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ABSTRACT

HCMY is the largest human virus characterised to date, encoding approximately 165
open reading frames (ORFs). Due to many years of serial passage, laboratory adapted
strains of HCMV, such as strain AD169, have lost a 13-15kb region of genome,
designated UL/b’, compared with HCMYV clinical strains (Cha e al., 1996). Loss of this
13-15kb UL/b’ region is correlated with decreased virulence and increased sensitivity to
Natural Killer (NK) cell lysis, leading to the hypothesis that the UL/b’ region is
harbouring one or more NK evasion functions. A comprehensive screen of the UL/’
region of HCMYV strain Merlin to identify novel NK evasion functions has formed the
focus of this study.

The UL/b’ region encompasses 23 ORFs from UL128 through to UL150. In addition,
UL14, a homologue of the UL/d’ resident ORF UL141, and UL141A, a newly
identified UL/b’ ORF, were included in this study as potential NK evasion functions.
Using the AdEasy system and the newly developed AdZ system, the generation of
recombinant adenoviruses (RAds) encoding for each of the 24 UL/b’ ORFs, plus the
UL 141 homologue, UL 14, has been successful and provides a complete resource for the
study of these proteins. The majority of the UL/d’ proteins were previously
uncharacterised, and the incorporation of a C-terminal Streptag II has enabled
preliminary characterisation of these ORFs. Producing the bank of UL/b’ RAds has also
enabled a functional screen of this region in order to identify novel NK evasion
functions.

As a result of the systematic functional NK screen of the UL/bd’ region, two novel NK
evasion functions have been identified; the UL141 homologue, UL14 and the UL/?’
resident ORF, UL135. Their identification brings the total number of NK evasion
functions encoded by HCMYV up to eight: UL40, UL16, UL18, UL83 (pp6S5), UL141,
UL142, UL14 and UL135. These provide HCMV with an impressive arsenal dedicated
to evasion of NK lysis, and are further evidence for the importance of NK cells in the
control of HCMV.

Further analysis of the NK evasion function encoded by UL14 revealed that similar to
UL141, UL14 encodes an EndoH sensitive glycoprotein and was observed to co-
localise with the ER resident protein, calnexin, consistent with gpUL14 being ER-
retained. The biochemical similarities of the UL141 and UL14 NK evasion ORFs may
be of functional significance, indicating that gpUL14 may also be sequestering an NK
activating ligand within the cell similar to gpUL 141 (Tomasec et al., 2005).
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1. INTRODUCTION

L1 CYTOMEGALOVIRUSES
Human cytomegalovirus, HCMYV, the prototype member of the B-herpesvirus subfamily

of herpesviruses, acquired its name from the “giant cell” cytopathic effect (cpe)
associated with infection in vivo. HCMV infections are also associated with the
production of characteristic nuclear and cytoplasmic inclusions, a property shared with
other members of the subgroup. Cytomegaloviruses also share several characteristics
with other members of the herpesviruses, such as virion structure, DNA replication and

the ability to establish persistent and latent infections.

1,2 HUMAN CYTOMEGALOVIRUS STRUCTURE

1.2.1 The genome

HCMYV has the largest genome of any characterised human virus, with a 236kb linear
genome estimated to encode 165 ORFs (Dolan et al,, 2004). Cytomegaloviruses of
higher primates, HCMV and Chimpanzee CMV (CCMYV), have a class E genome
structure, in which two unique regions (unique long, UL and unique short, US) are
flanked by inverted direct repeats (terminal repeat long, TRL, internal repeat long, IRL,
terminal repeat short, TRS, and internal repeat short, IRS) (Fig 1.1) (Davison ef al.,
2003a; Westrate ef al., 1980). These terminal and internal inverted repeats vary in size
depending on the virus strain and passage history. The genome is also terminally
redundant, possessing a short region of the genome (the a sequence) as a direct repeat at
the genome termini and in inverted orientation at the IRL/IRS junction. Genomes can
contain multiple copies of the a sequence at these locations. The a sequence carries cis-
signals (pac-1 and pac-2) for cleavage and packaging of the viral genome (Kemble &

Mocarski, 1989; McVoy ef al., 1998; Mocarski ef al., 1987; Spaete & Mocarski, 1985).
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Figure 1.1 HCMYV strain AD169 and strain Toledo genome structures

The HCMV genome is split into two unique regions, UL and US. These regions
are flanked by terminal and internal inverted repeats denoted TRL, IRL, TRS
and IRS. The a sequence is an inverted copy of the direct repeat, and the number
of copies can vary between different strains of CMV. Toledo has an additional
15kb at the UL/b’ end of the genome that has been lost in AD169 by a
duplication of ~10kb from the left end of UL to produce a larger IRL. (Adapted
from Mockarski & Courcelle, 2001).



HCMV strain AD169 was propagated in vitro under conditions designed to attenuate its
virulence for use as a live vaccine (Elek & Stern, 1974). When the HCMV AD169
genome was plasmid cloned, it had been subjected to extensive, serial passage in
various laboratories over 25 years (Oram ef al, 1982, Rowe et al, 1956). The
subgenomic strain AD169 clones provided the basis for the generation of the first
complete HCMV genome sequence (Chee ef al., 1990a). However, during passage the
strain AD169 genome (Accession number AF01963) has suffered multiple mutations
and deletions that complicate its use as a prototype HCMV sequence (Davison ef al.,
2003a). For example, a 929bp sequence in the UL42-ULA43 region that is carried by all
strains of CMV, including certain strain AD169 variants, was deleted in the reported
sequence (Dargan et al., 1997, Mocarski et al., 1997). In addition, a large 13-15kb
region is absent from AD169, but present in the less attenuated strain, Toledo, and
clinical isolates of HCMV, having been replaced in AD169 by an inverted duplication
of a 10kb region from the left end of UL (Cha et al., 1996; Fig 1.1).

Deriving the genetic content of the complete HCMV genome has been a drawn-out
process (Chee ef al., 1990a; Dolan ef al., 2004; Dunn, W. et al., 2003; Murphy et al.,
2003a, 2003b). Sequence analysis revealed that as HCMV clinical isolates are passaged,
they rapidly acquire mutations (deletion, frameshift or termination codon) in small
groups of genes to adapt to growth in fibroblasts in vitro (Akter et al., 2003; Davison e?
al., 2003a; Dolan et al., 2004). The low passage strain Merlin is the most genetically
intact genome that has been sequenced to date, but does contain a single point mutation
in the UL128 ORF that was acquired during its first passage. The sequence and
annotation of the strain Merlin defined by Dolan er al, 2004 (Fig 1.2) has been
designated the prototypic HCMV sequence (Accession no. AY446894). HCMV strain
Merlin was estimated to contain 165 ORFs (Fig 1.2) (Dolan et al, 2004), although

minor revisions have since increased the number to 167 (Davison, personal
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Figure 1.2 Genetic content of wild type HCMV

Annotation of the wild type genome of Merlin, a CardifT clinical isolate. Pr
are indicated by arrows, with gene nomenclature below (from Dolan er a/., 2004).



communication). A nomenclature is used based on gene location within the genome, i.e.
ORF 78 in the UL region is denoted UL78, and ORF 22 of the US region, US22. Of the
165 genes encoded by HCMV, 40 are core genes which are conserved among
herpesviruses (Karlin et al., 1994, McGeoch et al., 1988). Aside from these 40 core
genes, which are predominantly responsible for essential functions associated with the
production of virus particles, such as DNA replication and virion structural proteins,
there remains an enormous number of genes that are anticipated to be dedicated to
promoting the survival and enhancing the virulence of, HCMV in vivo. These genes
appear to have arisen by a number of evolutionary events, such as gene duplication and
gene capture, processes that have been employed widely by large eukaryotic DNA
viruses and their hosts as a means of generating genetic diversity (Prince & Picket,
2002). In addition to incorporating cellular genes, B-herpesviruses also appear to have
exchanged genetic information with other viruses. For example, the RL11 family of
primate cytomegaloviruses appear to share a putative immunoglobulin domain with a
glycoprotein family encoded in the E3 region of primate adenoviruses (Davison et al.,

2003b). The adenovirus E3 region is primarily involved in immune modulation.

1.2.2 The capsid

The genome is packaged into the capsid in a pattern observed by cryo-electron
microscopy to “spool” around the inner surface of the capsid and wind inwards in
successive layers (Booy ef al., 1991; Zhou et al., 1999). In order to package its genome,
HCMYV has evolved tighter DNA packaging than smaller herpesviruses such as HSV-1
(Bhella et al., 2000) and has a larger 130nm diameter capsid, compared to the 125nm
diameter of smaller herpesviruses (Butcher ef al., 1998). There are three capsid forms;
A, B and the mature C-type capsid, representing different stages in virion

morphogenesis (Gibson, 1996; Irmiere & Gibson, 1983; Lee et al., 1988; Trus ef al,



1999). Type A capsids lack DNA or scaffold and accumulate because of a failure to
stably package the viral genome. Type B capsids are found predominantly in the
nucleus as precursors of mature capsids, lacking DNA but containing the viral scaffold
cores, and Type C capsids represent the mature HCMYV virion (Butcher ef al., 1998; Lee
etal., 1988).

The capsid consists of a number of proteins, encoded by genes distributed within the
herpesvirus-common core set of genes. There are four major structural proteins; the
major capsid protein (MCP), encoded by UL86, forms the chief constituent of capsid
hexamers and pentamers; the less abundant capsid proteins are the minor capsid protein
(mCP), encoded by ULS8S5, the minor capsid-binding protein (mCP-BP) encoded by
ULA46 and the smallest capsid protein (SCP) encoded by UL48A (Gibson, 1996; Gibson
et al., 1996a; Gibson et al., 1996b; Irmiere & Gibson, 1985; Sedarati & Rosenthal,
1988). The major structural components of the capsid are the capsomeres, termed
pentons and hexons. These structures are composed primarily of 5 and 6 copies of
MCP, respectively, with a total of 150 hexons and 12 pentons in the capsid. The hexon
tips are decorated by SCP, which also directs tegumentation (Yu et al., 2005). The other
structural proteins, mCP and mCP-BP, associate in a 2:1 ratio to form triplexes, major
surface structures that interconnect hexons and pentons. The triplexes are critical for
capsid morphogenesis, and link together the capsomeres in the procapsid, directing
assembly and stabilising the structure prior to virion maturation. There are also two
different UL80-derived proteins, generated by posttranslational processing, which carry
out distinct functions in capsid assembly. An assembly protein is derived from the
carboxy-terminus of UL80 by autocatalytic cleavage, mediated by a serine-like protease
called assemblin, which is itself embedded in the amino-terminal portion of this ORF
(Baum ef al., 1993; Gibson et al, 1990). This produces the minor capsid scaffold

protein (pUL80), which together with the major capsid scaffold protein (pULSO0.5),



associates with the capsid and directs formation of the capsid shell (Oien et al., 1997,

Wood et al., 1997).

1.2.3 The tegument

Between the capsid shell and the envelope, HCMV has an extensive network of highly
ordered icosahedral tegument (Chen et al., 1999, McGavran & Smith, 1965; Wright et
al., 1964). The tegument contains a number of proteins, many of which are
phosphorylated and highly immunogenic. For example, pp65 is a broadly recognized
viral antigen that is detected by 85-90% of CMV-seropositive human sera. As many
tegument proteins play a role in the early stages of virus infection they are therefore
packaged within the virion to ensure their presence upon infection of a new host (Roby
& Gibson, 1986). The most prominent tegument proteins are the major tegument
protein, pp150 (UL32) which is O-glycosylated (Benko et al., 1988) and binds directly
to the capsid through its N-terminus (Baxter & Gibson, 2001); the lower matrix protein,
pp65 (ULS83); the upper matrix protein, pp71 (UL82); the associated myristylated
protein, pp28 that is essential for envelopment (UL99; Sanchez et al.,, 2000a); the high
molecular weight tegument protein, ppUL48, and its binding protein, UL47 (reviewed
in Mocarski & Courcelle, 2001). Over time, a number of additional HCMV-encoded
proteins have been identified to be tegument constituents; these include the
phosphoprotein ppUL69, pTRS1/pIRS1 (Liu & Stinski, 1992; Romanowski ef al., 1997,
Winkler et al., 1995; Winkler & Stamminger, 1996), the viral DNA polymerase (Mar e?
al., 1981), the UL97 kinase (Wolf e# al., 1998), pUL36 (Patterson & Shenk, 1999) and

pp130 (ppULS56) (Bogner et al., 1998).



1.2.4 The virion envelope

The genome, capsid and tegument of the HCMV particle are enveloped in a host lipid
bilayer carrying a large number of virus-encoded glycoproteins (Brit & Mach, 1996,
Spaete et al., 1994). The envelope, and its associated glycoproteins, is derived from
intracellular membranes, acquired from both nuclear and cytoplasmic sites. The most
abundant envelope proteins are distributed among three complexes, gCI, gCII and gCIII
(Gretch et al., 1988). gCI is composed of homodimers of glycoprotein B (gB, ULS55),
recognized as a major envelope constituent, and is the most highly conserved
glycoprotein in mammalian herpesviruses. Glycoprotein B is a heparan sulphate
proteoglycan-binding glycoprotein, and a type I integral membrane protein (Cranage e
al., 1986). gCII comprises two proteins, gM (UL100), a type III membrane protein, and
gN (UL73), a type I membrane protein (Kari et al., 1994; Mach et al., 2000). Both gCI
and gCII mediate cell attachment and entry, a two step process that involves initial
attachment to heparan sulphate, followed by a stabilising interaction with another
receptor (Boyle & Compton, 1998). gCI and gCII also target progeny virus to apical
membranes for release from polarized cells (Tugizov ef al., 1998). The third complex,
gCIII is a heterotrimer of gH (gpUL7S), gL (UL115) and gO (UL74) (Huber &
Compton, 1998; Kaye et al., 1992; Li et al, 1997, Spaete et al., 1993). gCI1I is involved
in mediating fusion of viral and host cell membranes in concert with gCI. It is likely that
the gH/gl/gO complex is vital in cell entry, and it is also possible that components of
this heterotrimeric complex, or other associated proteins may have a role in cell tropism
(Keay & Baldwin, 1991; Wang et al,, 1998). The gH/gl. complex may also facilitate
transport to the cell surface (Kaye ef al., 1992; Spaete et al., 1993).

There are several additional viral glycoproteins that are likely to be minor envelope
constituents, but are not apparently associated with any major glycoprotein complexes.

