
from vA028-d or vA028 as expected and the levels of expression of HIV-C antigens were similar

for all recombinants.

Interestingly, differences were observed when the sizes of foci formed by the three recombinant
viruses were compared with those formed by parental MVA-C. Even after initial inspection, the
foci formed on CEFs by vA028 and v028-rev were visibly bigger than their MVA-C and vA028-d
counterparts. In contrast, there were no visible differences in foci sizes formed on BHK-21s.
Sizes of foci formed by vA028 and v028-rev were then confirmed to be significantly different
from those formed by MVA-C and vA028-d counterparts after they were measured precisely.

However, there were no significant differences in the size of foci formed between the four viruses
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on BHK-21 cells. Notably, these differences were found despite the high dispersion of foci size
within each virus group and the median focus size for each group steadily increased from MVA-
C to vA028-d to vA028 to v028-rev respectively. Notably this was the sequence in which they
were derived from the MVA-C backbone. During virus construction, the natural tendency is to
pick bigger foci which might lead to selection of rare mutant viruses with increased focus size.
Given that vA028 and v028-rev yield bigger foci, any genetic change should have occurred when

making vA028 from vA028-d.

Subsequently, restriction enzyme mapping showed there were indeed unexpected genetic
differences between these viruses. While MVA-C and vA028-d had the predicted genome
structures after digestion with HindlIIl or X#ol, the restriction profiles of vA028-d and v-028-rev
were altered for the HindIIl C fragment or Xhol F fragment. No additional bands were visible on
the restriction profile of vA028 or v028-rev and none of the visible bands appeared larger than
expected. Consequently, in order to test whether the immunogenicity of MV A is improved in the

absence of 028R, the vA028 and v028-rev viruses would have to be remade.

The focal phenotype observed could be attributed to acquisition of genetic differences during
virus construction. This may have led to differences in replication or spreading efficiency from
cell to cell therefore the single and multiple growth kinetics of these viruses were analysed. The
single growth kinetics experiment suggested there were some significant differences in
replication between the virus forming bigger foci and the others. However, this could not be
confirmed by the multiple growth kinetics experiment which indicated that there were no
significant differences in cell to cell spread between viruses. Therefore, the results were
conflicting and the experiments need repeating. Nonetheless, the focal phenotype was only
observed on CEFs, therefore it seems likely to be host-specific. Interestingly, the HindIll C
fragment, which was altered in the genomes of the viruses which formed bigger foci on CEFs, is
known to encode the orthologue of C7L a gene affecting host range (Perkus et al., 1990) and
vaccinia growth factor (VGF) which helps virus replication and the survival of infected cells
(Andrade et al., 2004; Postigo et al., 2009). Interestingly, a recent publication has shown that C7L
is not required for replication in BHK-21 (Backes ef al., 2009) and so could also not be required
for replication on CEFs. However, the exact genetic differences between those viruses can only
be conclusively determined by sequencing their whole genomes and only then can genetic
differences be linked with the phenotype observed. Differences found could then be studied
further and may lead to a better understanding of MV A biology and determinants of host range.
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Concluding remarks

This thesis reports an investigation of the role of VACV gene K7R in evasion of innate immunity.
For this, various approaches were used including bacterial expression of K7 in complex with its
binding partner DDX3 for use in crystallisation trials, construction of recombinant viruses with
several mutated alleles of K7R, in vivo characterisation and functional in vitro assays. Although
deletion of the whole K7R ORF decreases virulence, abrogation of protein expression by a
mutation of the iniating methionine was found not to cause viral attenuation by itself.
Bioinformatic and functional analysis shown here suggested that this is likely due to the presence
of a miRNA in K7. A virus in which the K7R ORF is reduced to the sequence predicted to encode
the miRNA was made and its virulence in vivo will soon be assessed. Formal identification of the
miRNA by northern Blot and/or qPCR analysis will also be carried out. A deletion of the K7R
orthologue in MVA strain was also made as part of a larger project aiming at making safer and

more immunogenic vaccine vectors by removing MVA immunomodulatory genes.

181



References

Abadie, V., Bonduelle, O., Duffy, D., Parizot, C., Verrier, B. & Combadiere, B. (2009).
Original encounter with antigen determines antigen-presenting cell imprinting of the
quality of the immune response in mice. PloS one 4, €8159.

Alcami, A. & Smith, G. L. (1992). A soluble receptor for interleukin-1 beta encoded by vaccinia
virus: a novel mechanism of virus modulation of the host response to infection. Cell 71,
153-167.

Alcami, A. & Smith, G. L. (1995). Vaccinia, cowpox, and camelpox viruses encode soluble
gamma interferon receptors with novel broad species specificity. Journal of virology 69,
4633-4639.

Alcami, A., Symons, J. A., Collins, P. D., Williams, T. J. & Smith, G. L. (1998). Blockade of
chemokine activity by a soluble chemokine binding protein from vaccinia virus. J
Immunol 160, 624-633.

Alcami, A., Symons, J. A. & Smith, G. L. (2000). The vaccinia virus soluble alpha/beta
interferon (IFN) receptor binds to the cell surface and protects cells from the antiviral
effects of IFN. Journal of virology 74, 11230-11239.

Altenburger, W., Suter, C. P. & Altenburger, J. (1989). Partial deletion of the human host
range gene in the attenuated vaccinia virus MVA. Arch Virol 105, 15-27.

Andrade, A. A., Silva, P. N., Pereira, A. C., De Sousa, L. P., Ferreira, P. C., Gazzinelli, R.
T., Kroon, E. G., Ropert, C. & Bonjardim, C. A. (2004). The vaccinia virus-stimulated
mitogen-activated protein kinase (MAPK) pathway is required for virus multiplication.
The Biochemical journal 381, 437-446.

Antoine, G., Scheiflinger, F., Dorner, F. & Falkner, F. G. (1998). The complete genomic
sequence of the modified vaccinia Ankara strain: comparison with other orthopoxviruses.
Virology 244, 365-396.

Arend, W. P., Palmer, G. & Gabay, C. (2008). IL-1, IL-18, and IL-33 families of cytokines.
Immunological reviews 223, 20-38.

Ariumi, Y., Kuroki, M., Abe, K., Dansako, H., Ikeda, M., Wakita, T. & Kato, N. (2007).
DDX3 DEAD-box RNA helicase is required for hepatitis C virus RNA replication.
Journal of virology 81, 13922-13926.

Asahina, Y., Izumi, N., Hirayama, 1., Tanaka, T., Sato, M., Yasui, Y., Komatsu, N., Umeda,
N., Hosokawa, T., Ueda, K., Tsuchiya, K., Nakanishi, H., Itakura, J., Kurosaki, M.,
Enomoto, N., Tasaka, M., Sakamoto, N. & Miyake, S. (2008). Potential relevance of
cytoplasmic viral sensors and related regulators involving innate immunity in antiviral
response. Gastroenterology 134, 1396-1405.

Assarsson, E., Greenbaum, J. A., Sundstrom, M., Schaffer, L., Hammond, J. A., Pasquetto,
V., Oseroff, C., Hendrickson, R. C., Lefkowitz, E. J., Tscharke, D. C., Sidney, J.,
Grey, H. M., Head, S. R., Peters, B. & Sette, A. (2008). Kinetic analysis of a complete
poxvirus transcriptome reveals an immediate-early class of genes. Proc Natl Acad Sci U
S 4105, 2140-2145.

Atkinson, J. P. & Frank, M. M. (2006). Bypassing complement: evolutionary lessons and future
implications. The Journal of clinical investigation 116, 1215-1218.

Bablanian, R. (1970). Studies on the mechanism of vaccinia virus cytopathic effects: effect of
inhibutors of RNA and protein synthesis on early virus-induced cell damage. The Journal
of general virology 6, 221-230.

Bablanian, R., Baxt, B., Sonnabend, J. A. & Esteban, M. (1978). Studies on the mechanisms
of vaccinia virus cytopathic effects. II. Early cell rounding is associated with virus
polypeptide synthesis. The Journal of general virology 39, 403-413.

182



Backes, S., Sperling, K. M., Zwilling, J., Gasteiger, G., Ludwig, H., Kremmer, E.,
Schwantes, A., Staib, C. & Sutter, G. (2009). Viral host range factors C7 or K1 are
essential for modified vaccinia virus Ankara late gene expression in human and murine
cells, irrespective of their capacity to inhibit PKR-mediated elF2 {alpha}
phosphorylation. The Journal of general virology.

Bahar, M. W., Kenyon, J. C., Putz, M. M., Abrescia, N. G., Pease, J. E., Wise, E. L., Stuart,
D. L., Smith, G. L. & Grimes, J. M. (2008). Structure and function of A41, a vaccinia
virus chemokine binding protein. PLoS pathogens 4, €5.

Baldick, C. J., Jr., Keck, J. G. & Moss, B. (1992). Mutational analysis of the core, spacer, and
initiator regions of vaccinia virus intermediate-class promoters. Journal of virology 66,
4710-4719.

Baroudy, B. M., Venkatesan, S. & Moss, B. (1982). Incompletely base-paired flip-flop terminal
loops link the two DNA strands of the vaccinia virus genome into one uninterrupted
polynucleotide chain. Cell 28, 315-324.

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cel/ 116,
281-297.

Barth, S., Pfuhl, T., Mamiani, A., Ehses, C., Roemer, K., Kremmer, E., Jaker, C., Hock, J.,
Meister, G. & Grasser, F. A. (2008). Epstein-Barr virus-encoded microRNA miR-
BART2 down-regulates the viral DNA polymerase BALFS. Nucleic acids research 36,
666-675.

Bartlett, N., Symons, J. A., Tscharke, D. C. & Smith, G. L. (2002). The vaccinia virus N1L
protein is an intracellular homodimer that promotes virulence. The Journal of general
virology 83, 1965-1976.

Baxby, D. (1999). Edward Jenner's Inquiry; a bicentenary analysis. Vaccine 17, 301-307.

Bazzoni, F., Rossato, M., Fabbri, M., Gaudiosi, D., Mirolo, M., Mori, L., Tamassia, N.,
Mantovani, A., Cassatella, M. A. & Locati, M. (2009). Induction and regulatory
function of miR-9 in human monocytes and neutrophils exposed to proinflammatory
signals. Proc Natl Acad Sci U S 4 106, 5282-5287.

Beattie, E., Kauffman, E. B., Martinez, H., Perkus, M. E., Jacobs, B. L., Paoletti, E. &
Tartaglia, J. (1996). Host-range restriction of vaccinia virus E3L-specific deletion
mutants. Virus Genes 12, 89-94.

Beattie, E., Paoletti, E. & Tartaglia, J. (1995). Distinct patterns of IFN sensitivity observed in
cells infected with vaccinia K3L- and E3L- mutant viruses. Virology 210, 254-263.

Beattie, E., Tartaglia, J. & Paoletti, E. (1991). Vaccinia virus-encoded eIF-2 alpha homolog
abrogates the antiviral effect of interferon. Virology 183, 419-422.

Berrow, N. S., Alderton, D., Sainsbury, S., Nettleship, J., Assenberg, R., Rahman, N.,
Stuart, D. I. & Owens, R. J. (2007). A versatile ligation-independent cloning method
suitable for high-throughput expression screening applications. Nucleic acids research
35, e45.

Blanchard, T. J., Alcami, A., Andrea, P. & Smith, G. L. (1998). Modified vaccinia virus
Ankara undergoes limited replication in human cells and lacks several
immunomodulatory proteins: implications for use as a human vaccine. The Journal of
general virology 79 1159-1167.

Bowie, A., Kiss-Toth, E., Symons, J. A., Smith, G. L., Dower, S. K. & O'Neill, L. A. (2000).
A46R and AS52R from vaccinia virus are antagonists of host IL-1 and toll-like receptor
signaling. Proc Natl Acad Sci U S 497, 10162-10167.

Boyle, D. B. & Coupar, B. E. (1988). A dominant selectable marker for the construction of
recombinant poxviruses. Gene 65, 123-128.

Brown, E., Senkevich, T. G. & Moss, B. (2006). Vaccinia virus F9 virion membrane protein is
required for entry but not virus assembly, in contrast to the related L1 protein. Journal of
virology 80, 9455-9464.

183



Brown, J. P., Twardzik, D. R., Marquardt, H. & Todaro, G. J. (1985). Vaccinia virus encodes
a polypeptide homologous to epidermal growth factor and transforming growth factor.
Nature 313, 491-492.

Broyles, S. S. (2003). Vaccinia virus transcription. The Journal of general virology 84, 2293-
2303.

Broyles, S. S. & Moss, B. (1986). Homology between RNA polymerases of poxviruses,
prokaryotes, and eukaryotes: nucleotide sequence and transcriptional analysis of vaccinia
virus genes encoding 147-kDa and 22-kDa subunits. Proc Natl Acad Sci U S A 83, 3141-
3145.

Buck, A. H., Santoyo-Lopez, J., Robertson, K. A., Kumar, D. S., Reczko, M. & Ghazal, P.
(2007). Discrete clusters of virus-encoded micrornas are associated with complementary
strands of the genome and the 7.2-kilobase stable intron in murine cytomegalovirus.
Journal of virology 81, 13761-13770.

Budihardjo, I., Oliver, H., Lutter, M., Luo, X. & Wang, X. (1999). Biochemical pathways of
caspase activation during apoptosis. Annual review of cell and developmental biology 15,
269-290.

Bugert, J. J. & Darai, G. (2000). Poxvirus homologues of cellular genes. Virus Genes 21, 111-
133.

Buist, J. B. (1886). The life history of the micro-organisms associated with variola and vaccinia
ProcRSocEdinburg 13, 603-615.

Cai, X., Hagedorn, C. H. & Cullen, B. R. (2004). Human microRNAs are processed from
capped, polyadenylated transcripts that can also function as mRNAs. RNA (New York, NY
10, 1957-1966.

Cai, X., Lu, S., Zhang, Z., Gonzalez, C. M., Damania, B. & Cullen, B. R. (2005). Kaposi's
sarcoma-associated herpesvirus expresses an array of viral microRNAs in latently
infected cells. Proc Natl Acad Sci U S A 102, 5570-5575.

Cai, X., Schafer, A., Lu, S., Bilello, J. P., Desrosiers, R. C., Edwards, R., Raab-Traub, N. &
Cullen, B. R. (2006). Epstein-Barr virus microRNAs are evolutionarily conserved and
differentially expressed. PLoS pathogens 2, €23.

Cairns, J. (1960). The initiation of vaccinia infection. Virology 11, 603-623.

Carroll, M. W. & Moss, B. (1997). Host range and cytopathogenicity of the highly attenuated
MV A strain of vaccinia virus: propagation and generation of recombinant viruses in a
nonhuman mammalian cell line. Virology 238, 198-211.

Carter, G. C., Law, M., Hollinshead, M. & Smith, G. L. (2005). Entry of the vaccinia virus
intracellular mature virion and its interactions with glycosaminoglycans. The Journal of
general virology 86, 1279-1290.

Carter, G. C., Rodger, G., Murphy, B. J., Law, M., Krauss, O., Hollinshead, M. & Smith, G.
L. (2003). Vaccinia virus cores are transported on microtubules. The Journal of general
virology 84, 2443-2458.

Cebere, 1., Dorrell, L., McShane, H., Simmons, A., McCormack, S., Schmidt, C., Smith, C.,
Brooks, M., Roberts, J. E., Darwin, S. C., Fast, P. E., Conlon, C., Rowland-Jones, S.,
McMichael, A. J. & Hanke, T. (2006). Phase I clinical trial safety of DNA- and
modified virus Ankara-vectored human immunodeficiency virus type 1 (HIV-1) vaccines
administered alone and in a prime-boost regime to healthy HIV-1-uninfected volunteers.
Vaccine 24, 417-425.

Ceppi, M., Pereira, P. M., Dunand-Sauthier, 1., Barras, E., Reith, W., Santos, M. A. &
Pierre, P. (2009). MicroRNA-155 modulates the interleukin-1 signaling pathway in
activated human monocyte-derived dendritic cells. Proc Natl Acad Sci U S A 106, 2735-
2740.

Chahroudi, A., Garber, D. A., Reeves, P., Liu, L., Kalman, D. & Feinberg, M. B. (2006).
Differences and similarities in viral life cycle progression and host cell physiology after

184



infection of human dendritic cells with modified vaccinia virus Ankara and vaccinia
virus. Journal of virology 80, 8469-8481.

Chang, H. W., Watson, J. C. & Jacobs, B. L. (1992). The E3L gene of vaccinia virus encodes
an inhibitor of the interferon-induced, double-stranded RNA-dependent protein kinase.
Proc Natl Acad Sci U S A 89, 4825-4829.

Chen, C. Z., Li, L., Lodish, H. F. & Bartel, D. P. (2004). MicroRNAs modulate hematopoietic
lineage differentiation. Science (New York, NY 303, 83-86.

Chen, R., Ryzhakov, G., Cooray, S., Randow, F. & Smith, G. (2008). Inhibition of [kBa
Kinase by Vaccinia Virus Virulence Factor B14. PLoS pathogens 4.

Chen, R. A., Jacobs, N. & Smith, G. L. (2006). Vaccinia virus strain Western Reserve protein
B14 is an intracellular virulence factor. The Journal of general virology 87, 1451-1458.

Chendrimada, T. P., Gregory, R. 1., Kumaraswamy, E., Norman, J., Cooch, N., Nishikura,
K. & Shiekhattar, R. (2005). TRBP recruits the Dicer complex to Ago2 for microRNA
processing and gene silencing. Nature 436, 740-744.

Chiu, W. L., Lin, C. L., Yang, M. H., Tzou, D. L. & Chang, W. (2007). Vaccinia virus 4c
(A26L) protein on intracellular mature virus binds to the extracellular cellular matrix
laminin. Journal of virology 81, 2149-2157.

Choy, E. Y., Siu, K. L., Kok, K. H., Lung, R. W., Tsang, C. M., To, K. F., Kwong, D. L.,
Tsao, S. W. & Jin, D. Y. (2008). An Epstein-Barr virus-encoded microRNA targets
PUMA to promote host cell survival. The Journal of experimental medicine 205, 2551-
2560.

Chtanova, T. & Mackay, C. R. (2001). T cell effector subsets: extending the Th1/Th2 paradigm.
Adv Immunol 78, 233-266.

Chung, C. S., Hsiao, J. C., Chang, Y. S. & Chang, W. (1998). A27L protein mediates vaccinia
virus interaction with cell surface heparan sulfate. Journal of virology 72, 1577-1585.

Clark, R. H., Kenyon, J. C., Bartlett, N. W., Tscharke, D. C. & Smith, G. L. (2006). Deletion
of gene A41L enhances vaccinia virus immunogenicity and vaccine efficacy. The Journal
of general virology 87, 29-38.

Cobb, B. S., Hertweck, A., Smith, J., O'Connor, E., Graf, D., Cook, T., Smale, S. T.,
Sakaguchi, S., Livesey, F. J., Fisher, A. G. & Merkenschlager, M. (2006). A role for
Dicer in immune regulation. The Journal of experimental medicine 203, 2519-2527.

Cobb, B. S., Nesterova, T. B., Thompson, E., Hertweck, A., O'Connor, E., Godwin, J.,
Wilson, C. B., Brockdorff, N., Fisher, A. G., Smale, S. T. & Merkenschlager, M.
(2005). T cell lineage choice and differentiation in the absence of the RNase III enzyme
Dicer. The Journal of experimental medicine 201, 1367-1373.

Colamonici, O. R., Domanski, P., Sweitzer, S. M., Larner, A. & Buller, R. M. (1995).
Vaccinia virus B18R gene encodes a type I interferon-binding protein that blocks
interferon alpha transmembrane signaling. The Journal of biological chemistry 270,
15974-15978.

Condit, R. C., Moussatche, N. & Traktman, P. (2006). In a nutshell: structure and assembly of
the vaccinia virion. Advances in virus research 66, 31-124.

Cooray, S., Bahar, M. W., Abrescia, N. G., McVey, C. E., Bartlett, N. W., Chen, R. A.,
Stuart, D. L., Grimes, J. M. & Smith, G. L. (2007). Functional and structural studies of
the vaccinia virus virulence factor N1 reveal a Bcl-2-like anti-apoptotic protein. The
Journal of general virology 88, 1656-1666.

Cory, S., Huang, D. C. & Adams, J. M. (2003). The Bcl-2 family: roles in cell survival and
oncogenesis. Oncogene 22, 8590-8607.

Coulibaly, S., Bruhl, P., Mayrhofer, J., Schmid, K., Gerencer, M. & Falkner, F. G. (2005).
The nonreplicating smallpox candidate vaccines defective vaccinia Lister (dVV-L) and
modified vaccinia Ankara (MVA) elicit robust long-term protection. Virology 341, 91-
101.

185



Cullen, B. R. (2006). Viruses and microRNAs. Nature genetics 38 Suppl, S25-30.

Cullen, B. R. (2009). Viral and cellular messenger RNA targets of viral microRNAs. Nature 457,
421-425.

Cyrklaff, M., Risco, C., Fernandez, J. J., Jimenez, M. V., Esteban, M., Baumeister, W. &
Carrascosa, J. L. (2005). Cryo-clectron tomography of vaccinia virus. Proc Natl Acad
Sci US A102,2772-2777.