The glycoproteins, gp48 (gpUL4) and TRL10 have been identified as virion envelope



components (Chang et al., 1989; Spaderna et al., 2002), and UL33, a homologue of
seven-transmembrane receptors (Chee et al., 1990b) is also likely to be carried in the
virion envelope. The presence of over 60 ORFs with the sequence characteristics of
integral membrane glycoproteins in HCMV (Cha et al., 1996; Chee ef al.,, 1990a; Dolan
et al., 2004) suggests that additional functions for less abundant envelope glycoprotein

constituents will continue to emerge.

1.2.5 Additional virion components

In addition to viral proteins, a number of host cell proteins have also been observed to
associate with purified virions. For example, f2-microglobulin has been detected in the
tegument (Stannard, 1989), suggesting a way that CMV attaches to cells (Grundy e? al.,
1987), and the inclusion of an actin-like protein suggests a means of cytoplasmic
transport (Baldick & Shenk, 1996). Other virion components contributed by the host
cell include annexin II (Wright ef al., 1995), phospholipase A2 (Allal et al., 2004) and
the complement control proteins CD55, CD46 and CD59 which are associated with the
virion envelope (Spear et al., 1995; Spiller et al., 1997).

In addition to the genome, two small RNA molecules are present in the core of the
virion, hybridized with the origin of replication (oriLyt) in packaged genomes and may
play a role in initiating DNA replication (Prichard et al., 1998). There are also a number
of mRNAs found within the tegument that are expressed after entry into cells, for
example RNAs specified by UL22A and RL13 (Bresnahan & Shenk, 2000). Translation
of certain of these RNAs could ensure targeting of encoded proteins to the endoplasmic
reticulum and Golgi network, before the viral genome becomes transcriptionally active.
Alternatively, these molecules may be modulators of cellular immunity or structural
components of the tegument. However, the incorporation of viral and cellular mRNAs

can occur non-specifically, and care must be taken when assessing the biological



significance of the presence of these mRNAs in the virion (Greijer e? al., 2000; Terhune
etal., 2004).

There are no histone-like proteins present in herpesvirions to counteract the negative
charge of packaged DNA. Instead, alongside a single copy of the tightly packed DNA
with RNA at the oriLyt, the core of the human CMYV virion contains the polyamines
spermine and spermidine, at a ratio approximately 2:1, which play a role in virion
assembly (Gibson et al., 1984).

Mass spectrometric methods have enabled HCMV virion proteins to be catalogued,
including a number of viral proteins that had been undetected, and a large array of
cellular proteins (Varmum er al., 2004). However, caution must be exercised as proteins
detected in low abundancy may not be biological relevant due to contamination with

non-virion material.

HCMV infection exhibits a highly restricted host range in cell culture, with efficient
productive infection best achieved by “adapted” viruses in primary human fibroblasts,
although significant virus production can also be achieved in endothelial and
differentiated myeloid cells as well as certain astrocyte cell lines (Ibanez et al., 1991,
Nowlin et al., 1991). In vivo, HCMV can infect a wide variety of cell types, including:
fibroblasts, epithelial cells, endothelial cells, monocytes/macrophages, smooth muscle
cells, stromal cells, neuronal cells, neutrophils and hepatocytes (Ibanez et al., 1991,
Myerson et al., 1984; Sinzger et al., 1995; Sinzger et al., 2000). This extended in vivo
tropism may contribute to the diverse nature of the symptoms and diseases associated

with this virus.
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The replication cycle of HCMV is summarised in Figure 1.3, although many aspects are
only partially understood. The ability of HCMV to enter such a wide range of cells, and
the fact that attachment and penetration at the cell surface is rapid and efficient in
permissive cell types suggests that receptors for HCMV are widely distributed, with
either broadly expressed receptors, or multiple cell specific receptors for HCMV entry.
Virus attachment is likely a multistep process, typically involving a mumber of envelope
glycoproteins interacting with a series of cell surface molecules that serve as receptors
and co-receptors (Fig 1.3a). An initial engagement of HCMV with cell surface heparan
sulphate proteoglycans (HSPGs) is thought to play a crucial role in the recruitment of
virions to the cell surface, and is also thought to enhance the engagement of other
receptors to result in membrane fusion (Boyle & Compton, 1998; Compton ef al.,
1993). The attachment to the cell surface is then likely followed by receptor activated
conformational changes that result in membrane fusion of the virion envelope and the
cell surface to deliver the viral nucleocapsid to the cytoplasm of the host cell (Fig 1.3b)
(Boehme & Compton, 2006). The nucleocapsids are then able to make their way to the
nucleus, and expression of gene products follows shortly thereafter (Fig 1.3c).
Productive replication follows a pattern of coordinate expression with viral genes

assigned to different kinetic classes, referred to as a or immediate-early (IE), p or early

(E) and y or late (L).

1.3.2 IE gene expression and gene products
Four regions of IE gene expression have been mapped on the HCMV genome, IE1/IE2

(UL122-123), UL36-38, TRS1-IRS1 and US3. The IE genes play a number of important
roles in transcriptional regulation (iel/ie2 products), counteracting the interferon
response (TRS1/IRS1), inhibition of apoptosis (UL36 and UL37) and modulation of

host cell MHC I expression (US3) (Child et al., 2004; Colberg-Poley, 1996; Spector,
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Figure 1.3 HCMY life cycle

Virus binding to the cell a) is followed by nucleocapsid entry into the cell b). The
nucleocapsid then makes its way to the nucleus (N), where expression of immediate early
genes follows. Following DNA replication, c), genomes are then packaged into capsids in
the nucleus to form nucleocapsids, d), which bud into the perinuclear membrane (NM) and
then undergo a process of envelopment and de-envelopment as they traverse nuclear and
cytoplasmic membranes (NM/ER), e). The maturing virus particles obtain their tegument
in cytoplasmic compartments, termed tegusomes, and finally bud into Golgi-derived
cytoplasmic compartments, gaining their lipid membrane and envelope proteins, f), before
exiting the cell as a mature virion, g).
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1996; Stenberg, 1996; Wilkinson ef al., 1984). The iel/ie2 promoter-enhancer is also
known as the major immediate early promoter-enhancer, or MIEP, and comprises a
dense collection of host transcription factor binding sites (Akrigg ef al., 1985; Boshart
et al., 1985; Thomsen et al., 1984). Shortly after infection, several transcription factors
(NFKB, AP1, CREB, Spl) are induced and activate expression from the iel/ie2
promoter-enhancer (reviewed in Sinclair & Sissons, 2006). Transcription from the
iel/ie2 promoter-enhancer gives rise to differentially spliced and polyadenylated
transcripts encoding two major products, the nuclear phosphoproteins, IE1 and IE2,
which share a common 85 amino acid N-terminal but splice either to UL123 for IE1 or
UL122 for IE2 (reviewed in Mocarski & Courcelle, 2001). These phosphoproteins are
thought to play key roles in initiating and maintaining HCMYV gene regulation pathways
during infection. IE1 is thought to have very little activity on its own as a transactivator
(Ahn & Hayward, 1997). However, in addition to it’s cooperation with IE2, IE1 has
been suggested to directly influence gene expression via a number of different
transcription factors, including NFxB (Sambucetti et al., 1989), CCAAT box-binding
protein (Hayhurst ez al., 1995), and E2F (Azizkhan et al, 1993). IE1 is observed to
associate with chromatin (LaFemina ef al., 1989) and PML nuclear bodies, disrupting
their integrity (Ahn ez al., 1998; Ahn & Hayward, 1997; Ishov et al., 1997; Kelly et al.,
1995; Korioth et al., 1996, Wilkinson et al., 1998). These PML nuclear bodies, or
nuclear domain 10 (ND10) structures, function as sites of organisation for viral
transcription and DNA replication, but may be antiviral. Specifically, a component of
NDI10 structures, Daxx, is reported to mediate repression of HCMV IE genes by
recruiting chromatin-modifying enzymes to the MIEP (Hollenbach et al., 2002; Murphy
et al., 2002, Woodhall et al.,, 2006). It is therefore possible that HCMV employs a
number of mechanisms during immediate-early times of infection to overcome this

repression mediated by Daxx in order to activate gene expression. The disruption of
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ND10 structures by IE1 is likely to be one such mechanism (Ahn & Hayward, 2000,
Woodhall ef al., 2006). The tegument protein, pp71 (UL82), also accumulates at ND10
structures in a process that is mediated by Daxx (Hofmann et al,, 2002; Ishov et al.,
2002). pp7]1 mediates the degradation of Daxx, providing another mechanism for
HCMY to overcome the transcriptional repression mediated by Daxx.

IE2 is a major regulatory protein with two established core functions. Firstly, it controls
the activation of, and switch from, immediate-early to early and late gene expression
during productive infection (Hermiston et al., 1987, Pizzomo et al., 1988), with IE1
acting as an accessory protein in this process, and secondly, it regulates its own
promoter via binding to a cis-repression sequence (crs) located near the MIEP start site
(Cherrington et al., 1991; Lang & Stamminger, 1993; Liu et al,, 1991). Alternative
forms of IE2, known as IE2pS55 and yIE2 (or late IE2) retain different subsets of
activation and repression functions (Jenkins et al., 1994; Stenberg, 1996).

TRS1 and IRS1 are two members of the US22 family, distributed in both the nucleus
and the cytoplasm of infected cells (Chee et al., 1990a; Romanowski et al., 1997) and
are also found in the virion (Romanowski et al., 1997). TRS1 and IRS1 proteins play an
important role in the block of interferon-induced host cell protein synthesis shut-off, by
reducing the phosphorylation of elF-2a by PKR, and therefore removing the inhibition
of translation initiation (Child et al., 2004).

The US3 region encodes a number of related, integral membrane glycoproteins (Jones
& Muzithras, 1992). US3 encodes an endoplasmic reticulum (ER)-targeted protein that
blocks the egress of peptide loaded MHC I proteins, and therefore represents one of
several viral gene products that down modulate MHC I expression (Ahn et al., 1996,
Jones et al., 1995; Jones et al., 1996). This is discussed in further detail in Section 1.5.
UL37 from the UL36-UL38 genomic region is a mitochondrial localized protein, and

encodes an inhibitor of apoptosis (VMIA), that appears to be functionally similar to Bcl-
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2 as it inhibits Fas-mediated apoptosis, blocking apoptosis at a point downstream of
caspase 8 but prior to cytochrome ¢ release from mitochondria (Goldmacher et al.,
1999). UL36 encodes a non-glycosylated cytoplasmic protein (Patterson & Shenk,
1999), and is also involved in the inhibition of apoptosis, but its mechanism of cell-
death suppression is different from that of vMIA (Skaletskaya et al., 2001). The UL36
gene product inhibits Fas-mediated apoptosis by complexing with pro-caspase-8,
suppressing its proteolytic activation, and as such UL36 has been designated a viral
inhibitor of caspase-8-induced apoptosis (VICA) (Skaletskaya ef al., 2001). The UL36
protein is rendered inactive by a point mutation in HCMYV laboratory strains including
certain AD169 variants (Skaletskaya ef al,, 2001), and as such, laboratory strains of
HCMV may rely more directly on UL37 gene products than pUL36 to prevent
apoptosis. As many of the counter-assaults mounted by the immune system incorporate
activation of the apoptotic pathway as a mechanism to restrict viral replication, it is
interesting to note that HCMV encodes genes that prevent apoptosis, enhancing
replication of the virus. The HCMYV IE1 and IE2 proteins have also been demonstrated

to block apoptosis, mediated by TNF-a (Zhu et al., 1995).

1.3.3E and late gene expression and gene ucts

Both early () and late (y) gene expression requires prior expression of IE gene
products, and hence early and late gene expression is delayed. Although it is difficult to
define these kinetic classes temporally, early gene transcription can operationally be
defined as those genes that are transcribed in the presence of an inhibitor of DNA
replication, whereas late genes are not. Two abundantly expressed early genes are the
B1.2 and B2.7 transcripts, encoding 1.2kb and 2.7kb proteins respectively. 1.2 and 2.7
map to adjacent positions and represent 20% and 40% of total viral transcription from

early times of infection respectively (Spector, 1996). The 2.7 gene encodes the single
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most abundant viral early or late transcript in infected cells (Greenaway & Wilkinson,
1987, McSharry et al,, 2003). Other early gene products include US11, a B1 gene
encoding an ER resident protein that is involved in immune modulation (see Section
1.5) (Ahn et al., 1996, Hengel et al., 1996, Shamu et al., 1999, Wiertz et al., 1996a),
UL112-UL113, which encode a family of phosphoproteins that regulate the expression

of core DNA replication genes (Iwayama ez al., 1994, Wright et al., 1988), and the

DNA polymerase (UL54) (Chee et al., 1990a).

Genome maturation occurs in the nucleus of infected cells, with most newly replicated
DNA maturing into virions that are released 48 hours after synthesis (Penfold &
Mocarski, 1997). Virion maturation commences in the nucleus, beginning with the
formation of capsids which is initiated and controlled by an MCP-AP (major capsid
protein-assembly protein) precursor complex (Gibson, 1996; Wood et al., 1997). In the
nucleus, an AP precursor domain facilitates the formation of hexons, pentons, and high
order structures that form the capsid (described in Section 1.2). The association of SCP
on the outer capsid surface and a series of assemblin-mediated protease cleavage steps
separate AP from MCP, inactivating the protease and separating the scaffold from the
inside surface of the capsid. This completes the formation of B capsids into which the
linear HCMV genome is packaged, using the cleavage and packaging signals pacl and
pac? sites. Once the genome is packaged, scaffold components are removed to complete
the formation of mature C-capsids (Irmiere & Gibson, 1985). Progeny nucleocapsids
bud into the perinuclear cisternae and are then thought to undergo a process of
envelopment and de-envelopment as they traverse the nuclear and cytoplasmic
membranes (Gibson, 1996; Fig 1.3d, e). The maturing virion acquires its tegument in

cytoplasmic compartments termed tegusomes (Sanchez et al., 2000a, 2000b; Tooze et
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al, 1993), and finally capsids bud into Golgi-derived cytoplasmic compartments
(Homman-Loudiyi ef al., 2003) (Fig 1.3f), gaining their lipid membrane and envelope
glycoproteins in the process, before exiting the cell by the exocytotic pathway (Fig
1.3g).