Dales, S. & Siminovitch, L. (1961). The development of vaccinia virus in Earle's L strain cells as
examined by electron microscopy. In J Biophys Biochem Cytol, pp. 475-503.

Darnell, J. E., Jr., Kerr, I. M. & Stark, G. R. (1994). Jak-STAT pathways and transcriptional
activation in response to [FNs and other extracellular signaling proteins. Science (New
York, NY 264, 1415-1421.

David, M., Petricoin, E., 3rd, Benjamin, C., Pine, R., Weber, M. J. & Larner, A. C. (1995).
Requirement for MAP kinase (ERK2) activity in interferon alpha- and interferon beta-
stimulated gene expression through STAT proteins. Science (New York, NY 269, 1721-
1723.

Davies, D. H., Wyatt, L. S., Newman, F. K., Earl, P. L., Chun, S., Hernandez, J. E., Molina,
D. M., Hirst, S., Moss, B., Frey, S. E. & Felgner, P. L. (2007). Antibody Profiling by
Proteome Microarray Reveals the Immunogenicity of the Attenuated Smallpox Vaccine,
Modified Vaccinia Virus Ankara (MVA) is Comparable to Dryvax(R). Journal of
virology 82, 652-663.

Davies, M. V., Chang, H. W., Jacobs, B. L. & Kaufman, R. J. (1993). The E3L and K3L
vaccinia virus gene products stimulate translation through inhibition of the double-
stranded RN A-dependent protein kinase by different mechanisms. Journal of virology 67,
1688-1692.

Davies, M. V., Elroy-Stein, O., Jagus, R., Moss, B. & Kaufman, R. J. (1992). The vaccinia
virus K3L gene product potentiates translation by inhibiting double-stranded-RNA-
activated protein kinase and phosphorylation of the alpha subunit of eukaryotic initiation
factor 2. Journal of virology 66, 1943-1950.

Davison, A. J. & Moss, B. (1990). New vaccinia virus recombination plasmids incorporating a
synthetic late promoter for high level expression of foreign proteins. Nucleic acids
research 18, 4285-4286.

Deb, A., Haque, S. J., Mogensen, T., Silverman, R. H. & Williams, B. R. (2001). RNA-
dependent protein kinase PKR is required for activation of NF-kappa B by IFN-gamma in
a STAT1-independent pathway. J Immunol 166, 6170-6180.

Decker, T., Lew, D. J., Mirkovitch, J. & Darnell, J. E., Jr. (1991). Cytoplasmic activation of
GAF, an IFN-gamma-regulated DNA-binding factor. The EMBO journal 10, 927-932.

DeLange, A. M. & McFadden, G. (1990). The role of telomeres in poxvirus DNA replication.
Curr Top Microbiol Immunol 163, 71-92.

Denli, A. M., Tops, B. B., Plasterk, R. H., Ketting, R. F. & Hannon, G. J. (2004). Processing
of primary microRNAs by the Microprocessor complex. Nature 432, 231-235.

des Gouttes Olgiati, D., Pogo, B. G. & Dales, S. (1976). Biogenesis of vaccinia: specific
inhibition of rapidly labeled host DNA in vaccinia inoculated cells. Virology 71, 325-335.

DiPerna, G., Stack, J., Bowie, A. G., Boyd, A., Kotwal, G., Zhang, Z., Arvikar, S., Latz, E.,
Fitzgerald, K. A. & Marshall, W. L. (2004). Poxvirus protein N1L targets the I-kappaB
kinase complex, inhibits signaling to NF-kappaB by the tumor necrosis factor
superfamily of receptors, and inhibits NF-kappaB and IRF3 signaling by toll-like
receptors. The Journal of biological chemistry 279, 36570-36578.

Dolken, L., Perot, J., Cognat, V., Alioua, A., John, M., Soutschek, J., Ruzsics, Z.,
Koszinowski, U., Voinnet, O. & Pfeffer, S. (2007). Mouse cytomegalovirus microRNAs
dominate the cellular small RNA profile during lytic infection and show features of
posttranscriptional regulation. Journal of virology 81, 13771-13782.

186



Domi, A., Weisberg, A. S. & Moss, B. (2008). Vaccinia virus E2L null mutants exhibit a major
reduction in extracellular virion formation and virus spread. Journal of virology 82, 4215-
4226.

Downie, A. W. (1939). A study of the lesions produced experimentally by cowpox virus. The
Journal of Pathology and Bacteriology 48, 361-379.

Drexler, L., Heller, K., Wahren, B., Erfle, V. & Sutter, G. (1998). Highly attenuated modified
vaccinia virus Ankara replicates in baby hamster kidney cells, a potential host for virus
propagation, but not in various human transformed and primary cells. The Journal of
general virology 79, 347-352.

Dunachie, S. J., Walther, M., Epstein, J. E., Keating, S., Berthoud, T., Andrews, L.,
Andersen, R. F., ., Bejon, P., Goonetilleke, N., Poulton, 1., Webster, D. P., Butcher,
G., Watkins, K., Sinden, R. E., Levine, G. L., Richie, T. L., Schneider, J., Kaslow,
D., Gilbert, S. C., Carucci, D. J. & Hill, A. V. (2006). A DNA prime-modified vaccinia
virus ankara boost vaccine encoding thrombospondin-related adhesion protein but not
circumsporozoite protein partially protects healthy malaria-naive adults against
Plasmodium falciparum sporozoite challenge. Infection and Immunity 74, 5933-5942.

Earl, P. L., Americo, J. L., Wyatt, L. S., Eller, L. A., Whitbeck, J. C., Cohen, G. H.,
Eisenberg, R. J., Hartmann, C. J., Jackson, D. L., Kulesh, D. A., Martinez, M. J.,
Miller, D. M., Mucker, E. M., Shamblin, J. D., Zwiers, S. H., Huggins, J. W.,
Jahrling, P. B. & Moss, B. (2004). Immunogenicity of a highly attenuated MVA
smallpox vaccine and protection against monkeypox. Nature 428, 182-185.

Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicologic pathology 35,
495-516.

Eppstein, D. A., Marsh, Y. V., Schreiber, A. B., Newman, S. R., Todaro, G. J. & Nestor, J.
J., Jr. (1985). Epidermal growth factor receptor occupancy inhibits vaccinia virus
infection. Nature 318, 663-665.

Erbs, P., Findeli, A., Kintz, J., Cordier, P., Hoffmann, C., Geist, M. & Balloul, J. M. (2007).
Modified vaccinia virus Ankara as a vector for suicide gene therapy. Cancer Gene Ther
15.

Fahy, A. S., Clark, R. H., Glyde, E. F. & Smith, G. L. (2008). Vaccinia virus protein C16 acts
intracellularly to modulate the host response and promote virulence. The Journal of
general virology 89, 2377-2387.

Falkner, F. G. & Moss, B. (1990). Transient dominant selection of recombinant vaccinia viruses.
Journal of virology 64, 3108-3111.

Fenner, F. (1993). Smallpox: emergence, global spread, and eradication. Hist Philos Life Sci 15,
397-420.

Fenner, F., Henderson, D. A., Arita, 1., Jezek, Z. & Ladnyi, L. D. (1988). Smallpox and its
eradication. Geneva: World Health Organisation

Ferreira, L. R., Moussatche, N. & Moura Neto, V. (1994). Rearrangement of intermediate
filament network of BHK-21 cells infected with vaccinia virus. Arch Virol 138, 273-285.

Fischer, S. F., Ludwig, H., Holzapfel, J., Kvansakul, M., Chen, L., Huang, D. C., Sutter, G.,
Knese, M. & Hacker, G. (2006). Modified vaccinia virus Ankara protein F1L is a novel
BH3-domain-binding protein and acts together with the early viral protein E3L to block
virus-associated apoptosis. Cell death and differentiation 13, 109-118.

Fontana, L., Pelosi, E., Greco, P., Racanicchi, S., Testa, U., Liuzzi, F., Croce, C. M.,
Brunetti, E., Grignani, F. & Peschle, C. (2007). MicroRNAs 17-5p-20a-106a control
monocytopoiesis through AML1 targeting and M-CSF receptor upregulation. Nature cell
biology 9, 775-787.

Frischknecht, F., Moreau, V., Rottger, S., Gonfloni, S., Reckmann, I., Superti-Furga, G. &
Way, M. (1999). Actin-based motility of vaccinia virus mimics receptor tyrosine kinase
signalling. Nature 401, 926-929.

187



Garces, J., Masternak, K., Kunz, B. & Wittek, R. (1993). Reactivation of transcription from a
vaccinia virus early promoter late in infection. Journal of virology 67, 5394-5401.

Garcia, M. A., Meurs, E. F. & Esteban, M. (2007). The dsRNA protein kinase PKR: virus and
cell control. Biochimie 89, 799-811.

Gasteiger, G., Kastenmuller, W., Ljapoci, R., Sutter, G. & Drexler, 1. (2007). Cross-priming
of cytotoxic T cells dictates antigen requisites for modified vaccinia virus Ankara vector
vaccines. Journal of virology 81, 11925-11936.

Geada, M. M., Galindo, 1., Lorenzo, M. M., Perdiguero, B. & Blasco, R. (2001). Movements
of vaccinia virus intracellular enveloped virions with GFP tagged to the F13L envelope
protein. The Journal of general virology 82, 2747-2760.

Gedey, R., Jin, X. L., Hinthong, O. & Shisler, J. L. (2006). Poxviral regulation of the host NF-
kappaB response: the vaccinia virus M2L protein inhibits induction of NF-kappaB
activation via an ERK2 pathway in virus-infected human embryonic kidney cells. Journal
of virology 80, 8676-8685.

Gherardi, M. M. & Esteban, M. (2005). Recombinant poxviruses as mucosal vaccine vectors.
The Journal of general virology 86, 2925-2936.

Ghosh, S. & Hayden, M. S. (2008). New regulators of NF-kappaB in inflammation. Nat Rev
Immunol 8, 837-848.

Gillard, S., Spehner, D., Drillien, R. & Kirn, A. (1986). Localization and sequence of a
vaccinia virus gene required for multiplication in human cells. Proc Natl Acad Sci U S A
83, 5573-5577.

Goebel, S. J., Johnson, G. P., Perkus, M. E., Davis, S. W., Winslow, J. P. & Paoletti, E.
(1990). The complete DNA sequence of vaccinia virus. Virology 179, 247-266, 517-263.