Three types of virus particles are produced in HCMV-infected cells: virions, non-
infectious enveloped particles and dense bodies (Gibson, 1996; Irmiere & Gibson,
1983). Non-infectious enveloped particles are readily differentiated from virions
because they lack a DNA core (Gibson, 1996; Irmiere & Gibson, 1983). Non-enveloped
particles consist of nucleocapsid with DNA, and have been observed free in the
cytoplasm as well as budding into cytoplasmic vesicles. Dense bodies lack both a
nucleocapsid and viral DNA, consisting solely of several tegument proteins,
predominately pp65 (ppULS83), surrounded by an envelope derived from cytoplasmic
membranes. These abundant particles mature exclusively at cytoplasmic sites
(Craighead ef al., 1972; Irmiere & Gibson, 1983; Landini et al.,, 1987; Sarov & Abady,

1975).

1.4 PATHOGENESIS, LATENCY AND REACTIVATION

HCMV exhibits a ubiquitous distribution in populations throughout the world. Primary
infection is normally subclinical in the immunocompetent individual, being controlled
by a combination of adaptive and innate immune responses. However, although primary
infection is controlled, the virus is not cleared and a persistent, lifelong infection is
established. Pathogenesis of CMV disease is directly linked to the immune status of the
host, and the occurrence of primary infection, lifelong latency, and intermittent
shedding of this virus without any marked disease consequences highlights the
remarkable balance HCMV has with its host. Serious disease results from primary

infection, as well as reactivation from latency in the immuno-compromised host, which
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includes transplant recipients, transfusion patients and HIV infected individuals.
Infection in these individuals can result in central nervous system damage, viral retinitis
and pneumonia, as well as graft rejection or transplant dysfunction in transplant
patients. In addition, HCMV is a significant cause of congenital birth defects.
Approximately 10% of infants born with HCMV infection suffer severe congenital
defects such as abnormal muscle tone, pneumonia, mental retardation, hearing and
vision loss. HCMYV is a clinically relevant disease and as such it is regarded among the

top priority category for vaccine development (Arvin ef al., 2004).

1.4.1 Pathogenesis of HCMV

Primary infection starts with replication in mucosal epithelium as a result of direct
contact with infectious secretions from an infected individual. A systemic phase of
infection disseminates virus in the host that may last several months (Revello ef al.,
1998; Zanghellini et al., 1999). The distribution of virus during infection in immuno-
competent individuals includes a range of endothelial, epithelial and haematopoietic
cells, with myeloid-lineage haematopoietic cells as important targets for lifelong
persistence (Larsson ef al., 1998, Mendelson ef al., 1996; Taylor-Weideman et al. .,
1991; Stainer ef al., 1992) and neutrophils suggested to act as the vehicle to disseminate
infectious virus (Gema et al., 2000). Systemic replication of virus leads to seeding of
the ductal epithelia where replication releases virus into secretions, leading to persistent
virus shedding in urine, saliva, breast milk, semen and cervical secretions, which
become important sources for transmission between hosts. Although an initial persistent
infection is often observed, clearance of acute infection is the norm in all
immunocompetent individuals. Reactivation of the virus is correlated with a slow rise in

cell-mediated immunity that acts to control the virus (Zanghellini ez al., 1999).
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1.4.2 Latent infection

The ability to establish lifelong persistence within the host is common to all
herpesviruses. Latent infection is defined as the persistence of the virus genome in the
absence of the production of infectious virus. With HCMV, peripheral blood (PB)
monocytes have been identified as the major site of carriage of HCMV DNA in healthy
seropositive individuals (Larsson ef al., 1998; Stanier ef al., 1992; Taylor-Weidmann e#
al., 1991). Monocytes represent a short-lived population of cells, and are subject to
constant renewal from myeloid precursors, CD34" stem cells, residing in the bone
marrow (Katz ef al., 1985; Metcalf, 1989). Analysis of these CD34" progenitor cells
showed that they harbour HCMV genomes in naturally infected individuals (Kondo et
al., 1996, Mendelson ef al., 1996) and thus represent an important reservoir for HCMV
latency in vitro (Sinclair & Sissons, 2006).

During latency, the HCMV genome is maintained as a circular plasmid in the nucleus of
peripheral blood (PB) mononuclear cells (Bolovan-Fritts ef al., 1999) and it is thought
that chromatin remodelling of the MIEP may control latency and reactivation of lytic
gene expression (Reeves ef al., 2005a; Reeves ef al., 2005b; Sinclair & Sissons, 2006).
Viral gene expression in latently infected cells is restricted to latency-associated
transcripts (or CLTs) (Hahn et al., 1998; Kondo ef al., 1996), small viral transcripts that
may be involved in the establishment or maintenance of latency. These transcripts
originate from both DNA strands in the iel/ie2 region (Kondo et al., 1996), with four
ORFs (ORF5S, ORF42, ORF45, and ORF94) predicted to be uniquely encoded by sense
CLTs, and three ORFs (ORF59, ORF154 and ORF152/UL124) present on antisense
CLTs. Antibodies to the ORFs from sera of healthy seropositive individuals suggests
that these ORFs are expressed during natural infection (Landini ef a/., 2000). However,
many of the transcripts were also detected in infected cells in culture (Lunetta &

Weidemann, 2000), and hence the role for CLTs in virus latency and reactivation in vivo
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has not yet been clearly established (Sinclair & Sissons, 2006). Similarly, transcripts
encoded by the UL111.5A region of HCMV have been detected in latently infected
granulocyte-macrophage progenitors (Jenkins ez al., 2004). The UL111.5A is predicted
to encode a viral homologue of IL-10, suggesting a function for this transcript in
immune modulation during latency. However, as yet, no direct role for the UL111.5A

transcript during latency has been assigned (Jenkins ef al., 2004; Sinclair & Sissons,

2006).
1,43 Reactivation

Both primary infection and reactivation of latent HCMV are responsible for serious
disease in the immuno-compromised host (Adler, 1983; Rubin, 1990). The myeloid
progenitors that carry viral DNA do not produce infectious virus or express viral lytic
genes to any appreciable extent (Mendelson et al., 1996, Taylor-Wiedeman ef al, 1993).
However, the pattern of latent gene expression, and the ability to support IE gene
expression has been observed to change as these cells differentiate into monocytes/
macrophages or dendritic cells (Hahn ef al., 1998), potentially becoming productive as a
result of differentiation under proinflammatory conditions, although the precise factors
that control this process are not clear (Meier & Stinski, 1996; Soderberg-Naucler &
Neslon, 1999; Soderberg-Naucler ef al., 1997, Sinclair & Sissons, 2006). Recent
analysis by Reeves ef al., 2005b has indicated that induction of HCMV IE gene
expression from latent virus upon differentiation of myeloid cells to dendritic cells
occurs as a result of chromatin remodelling around the MIEP. HCMYV present in latently
infected dendritic cell precursors is in a closed, transcriptionally silent, chromatin
confirmation. In contrast, differentiation of these precursors to dendritic cells resulted in
specific chromatin remodelling of the MIEP, resulting in an open, transcriptionally

active confirmation. These investigations indicate that virus reactivation is likely to be
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the result of chromatin remodelling of the MIEP during cell differentiation, which

results in the induction of IE gene expression (Reeves e? al., 2005b).

LS E MODULATION BY H

HCMYV has a huge genetic capacity, encoding 165 ORFs. However, there are only 45
essential genes in HCMV (Dunn W, et al., 2003; Fig 1.2), leaving more than 120 ORFs
encoded by HCMYV that are dispensable for virus replication. These genes are likely to
be dedicated to optimizing virus growth, dissemination, tissue tropism, pathogenesis
and evasion of the host immune response. This study is particularly concerned with the
interplay between HCMV and the immune system, with specific interest in the
modulation of the innate immune system by evasion of Natural Killer (NK) cells
(Section 1.6).

Through various mechanisms, host cells can sense the presence of a virus, and attempt
to trigger cell death to prevent viral replication. Interferons (IFNs) released by the cell
upon virus infection signal the presence of virus to the cellular immune system, whose
initial innate response includes NK cells, with a second wave of cellular attack from
CDS8" T cells (cytotoxic T cells, CTLs). Resistance to HCMV infection depends on the
successful collaboration between these innate and adaptive immune systems, which are
required to control primary virus infection and reactivation (Borysiewicz et al., 1985;
Riddell & Greenberg, 1997, Rook, 1988). The importance for this collaboration is
reinforced by the observation that individuals with deficiencies in cellular immunity
exhibit the highest risk for HCMYV disease (Biron ef al., 1989; Li et al., 1994; Reusser et
al, 1991).

However, despite these controls, the immune response is subjected to a range of
HCMV-encoded immunomodulatory mechanisms, which act to evade, modify and

regulate the immune response to ends that benefit the virus.
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1.5.1 Down-modulation of MHC class I

Cytotoxic T lymphocytes (CTLs) recognize virus-derived peptides in the antigen
binding-site of major histocompatibility complex (MHC) class I molecules present on
the surface of infected cells (Fig 1.4a) (Zinkernagel, 1979; Zinkernagel, 1996). Viral
mRNA s are translated using the normal translation machinery of the cell, and like other
proteins, cytosolic viral gene products are degraded as part of normal protein turnover.
Among the cellular proteases that degrade these viral proteins is the multi-subunit
catalytic protease complex called the proteasome (Fig 1.4a) (Coux et al, 1996).
Degradation of viral proteins in the cytoplasm leads to the formation of polypeptides
that are then transported to the lumen of the endoplasmic reticulum (ER) by the
transporter associated with antigen presentation (TAP) complex (Fig 1.4a), which
consists of two subunits; TAP1 and TAP2 (Heemels & Ploegh, 1995). In the ER, these
peptides assemble with the membrane-bound heavy chain of the MHC class I molecules
and the light chain 2 microglobulin (B2m). The binding of peptide stabilizes the
interactions of the MHC class I heavy and light chain and as a result, a trimolecular
complex of MHC class I heavy chain, $2m and peptide is formed (Fig 1.4a) (Heemels &
Ploegh, 1995; Townsend & Bodmer, 1989). Peptide-loaded MHC complexes are then
transported from the ER, through the Golgi to the cell surface (Fig 1.4a) where they are
available for surveillance by CTLs (Jorgensen et al., 1992). Upon recognition of the
MHC-foreign peptide complex, the CTLs lyse the infected cell by receptor and granule-
mediated pathways (Barry & Bleackley, 2002). MHC-I restricted CTL play an
important role in the maintenance of the HCMV-host equilibrium, and in the clearance
of virus-infected cells (Reusser et al., 1991; Quinnan et al., 1982). In order to reduce the
impact of CTL immunity, HCMYV expresses four genes (US2, US3, US6 and US11) that
are responsible for the downregulation of MHC class I (Fig 1.4b) (Hengel ef al., 1996;

Jones et al., 1995; Wiertz et al., 1997). Efficient downregulation of cell surface MHC
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The MHC class I-restricted antigen processing and presentation pathway is depicted in a). To
evade lysis by CTLs, HCMV encodes four proteins that are responsible for the downregulation

of MHC-I in infected cells b). US2 and US11 direct the proteasomal degradation of newly

synthesised MHC-I heavy chains. US6 prevenis pepiide translocation via TAP and US3 binds
MHC-I direcily, retaining it in the ER (adapted from Wieriz e al.,1997).



class I abrogates the presentation of viral antigens by HCMV-infected cells. US3
encodes an IE glycoprotein that binds MHC-I directly and retains it in the ER (Fig 1.4b)
(Ahn et al.,, 1996; Jones et al., 1996). However, the class I heavy chains are not just
retained in the ER during HCMV infection, but are also degraded soon after synthesis
(Beersma et al., 1993; Warren et al., 1994a). US2 and US11 both encode ER-resident
glycoproteins that direct the proteasomal degradation of newly synthesised MHC-I
heavy chains (Fig 1.4b) (Ahn et al., 1996, Jones et al., 1995, Jones & Sun, 1997, Wiertz
et al., 1996a). US2 and US11 bind to MHC heavy chains directly, and promote their
transport from the ER back to the cytosol, where they are rapidly degraded, first by N-
glycanase, ubiquitin-conjugating enzymes, and finally the proteasome (Shamu et al.,
1999; Shamu et al., 2001; Story et al, 1999, Wiertz et al., 1996b). This pathway
resembles the mechanism by which mammalian cells dispose of misfolded proteins. A
mammalian protein, Derlin-1, has also recently been identified as the partner essential
for US11 to perform its function (Lilley & Ploegh, 2004), and required for the
dislocation of misfolded proteins from the ER to the cytosol for degradation. US6 is an
ER resident glycoprotein, and prevents viral peptide translocation (Ahn et al., 1997,
Hengel et al., 1997, Lehner et al., 1997). US6 binds to the luminal side of the TAP
complex (Ahn ef al,, 1997, Hengel et al., 1997, Lehner et al, 1997), inhibiting the
binding of ATP to TAP1 of the TAP complex, preventing translocation of peptides
(Hewitt et al., 2001). The inability of MHC class I to bind TAP-dependent peptides
leads to retention of MHC class I in the ER, and a corresponding downregulation of

MHC I on the cell surface.

Whilst HCMV encodes multiple mechanisms to suppress MHC-I mediated antigen
presentation, cytokines released at the site of infection appear capable of overcoming

viral immune evasion. Interferon y (IFNy), type I IFN, or tumour necrosis factor a

24



(TNFa) treatment of HCMV infected cells can restore antigen presentation by
upregulating MHC-I expression. As the HCMV-encoded functions for suppressing
MHC-I expression become saturated, the surplus MHC-I molecules escape to restore
efficient presentation of viral peptides (Hengel e7 al,, 1998). As such, CTL-mediated
immune clearance remains an important component of the immune response

contributing to viral clearance (Hengel et al., 1998; Riddell & Greenberg, 1997).

1.5.2 Down-modulation of MHC class I1
Where MHC I molecules present peptides to CD8" CTLs, MHC class II molecules

present antigenic peptides to CD4" T helper cells. These CD4" T cells are involved in
the activation of B cells to produce an immune response. Unlike MHC class I, where the
peptides presented are usually derived from proteins endogenously synthesised by the
cell, MHC class II molecules generally present antigenic peptides derived from
endocytosed, soluble proteins that have been degraded in cellular lysosomal
compartments.