Gomez, C. E., Najera, J. L., Jimenez, V., Bieler, K., Wild, J., Kostic, L., Heidari, S., Chen,
M., Frachette, M. J., Pantaleo, G., Wolf, H., Liljestrom, P., Wagner, R. & Esteban,
M. (2007). Generation and immunogenicity of novel HIV/AIDS vaccine candidates
targeting HIV-1 Env/Gag-Pol-Nef antigens of clade C. Vaccine 25, 1969-1992.

Gomez, C. E., Rodriguez, D., Rodriguez, J. R., Abaitua, F., Duarte, C. & Esteban, M.
(2001). Enhanced CD8+ T cell immune response against a V3 loop multi-epitope
polypeptide (TAB13) of HIV-1 Env after priming with purified fusion protein and
booster with modified vaccinia virus Ankara (MVA-TAB) recombinant: a comparison of
humoral and cellular immune responses with the vaccinia virus Western Reserve (WR)
vector. Vaccine 20, 961-971.

Gottwein, E., Mukherjee, N., Sachse, C., Frenzel, C., Majoros, W. H., Chi, J. T., Braich, R.,
Manoharan, M., Soutschek, J., Ohler, U. & Cullen, B. R. (2007). A viral microRNA
functions as an orthologue of cellular miR-155. Nature 450, 1096-1099.

Graham, K. A., Lalani, A. S., Macen, J. L., Ness, T. L., Barry, M., Liu, L. Y., Lucas, A.,
Clark-Lewis, 1., Moyer, R. W. & McFadden, G. (1997). The T1/35kDa family of
poxvirus-secreted proteins bind chemokines and modulate leukocyte influx into virus-
infected tissues. Virology 229, 12-24.

Graham, S. C., Bahar, M. W., Cooray, S., Chen, R. A., Whalen, D. M., Abrescia, N. G.,
Alderton, D., Owens, R. J., Stuart, D. L., Smith, G. L. & Grimes, J. M. (2008).
Vaccinia virus proteins A52 and B14 Share a Bcl-2-like fold but have evolved to inhibit
NF-kappaB rather than apoptosis. PLoS pathogens 4, e1000128.

Gregory, R. 1., Chendrimada, T. P., Cooch, N. & Shiekhattar, R. (2005). Human RISC
couples microRNA biogenesis and posttranscriptional gene silencing. Cel/ 123, 631-640.

Gregory, R. 1., Yan, K. P., Amuthan, G., Chendrimada, T., Doratotaj, B., Cooch, N. &
Shiekhattar, R. (2004). The Microprocessor complex mediates the genesis of
microRNAs. Nature 432, 235-240.

188



Grundhoff, A., Sullivan, C. S. & Ganem, D. (2006). A combined computational and
microarray-based approach identifies novel microRNAs encoded by human gamma-
herpesviruses. RNA (New York, NY 12, 733-750.

Gubser, C., Hue, S., Kellam, P. & Smith, G. L. (2004). Poxvirus genomes: a phylogenetic
analysis. The Journal of general virology 85, 105-117.

Guerra, S., Lopez-Fernandez, L. A., Pascual-Montano, A., Munoz, M., Harshman, K. &
Esteban, M. (2003). Cellular gene expression survey of vaccinia virus infection of
human HeLa cells. Journal of virology 77, 6493-6506.

Harford, C. G., Hamlin, A. & Rieders, E. (1966). Electron microscopic autoradiography of
DNA synthesis in cells infected with vaccinia virus. Exp Cell Res 42, 50-57.

Harrop, R., Drury, N., Shingler, W., Chikoti, P., Redchenko, L., Carroll, M. W., Kingsman,
S. M., Naylor, S., Griffiths, R., Steven, N. & Hawkins, R. E. (2007). Vaccination of
colorectal cancer patients with TroVax given alongside chemotherapy (5-fluorouracil,
leukovorin and irinotecan) is safe and induces potent immune responses. Cancer
Immunol Immunother.

Harte, M. T., Haga, I. R., Maloney, G., Gray, P., Reading, P. C., Bartlett, N. W., Smith, G.
L., Bowie, A. & O'Neill, L. A. (2003). The poxvirus protein A52R targets Toll-like
receptor signaling complexes to suppress host defense. The Journal of experimental
medicine 197, 343-351.

Hebben, M., Brants, J., Birck, C., Samama, J. P., Wasylyk, B., Spehner, D., Pradeau, K.,
Domi, A., Moss, B., Schultz, P. & Drillien, R. (2007). High level protein expression in
mammalian cells using a safe viral vector: modified vaccinia virus Ankara. Protein Expr
Purif 56, 269-278.

Hinthong, O., Jin, X. L. & Shisler, J. L. (2008). Characterization of wild-type and mutant
vaccinia virus M2L proteins' abilities to localize to the endoplasmic reticulum and to
inhibit NF-kappaB activation during infection. Virology 373, 248-262.

Hochstein-Mintzel, V., Huber, H. C. & Stickl, H. (1972). [ Virulence and immunogenicity of a
modified vaccinia virus (strain MV A) (author's transl)]. Z Immunitatsforsch Exp Klin
Immunol 144, 104-156.

Hoffmann, A., Natoli, G. & Ghosh, G. (2006). Transcriptional regulation via the NF-kappaB
signaling module. Oncogene 25, 6706-6716.

Hogbom, M., Collins, R., van den Berg, S., Jenvert, R. M., Karlberg, T., Kotenyova, T.,
Flores, A., Karlsson Hedestam, G. B. & Schiavone, L. H. (2007). Crystal structure of
conserved domains 1 and 2 of the human DEAD-box helicase DDX3X in complex with
the mononucleotide AMP. Journal of molecular biology 372, 150-159.

Hollinshead, M., Rodger, G., Van Eijl, H., Law, M., Hollinshead, R., Vaux, D. J. & Smith,
G. L. (2001). Vaccinia virus utilizes microtubules for movement to the cell surface. The
Journal of cell biology 154, 389-402.

Hollinshead, M., Vanderplasschen, A., Smith, G. L. & Vaux, D. J. (1999). Vaccinia virus
intracellular mature virions contain only one lipid membrane. Journal of virology 73,
1503-1517.

Hornemann, S., Harlin, O., Staib, C., Kisling, S., Erfle, V., Kaspers, B., Hacker, G. &
Sutter, G. (2003). Replication of modified vaccinia virus Ankara in primary chicken
embryo fibroblasts requires expression of the interferon resistance gene E3L. Journal of
virology 77, 8394-8407.

Hovanessian, A. G. (1991). Interferon-induced and double-stranded RNA-activated enzymes: a
specific protein kinase and 2',5'-oligoadenylate synthetases. J Interferon Res 11, 199-205.

Hsiao, J. C., Chung, C. S. & Chang, W. (1998). Cell surface proteoglycans are necessary for
A27L protein-mediated cell fusion: identification of the N-terminal region of A27L
protein as the glycosaminoglycan-binding domain. Journal of virology 72, 8374-8379.

189



Hsiao, J. C., Chung, C. S. & Chang, W. (1999). Vaccinia virus envelope DSL protein binds to
cell surface chondroitin sulfate and mediates the adsorption of intracellular mature
virions to cells. Journal of virology 73, 8750-8761.

Hughes, S. J., Johnston, L. H., de Carlos, A. & Smith, G. L. (1991). Vaccinia virus encodes an
active thymidylate kinase that complements a cdc8 mutant of Saccharomyces cerevisiae.
The Journal of biological chemistry 266, 20103-20109.

Hutchens, M., Luker, K. E., Sottile, P., Sonstein, J., Lukacs, N. W., Nunez, G., Curtis, J. L.
& Luker, G. D. (2008a). TLR3 increases disease morbidity and mortality from vaccinia
infection. J Immunol 180, 483-491.

Hutchens, M. A., Luker, K. E., Sonstein, J., Nunez, G., Curtis, J. L. & Luker, G. D. (2008b).
Protective effect of Toll-like receptor 4 in pulmonary vaccinia infection. PLoS pathogens
4,¢1000153.

Hutvagner, G., McLachlan, J., Pasquinelli, A. E., Balint, E., Tuschl, T. & Zamore, P. D.
(2001). A cellular function for the RNA-interference enzyme Dicer in the maturation of
the let-7 small temporal RNA. Science (New York, NY 293, 834-838.

Ichihashi, Y. (1996). Extracellular enveloped vaccinia virus escapes neutralization. Virology 217,
478-485.

Isaacs, A. & Lindenmann, J. (1957). Virus interference. I. The interferon. Proc R Soc Lond B
Biol Sci 147, 258-267.

Isaacs, S. N., Kotwal, G. J. & Moss, B. (1992). Vaccinia virus complement-control protein
prevents antibody-dependent complement-enhanced neutralization of infectivity and
contributes to virulence. Proc Natl Acad Sci U S A 89, 628-632.

Jenne, L., Hauser, C., Arrighi, J. F., Saurat, J. H. & Hugin, A. W. (2000). Poxvirus as a
vector to transduce human dendritic cells for immunotherapy: abortive infection but
reduced APC function. Gene therapy 7, 1575-1583.

Johnnidis, J. B., Harris, M. H., Wheeler, R. T., Stehling-Sun, S., Lam, M. H., Kirak, O.,
Brummelkamp, T. R., Fleming, M. D. & Camargo, F. D. (2008). Regulation of
progenitor cell proliferation and granulocyte function by microRNA-223. Nature 451,
1125-1129.

Joklik, W. K. & Becker, Y. (1964). The Replication and Coating of Vaccinia DNA. Journal of
molecular biology 10, 452-474.

Jordan, 1., Horn, D., Ochmke, S., Leendertz, F. H. & Sandig, V. (2009). Cell lines from the
Egyptian fruit bat are permissive for modified vaccinia Ankara. Virus Research 145, 54-
62.

Kalverda, A. P., Thompson, G. S., Vogel, A., Schroder, M., Bowie, A. G., Khan, A. R. &
Homans, S. W. (2009). Poxvirus K7 protein adopts a Bcl-2 fold: biochemical mapping
of its interactions with human DEAD box RNA helicase DDX3. Journal of molecular
biology 385, 843-853.

Katsoulidis, E., Li, Y., Mears, H. & Platanias, L. C. (2005). The p38 mitogen-activated protein
kinase pathway in interferon signal transduction. J Interferon Cytokine Res 25, 749-756.

Kawagishi-Kobayashi, M., Silverman, J. B., Ung, T. L. & Dever, T. E. (1997). Regulation of
the protein kinase PKR by the vaccinia virus pseudosubstrate inhibitor K3L is dependent
on residues conserved between the K3L protein and the PKR substrate elF2alpha. Mol
Cell Biol 17, 4146-4158.

Kawai, T., Takahashi, K., Sato, S., Coban, C., Kumar, H., Kato, H., Ishii, K. J., Takeuchi,
0. & Akira, S. (2005). IPS-1, an adaptor triggering RIG-I- and Mda5-mediated type I
interferon induction. Nature immunology 6, 981-988.

Keating, S. E., Maloney, G. M., Moran, E. M. & Bowie, A. G. (2007). IRAK-2 participates in
multiple toll-like receptor signaling pathways to NFkappaB via activation of TRAF6
ubiquitination. The Journal of biological chemistry 282, 33435-33443.

190



Kessler, D. S., Veals, S. A., Fu, X. Y. & Levy, D. E. (1990). Interferon-alpha regulates nuclear
translocation and DNA-binding affinity of ISGF3, a multimeric transcriptional activator.
Genes & development 4, 1753-1765.

Kettle, S., Alcami, A., Khanna, A., Ehret, R., Jassoy, C. & Smith, G. L. (1997). Vaccinia
virus serpin B13R (SPI-2) inhibits interleukin-1beta-converting enzyme and protects
virus-infected cells from TNF- and Fas-mediated apoptosis, but does not prevent IL-
Ibeta-induced fever. The Journal of general virology 78 ( Pt 3), 677-685.

Kettle, S., Blake, N. W., Law, K. M. & Smith, G. L. (1995). Vaccinia virus serpins BI3R (SPI-
2) and B22R (SPI-1) encode M(r) 38.5 and 40K, intracellular polypeptides that do not
affect virus virulence in a murine intranasal model. Virology 206, 136-147.

Khvorova, A., Reynolds, A. & Jayasena, S. D. (2003). Functional siRNAs and miRNAs exhibit
strand bias. Cell 115, 209-216.

Kidokoro, M., Tashiro, M. & Shida, H. (2005). Genetically stable and fully effective smallpox
vaccine strain constructed from highly attenuated vaccinia LC16m8. Proc Natl Acad Sci
USA102,4152-4157.

Koralov, S. B., Muljo, S. A., Galler, G. R., Krek, A., Chakraborty, T., Kanellopoulou, C.,
Jensen, K., Cobb, B. S., Merkenschlager, M., Rajewsky, N. & Rajewsky, K. (2008).
Dicer ablation affects antibody diversity and cell survival in the B lymphocyte lineage.
Cell 132, 860-874.

Kotenko, S. V., Gallagher, G., Baurin, V. V., Lewis-Antes, A., Shen, M., Shah, N. K.,
Langer, J. A., Sheikh, F., Dickensheets, H. & Donnelly, R. P. (2003). IFN-lambdas
mediate antiviral protection through a distinct class II cytokine receptor complex. Nature
immunology 4, 69-77.

Kotwal, G. J., Isaacs, S. N., McKenzie, R., Frank, M. M. & Moss, B. (1990). Inhibition of the
complement cascade by the major secretory protein of vaccinia virus. Science (New York,
NY 250, 827-830.

Kotwal, G. J. & Moss, B. (1988a). Analysis of a large cluster of nonessential genes deleted from
a vaccinia virus terminal transposition mutant. Virology 167, 524-537.

Kotwal, G. J. & Moss, B. (1988b). Vaccinia virus encodes a secretory polypeptide structurally
related to complement control proteins. Nature 335, 176-178.

Krek, A., Grun, D., Poy, M. N., Wolf, R., Rosenberg, L., Epstein, E. J., MacMenamin, P., da
Piedade, 1., Gunsalus, K. C., Stoffel, M. & Rajewsky, N. (2005). Combinatorial
microRNA target predictions. Nature genetics 37, 495-500.

Kumar, H., Kawai, T. & AKkira, S. (2009). Toll-like receptors and innate immunity.
Biochemical and Biophysical Research Communications 388, 621-625.

Kvansakul, M., Yang, H., Fairlie, W. D., Czabotar, P. E., Fischer, S. F., Perugini, M. A.,
Huang, D. C. & Colman, P. M. (2008). Vaccinia virus anti-apoptotic F1L is a novel
Bcl-2-like domain-swapped dimer that binds a highly selective subset of BH3-containing
death ligands. Cell death and differentiation 15, 1564-1571.

Kwong, A. D., Rao, B. G. & Jeang, K. T. (2005). Viral and cellular RNA helicases as antiviral
targets. Nature reviews 4, 845-853.

Lackner, C. A., D'Costa, S. M., Buck, C. & Condit, R. C. (2003). Complementation analysis
of the dales collection of vaccinia virus temperature-sensitive mutants. Virology 305,
240-259.

Laliberte, J. P. & Moss, B. (2009). Appraising the apoptotic mimicry model and the role of
phospholipids for poxvirus entry. Proc Natl Acad Sci U S A 106, 17517-17521.

Lane, J. M. & Goldstein, J. (2003). Adverse events occurring after smallpox vaccination. Semin
Pediatr Infect Dis 14, 189-195.

Lane, J. M., Ruben, F. L., Neff, J. M. & Millar, J. D. (1969). Complications of smallpox
vaccination, 1968. N Engl J Med 281, 1201-1208.

191



Langland, J. O. & Jacobs, B. L. (2002). The role of the PKR-inhibitory genes, E3L and K3L, in
determining vaccinia virus host range. Virology 299, 133-141.

Law, M., Carter, G. C., Roberts, K. L., Hollinshead, M. & Smith, G. L. (2006). Ligand-
induced and nonfusogenic dissolution of a viral membrane. Proc Natl Acad Sci U S A
103, 5989-5994.

Law, M. & Smith, G. L. (2001). Antibody neutralization of the extracellular enveloped form of
vaccinia virus. Virology 280, 132-142.

Law, M. & Smith, G. L. (2004). Studying the binding and entry of the intracellular and
extracellular enveloped forms of vaccinia virus. Methods Mol Biol 269, 187-204.

Lee, Y., Ahn, C., Han, J., Choi, H., Kim, J., Yim, J., Lee, J., Provost, P., Radmark, O., Kim,
S. & Kim, V. N. (2003). The nuclear RNase III Drosha initiates microRNA processing.
Nature 425, 415-419.

Lee, Y., Kim, M., Han, J., Yeom, K. H., Lee, S., Baek, S. H. & Kim, V. N. (2004). MicroRNA
genes are transcribed by RNA polymerase 1I. The EMBO journal 23, 4051-4060.

Lew, D. J., Decker, T., Strehlow, 1. & Darnell, J. E. (1991). Overlapping elements in the
guanylate-binding protein gene promoter mediate transcriptional induction by alpha and
gamma interferons. Mo/ Cell Biol 11, 182-191.

Li, Q. J., Chau, J., Ebert, P. J., Sylvester, G., Min, H., Liu, G., Braich, R., Manoharan, M.,
Soutschek, J., Skare, P., Klein, L. O., Davis, M. M. & Chen, C. Z. (2007). miR-181a
is an intrinsic modulator of T cell sensitivity and selection. Cell 129, 147-161.

Lin, C. L., Chung, C. S., Heine, H. G. & Chang, W. (2000). Vaccinia virus envelope H3L
protein binds to cell surface heparan sulfate and is important for intracellular mature
virion morphogenesis and virus infection in vitro and in vivo. Journal of virology 74,
3353-3365.

Lin, J. & Cullen, B. R. (2007). Analysis of the interaction of primate retroviruses with the
human RNA interference machinery. Journal of virology 81, 12218-12226.

Mackett, M. & Smith, G. L. (1986). Vaccinia virus expression vectors. The Journal of general
virology 67 (Pt 10), 2067-2082.

Mackett, M., Smith, G. L. & Moss, B. (1982). Vaccinia virus: a selectable eukaryotic cloning
and expression vector. Proc Natl Acad Sci US A79, 7415-7419.

Mann, B. A., Huang, J. H., Li, P., Chang, H. C., Slee, R. B., O'Sullivan, A., Anita, M., Yeh,
N., Klemsz, M. J., Brutkiewicz, R. R., Blum, J. S. & Kaplan, M. H. (2008). Vaccinia
virus blocks Statl-dependent and Statl-independent gene expression induced by type I
and type Il interferons. J Interferon Cytokine Res 28, 367-380.

Martinez-Nunez, R. T., Louafi, F., Friedmann, P. S. & Sanchez-Elsner, T. (2009).
MicroRNA-155 modulates the pathogen binding ability of dendritic cells (DCs) by down-
regulation of DC-specific intercellular adhesion molecule-3 grabbing non-integrin (DC-
SIGN). The Journal of biological chemistry 284, 16334-16342.

Mayr, A., Hochstein-Mintzel, V. & Stickl, H. (1975). Passage history, properties, and use of the
attenuated vaccinia virus strain Ankara. Infection 3, 6-14.

Mayr, A., Stickl, H., Muller, H. K., Danner, K. & Singer, H. (1978). [ The smallpox
vaccination strain MV A: marker, genetic structure, experience gained with the parenteral
vaccination and behavior in organisms with a debilitated defence mechanism (author's
transl)]. Zentralbl Bakteriol [B] 167, 375-390.

McCoy, S. L., Kurtz, S. E., Macarthur, C. J., Trune, D. R. & Hefeneider, S. H. (2005).
Identification of a peptide derived from vaccinia virus A52R protein that inhibits
cytokine secretion in response to TLR-dependent signaling and reduces in vivo bacterial-
induced inflammation. J Immunol 174, 3006-3014.

McFadden, G. (2005). Poxvirus tropism. Nat Rev Micro 3, 201-213.

192



McKenzie, R., Kotwal, G. J., Moss, B., Hammer, C. H. & Frank, M. M. (1992). Regulation of
complement activity by vaccinia virus complement-control protein. J Infect Dis 166,
1245-1250.

Medzhitov, R. (2009). Approaching the Asymptote: 20 Years Later. Immunity 30, 766-775.

Meisinger-Henschel, C., Schmidt, M., Lukassen, S., Linke, B., Krause, L., Konietzny, S.,
Goesmann, A., Howley, P., Chaplin, P., Suter, M. & Hausmann, J. (2007). Genomic
sequence of chorioallantois vaccinia virus Ankara, the ancestor of modified vaccinia
virus Ankara. The Journal of general virology 88, 3249-3259.

Meissner, T., Krause, E. & Vinkemeier, U. (2004). Ratjadone and leptomycin B block CRM 1-
dependent nuclear export by identical mechanisms. FEBS letters 576, 27-30.

Mercer, J. & Helenius, A. (2008). Vaccinia virus uses macropinocytosis and apoptotic mimicry
to enter host cells. Science (New York, NY 320, 531-535.

Merchlinsky, M. & Moss, B. (1989). Nucleotide sequence required for resolution of the
concatemer junction of vaccinia virus DNA. Journal of virology 63, 4354-4361.