Although not as well studied as MHC-I downregulation, multiple mechanisms appear to
control MHC-II modulation during HCMV infection. For example, HCMV can inhibit
cytokine-induced MHC II expression by blocking the induction of transcription
activator, CTAII, a target of the janus kinase I (JAK1) pathway (Miller et al., 1998,
Miller & Sedmak, 1999). In addition, US3 is also known to bind to newly synthesised
class II molecules (alpha/beta complexes), reducing the association with the invariant
chain and causing mis-localisation of class II complexes (Johnson & Hegde, 2002;
Misaghi et al., 2004). This reduces the accumulation of class II complexes in peptide-
loading compartments, therefore reducing peptide loading and surface expression of
MHC I (Johnson & Hegde, 2002). A US2 dependent degradation system also

contributes to reduction in MHC-II levels (Tomazin et al, 1999), by binding
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specifically to both class I heavy chains and MHC class II DRa and DMa. chains,
triggering their degradation by proteosomes (Hegde & Johnson, 2003).

An additional mechanism of MHC class II downregulation may result from the
induction of IL10. IL10 has several immunosuppressive activities that potentially could
be favourable to HCMV. As well as downregulation of MHC-II, IL10 can downregulate
MHC-I, interfere with antigen presentation and inhibit the production of inflammatory
cytokines (Kotenko ef al., 2000). As an example of its uses, Mouse CMV (MCMYV)
induces host IL10 during infection of macrophage-lineage cells, suppressing even
constitutive MHC-II expression (Redpath er al, 1999). HCMV also encodes a
functional viral IL10 (vIL10) homologue, encoded by UL111A (Kotenko et al., 2000;
Lockridge et al., 2000). Although vIL10 has been shown to be ineffective at down-
modulating HCMV peptide presentation by MHC-1 (Pepperl-Klindworth et al., 2006), it
may contribute to MHC-II downregulation, in addition to the impact of cellular IL-10

and other viral gene products.

1.5.3 Manipulation of cytokine respon

Cytomegaloviruses may exploit the host cytokines to promote virus replication and
modulate immune responses. Transforming growth factor B (TGFB) is a cytokine that
has a major impact on inflammatory and immunological responses; primarily through
suppressing the generation of T-helper type 2 (Th2) cells, CD8" CTL and NK cells by
counteracting IL2, TNF and IL1 function, and by depressing polyclonal antibody
production (Hengel e? al., 1998). HCMV induces TGF synthesis in infected fibroblasts
(Michelson et al., 1994), and consequently TGFf suppresses T cell proliferation
(Hengel et al., 1998; Michelson et al., 1994).

HCMV also encodes four genes (UL33, UL78, US27, and US28) that are homologues

of G-protein coupled receptors (GCR), expressed at both early and late times of
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infection (Chee et al, 1990a; Davis-Poynter et al., 1997). Members of the GCR
superfamily of receptors transduce signals through the cell membrane by activating G
proteins, and are triggered by chemokines, which can be subdivided into four groups,
CXC, CC, C and CX3C. The HCMYV gene, US28, is the best studied member of the
HCMYV GCR proteins and encodes a G-protein-coupled receptor that binds several CC
chemokines (Gao & Murphy, 1994; Kuhn et al., 1995), stimulating intracellular calcium
mobilization (Neote ef al., 1993). US28 also selectively binds a CXC3 chemokine
(Kledal er al., 1998). Chemokines not only mediate inflammatory processes by
recruiting leukocytes (chemotaxis), but also stimulate the effector mechanisms of
lymphocytes (Zlotnik & Yoshie, 2000), and it is thought US28 may function as a
chemokine “sink” (Bodaghi et al., 1998) or mediate intracellular signalling (Billstrom e?
al., 1998), influencing chemotaxis and chemokinesis (Alcami, 2003; Streblow et al.,
1999). By altering the trafficking of infected cells, the HCMV GCRs may also affect
virus dissemination (Hengel ef al., 1998).

In addition to the G-protein coupled receptor homologues, HCMV also encodes a
soluble CC chemokine receptor, pUL21.5 (Wang et al., 2004). HCMV pUL21.5 mRNA
is packaged into virions, implying a role for the encoded protein before the viral
genome reaches the nucleus and is transcribed (Wang ef al, 2004). The soluble
pUL21.5 CC chemokine receptor selectively binds RANTES, a CC proinflammatory
chemokine with a broad range of activities. It is generated by a variety of cell types,
including CD8" T cells, epithelial cells, fibroblasts, and platelets and its receptors reside
in monocytes, dendritic cells, T cells, NK cells, neutrophils, and eosinophils (Wang et
al., 2004). In addition to its chemotactic activity, oligomerized RANTES is also thought
to be responsible for T cell activation (Appay et al., 1999; Appay & Rowland-Jones,
2001). By blocking the ability of RANTES to bind to its receptor, pUL21.5 may inhibit

the ability of RANTES to mediate T cell activation.
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1.5.4 Viral chemokine homologues
Virus encoded chemokines can also influence the behaviour of leukocytes during

infection. Two other HCMV genes, UL146 and UL147, exhibit homology to the CXC
chemokine IL-8, with UL146 encoding a fully functional IL-8 like chemokine denoted
vCXC1 (Penfold et al., 1999), but no function is yet assigned to UL147. vCXC1 is
secreted, and induces chemotaxis of neutrophils via the human chemokine receptor
CXCR2. By attracting neutrophils and/or other CXCR2-positive myeloid cells to the
site of infection, vCXC1 may play a role in the dissemination of the virus. Neutrophils
attracted to the sites of infection by UL146 may then be susceptible to infection by
HCMV. In MCMYV, the CC chemokine homologue, MCK, increases the level of
monocyte-associated viraemia during infection by increasing the size and composition
of the inflammatory response at sites of infection, attracting host monocytes that carry

virus into the bloodstream (MacDonald ez al., 1999; MacDonald et al., 1997, Saederup

et al., 1999).
1.5.5 Additional immune-modulators encoded by HCMV

Immune evasion precedes de novo virus-encoded gene expression, being mediated by
proteins delivered during infection released from input virions. Virions release into
infected cells the RANTES-binding protein, ppUL21.5 (section 1.5.3), pTRS1/pIRS1
and pp65. pTRS1/pIRS1 evade the antiviral cellular response by preventing activation
of interferon-response genes by the protein kinase R (PKR) pathway. The IFN pathway
is a key component in the innate immune response to HCMV infection, and IFN is
synthesised in response to viral infection. IFN binds to cognate receptors on target cells
to activate a signalling pathway that leads to the induction of IFN-responsive genes,
many of which have anti-viral activity. The pTRS1/pIRS1 proteins prevent the

phosphorylation of eukaryotic translation initiation factor (eIF-2a) by PKR, which in

28



turn inhibits translation initiation (Child ez al,, 2004). The virion protein pp65 is also
involved in blocking the induction of IFN-responsive genes (Browne & Shenk, 2003),
although its mechanism remains unclear (Abate et al., 2004; Shenk, 2006).

The complement system is a first-line immunological defence, and includes proteolytic
enzymes, inflammatory proteins, cell surface receptors and proteins that cause cell death
through the formation of a membrane-associated complex (MAC). Antibody-activated
complement mediated cytolysis and virolysis are general immune effector mechanisms.
Accordingly, a broad range of ‘host cells express several complement inhibitory
mechanisms to modulate the complement response and protect tissues from
complement-mediated cytolysis. Although there are no HCMV-encoded virus
complement inhibitor homologues, the cell surface expression of two complement
control proteins, CD46 and CD55, is drastically enhanced following HCMYV infection
and shown to protect infected cells from complement-mediated attack (Spiller et al.,
1996). The host-derived complement control proteins, CD55, CD59 and CD46 are also
found incorporated into HCMV virions, where they may provide potential mechanisms
for escape of complement-mediated virolysis (Spear et al., 1995; Spiller et al., 1997).
HCMYV also induces IgG Fc y receptors (MacCormac & Grundy, 1996; Xu-Bin et al.,
1989) that are thought to be encoded by TRL11/IRL11 (Lilley ef al, 2001) and
gpUL119-UL118 (Atalay et al, 2002). FcyR homologues encoded by HSV-1 and
varicella-zoster viruses protect the virus from antibody neutralisation and virus-infected
cells from lysis mediated by antibody and complement (Dowler & Veltri, 1984; Dubin
et al., 1991; Frank & Friedman, 1989; Friedman ef al., 1984). It was thought that the
cytomegalovirus FcyR homologue may also have similar protective effects. However,
the MCMV m138 encoded IgG Fc receptor (Thale er al., 1994) function is antibody
independent (Crnkovic-Mertens et al., 1998), and the function of HCMV induced IgG

Fc receptors remains unknown.
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In contrast to the stimulation of host cell gene expression observed in HCMYV infection,
that presumably favours viral DNA replication and virion production, HCMV also
downregulates a number of molecules. Both integrin alBl cell surface expression
(Warren et al., 1994b) and fibronectin expression (Pande ef al/., 1990) have been shown
to decrease upon HCMV infection, but the mechanism and reasons for this remain
unknown. The cellular aminopeptidase proteins, CD10 and CD13, have also been

shown to be downregulated during HCMYV infection (Philips et al., 1998).

6 NCODES N R VASION FUNC S

1.6.1 Natural Killer cells

This study is particularly concerned with the interplay between HCMV and Natural
Killer (NK) cells. NK cells play a vital part in the control of CMV infection, shown in
MCMUY infection of mice (Bukowski ef al., 1984; Scalzo ef al., 1992) and highlighted
in patients with NK deficiencies (Biron ef al, 1989) where recurrent herpesvirus
infection, in particular HCMV infection, is very problematic. NK cells play an
important role in early defence against virus infection. During acute virus infections,
peak NK responses of cytotoxicity and IFN-y production occur within the first several
hours to days of infections, whereas adaptive T and B cell responses take up to a week

to develop.

1.6.1.1 NK cell activatin inhibitory recepto
NK cells constitute a heterogenous population that express a wide range of activatory
and inhibitory receptors (Table 1.1) (Biassoni et al., 2001; Moretta & Moretta, 2004).
The balance between the activating and inhibiting signals determines the outcome of the
NK response to the target cell (Fig 1.5). Klaus Karre’s ‘Missing Self Hypothesis’ led to

an appreciation of the important role played by the interaction between NK inhibitory
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Table 1.1 Human NK receptors and co-receptors involved in the regulation of NK-mediated functions
(From Biassoni et al. , 2001; Lanier, 1998; Lanier, 2005; Moretta & Moretta, 2004)

Gene Name Receptor Name Function Ligand Specificity
KIR2DL1 CD158a Inhibitory HLA-Cw2,4,5,6
KIR2DL2 CD158b1 Inhibitory HLA-Cwl,3,7,8
KIR2DL3 CD158b2 Inhibitory HLA-C
KIR2DL4 CD158d Inhibitory/ Activating HLA-G?
KIR2DLSA CD158f Inhibitory unknown
KIR2DIL.5B Inhibitory unknown
KIR3DL1 CD158el Inhibitory HLA-Bw4
KIR3DL2 CD158k Inhibitory HLA-A3, -All
KIR3DL3 CD158z Inhibitory unknown
KIR3DI 4 p49 Inhibitory (?) HLA-G
LIRI1ILT2 LIRV/ILT2 Inhibitory HLA-G and broad HLA class I specificity, CMV UL18
LIR2 ILT4 LIR2ILT4 Inhibitory (?) HLA-F
CD94 a a a
NKG2A CD94'NKG2A Inhibitory HLA-E
KIR2DS1 CD158h Activating HLA-Cw2,4,5,6
KIR2DS2 CD158j Activating HLA-Cwl,3,7,8
KIR2DS3 Activating unknown
KIR2DS4 CD158i Activating unknown
KIR2DSS CD158g Activating unknown
KIR3DS1 CD158e2 Activating unknown
NKG2C CD94/NKG2C Activating HLA-E
LAIR1 p40/LAIR1 Inhibitory unknown
IRC1 IRp60 Inhibitory unknown
CMRF35 CMRF35 ? unknown
AIRM1 p75/AIRM1 Inhibitory unknown (sialic acid dependent)
NKp46 NKp46 Activating viral hemagglutinin
1C7'NK-Al NKp30 Activating HCMV pp65
NKp44 NKp44 Activating viral hemagglutinin
NKG2D NKG2D Activating MICA, MICB, ULBPs 14
2B4 2B4 Activating CD48
KLRF-1 NKp80 Activating AICL
NTB-A Activating unknown
CD226 DNAM-1 Activating CD155 (PVRYCD112 (Nectin-2)
CD9%6 TACTILE Activating CD155 (PVR)
KLRC3 NKG2E unknown unkpown
KLRC4 NKG2F unknown unknown
KLRBI1 NKR-P1A/ CD161 unknown unknown
FeyRIIT CD16 Activating IgG
CcD2 Activating CD58 (LFA-3)

CD?28 (only fetal NK

Activating CD80/ CD86
cells)

a Forms heterodimers with different members of the NKG2 family., including NKG2A and NKG2C
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cells and matched MHC-I molecules in suppressing killing of normal autologous cells
(Ciccone et al., 1992; Colonna ef al., 1993; Ljunggren & Karre, 1990, Moretta ef al.,
1993). HCMV downregulation of MHC-I would thus be expected to render HCMV-
infected cells vulnerable to NK attack.

NK inhibitory receptor signalling is commonly mediated by an ITIM (intracellular
tyrosine-based inhibitory motif) sequence contained within the intracellular cytoplasmic
domain. This motif enables the inhibitory receptor to recruit and activate SHP-1 and
SHP-2 phosphatases (Lanier 1998; Long 1999; Moretta ef al, 1996). Among these
inhibitory receptors is a complex of receptors termed killer-cell immunoglobulin-like
receptors (KIRs) (reviewed in Hsu e? al., 2002) that recognize different allelic groups of
HLA-A, -B or —-C molecules (Table 1.1) (Braud et al., 1998; Moretta et al., 1996,
Lanier 1998; Long 1999). Each individual has at least one inhibitory KIR gene with
ligand specificity for at least one self HLA-I molecule, and it is hypothesised that this
provides important regulatory/inhibitory signals needed for tolerance to “self” (Hsu et
al., 2002). The leukocyte Ig-like receptor-1 (LIR-1, also known as the immunoglobulin-
like inhibitory receptor 2 (ILT2), or CD85J also recognizes most HLA class I alleles.
The lectin-like heterodimers, CD94-NKG2A and CD94-NKG2C, both interact with the
non-polymorphic, non-classical HLA molecule, HLA-E (Braud ef al., 1998; Lee et al.,
1998). Interestingly, the CD94-NKG2A heterodimer is an inhibitory ligand, whereas
CD94-NKG2C forms an activating ligand, each triggering distinct intraceilular
pathways (Houchins et al.,, 1997). The lectin-like transcript 1 (LLT1) was also recently
shown to bind CD161, an interaction which inhibits NK cell-mediated cytoxicity and
IFN-y production, whilst also enhancing CD3-triggered IFN- y production by T-cells
(Aldemir et al., 2005).