Meurs, E. F. & Breiman, A. (2007). The interferon inducing pathways and the hepatitis C virus.
World J Gastroenterol 13, 2446-2454,

Meyer, H., Sutter, G. & Mayr, A. (1991). Mapping of deletions in the genome of the highly
attenuated vaccinia virus MV A and their influence on virulence. The Journal of general
virology 72, 1031-1038.

Meyer, R. K., Burger, M. M., Tschannen, R. & Schafer, R. (1981). Actin filament bundles in
vaccinia virus infected fibroblasts. Arch Virol 67, 11-18.

Moore, J. B. & Smith, G. L. (1992). Steroid hormone synthesis by a vaccinia enzyme: a new
type of virus virulence factor. The EMBO journal 11, 3490.

Moore, Z. S., Seward, J. F. & Lane, J. M. (2006). Smallpox. Lancet 367, 425-435.

Morgan, C., Ellison, S. A., Rose, H. M. & Moore, D. H. (1954). STRUCTURE AND
DEVELOPMENT OF VIRUSES OBSERVED IN THE ELECTRON MICROSCOPE: II.
VACCINIA AND FOWL POX VIRUSES. J Exp Med 100, 301-310.

Moss, B. (1974). Reproduction of poxviruses. In Comprehensive virology Vol3 : Reproduction
DNA animal viruses, pp. PP- 405-474. Edited by H. F. Conrat & R. R. Wagner. [S.L.]:
Plenum Press.

Moss, B. (2007). Poxviridae: the viruses and their replication. In Virology, 5th edn, pp. 2905-
2946. Edited by G. D. Knipe DM, Lamb RA, Straus SE, Howley PM, Malcom MA,
Roizman B. Philadelphia: Lippincott Williams &Wilkins

Moss, B. & Rosenblum, E. N. (1973). Letter: Protein cleavage and poxvirus morphogenesis:
tryptic peptide analysis of core precursors accumulated by blocking assembly with
rifampicin. Journal of molecular biology 81, 267-269.

Mossman, K., Upton, C., Buller, R. M. & McFadden, G. (1995). Species specificity of
ectromelia virus and vaccinia virus interferon-gamma binding proteins. Virology 208,
762-769.

Mullick, J., Bernet, J., Panse, Y., Hallihosur, S., Singh, A. K. & Sahu, A. (2005).
Identification of complement regulatory domains in vaccinia virus complement control
protein. Journal of virology 79, 12382-12393.

Murphy, E., Vanicek, J., Robins, H., Shenk, T. & Levine, A. J. (2008). Suppression of
immediate-early viral gene expression by herpesvirus-coded microRNAs: implications
for latency. Proc Natl Acad Sci U S 4 105, 5453-5458.

Ng, A., Tscharke, D. C., Reading, P. C. & Smith, G. L. (2001). The vaccinia virus A41L
protein is a soluble 30 kDa glycoprotein that affects virus virulence. The Journal of
general virology 82, 2095-2105.

Nichols, R. J., Stanitsa, E., Unger, B. & Traktman, P. (2008). The vaccinia virus gene 12L
encodes a membrane protein with an essential role in virion entry. Journal of virology 82,
10247-10261.

193



Niles, E. G. & Seto, J. (1988). Vaccinia virus gene D8 encodes a virion transmembrane protein.
Journal of virology 62, 3772-3778.

O'Connell, R. M., Taganov, K. D., Boldin, M. P., Cheng, G. & Baltimore, D. (2007).
MicroRNA-155 is induced during the macrophage inflammatory response. Proc Natl
Acad Sci U S 4 104, 1604-1609.

Oda, S., Schroder, M. & Khan, A. R. (2009). Structural basis for targeting of human RNA
helicase DDX3 by poxvirus protein K7. Structure 17, 1528-1537.

Okeke, M. L., Nilssen, O. & Traavik, T. (2006). Modified vaccinia virus Ankara multiplies in
rat IEC-6 cells and limited production of mature virions occurs in other mammalian cell
lines. The Journal of general virology 87, 21-27.

Olena, A. F. & Patton, J. G. (2010). Genomic organization of microRNAs. Journal of cellular
physiology 222, 540-545.

Ondondo, B. O., Yang, H., Dong, T., di Gleria, K., Suttill, A., Conlon, C., Brown, D.,
Williams, P., Rowland-Jones, S. L., Hanke, T., McMichael, A. J. & Dorrell, L.
(2006). Immunisation with recombinant modified vaccinia virus Ankara expressing HIV-
1 gag in HIV-1-infected subjects stimulates broad functional CD4T cell responses.
European Journal of Immunology 36, 2585-2594.

Ouellet, D. L., Plante, 1., Landry, P., Barat, C., Janelle, M.-E., Flamand, L., Tremblay, M. J.
& Provost, P. (2008). Identification of functional microRNAs released through
asymmetrical processing of HIV-1 TAR element, pp. 2353-2365.

Panicali, D., Davis, S. W., Weinberg, R. L. & Paoletti, E. (1983). Construction of live vaccines
by using genetically engineered poxviruses: biological activity of recombinant vaccinia
virus expressing influenza virus hemagglutinin. Proc Natl Acad Sci U S 4 80, 5364-5368.

Panicali, D. & Paoletti, E. (1982). Construction of poxviruses as cloning vectors: insertion of the
thymidine kinase gene from herpes simplex virus into the DNA of infectious vaccinia
virus. Proc Natl Acad Sci US A'79, 4927-4931.

Parrish, S., Resch, W. & Moss, B. (2007). Vaccinia virus D10 protein has mRNA decapping
activity, providing a mechanism for control of host and viral gene expression. Proc Nat!
Acad Sci U S 4104, 2139-2144.

Perkus, M. E., Goebel, S. J., Davis, S. W., Johnson, G. P., Limbach, K., Norton, E. K. &
Paoletti, E. (1990). Vaccinia virus host range genes. Virology 179, 276-286.

Perkus, M. E., Piccini, A., Lipinskas, B. R. & Paoletti, E. (1985). Recombinant vaccinia virus:
immunization against multiple pathogens. Science (New York, NY 229, 981-984.

Pestka, S., Krause, C. D. & Walter, M. R. (2004). Interferons, interferon-like cytokines, and
their receptors, pp. 8-32.

Pfeffer, S., Zavolan, M., Grasser, F. A., Chien, M., Russo, J. J., Ju, J., John, B., Enright, A.
J., Marks, D., Sander, C. & Tuschl, T. (2004). Identification of virus-encoded
microRNAs. Science (New York, NY 304, 734-736.

Piacente, S., Christen, L., Dickerman, B., Mohamed, M. R. & Niles, E. G. (2008).
Determinants of vaccinia virus early gene transcription termination. Virology 376, 211-
224,

Ploubidou, A., Moreau, V., Ashman, K., Reckmann, I., Gonzalez, C. & Way, M. (2000).
Vaccinia virus infection disrupts microtubule organization and centrosome function. 7he
EMBO journal 19, 3932-3944.

Postigo, A., Martin, M. C., Dodding, M. P. & Way, M. (2009). Vaccinia-induced epidermal
growth factor receptor-MEK signalling and the anti-apoptotic protein F1L synergize to
suppress cell death during infection. Cellular microbiology 11, 1208-1218.

Puckett, C. & Moss, B. (1983). Selective transcription of vaccinia virus genes in template
dependent soluble extracts of infected cells. Cell 35, 441-448.

Ramsey-Ewing, A. & Moss, B. (1995). Restriction of vaccinia virus replication in CHO cells
occurs at the stage of viral intermediate protein synthesis. Virology 206, 984-993.

194



Ramsey-Ewing, A. & Moss, B. (1998). Apoptosis induced by a postbinding step of vaccinia
virus entry into Chinese hamster ovary cells. Virology 242, 138-149.

Ransohoff, R. M. (2009). Chemokines and chemokine receptors: standing at the crossroads of
immunobiology and neurobiology. Immunity 31, 711-721.

Reading, P. C., Khanna, A. & Smith, G. L. (2002). Vaccinia virus CrmE encodes a soluble and
cell surface tumor necrosis factor receptor that contributes to virus virulence. Virology
292, 285-298.

Reading, P. C., Moore, J. B. & Smith, G. L. (2003a). Steroid hormone synthesis by vaccinia
virus suppresses the inflammatory response to infection. The Journal of experimental
medicine 197, 1269-1278.

Reading, P. C. & Smith, G. L. (2003). Vaccinia virus interleukin-18-binding protein promotes
virulence by reducing gamma interferon production and natural killer and T-cell activity.
Journal of virology 77, 9960-9968.

Reading, P. C., Symons, J. A. & Smith, G. L. (2003b). A soluble chemokine-binding protein
from vaccinia virus reduces virus virulence and the inflammatory response to infection. J
Immunol 170, 1435-1442.

Rehm, K. E., Connor, R. F., Jones, G. J., Yimbu, K. & Roper, R. L. (2009). Vaccinia virus
A35R inhibits MHC class II antigen presentation. Virology.

Rehm, K. E., Jones, G. J., Tripp, A. A., Metcalf, M. W. & Roper, R. L. (2010). The poxvirus
A35 protein is an immunoregulator. Journal of virology 84, 418-425.

Reichenstein, 1., Aizenberg, N., Goshen, M., Bentwich, Z. & Avni, Y. S. (2009). A novel
qPCR assay for viral encoded microRNAs. Journal of virological methods.

Rice, A. P. & Roberts, B. E. (1983). Vaccinia virus induces cellular mRNA degradation. Journal
of virology 47, 529-539.

Rietdorf, J., Ploubidou, A., Reckmann, 1., Holmstrom, A., Frischknecht, F., Zettl, M.,
Zimmermann, T. & Way, M. (2001). Kinesin-dependent movement on microtubules
precedes actin-based motility of vaccinia virus. Nature cell biology 3, 992-1000.

Rivas, C., Gil, J., Melkova, Z., Esteban, M. & Diaz-Guerra, M. (1998). Vaccinia virus E3L
protein is an inhibitor of the interferon (i.f.n.)-induced 2-5A synthetase enzyme. Virology
243, 406-414.

Roberts, K. L. & Smith, G. L. (2008). Vaccinia virus morphogenesis and dissemination. Trends
Microbiol 16, 472-479.

Rodriguez, A., Griffiths-Jones, S., Ashurst, J. L. & Bradley, A. (2004). Identification of
mammalian microRNA host genes and transcription units. Genome Res 14, 1902-1910.

Rodriguez, A., Vigorito, E., Clare, S., Warren, M. V., Couttet, P., Soond, D. R., van Dongen,
S., Grocock, R. J., Das, P. P., Miska, E. A., Vetrie, D., Okkenhaug, K., Enright, A.
J., Dougan, G., Turner, M. & Bradley, A. (2007). Requirement of bic/microRNA-155
for normal immune function. Science (New York, NY 316, 608-611.

Rohrmann, G., Yuen, L. & Moss, B. (1986). Transcription of vaccinia virus early genes by
enzymes isolated from vaccinia virions terminates downstream of a regulatory sequence.
Cell 46, 1029-1035.

Roper, R. L. (2006). Characterization of the vaccinia virus A35R protein and its role in
virulence. Journal of virology 80, 306-313.

Rosel, J. L., Earl, P. L., Weir, J. P. & Moss, B. (1986). Conserved TAAATG sequence at the
transcriptional and translational initiation sites of vaccinia virus late genes deduced by
structural and functional analysis of the HindIIl H genome fragment. Journal of virology
60, 436-449.

Rosner, A. & Rinkevich, B. (2007). The DDX3 subfamily of the DEAD box helicases: divergent
roles as unveiled by studying different organisms and in vitro assays. Current medicinal
chemistry 14, 2517-2525.

195



Sahu, A., Isaacs, S. N., Soulika, A. M. & Lambris, J. D. (1998). Interaction of vaccinia virus
complement control protein with human complement proteins: factor I-mediated
degradation of C3b to iC3bl inactivates the alternative complement pathway. J Immunol
160, 5596-5604.

Salzman, N. P. (1960). The rate of formation of vaccinia deoxyribonucleic acid and vaccinia
virus. Virology 10, 150-152.

Samuelsson, C., Hausmann, J., Lauterbach, H., Schmidt, M., Akira, S., Wagner, H.,
Chaplin, P., Suter, M., O'Keeffe, M. & Hochrein, H. (2008). Survival of lethal
poxvirus infection in mice depends on TLRY, and therapeutic vaccination provides
protection. The Journal of clinical investigation 118, 1776-1784.

Sanderson, C. M., Hollinshead, M. & Smith, G. L. (2000). The vaccinia virus A27L protein is
needed for the microtubule-dependent transport of intracellular mature virus particles.
The Journal of general virology 81, 47-58.

Sanderson, C. M., Way, M. & Smith, G. L. (1998). Virus-induced cell motility. Journal of
virology 72, 1235-1243.

Sanz, P. & Moss, B. (1999). Identification of a transcription factor, encoded by two vaccinia
virus early genes, that regulates the intermediate stage of viral gene expression. Proc Natl
Acad Sci U S 4 96, 2692-2697.

Saraiva, M. & Alcami, A. (2001). CrmE, a novel soluble tumor necrosis factor receptor encoded
by poxviruses. Journal of virology 75, 226-233.

Schafer, A., Cai, X., Bilello, J. P., Desrosiers, R. C. & Cullen, B. R. (2007). Cloning and
analysis of microRNAs encoded by the primate gamma-herpesvirus rhesus monkey
rhadinovirus. Virology 364, 21-27.

Schepis, A., Schramm, B., de Haan, C. A. & Locker, J. K. (2006). Vaccinia virus-induced
microtubule-dependent cellular rearrangements. Traffic 7, 308-323.

Schmelz, M., Sodeik, B., Ericsson, M., Wolffe, E. J., Shida, H., Hiller, G. & Griffiths, G.
(1994). Assembly of vaccinia virus: the second wrapping cisterna is derived from the
trans Golgi network. Journal of virology 68, 130-147.

Schroder, M., Baran, M. & Bowie, A. G. (2008). Viral targeting of DEAD box protein 3 reveals
its role in TBK 1/IKKepsilon-mediated IRF activation. The EMBO journal 27, 2147-
2157.

Schwarz, D. S., Hutvagner, G., Du, T., Xu, Z., Aronin, N. & Zamore, P. D. (2003).
Asymmetry in the assembly of the RNAi enzyme complex. Cell 115, 199-208.

Senkevich, T. G., Ojeda, S., Townsley, A., Nelson, G. E. & Moss, B. (2005). Poxvirus
multiprotein entry-fusion complex. Proc Natl Acad Sci U S 4102, 18572-18577.

Sharma, A., Kumar, M., Aich, J., Hariharan, M., Brahmachari, S. K., Agrawal, A. &
Ghosh, B. (2009). Posttranscriptional regulation of interleukin-10 expression by hsa-
miR-106a. Proc Natl Acad Sci U S A 106, 5761-5766.

Shisler, J. L. & Jin, X. L. (2004). The vaccinia virus K1L gene product inhibits host NF-kappaB
activation by preventing IkappaBalpha degradation. Journal of virology 78, 3553-3560.

Silverman, R. H. (2007). A scientific journey through the 2-5A/RNase L system. Cytokine
Growth Factor Rev 18, 381-388.

Skalsky, R. L., Samols, M. A., Plaisance, K. B., Boss, I. W., Riva, A., Lopez, M. C., Baker,
H. V. & Renne, R. (2007). Kaposi's sarcoma-associated herpesvirus encodes an ortholog
of miR-155. Journal of virology 81, 12836-12845.

Smith, G. L., Chan, Y. S. & Howard, S. T. (1991). Nucleotide sequence of 42 kbp of vaccinia
virus strain WR from near the right inverted terminal repeat. The Journal of general
virology 72 1349-1376.

Smith, G. L., Howard, S. T. & Chan, Y. S. (1989). Vaccinia virus encodes a family of genes
with homology to serine proteinase inhibitors. The Journal of general virology 70 ( Pt 9),
2333-2343.

196



Smith, G. L. & Law, M. (2004). The exit of Vaccinia virus from infected cells. Virus Research
106, 189-197.

Smith, G. L. & Moss, B. (1983). Infectious poxvirus vectors have capacity for at least 25 000
base pairs of foreign DNA. Gene 25, 21-28.

Smith, G. L., Murphy, B. R. & Moss, B. (1983). Construction and characterization of an
infectious vaccinia virus recombinant that expresses the influenza hemagglutinin gene
and induces resistance to influenza virus infection in hamsters. Proc Natl Acad Sci U S A4
80, 7155-7159.

Smith, V. P., Bryant, N. A. & Alcami, A. (2000). Ectromelia, vaccinia and cowpox viruses
encode secreted interleukin-18-binding proteins. The Journal of general virology 81,
1223-1230.

Song, G. Y., Gibson, G., Haq, W., Huang, E. C., Srivasta, T., Hollstein, M., Daftarian, P.,
Wang, Z., Diamond, D. & Ellenhorn, J. D. (2007). An MV A vaccine overcomes
tolerance to human p53 in mice and humans. Cancer Immunol Immunother 56, 1193-
1205.

Soulat, D., Burckstummer, T., Westermayer, S., Goncalves, A., Bauch, A., Stefanovic, A.,
Hantschel, O., Bennett, K. L., Decker, T. & Superti-Furga, G. (2008). The DEAD-
box helicase DDX3X is a critical component of the TANK -binding kinase 1-dependent
innate immune response. The EMBO journal 27, 2135-2146.

Stack, J., Haga, 1. R., Schroder, M., Bartlett, N. W., Maloney, G., Reading, P. C., Fitzgerald,
K. A., Smith, G. L. & Bowie, A. G. (2005). Vaccinia virus protein A46R targets
multiple Toll-like-interleukin-1 receptor adaptors and contributes to virulence. The
Journal of experimental medicine 201, 1007-1018.

Staib, C., Kisling, S., Erfle, V. & Sutter, G. (2005). Inactivation of the viral interleukin 1beta
receptor improves CD8+ T-cell memory responses elicited upon immunization with
modified vaccinia virus Ankara. The Journal of general virology 86, 1997-2006.

Stern-Ginossar, N., Elefant, N., Zimmermann, A., Wolf, D. G., Saleh, N., Biton, M.,
Horwitz, E., Prokocimer, Z., Prichard, M., Hahn, G., Goldman-Wohl, D.,
Greenfield, C., Yagel, S., Hengel, H., Altuvia, Y., Margalit, H. & Mandelboim, O.
(2007). Host immune system gene targeting by a viral miRNA. Science (New York, NY
317, 376-381.

Sullivan, C. S., Grundhoff, A. T., Tevethia, S., Pipas, J. M. & Ganem, D. (2005). SV40-
encoded microRNAs regulate viral gene expression and reduce susceptibility to cytotoxic
T cells. Nature 435, 682-686.

Sullivan, C. S., Sung, C. K., Pack, C. D., Grundhoff, A., Lukacher, A. E., Benjamin, T. L. &
Ganem, D. (2009). Murine Polyomavirus encodes a microRNA that cleaves early RNA
transcripts but is not essential for experimental infection. Virology 387, 157-167.

Sutter, G. & Moss, B. (1992). Nonreplicating vaccinia vector efficiently expresses recombinant
genes. Proc Natl Acad Sci U S' 4 89, 10847-10851.

Sutter, G., Wyatt, L. S., Foley, P. L., Bennink, J. R. & Moss, B. (1994). A recombinant vector
derived from the host range-restricted and highly attenuated MV A strain of vaccinia virus
stimulates protective immunity in mice to influenza virus. Vaccine 12, 1032-1040.

Symons, J. A., Adams, E., Tscharke, D. C., Reading, P. C., Waldmann, H. & Smith, G. L.
(2002a). The vaccinia virus C12L protein inhibits mouse IL-18 and promotes virus
virulence in the murine intranasal model. The Journal of general virology 83, 2833-2844.

Symons, J. A., Alcami, A. & Smith, G. L. (1995). Vaccinia virus encodes a soluble type I
interferon receptor of novel structure and broad species specificity. Cell 81, 551-560.

Symons, J. A., Tscharke, D. C., Price, N. & Smith, G. L. (2002b). A study of the vaccinia
virus interferon-gamma receptor and its contribution to virus virulence. The Journal of
general virology 83, 1953-1964.

197



Taganov, K. D., Boldin, M. P., Chang, K. J. & Baltimore, D. (2006). NF-kappaB-dependent
induction of microRNA miR-146, an inhibitor targeted to signaling proteins of innate
immune responses. Proc Natl Acad Sci U S A 103, 12481-12486.

Takada, Y., Ichikawa, H., Pataer, A., Swisher, S. & Aggarwal, B. B. (2007). Genetic deletion
of PKR abrogates TNF-induced activation of IkappaBalpha kinase, JNK, Akt and cell
proliferation but potentiates p44/p42 MAPK and p38 MAPK activation. Oncogene 26,
1201-1212.

Takahashi-Nishimaki, F., Funahashi, S., Miki, K., Hashizume, S. & Sugimoto, M. (1991).
Regulation of plaque size and host range by a vaccinia virus gene related to complement
system proteins. Virology 181, 158-164.