NK activating receptors signal via an intracellular tyrosine-based activating motif

(ITAM) contained within its cytoplasmic domain that activates NK cells. On
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phosphorylation of the tyrosine motif within the ITAM domain, a signalling cascade is
initiated that activates the NK cell. Among the NK activating receptors identified are the
natural cytotoxicity receptors (NCRs), NKp30, NKp44, NKp46 and NKp80 (Table 1.1).
Viral haemagglutinin (HA) binds and activates NKp44 and NKp46, but not NKp30 or
NKp80 (Arnon et al., 2004; Armon et al., 2001, Mandelboim et al., 2001). The HCMV
tegument protein, pp6S, has recently been identified to interact with the natural
cytotoxicity receptor, NKp30, preventing NK activation via this receptor (Amon et al.,
2005). NKp80 has also recently been identified to bind to the genetically linked orphan
receptor, AICL (Welte et al., 2006). AICL is defined as a myeloid-specific activating
receptor, and is upregulated by Toll-like receptor stimulation. Binding of AICL to
NKp80 stimulates NK lysis of malignant myeloid cells (Welte e? al., 2006). In addition
to the NCRs, a subset of KIR genes also encodes activating receptors (Table 1.1), which
mediate their activation by association with the ITAM-bearing molecule DAP12,
although ligand specificity for these activating KIRs remains unknown. Of the other NK
activating receptors identified, a number of receptor-ligand interactions are now known
(Table 1.1). For example, binding of CD2 family members such as CD3 and LFA-3
(CD58) (Davis et al., 1998) and 2B4 with CD48 (Mathew et al., 2005) results in NK
activation. CD226 (DNAM-1) binding to both CD155 (PVR) and CD112 (Nectin-2)
(Bottino et al., 2003) also results in NK activation. NK cells can also recognise CD155
through CD96 (TACTILE), which promotes NK cell adhesion to the target cell and
stimulates NK cytotoxicity (Fuchs, et al., 2004). NK cells are also able to recognise the
stress induced molecules MICA, MICB and UL16 binding proteins via the NKG2D
receptor, which leads to activation of NK cells (Bauer ef al., 1999; Cosman et al., 2001;

Kubin et al., 2001).
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1.6.1.2 kine modulation of NK respons
Cytokines also play a major role in coordinating and modulating NK responses to viral
infection (reviewed in Biron ef al., 1999). The type I interferons (a/B) induced by cells
upon virus infection enhance NK cell-mediated cytotoxicity. Other cytokines that
influence NK cell responses include IL12, TNFa, IL1q, IL1B, IL6, IL10, TGFB, IL15
and IL18. These cytokines function to regulate NK cell cytotoxicity, cytokine
production and proliferation, and their activities are summarised in Table 1.2 (Biron e?
al., 1999). A primary function of NK cells is to secrete proinflammatory cytokines,
including IFNy, TNF and a range of beta chemokines (Biron, 1997; Biron et al., 1999,
Bluman et al., 1996; Oliva et al., 1998). NK cell-produced IFNy plays an important role
in antiviral defence by the direct inhibition of replication in infected cells (Biron et al.,
1999; Lucin ef al., 1994) and increasing the expression of MHC-I on the infected cell

surface.

L,6.1.3 The NK ceil response

The outcome of the NK cell response is determined by a balance between its activating
and inhibitory ligands, and by the cytokine and chemokine environment. Activation of
NK cells results in release of proinflammatory cytokines and NK cells also mediate
direct killing of target cells by the release of cytotoxic granules containing perforin and
granzymes, or by binding to apoptosis-inducing receptors on the target cell (Fas-Fas
ligand system). Thus, NK cells can mediate powerful effector functions, but these are

effectively regulated by the host cell under normal circumstances.

1.6,2 HCMV cvasion of NK cells
HCMV has developed a number of mechanisms to regulate the recognition of the

infected cell by NK cells. These mechanisms can be divided into four main categories:
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Table 1.2 Innate cytokine and chemokine regulation of NK cell function

(From Biron et al., 1999)

Cytokine Direct and indirect effects on NK cells

Cytokines

IFNao/B Induce cell trafficking and cytoxicity; stimulate
proliferation in vivo ; inhibit IL12 production;
stimulate expression of IL.15

.12 Stimulates IFNy production; induces cytotoxicity;
induces expression of MIP-1a in synergy with IL15;
vital for non-viral, but not viral, NK responses

TNF Synergizes with IL12 to induce IFNy production

ILlap Synergizes with IL12 to induce IFNy production

IL15 Promotes cell growth and maturation; induces IFNy
and MIP-1a production/ expression in synergy with
IL12

IGIF Stimulates IFNy production; induces cytotoxicity;
synergizes with IL12 for IFN-y production and
Cytotoxic activity

IL10 Inhibits I1.12 production

TGFp Inhibits IFNy production; inhibits I 12 production;
blocks proliferation and cytotoxicity

Chemokines

MIP-1a Induces chemotaxis in culture and following
infection in vivo

MIP-18 Induces chemotaxis in culture

MCP-1,2,3 Induces chemotaxis in culture

RANTES Induces chemotaxis in culture
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the expression of virus-encoded MHC I homologues; selective modulation of
endogenous MHC I; virus-mediated inhibition of activating receptors and production of
virokines or cytokine-binding proteins. The HCMV functions that fall into these
categories are summarised in Table 1.3, and described in more detail below (Braud et
al., 2002; Orange et al., 2002).

The downregulation of MHC class I by HCMV encoded US2, US3, US6 and US11
proteins may render HCMV infected cells more susceptible to NK lysis. However,
HCMYV encodes an MHC class I heavy chain homologue, UL18 (Beck & Barrell, 1988),
which can act as a decoy receptor for NK cells to evade lysis (Fig 1.6) (Reyburn et al.,
1997). UL18 binds B2 microglobulin (Browne ef al., 1990) and peptides (Fahnestock et
al., 1995) in a similar manner to MHC class I, and interacts with the NK inhibitory
receptor, LIR-1. LIR-1, initially identified by its interaction with UL18 (Cosman ef al.,
1997), is an inhibitory receptor that binds a wide range of MHC class I molecules
(HLA-A, -B, -C, -E, -F and -G) (Chapman ef al., 1999, Lepin et al., 2000; Shiroishi e?
al., 2003). LIR-1 is found on myeloid cells, B cells, and subpopulations of T and NK
cells (Young et al., 2001), and is thought to contact common structural features in the
UL18 and MHC a-3 domains and f2-m (Chapman et al., 1999; Willcox et al., 2003).
LIR-1 has more than a 1000-fold higher affinity for UL18 than endogenous MHC class
I molecules, so the presence of only a small amount of UL18 on the cell surface may be
able to compete with MHC class I (Chapman et al., 1999). Historically, there has been
some conflict over the role of UL18 as an inhibitory receptor, with experimental results
both supporting (Kim ef al., 2004; Reyburn et al., 1997) and questioning (Leong ef al.,
1998; Odeberg et al., 2002) its role in NK inhibition (Cosman et al., 1999). Work
performed in this laboratory provides strong evidence that UL18 both inhibits LIR-1"
NK cells through a direct interaction whilst also being able to activate LIR-1" NK cells

(Griffin et al., 2005; Prod’homme et al., 2007).
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Table 1.3 HCMV-encoded mechanisms for evasion of NK cell responses
(From Orange et al., 2002)

Viral Protein Mechanism of action Effects on NK cells
Homologues of MHC class I
Inhibits cytotoxicity in certain NK cell types (Reybum et al.,
UL18 Binds to LIR-1 1997; Beck & Barrell, 1988; Leong et al ., 1998, Cosman ef al.,
1997)

Selective retention of MHC class I expression
Cytosolic degradation of MHC Presence of HLA-C and HLA-E thought to inhibit NK cell

Us2, U1l class I, but not HLA-C or HLA-E functions (Machold ef al.,, 1997, Lopez-Botet et al. , 2001)
ULA4O Enhanced surface expression of Inhibits NK cell cytotoxicity (Tomasec et al. , 2000; Wang et al. ,
HLA-E 2002)
Interference with activation and cognate ligand interactions
UL16 Blocks surface expression of  Inhibits NK cell cytotoxicity (Sutherland ez al. , 2001; Kubin et

NKG2D ligands al., 2001, Cosman et al., 2001)
Binding results in dissociation of CD3( chain from NKp30
ppULS83 (pp65) Direct binding to NKp30 resulting in inhibiton of NK activation via NKp30 (Amon ef al. ,
2005)

Modulation of cytokine pathways relevant to NK cells

Similar function to human I1. 10, inhibitory effect on NK cells

viL10 (UL111A) Agnostic viral IL-10 homologue (Kotenko ef al., 2000)
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Figure 1.6 NK evasion mechanisms encoded by HCMV
HCMYV encodes an MHC-class I homologue, UL18, that is thought to replace host
MHC-I on the cell surface where it can interact with the inhibitory receptor LIR-1, to

revent NK lysis. In addition, the HCMV protein, UL40, enhances the expression of
HLA-E at the cell surface, again enabling interaction with NX inhibitory receptors
(CD%94/NKG2A) to prevent NK cell attack. A third HCMV protein, UL16, acts to
inhibit the cell surface expression of NK activating receptor ligands. The stress-induced
ULBP1, ULBP2 and MiCB molecules are retamed in the ER by UL16, preventing their

"O

interaction with NKG2D/DAP10 activating NK receptor. The virion protein, pp65,
binds to the NK activating receptor, NKp30, causing t he CD3{ side chain to dissociate

from the receptor, preventing NK activation.
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Whilst HCMYV efficiently downregulates classical HLA I molecules, the virus encodes a
mechanism to specifically upregulate HLA-E on the surface of HCMYV infected cells
(Tomasec et al.,, 2000; Ulbrecht et al., 2000). Cell surface expression of HLA-E is
dependent on the formation of a trimeric complex with a nonameric peptide derived
from the signal peptides of most class I proteins (Braud ef al., 1998). HLA-E expression
on HCMV-infected cells is stimulated by HCMV ULA40 (Tomasec et al., 2000). The
gpULA40 leader sequence exhibits 9 amino acids of sequence identity with the HLA-E
binding peptide (Tomasec et al., 2000). The peptide generated from the gpULA40 leader
sequence binds to HLA-E in a TAP-independent manner, bypassing the HCMV MHC 1
downregulation protein, US6. Peptide-binding is essential for HLA-E maturation and
transport to the cell surface, where it interacts with the NK inhibitory receptor
CD94/NKG2A (Fig 1.6) (Wang et al., 2002).

HCMV also evades NK recognition by suppressing the expression of activating NK
ligands. A major activating receptor on NK cells is NKG2D, whose ligands include the
MHC class I-like molecules (MIC) A and B, and the UL16-binding proteins (ULBP) 1
to 3 (Bauer et al., 1999; Cosman et al., 2001; Kubin ef al., 2001). These closely related
molecules are stress-induced, and are upregulated on the cell surface during virus
infection (Dunn C. et al., 2003; Groh et al,, 1996; Welte et al., 2003). UL16 was
identified by Cosman ef al. (2001) as an NK evasion function. UL16 binds to the
NKG2D ligands MICB, ULBP 1 and ULBP2 (Cosman et al., 2001) and retains them in
the ER (Dunn C. ef al, 2003; Welte et al., 2003), preventing their expression at the
surface and the activation of NK cells by NKG2D (Fig 1.6).

A recent study by Arnon et al. (2005) has also shown that the HCMV virion protein,
pp65, inhibits NK cytotoxicity by dissociating the linked CD3({ chain from the NK

activating receptor, NKp30 (Fig 1.6). pp65 was found in the supernatants of infected
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cells, indicating that it may be the release of soluble pp65 from infected cells that can
bind to NKp30 to inhibit NK cytotoxicity (Arnon ef al., 2005).

As antiviral cytokines are produced by NK cells, and NK cell activity is modulated by
cytokines and chemokines, there is a potential for a number of virus evasion
mechanisms to counter these cytokine/chemokine functions. For example, the HCMV
gene, pp65, in addition to its role in inactivating the NK receptor NKp30, has been
implicated in the prevention of type I interferons, which activate NK cells (Section
1.5.5, Browne & Shenk, 2003). HCMV may also influence over-production or encode
homologues of other cytokines that have an inhibitory effect upon NK cells. For
example, the viral IL10 homologue encoded by the HCMV UL111A gene (Section
1.5.2, Kotenko et al., 2000; Lockridge et al., 2000), may directly inhibit NK cell IFNy
production and cytotoxicity by inhibiting the function of IL12, which can induce IFNy
(Table 1.2). HCMYV also encodes a soluble RANTES receptor, UL21.5 (Wang ef al.,
2004), and the IL8 homologues, UL146 and UL147 (Penfold e? al., 1999), which may

interfere with the recruitment of NK cells to the sites of HCMYV infection.

HCMY has evolved a number of mechanisms by which it subverts NK cell-mediated
cytolysis of the infected cell. The number and intricacy of these evasion mechanisms are

further examples for the importance of NK cells in the control of HCMV.