Takaoka, A., Wang, Z., Choi, M. K., Yanai, H., Negishi, H., Ban, T., Lu, Y., Miyagishi, M.,
Kodama, T., Honda, K., Ohba, Y. & Taniguchi, T. (2007). DAI (DLM-1/ZBP1) is a
cytosolic DNA sensor and an activator of innate immune response. Nature 448, 501-505.

Tartaglia, J., Perkus, M. E., Taylor, J., Norton, E. K., Audonnet, J. C., Cox, W. L, Davis, S.
W., van der Hoeven, J., Meignier, B., Riviere, M. & et al. (1992). NYVAC: a highly
attenuated strain of vaccinia virus. Virology 188, 217-232.

Taylor, J. M. & Barry, M. (2006). Near death experiences: poxvirus regulation of apoptotic
death. Virology 344, 139-150.

Thai, T. H., Calado, D. P., Casola, S., Ansel, K. M., Xiao, C., Xue, Y., Murphy, A.,
Frendewey, D., Valenzuela, D., Kutok, J. L., Schmidt-Supprian, M., Rajewsky, N.,
Yancopoulos, G., Rao, A. & Rajewsky, K. (2007). Regulation of the germinal center
response by microRNA-155. Science (New York, NY 316, 604-608.

Thornberry, N. A. (1999). Caspases: a decade of death research. Cell death and differentiation
6, 1023-1027.

Tili, E., Michaille, J. J., Cimino, A., Costinean, S., Dumitru, C. D., Adair, B., Fabbri, M.,
Alder, H., Liu, C. G., Calin, G. A. & Croce, C. M. (2007). Modulation of miR-155 and
miR-125b levels following lipopolysaccharide/TNF-alpha stimulation and their possible
roles in regulating the response to endotoxin shock. J Immunol 179, 5082-5089.

Tooze, J., Hollinshead, M., Reis, B., Radsak, K. & Kern, H. (1993). Progeny vaccinia and
human cytomegalovirus particles utilize early endosomal cisternae for their envelopes.
Eur J Cell Biol 60, 163-178.

Tosi, M. F. (2005). Innate immune responses to infection. The Journal of allergy and clinical
immunology 116, 241-249; quiz 250.

Townsley, A. C. & Moss, B. (2007). Two distinct low-pH steps promote entry of vaccinia virus.
Journal of virology 81, 8613-8620.

Townsley, A. C., Weisberg, A. S., Wagenaar, T. R. & Moss, B. (2006). Vaccinia virus entry
into cells via a low-pH-dependent endosomal pathway. Journal of virology 80, 8899-
8908.

Tscharke, D. C. & Smith, G. L. (1999). A model for vaccinia virus pathogenesis and immunity
based on intradermal injection of mouse ear pinnae. The Journal of general virology 80
2751-2755.

Umbach, J. L. & Cullen, B. R. (2009). The role of RNAi and microRNAs in animal virus
replication and antiviral immunity. Genes & development 23, 1151-1164.

Umbach, J. L., Kramer, M. F., Jurak, 1., Karnowski, H. W., Coen, D. M. & Cullen, B. R.
(2008). MicroRNAs expressed by herpes simplex virus 1 during latent infection regulate
viral mRNAS. Nature 454, 780-783.

Upton, C., Slack, S., Hunter, A. L., Ehlers, A. & Roper, R. L. (2003). Poxvirus orthologous
clusters: toward defining the minimum essential poxvirus genome. Journal of virology
717, 7590-7600.

198



Vanderplasschen, A., Hollinshead, M. & Smith, G. L. (1998a). Intracellular and extracellular
vaccinia virions enter cells by different mechanisms. The Journal of general virology 79 (
Pt 4), 877-887.

Vanderplasschen, A., Mathew, E., Hollinshead, M., Sim, R. B. & Smith, G. L. (1998b).
Extracellular enveloped vaccinia virus is resistant to complement because of
incorporation of host complement control proteins into its envelope. Proc Natl Acad Sci
U S 495, 7544-7549.

Vivier, E., Tomasello, E., Baratin, M., Walzer, T. & Ugolini, S. (2008). Functions of natural
killer cells. Nature immunology 9, 503-510.

Vollmar, J., Arndtz, N., Eckl, K. M., Thomsen, T., Petzold, B., Mateo, L., Schlereth, B.,
Handley, A., King, L., Hiilsemann, V., Tzatzaris, M., Merkl, K., Wulff, N. &
Chaplin, P. (2006). Safety and immunogenicity of IMVAMUNE, a promising candidate
as a third generation smallpox vaccine. Vaccine 24, 2065-2070.

Vos, J. C. & Stunnenberg, H. G. (1988). Derepression of a novel class of vaccinia virus genes
upon DNA replication. The EMBO journal 7, 3487-3492.

Walz, N., Christalla, T., Tessmer, U. & Grundhoff, A. (2009). A Global Analysis of
Evolutionary Conservation among Known and Predicted Gammaherpesvirus miRNAs.
Journal of virology.

Wang, Z., Choi, M. K., Ban, T., Yanai, H., Negishi, H., Lu, Y., Tamura, T., Takaoka, A.,
Nishikura, K. & Taniguchi, T. (2008). Regulation of innate immune responses by DAI
(DLM-1/ZBP1) and other DNA-sensing molecules. Proc Natl Acad Sci U S 4 105, 5477-
5482.

Ward, B. M. (2005). Visualization and characterization of the intracellular movement of vaccinia
virus intracellular mature virions. Journal of virology 79, 4755-4763.

Ward, B. M. & Moss, B. (2001). Vaccinia virus intracellular movement is associated with
microtubules and independent of actin tails. Journal of virology 75, 11651-11663.

Wasilenko, S. T., Stewart, T. L., Meyers, A. F. & Barry, M. (2003). Vaccinia virus encodes a
previously uncharacterized mitochondrial-associated inhibitor of apoptosis. Proc Nat!
Acad Sci U S 4 100, 14345-14350.

Wei, C. M. & Moss, B. (1975). Methylated nucleotides block 5'-terminus of vaccinia virus
messenger RNA. Proc Natl Acad Sci U S A 72, 318-322.

Williams, B. R. (2001). Signal integration via PKR. Sci STKE 2001, re2.

Williamson, J. D., Reith, R. W., Jeffrey, L. J., Arrand, J. R. & Mackett, M. (1990).
Biological characterization of recombinant vaccinia viruses in mice infected by the
respiratory route. The Journal of general virology 71 (Pt 11), 2761-2767.

Wittek, R. (1982). Organization and expression of the poxvirus genome. Experientia 38, 285-
297.

Wittek, R., Cooper, J. A., Barbosa, E. & Moss, B. (1980). Expression of the vaccinia virus
genome: analysis and mapping of mRNAs encoded within the inverted terminal
repetition. Cell 21, 487-493.

Wittek, R. & Moss, B. (1980). Tandem repeats within the inverted terminal repetition of
vaccinia virus DNA. Cell 21, 277-284.

Woodson, B. (1967). Vaccinia mRNA synthesis under conditions which prevent uncoating.
Biochem Biophys Res Commun 27, 169-175.

Xia, T., O'Hara, A., Araujo, I., Barreto, J., Carvalho, E., Sapucaia, J. B., Ramos, J. C., Luz,
E., Pedroso, C., Manrique, M., Toomey, N. L., Brites, C., Dittmer, D. P. &
Harrington, W. J., Jr. (2008). EBV microRNAs in primary lymphomas and targeting of
CXCL-11 by ebv-mir-BHRF1-3. Cancer research 68, 1436-1442.

Xu, N., Segerman, B., Zhou, X. & Akusjarvi, G. (2007). Adenovirus virus-associated RNAII-
derived small RNAs are efficiently incorporated into the rna-induced silencing complex
and associate with polyribosomes. Journal of virology 81, 10540-10549.

199



Yao, Y., Zhao, Y., Xu, H., Smith, L. P., Lawrie, C. H., Sewer, A., Zavolan, M. & Nair, V.
(2007). Marek's disease virus type 2 (MDV-2)-encoded microRNAs show no sequence
conservation with those encoded by MDV-1. Journal of virology 81, 7164-7170.

Yedavalli, V. S., Neuveut, C., Chi, Y. H., Kleiman, L. & Jeang, K. T. (2004). Requirement of
DDX3 DEAD box RNA helicase for HIV-1 Rev-RRE export function. Cell 119, 381-
392.

Yi, R., Qin, Y., Macara, 1. G. & Cullen, B. R. (2003). Exportin-5 mediates the nuclear export of
pre-microRNAs and short hairpin RNAs. Genes & development 17, 3011-3016.

You, M., Yu, D. H. & Feng, G. S. (1999). Shp-2 tyrosine phosphatase functions as a negative
regulator of the interferon-stimulated Jak/STAT pathway. Mol Cell Biol 19, 2416-2424.

Yuen, L. & Moss, B. (1987). Oligonucleotide sequence signaling transcriptional termination of
vaccinia virus early genes. Proc Natl Acad Sci U S A 84, 6417-6421.

Yuwen, H., Cox, J. H., Yewdell, J. W., Bennink, J. R. & Moss, B. (1993). Nuclear localization
of a double-stranded RNA-binding protein encoded by the vaccinia virus E3L gene.
Virology 195, 732-744.

Zeng, Y., Wagner, E. J. & Cullen, B. R. (2002). Both natural and designed micro RNAs can
inhibit the expression of cognate mRNAs when expressed in human cells. Mol Cell 9,
1327-1333.

Zeng, Y., Yi, R. & Cullen, B. R. (2003). MicroRNAs and small interfering RNAs can inhibit
mRNA expression by similar mechanisms. Proc Natl Acad Sci U S A 100, 9779-9784.

Zhang, P., Jacobs, B. L. & Samuel, C. E. (2008). Loss of Protein Kinase PKR Expression in
Human HeLa Cells Complements the Vaccinia Virus E3L Deletion Mutant Phenotype by
Restoration of Viral Protein Synthesis, pp. 840-848.

Zhao, Y., Yao, Y., Xu, H., Lambeth, L., Smith, L. P., Kgosana, L., Wang, X. & Nair, V.
(2009). A functional MicroRNA-155 ortholog encoded by the oncogenic Marek's disease
virus. Journal of virology 83, 489-492.

Zhu, J., Martinez, J., Huang, X. & Yang, Y. (2007). Innate immunity against vaccinia virus is
mediated by TLR2 and requires TLR-independent production of IFN-beta. Blood 109,
619-625.

Ziegelbauer, J. M., Sullivan, C. S. & Ganem, D. (2009). Tandem array-based expression
screens identify host mRNA targets of virus-encoded microRNAs. Nature genetics 41,
130-134.

200



	THE ROLE OF VACCINIA VIRUS GENE K7R IN EVASION OF INNATE IMMUNITY