A range of HCMV strains are used in research laboratories worldwide, including highly

passaged laboratory-adapted strains such as AD169, and low passage strains such as
Toledo or Merlin. HCMYV strain AD169 has suffered multiple genetic changes during

passages, including a large deletion (15kb) in the UL sequences that has been
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compensated for by an 11kb expansion of b sequence repeats (TRL/IRL repeats; Fig
1.1) (Cha et al,, 1996; Prichard et al., 2001). This 15kb deleted sequence will be
referred to as UL/b’. Strain Towne (passage 125), also used extensively in HCMV
research (Plotkin ez al., 1975), has also suffered a comparable deletion (13kb) affecting
the UL/b’ region, although less extensive than that of AD169. Serial passage of HCMV
was carried out at a high MOI with the aim of attenuating virulence of HCMV so as to
create vaccine candidates. A marked difference in virulence is seen between these
highly passaged strains and low passage or clinical strains of HCMV (Quinnan et a/.,
1984). In addition to this observation of reduced virulence of laboratory strains, an
increase in infected cell lysis by NK cells has also been observed in laboratory strains
versus clinical strains (Cerboni et al., 2000; Wang e? al. 2002) that is not correlated with
reduced HLA-1 expression levels (Cerboni et al.,, 2000). This observation was explored
further by this laboratory using chromium release assays (Tomasec et al, 2005).
Although strain AD169 induced an inhibition of NK cell lysis in comparison to mock
infected targets, almost complete protection was elicited by the low passage strains
Toledo, 6397 and Merlin (Fig 1.7a). Thus, the loss of UL/b’ from laboratory strains of
HCMYV was therefore associated with reduced virulence and increased susceptibility to
NK cell lysis. However, strains AD169 and Towne had suffered genetic alteration
additional to the UL/b’ deletion (Davison et al., 2003a). Resistance to NK cell attack
was restored in a HCMV recombinant virus, T/T11 1.1, which is a strain Towne virus
containing 13kb of UL/b’ region from strain Toledo (Fig 1.7b) (Mocarski et al., 1996;
Tomasec et al., 2005). The experiment provided a strong indication that one or more
NK resistance functions are encoded by UL/b’. These observations provided the

rationale for focussing this study on the UL/b * sequence.
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Figure 1.7 Increased resistance to NK cell lysis lies with the UL/’ region

a) Fibroblasts were infected with various HCMYV strains, or mock infected as a negative
control for 72h. Infected cells were used as targets in an allogeneic chromium release
assay with NKL. The percent specific lysis is a readout of the percentage of infected
cells killed by NK cells (from Tomasec et al., 2005). b) Fibroblasts were infected with
the laboratory adapted HCMYV strains AD169 and Towne, the clinical strain Toledo, the
HCMY mutant T/T11 1.1, or mock infected as a negative control for 72h. Infected cells
were used as targets in an allogeneic chromium release assay with NKL. The T/T11 1.1
strain is the result of the restoration of HCMV strain Towne with the UL/b’ region of
HCMV strain Toledo (Mocarski et al., 1996). From Tomasec ef al. (2005).
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1.6.4 The UL/D’ region
The low passage strain Merlin has been designated the prototypic HCMV sequence on

GenBank. It has the most complete sequence and annotation of any HCMV strain
(Dolan et al., 2004) and thus was selected for use throughout this study. The UL/d’
region of Merlin was predicted to encode 23 open reading frames (ORFs), from UL128
at the left end of the UL/d’, through to UL150 at the right hand end, as defined by
Dolan et al. (2004) (Figs 1.2 and 1.8). Although the majority of the 23 UL/b’ ORFs are
previously uncharacterised, there are a number of important genes encoded within the
UL/b’ that are involved in immuno-modulation of HCMV, further highlighting the
importance of this region to the virulence of HCMYV clinical strains. Beginning at the
‘left hand’ end of the UL/b’ region is the UL128-UL131A locus (UL128, UL130 and
UL131A) that is required for endothelial cell (EC) tropism and virus transfer to
leukocytes (Hahn et al., 2004). Although HCMYV can infect a broad range of cell types
in vivo (Plachter et al., 1996), the adaptation of clinical isolates to fibroblasts in culture
results in the inability to replicate efficiently in ECs or monocytes (Kahl ez al., 2000;
MacCormac & Grundy, 1999; Revello ef al., 2001; Singzer et al., 1999; Waldman et al.,
1989) or to transfer virus to leukocytes (Hahn ef al., 2004; Revello ef al., 2001). In
searching for the genetic determinants of HCMV EC tropism and transfer to leukocytes,
the UL/b’ region appeared as a prime candidate (Prichard et al, 2001). Subsequent
studies have shown that all fibroblast-adapted, non-endotheliotropic laboratory strains
contain mutations in the UL128-UL131A locus (Akter et al., 2003, Hahn ef al., 2004),
therefore making the presence of an intact UL128-UL131A locus essential for
endotheliotropism and transfer to leukocytes (Hahn ef al., 2004). They are thought to
play a role in the entry process (Hahn ef al., 2004) and recent studies have revealed that

UL128, UL130 and UL131A are virion constituents. UL128 and UL130 form a
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Figure 1.8 The UL/’ region encoded by HCMYV strain Merlin
The UL/b’ region of Merlin, highlighted by the shaded area, encodes 23 ORFs, UL128 to
UL150. From Dolan et al. (2004)
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complex with the viral envelope proteins gH and gl. (Wang & Shenk, 2005) and
UL131A has been found in a complex with gH (Adler ef al., 2006).

UL142 is a member of the UL18 gene family (Davison ef al., 2003a; Fig 1.9). UL18 is
an NK evasion gene, encoding a homologue of MHC class I (Section 1.6.2, Fig 1.6).
As a homologue of UL18, and with structural homology to MHC class I, UL142 is a
likely target to encode an NK evasion gene similar to UL18. UL141, adjacent to UL142,
was also described by Davison ef al. (2003a) as a member of another gene family, the
UL14 gene family (Fig 1.10). UL141 and UL14 both encode putative glycoproteins,
making them potential targets for immune-modulatory functions (Davison ef al.,
2003a).

In addition to UL142’s homology to MHC class I, a number of other UL/b’ ORFs are
also described as homologues to components of the immune system. A tumour necrosis
factor receptor superfamily (TNFR) homologue is encoded by ORF UL144 (Cha et al.,
1996). TNFRs are known as death receptors, and can trigger apoptosis upon binding of
their ligands. However, the gpUL144 itself does not bind any known TNF ligands,
suggesting its action is intracellular and differs from other known TNFR immune
evasion strategies (Benedict ef al., 1999). Recent analysis has indicated that UL144
plays an important role in the evasion of immune surveillance. UL144 was found to
inhibit T cell proliferation by binding the B and T cell attenuator (BTLA) (Cheung et
al., 2005), and recent analysis by Poole ez al. (2006) revealed an additional function for
UL144, showing UL144 activates NFxB-induced transcription, resulting in enhanced
expression of CCL22. CCL22 is a chemokine which attracts Th2 and regulatory T cells.
By attracting Th2 cells, it is thought that an efficient antiviral Thl will not be induced
(Poole et al., 2006).

Also within the UL/’ region are the ORFs UL146 and UL 147, that encode homologues

of the IL8 chemokine (Section 1.5.4). UL146 and some of the RL11 family are among
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Figure 1.9 Amino acid sequence alignment of the UL18 and UL142 proteins
of HCMY (strain Toledo) and CCMY with the conserved MHC-I domain

L]

Alignment of UL18 and UL 142 with the conserved MHC class I domain as

ad range of sequences from human HLA-E (AAHO02578)
chicken MHC-I (P15979) and salmon MHC-I (AAL60588). Potential N-linked

glycosylation sites are underlined, and residues conserved in three or more

sequences are in bold. Residues conserved in human HLA-E and all the viral
sequences (including two disulphide-linked C residues in the MHC-I domain)
are asterisked. From Davison ef al. (2003).
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the most variable in HCMYV strains, illustrating a more recent, rapid evolution of these
genes (Dolan ef al., 2004; Hassan-Walker e? al., 2004; Murphy et al., 2003b; Pignatelli

etal., 2004).

1.7 NING THE UL/b’ REGION: ADENOVIRUS AND ADENOVIRUS
VECTORS

Before commencement of this study, the predicted ORFs from the UL/b’ region of
Toledo had been individually cloned into a mammalian expression plasmid as GFP
fusion constructs, transfected into 293 cells and GFP positive cells selected. However, a
number of problems were soon identified with this approach. Considerable variation
was observed within repeats in NK assays when using 293 cells, making a functional
read out for each ORF problematic. Such 293 cell lines could not be used to analyse the
OREFs in an autologous setting, and sequence errors and sub-optimal annotation of the
strain Toledo sequence meant a significant number of ORFs were missing or mis-
identified. As a result of this preliminary study, it was felt a different approach was
required. Strain Merlin is the prototypic HCMV sequence on GenBank, and the
annotation of HCMV gene useage has been upgraded with its analysis (Dolan et al.,
2004), overcoming any issues with Strain Toledo. Primary human skin fibroblasts are to
be used as targets for natural killer cells in functional assays, as they are permissive for
HCMYV and enable the use of autologous systems. However, plasmid DNA transfection
of fibroblasts is difficult and inefficient; for NK cytolysis assay gene expression in
100% of target cells is preferable. To characterise the expression of the predicted UL/b’
ORFs and to screen each UL/b’ ORF for novel NK evasion function, an expression
system that could give high levels of transgene expression, and could be used to provide
efficient expression in fibroblasts was sought. The Adenovirus (Ad) vector was chosen

to fulfil all these requirements.
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Ad is a non-enveloped virus containing an approximately 36kb linear dsDNA genome
(Fig 1.11). There are over 40 Ad subtypes, most causing benign respiratory infections
(Shenk, 2001). Of these subtypes, species C serotype 5 has been most commonly used
as a vector. Ad is a popular mammalian expression vector that is exploited for a wide
range of applications, including an important role in gene therapy (reviewed in
Benihoud et al., 1999). Many features make Ad the vector of choice. Ads infect a broad
spectrum of cell types, and infection is not dependant on active cell division. In
addition, Ad can be grown to high titres, and high expression levels of transgenes are
generally obtained (Horwitz, 2001). Briefly, the wild type genome contains an IE
transcript, E1A, early-transcriptional units, E1B, E2A, E2B, E3 and E4, which are
known to encode RNA processing, replication and immune evasion functions, and late
genes which encode mostly structural proteins (Fig 1.11, Shenk, 2001). The most
widely used Ad vectors are deleted in E1 and E3 (Horwitz, 2001; Shenk, 2001). The E3
region of Ad contains a number of genes involved in immune evasion and is
dispensable for growth in vitro. E1A activates transcription and induces cell cycle
progression in the host cell, while E1B acts to inhibit apoptosis. Deletion of the E1 gene
from the genome renders the vector replication deficient (He et al, 1998, Horwitz,
2001). The removal of these genes creates approximately 7.5kb of space in the vector
that can be replaced by transgenes (He ef al., 1998; Hosfield & Eldridge, 2000), which
is more than sufficient for any of the UL/A’ ORFs. In order to produce recombinant
virus, mammalian packaging cell lines (911 or 293s) are used as these cell lines provide
E1l in trans (Graham et al, 1977). A replication-deficient Ad AE1 AE3 vector system
type will be used to clone the UL/5’ ORFs in order to screen these ORFs for novel NK

evasion functions.
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Figure 1.11 Simplified transcription map of an Ad wild type genome (Not to scale).
The 36kb dsDNA genome contains an immediate early gene E1A, early genes E1B, E2A,
E2B, E3 and E4 and late genes L1-L5 (adapted from Shenk, 2001)
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1.8 AIMS
The aim is to identify novel HCMV-encoded NK evasion functions. To this end I had
the following objectives:

1) To clone each of the HCMV UL/b’ ORFs with an epitope tag into an Ad vector.
Due to its homology with the UL/b’-encoded UL141, UL14 will be included in
this study in parallel with the UL/d’ ORFs.

2) To characterise expression of the UL/b’ and UL14 ORFs in cells infected with
the library of Ad recombinants by using immunofluorescence and western blot
analysis.

3) To screen the UL/b’ and UL 14 ORFs for novel NK evasion functions.
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2. MATERIALS AND METHODS

2.1 SOL N

Ampicillin stock

Ampicillin (Sigma-Aldrich, Poole, UK) was dissolved in water at

50mg/ml and stored in aliquots at "20°C.

Chloramphenicol stock

DABCO

DNA loading buffer

0.5M EDTA, pH8.0

Freezing Mixture

IPTG stock

Iodoacetamide stock

Kanamycin stock

Chloramphenicol (Sigma-Aldrich) was dissolved in ethanol at
12.5mg/ml and stored in aliquots at 20°C.

2% (w/v) 1,4-Diazabicyclo[2.2.2]Joctane (DABCO) (Sigma-
Aldrich) and 10% (v/v) phosphate buffered saline (PBS) in
glycerol (Fisher Scientific, Loughborough).

30% glycerol in water with bromophenol blue (0.25%) (Sigma-
Aldrich) and xylene cyanol FF (0.25%) (Sigma-Aldrich).

186.1g Ethylene diamine tetraacetic acid (EDTA) (Sigma-
Aldrich) dissolved in 11 water with approximately 20g sodium
hydroxide (Fisher Scientific) to dissolve and adjust pH to 8.0.
90% (v/v) foetal calf serum (FCS) (Invitrogen, Paisley) mixed
with 10% (v/v) dimethyl sulphoxide (DMSO) (Sigma-Aldrich).
23.8mg Isopropyl-beta-D-thiogalactopyranoside (IPTG)
(Melford, Ipswich) was dissolved in 1ml water to generate a
1mM stock solution.

37.0mg iodoacetamide (Sigma-Aldrich) was dissolved in 1ml
water to generate a SmM stock solution.

Kanamycin (Roche, Mannheim, Germany) was dissolved in
water to generate a SOmg/ml stock solution which was stored in

aliquots at 20°C.

53



Luria Bertani (LB) agar

LB broth

LB X-gal plates

LB IPTG plates

NP40 lysis buffer

PBS

PBST

PMSF stock

As for LB, but additional agar (Fisher Scientific) was added to
1.5% (w/v) before autoclaving. Antibiotics were added as
required once cooled to 50°C, before setting in plates.

1% (w/v) tryptone (Fisher Scientific), 1% (w/v) NaCl (Sigma-
Aldrich) and 0.5% (w/v) yeast extract (Sigma-Aldrich) were
dissolved in water and autoclaved.

40! of X-gal stock solution was spread on pre-warmed LB agar
plates and allowed to dry at room temperature (RT).

40ul of IPTG stock solution was spread on pre-warmed LB agar
plates and allowed to dry at RT.

0.876g sodium chloride was dissolved in Sml 1M Trnis-Cl pH7.5
with Iml 5mM EDTA and 1% Nonidet P-40 (v/v) (Sigma-
Aldrich) and made up to a total volume of 100ml with water.
Prior to use, 1x protease inhibitor cocktail was added (Sigma-
Aldrich). For immunoprecipitations, Iodoacetamide (25ul) and
PMSF (10pl) were also added per 1ml lysis buffer before use.
Phosphate buffer solution (PBS) was prepared by dissolving 1
PBS tablet (Oxoid, Hampshire) per 100ml water to generate
buffer containing 8% (w/v) sodium chloride, 0.2% (w/v)
potassium chloride, 1.15% (w/v) disodium hydrogen phosphate
and 0.2% (w/v) potassium dihydrogen phosphate at pH7.3.

PBS, 0.1% (v/v) Tween-20 (USB, Cleveland, USA)

34.8mg phenylmethanesulfonyl fluoride (PMSF) (Sigma-Aldrich)
was dissolved in 1ml 95% ethanol (Fisher Scientific) at 37°C to

generate a 2mM solution.
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5SXSDSPAGE sample buffer - reducing

0.225M Tris-Cl, pH6.8, 50% glycerol (v/v), 5% SDS (w/v)
(Fisher Scientific), 0.05% bromophenol blue (w/v), 0.25M
dithiothreitol (DTT) (Sigma-Aldrich) and 1% 2-mercaptoethanol
(Sigma-Aldrich) were mixed in PBS to generate 5XSDSPAGE

sample buffer.

5XSDSPAGE sample buffer — non reducing

Buffer made as for reducing SXSDSPAGE sample buffer,

omitting DTT and 2-mercaptoethanol.

Semi-dry transfer buffer

SOC

3M sodium acetate

3g Tris base (USB), 11.3g glycine (Fisher Scientific) and 100ml
methanol (Fisher Scientific) were mixed in 11 water.

2% (w/v) tryptone, 0.5% yeast extract and 0.05% sodium
chloride were dissolved in water. To this solution potassium
chloride (Sigma-Aldrich) and magnesium chloride (Fisher
Scientific) were added to final concentrations of 2.5mM and
10mM respectively. The solution was autoclaved and after
cooling, filter sterilized glucose (Sigma-Aldrich) added to a final
concentration of 20mM.

2.49g sodium acetate (Fisher Scientific) was dissolved in 10ml

water to generate a 3M solution.

35% sodium-tartrate buffer

35g sodium tartrate (Sigma-Aldrich) was dissolved in 100ml

sodium phosphate buffer.
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15% sodium-tartrate/ 30% glycerol buffer

15g sodium tartrate was dissolved in 30ml glycerol and 70ml

sodium phosphate buffer.

Sodium phosphate buffer

Superbroth (SB)

TAE (50x)

4.8g sodium dihydrogen phosphate (BDH Ltd, Poole) was
dissolved in 11 water to generate a 0.04M solution. 5.7g disodium
hydrogen phosphate (Sigma-Aldrich) was dissolved in 11 water to
generate a 0.04M solution. Each solution was mixed to generate a
buffer with final concentrations of 7.6mM sodium dihydrogen
phosphate and 0.032M disodium hydrogen phosphate.

3% (wl/v) tryptone, 2% (w/v) yeast extract and 5% sodium
chloride were mixed with water, pH 7.5 and autoclaved. 1%
sterile filtered glucose was added after autoclaving.

242g Tris base, 57.1ml glacial acetic acid (Fisher Scientific) and
100ml 0.5M EDTA, pH8.0 were mixed with water in a final

volume of 11.

0.8% TAE Agarose gel

0.8g agarose (Invitrogen) was dissolved in 100ml TAE buffer by
heating. The liquid was poured into a gel mould and left at RT to

set.

Townsend wash buffer

Tris buffer (TE)

4.38g sodium chloride was dissolved in 2.5ml NP40, Sml SmM
EDTA and 25ml SOmM Tris pH7.5 and made up to a total
volume of 500ml with water.

10ml of a 1M Tris-Cl solution, pH7.4 was mixed with 2ml 0.5M

EDTA, pH 8.0 and water added to a final volume of 11.
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IM Tris-Cl 121.1g Tris base was dissolved in 11 water and adjusted to
desired pH with a hydrogen chloride solution.

X-gal stock 5-bromo-4-chloro-3-indoyl-B-D-galactopyranoside (X-gal)
(Melford, Ipswich) was dissolved in N, N-dimethyl formamide
(DMF) (Sigma-Aldrich) to generate a 40mg/ml stock solution.

Aliquots were stored at "20°C.

2.2 MEDIA

2,2.1 Tissue cul m

Cells were cultured in either Dulbecco’s modified Eagle Medium (DMEM)
(Invitrogen), Minimum Essential Medium (MEM) (Invitrogen), Roswell Park Memorial
Institute (RPMI) 1640 (Invitrogen) or CellGro Stem Cell Growth Media (SCGM) (Cell
Genix, Frieburg, Germany) supplemented with L-glutamine (2mM) (Invitrogen),
penicillin (1x10° TU/ml) (Invitrogen), streptomycin (100mg/ml) (Invitrogen) and either
10% (v/v) FCS (Invitrogen), or 5% (v/v) human AB serum (obtained from Dr R.
Aichler). Media was warmed to 37°C before use. A list of media and the varying

constituents used is provided in Table 2.1.

Serum free media, referred to as DMEM-wash or RPMI-wash and PBS (Invitrogen)

were used to wash cells where necessary.

2.3 CELL CULTURE

All cell lines were screened for mycoplasma by S. Llewellyn-Lacey using the
VenorGeM™ Mycoplasma PCR detection kit (Biochrom AG, Berlin, Germany), which
screens samples of cell lines for mycoplasma using PCR. Only mycoplasma negative

cell lines were used in this study.
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Table 2.1 Media used for cell culture

Media Constituents

DMEM-wash’ DMEM

RPMI-wash' RPMI

DMEM-10° DMEM, 10% FCS (v/v)

MEM-10° MEM, 10% FCS (v/v)

RPMI-107 RPML, 10% FCS (v/v)
RPMI-ABS" RPMI, 5% human AB serum (V/v)
SCGM-AB5" SCGM, 5% human AB serum (v/v)

(1) No supplements added to media
(2) Supplemented with 2mM L-glutamine, 1x10 * IU/ml penicillin and 100mg/ml streptomycin
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2.3.1 Established cell lines

Human foetal foreskin fibroblasts (HFFF) (kindly provided by Dr G. Farrar, Porton
Down) were immortalised with human telomerase reverse transcriptase (HFFF-htert) by
S. Llewellyn-Lacey as described in McSharry e al. (2001). HFFF-htert, HFFF-htert
expressing human Cocksackie and adenovirus (CAR) receptor (HFFF-hCAR) (kindly
provided by Dr B. McSharry), human caucasian glioblastoma-astrocytoma, U373
(kindly provided by Dr M. Wills, Cambridge University), retinal pigment epithelial
cells, ARPE-19 (ATCC), and human embryonic retinal cells, 911 cells (Crucell, Leiden)
were maintained in 175cm? tissue culture flasks in DMEM-10. 293 cells (kindly
provided by F. Graham, McMaster University) and 293 T-REx™ cells (Invitrogen)
were maintained in 175cm’ flasks in MEM-10. Human caucasian chronic myelogenous
leukaemia cells, K562 (ATCC) were maintained in 25cm? flasks in RPMI-10 and the
natural killer leukaemia cell line, NKL (Robertson et al, 1996) in RPMI-10
supplemented with 1000IU/ml IL2 (Cetus Corp, Emeryville, USA). All cell lines were
grown in incubators at 37°C in 5% CO..

Primary skin fibroblasts were obtained from donors D7, D8 and D9 by skin biopsy
performed by Dr S. Siebert (Siebert et al,, 2005), and cell lines established by Dr E.
Wang before immortalization by S. Llewellyn-Lacey as described in McSharry et al.
(2001). Immortalized primary skin fibroblasts were maintained in 175cm? tissue culture

flasks in DMEM-10.

2.3.2 Passage of cell lines

Confluent layers of adherent cells were passaged by removing medium, washing the cell
layer with PBS and incubating cells in 1-5mls Trypsin/EDTA (Invitrogen) until cells
fell into suspension. Cells were resuspended in DMEM-10 or MEM-10, and split

between 1:2 and 1:5. For non-adherent cell cultures, K562 and NKL, cells were
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passaged by dividing the culture 1:2 and replacing with fresh RPMI-10 medium to

maintain the culture at 1x10° cells/mi.

2.3.3 Activation of NKL

Before use in functional assays, NKL were activated to kill over a 10 day period by
gradually decreasing the serum concentration to 1-2% FCS and the IL2 concentration to

125-250IU/ml (Robertson et al., 1996).

2.3.4 Isolation of polyclonal NK cells from PBMC
Polyclonal NK cells were isolated from PBMC obtained from fresh donor blood or

buffy coat (Welsh Regional Transfusion Centre, Rhydlafar, Lllantrisant) by Histopaque
density centrifugation. Fresh blood was collected into tubes containing heparin
(Monoparin, CP Pharmaceuticals Ltd., Clywdd) (5IU/ml blood) and layered onto
Histopaque-1077 (Invitrogen) in a 1:1 ratio. Blood obtained from buffy coat was first
diluted 1:3 with PBS before layering onto Histopaque-1077 in a 1:1 ratio as above.
Tubes were centrifuged for 20min at 1100 g without braking. The interfacing layer of
mononuclear cells was removed into a universal container and diluted with PBS. The
cells were washed first at 1100 g for 7min, followed by two slower washes of 350 g for
5min. The cells were resuspended in RPMI-10, counted and diluted to the required
concentration for use. 1x10° PBMC were usually collected per ml blood from healthy

donors.

NK cells were enriched from PBMC by negative selection using immunomagnetic
beads. PBMC isolated from fresh blood or buffy coat by Histopaque density
centrifugation were washed in 4°C PBS/2% FCS (v/v) for 3min at 300 g, and then

incubated with a CD3-FITC antibody (Serotec, Oxford, UK) (25ul per 50ml blood) at
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4°C for 30min in the dark. M-450 sheep anti-mouse IgG Dynalbeads (Dynal, Wirall,
UK) were prepared by washing three times in PBS/2% FCS (v/v). Cells were then
washed twice in PBS/2% FCS by centrifugation for 4min at 300 g and a sample
collected for flow cytometric analysis. The cells were added to the prepared M-450
sheep anti-mouse IgG Dynalbeads and incubated for 2h at 4°C in the dark, with regular
agitation. The mixture was then placed in a Magnetic Particle Concentrator (MCP)
(Dynal) to draw bead: cell conjugates to the side of the container. The supernatant was
collected and the process repeated to remove as many bead:cell conjugates as possible.
The cells were counted and a sample collected for flow cytometric analysis. The cells
were resuspended at a concentration of 1x10° cells/ml in RPMI-10, and as there is little
NK activity in the absence of stimulation, the polyclonal NK bulk cultures were
incubated overnight at 37°C in 5% CO, with interferon alpha (IFNa) (1000IU/ml)
(Roferon, Roche) and IL2 (200IU/ml) to induce cytotoxicity (Borysiewicz et al., 1985).

The efficiency of CD3 depletion and the number of NK cells obtained were checked by
flow cytometric analysis (Section 2.10) after staining pre-Dynalbead and post-

Dynalbead samples with a CD56-PE antibody (Serotec).

2.3.5 NK cell cloning
The method described by Morris ef al. (2005) was used to generate and culture NK

clones. The process is summarised in Figure 2.1. Briefly, NK clones were isolated from
fresh PBMC by single cell sorting using the MoFlo™ High-Performance Cell Sorter
(Dako): 1x10° PBMC in 200u! PBS-FCS were incubated with CD3-FITC and CD56-PE
antibodies for 30min at 4°C. The cells were then washed once in 10ml PBS-FCS and
once in Sml SCGM-ABS, filtered with a 40um cell strainer and resuspended at a final
concentration of 1x10° cells/m! in SCGM-ABS. CD3'CD56" cells were sorted by the

dedicated Central Biotechnology Services technician using the MoFlo cell sorter into
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Single cell sort CD3-CD56* into SCGM 5%ABS

Day 0 IL-2 (5001U/ml) + OKT3 (50ng/ml)
+ Irradiated allogeneic PBMC from 3 donors

4

Day 3/4 IL-2 (10001U/ml)
y

Day 7 IL-2 (2501U/ml)
v

Day 10 REPEAT as day 0-10

|

10 day rest before NK assay

Figure 2.1 Summary of NK cloning method

NK clones were single cell sorted from PBMC into 96 well plates and cultured at
37°C, 5% CO, in SCGM 5% ABS (v/v) supplemented with 500IU/ml IL2, 50ng/ml
OKTS3 and 5x10*irradiated PBMC from three allogeneic individuals for 4 days. On
day 4, half the medium was removed and replaced with fresh medium containing
1000IU/ml IL2. On day 7, half the medium was removed and replaced with fresh
medium containing 250IU/ml IL2. Clones were restimulated every 10 days with
irradiated PBMC, IL2 and OKT3. Clones were maintained up to 8 weeks, and assayed
from week 5-8 (Morris et al., 2005).
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single wells of a 96-well U bottom plate, and cultured for 4 days at 37°C, 5% CO; in
SCGM-ABS medium containing IL2 (500IU/ml), a CD3 specific antibody (OKT3 at
50ng/ml; ATCC) and irradiated feeder cells (5x10* cells), obtained from PBMC of three
allogeneic donors. On day 4, half the culture media was removed and replaced with
fresh SCGM-ABS containing IL2 (1000IU/ml). The NK clones were cultured for up to
7-8 weeks, and re-stimulated every 7-10 days with irradiated feeder cells, IL2 and
OKT3 as described above. Clones were moved to larger culture volumes as cell

numbers expanded.

2.3.6 Cryopreservation of cells

Adherent cells were put into suspension as described in Section 2.3.2. Suspended cells
were then recovered by centrifugation and resuspended in 1ml of freezing mix. The 1ml
aliquot was transferred to a cryovial and placed in a Nalgene 5100 Cryo 1°C freezing
container (Merck, West Drayton, UK) which contained isopropanol at RT. This was
then transferred to a "70°C freezer for 24h before transferring to liquid nitrogen for
storage.

To resurrect cells from liquid nitrogen storage, they were rapidly thawed, resuspended
in warmed DMEM containing 50% FCS (10ml) and transferred to a 15ml centrifuge
tube. Cells were centrifuged at 250 g for 5Smin, resuspended in normal culture medium

(7ml) and incubated at 37°C, 5% CO; in a 25cm? tissue culture flask.

2.3.7 Cell counting
A 10yl aliquot of cell suspension was diluted 1:1 with Trypan Blue (Sigma-Aldrich)

and cells were counted on a glass haematocytometer (Sigma-Aldrich) under white light.
Viable cells were identified by the exclusion of the blue dye. The number of cells per ml

was determined using the following:
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Number of cells/ml = [(no of cells in grid) x (1x10*)] x 2

24 E

2.4.1 Propagation of Human Cytomegalovirus (HCMYV) stocks

HCMYV was grown in HFFF-htert cells in 175cm® flasks. Once HFFF-hterts reached
~70% confluency, they were infected with HCMV at a MOI of 0.1 in a minimal volume
of media (Sml) for 2h at 37°C in a rocking incubator. After this incubation, the
inoculum was removed, cells washed with PBS, and 25ml fresh DMEM-10 added. After
approximately 10 days, once a cytopathic effect (cpe) was observed, the media was
collected and stored at “70°C. This process was repeated until all the cells showed cpe.
To prepare HCMYV virions, aliquots were defrosted and centrifuged at 600 g for 10min
to remove cellular debris. The supernatant was decanted into a 250ml Sorvall centrifuge
pot and centrifuged at 23000 g (GSA Sorvall) for 120min at RT. The supernatant was
removed and the pellet resuspended in RPMI. Aliquots of approximately 100ul were
transferred to “70°C for storage. For this study, a stock of HCMV strain Merlin and the
deletion mutant AD169AUL14 (generated by Dr R. Stanton) were prepared using the
method described above. HCMYV strain AD169 used in this study was obtained from Dr
P. Tomasec.

Prior to extracting HCMYV strain Merlin DNA, a sample of HCMV Merlin virions was
purified using the glycerol-tartrate gradient method (Talbot & Almeida, 1977). Media
was collected from infected cell flasks and centrifuged as described above to remove
cell debris. The supernatant was transferred to ultracentrifugation tubes and centrifuged
(Beckman L8-60M ultracentrifuge with SW28 rotor) at 44600 g, 4°C for 70min. During
centrifugation, gradients were prepared in ultracentrifuge tubes using a gradient mixer
with 35% sodium-tartrate (4ml) and 15% sodium-tartrate/30% glycerol (Sml). After

centrifugation, the pellet was resuspended in sodium phosphate buffer (1-2ml) and



overlayed onto the prepared gradients. Ultracentrifugation at 44600 g was repeated for
45min at 4°C and the virion band, formed at the interfacing layer of the two gradients,
was collected using a 20G needle inserted into the centrifuge tube. Virions were
collected into fresh ultracentrifuge tubes, diluted with sodium phosphate buffer, and
centrifugation repeated for a further 60min at 4°C, 44600xg. The pellet was

resuspended in 100u! sodium phosphate buffer and stored at “70°C.

2.4.2 Propagation of recombinant adenovirus d) stocks

RAd stocks were generated by propagation in 293 or 911 cells. Cells were grown in
175cm? flasks to 80% confluency before infection with the RAd virus at a MOI of 0.1 in
20ml DMEM-10 or MEM-10 overnight. The inoculum was replaced the following day
with fresh media, and thereafter as necessary. Cell monolayers were checked for cpe,
and once 100% cpe was observed, cells were detached from the flask by gentle tapping
and resuspended in media. Infected cells were recovered by centrifugation at 450 g for
Smin and the cell pellet resuspended in PBS (5-8ml). Arklone P or tetrachloroethylene
(Fisher Scientific) was added to the cells at a 1:1 ratio and mixed vigorously before
centrifuging at 900 g for Smin. The aqueous phase, containing the RAd virus, was

removed and divided into ~500pl aliquots that were transferred to “70°C for storage.

4.3 Ti f virus
HCMYV and RAd virus stock titres were determined using limiting dilution assay.
HFFF-hterts (HCMV) or 293s (RAd) from a confluent 175cm’ flask were trypsinised
(Section 2.3.2) and split between 72 wells of 3 x 24 well plates (HCMYV) or 80 wells of
a flat-bottom 96 well plate (RAd) and left overnight to adhere. Serial dilutions of the
virus stock from 107 to 10™° were made and 1ml (HCMV) or 100ul (RAd) of each

dilution was used to infect cells. The media was replaced 24hpi, and thereafter as
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necessary. At 4 weeks (HCMV) or 10-12 days (RAd), cpe was marked where it
appeared in each well. The virus titre was calculated as tissue culture infectious dose
(TCIDso) units using the formula of Reed and Meunch (Reed & Meunch, 1938). TCIDs,
units were converted to pfu/ml for convenience, using the accepted conversion factor:

[1 TCIDso = 0.7 infectious units] (Davis et al., 1990).

.4,4 Infection of for 8

HFFF-hterts were normally infected with HCMV at a MOI of 10 pfu/cell or with RAds
at a MOI of 100 for use in western blot and functional assays. HFFF-hCAR cells were
infected with both HCMV and RAds at a MOI of 10 for use in western blot, FACS and
functional assays. For immunofluorescence studies, HFFF-hCAR were infected at a
MOI of 50 (RAds). Immortalized primary human skin fibroblasts used in functional
assays were infected with HCMV at a MOI of 10 and RAd at a MOI of 500.

Cells were seeded at the required density 24h prior to infection. The cell media was
removed and cells were washed in PBS before adding virus in the minimal, yet
consistent, volume of media. Cells were incubated with virus for 2h in a rocking
incubator at 37°C, 5% CO,, after which time the inoculum was removed, cells washed
once in PBS, and media replaced. For western blots, the replacement media contained

forskolin (1ug/ml) (Sigma-Aldrich).

2.4.5 Isolation of HCMYV and RAd DNA
HCMYV and RAd DNA was purified using the QIAmp blood kit (Qiagen, Sussex, UK).

Briefly, an aliquot of virus was pre-digested with RNAse (1mg) (Sigma-Aldrich) for
30min at RT. The supplied protease and lysis buffer (Qiagen) were added, and the

mixture incubated at 70°C for 10min. Finally, a QIAmp column was used to capture



viral DNA from the lysate mixture. The column was washed to remove impurities

before eluting the viral DNA by centrifugation.

2.5 STANDARD MOLECULAR BIOLOGY
2.5.1 PCR

PCR reactions were carried out using a 7ag DNA polymerase (Sigma-Aldrich and
Roche) with the manufacturers supplied buffer containing magnesium sulphate, dNTPs
(1uM) (Sigma-Aldrich) and 20pmol of each primer (made to order by Invitrogen).

Unless otherwise stated, the following thermocycling reaction was used:

Denaturation 95°C 2min
Denaturation 95°C 15s

Annealing  58°C 30s > x 30 cycles

Elongation = 72°C 30s

Hold 4°C

2.5 | horesis

Separation of DNA fragments by size was performed by electrophoresis with a 0.8%
(w/v) TAE agarose gel. DNA samples were mixed with DNA loading buffer (6x) before
adding to wells of the pre-set agarose gel. Samples were electrophoresed at 75V for
approximately 1h depending on the resolution required. The gel was stained with an
ethidium bromide buffer for approximately 15min before visualization of DNA bands

under ultra violet light, 365nm.
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2.5.3 Isolation of DNA from agarose gel
To isolate DNA from agarose gel, the QIAquick gel extraction kit (Qiagen) or GFX™

PCR and Gel Band Purification kit (GE Healthcare, Buckingham, UK) were used
according to the manufacturer’s instructions. The kits work on the principle that DNA
adsorbs to a silica gel membrane in the presence of high salt, while contaminants pass
through. The membrane was washed before finally eluting the DNA in Tris buffer or
water. The DNA was then stored at 20°C until use.

Electroelution was also used to isolate DNA from agarose gel. In this method, the gel
containing the DNA fragment of interest was added to a small piece of dialysis
membrane containing TAE buffer (500ul). The gel was placed in an electrophoresis
tank containing TAE buffer and an electric current (100V) passed through which moves
the DNA from the agarose gel slice into the TAE buffer. The DNA was extracted from
the buffer by adding an equal volume phenol:chloroform:isoamyl alcohol (24:25:1)
(Sigma-Aldrich), vortexing briefly and centrifuging for Smin at 10000 g. The uppermost
layer containing DNA was removed. DNA was precipitated by adding 1ml 95% (v/v)
ethanol and 50ul 3M sodium acetate solution and incubating at 20°C overnight. The
solution was centrifuged at 10000 g for 20min at 4°C, the supernatant removed and the
DNA pellet washed in 70% (v/v) ethanol by centrifuging for a further 20min at 4°C.
The DNA pellet was air dried before resuspending in Tris buffer and storing the DNA at

20°C.

2.5.4 TOPO TA cloning®
PCR products were cloned into a pCR2.1 TOPO® vector by TOPO TA cloning®

(Invitrogen) according to the manufacturers’ instructions. Amplification with 7agq
polymerase generates PCR products with a single overhanging 3’ deoxyadenosine (A).

The TOPO TA cloning® principle exploits this overhanging base, and the linearised

68



pCR2.1 TOPO® vector contains a single overhanging 3’ deoxythymidine (T) residue,
which enables efficient ligation of the PCR product with the vector. Briefly, the cloning
process involved mixing the PCR product (2ul) with TOPO vector (0.5ul) and the
supplied salt solution (0.5ul), and incubating for 5 — 30min at RT for ligation to occur.
Following this incubation, the TOPO reaction (1ul) was added to a vial of TOP10
bacterial cells, and incubated on ice for 15min. The DNA was transformed into the
TOP10 cells by heat shock at 42°C (Section 2.5.8). The cells were allowed to recover in
SOC medium for 1-2h at 37°C before plating onto LB plates containing ampicillin

(50pug/ml) and X-gal solution (40ul) and incubating at 37°C overnight.

=S, i A minipreps
Small scale plasmid preparations were performed using Qiagen spin miniprep Kkits
according to the manufacturer’s instructions (Qiagen). The kit is based on the alkaline
lysis of bacterial cells and the adsorption of DNA to a silica gel membrane in the
presence of high salt. DNA is then washed and eluted into Tris buffer. Bacterial cells
containing the plasmid of interest were harvested from an overnight culture (1-5ml) by
centrifugation at 10000 g. The bacterial cells were resuspended in the manufacturers
supplied buffer (250ul) and mixed with an equal volume of lysis buffer (250ul). This
solution was incubated for Smin at RT and lysis stopped by the addition of a
neutralisation buffer (350ul). The resulting precipitate was cleared by centrifugation at
10000 g for 10min, and the supernatant removed to a DNA separation column. The
DNA was adsorbed onto the silica-based membrane of the column by centrifugation at
10000 g for 1min, washed by further centrifugation with a wash buffer, and finally

eluted into 50l Tris buffer. DNA was then stored at "20°C until further use.
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2.5.6 Plasmid purification by maxiprep

QIAfilter plasmid maxiprep kits (Qiagen) were used for large scale plasmid DNA
preparation and to generate transfection-quality DNA. For this procedure, bacteria are
subject to alkaline lysis, followed by binding of plasmid DNA to the Qiagen resin under
the appropriate salt and pH conditions. Impurities are removed by a medium salt wash,
and plasmid DNA is eluted in a high salt buffer. Plasmid DNA is then concentrated and
desalted by isopropanol precipitation. For large scale plasmid purification, a colony of
bacteria containing the plasmid of interest was used to inoculate 250ml LB media and
incubated overnight at 37°C in a shaking incubator. Bacterial cells were recovered by
centrifugation at 6000 g for 15min, and resuspended in the manufacturers supplied
buffer (10ml) containing RNAse. Similar to miniprep procedure, bacteria were lysed by
the addition of an equal volume of lysis buffer and incubated for Smin at RT before the
addition of neutralisation buffer (10ml). The resulting solution and precipitate were then
transferred to a QIAfilter cartridge, through which the solution was filtered to remove
the precipitate. The solution was then transferred to a Qiagen tip-500 and passed
through the column by gravity flow where DNA bound to the resin of the Qiagen tip-
500 column. The resin was washed with a wash buffer and the DNA eluted with elution
buffer (15ml) into a fresh centrifuge tube. To precipitate DNA, 0.7 volumes of
isopropanol (10.5ml) were added to the eluate, and the solution was centrifuged at
15000 g, 4°C for 30min. The DNA precipitate was washed with 70% (v/v) ethanol by
centrifugation at 15000 g, 4°C for 10min and the DNA pellet air dried before

resuspending in Tris buffer.

2.5.7 Estimation of DNA concentration
To estimate DNA concentration, DNA from plasmid preparations was analysed by

spectrophotometer  (Biopharmacia Biotech  Ultrospec  3000). Using the
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spectrophotometer, absorbance of a DNA solution at 260nm was compared with that of
a control sample. DNA concentration can be very low after gel purification of a PCR or
restriction enzyme digest product. In these cases, the purified DNA product was
electrophoresed in a 0.8% agarose TAE gel alongside a SmartLadder marker
(Eurogentec, Southampton, UK). Concentration of DNA can be estimated by
comparison with the ladder, which contains DNA fragments of defined size and

amount.

S8 iction di on
All restriction enzymes used in this study were purchased from NEB (Hitchin, UK), and
each enzyme reaction was carried out according to the manufacturers’ instructions.
Reaction mixtures were set up in volumes of 50ul, containing DNA template, 5ul
reaction buffer (supplied by manufacturer, NEB), 0.5ul restriction enzyme and distilled
water as required. Restriction digests were incubated at 37°C for 1-16h. Following
digestion, DNA fragments were separated by agarose gel electrophoresis (Section 2.5.2)
and purified by either gel extraction kit (Qiagen, GE Healthcare) or electroelution
(Section 2.5.3). Following digestion of vector DNA to linearise, small DNA fragments

were removed by dialysis in TE buffer for 4h at 4°C.

5.9 Ligati
For ligation of inserts with linearised vector DNA, DNA concentrations of each were
first estimated by agarose gel electrophoresis (Section 2.5.7). Approximately 100ng of
linearised vector was mixed with sufficient insert to give molar ratios of insert:vector of

3:1 according to the equation:
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(100ng vector x size of insert, kb) x 3 = ng insert to add to 100ng vector

(size of vector, kb) 1

Ligations were carried out using Quick T4 ligase (NEB). To the insert:vector mix,
distilled water was added to a total volume of 10ul, followed by Quick T4 ligase (2pl)
and the manufacturers’ supplied ligation buffer (10ul). The reaction was incubated for
5min at RT, and stopped by cooling on ice.

The quick ligation was used directly to transform E.coli strain JM109 (Promega,
Southampton, UK) by heat shock (Section 2.5.10) or alternatively, used to transform
E.coli strain XL-1 blue bacteria by electroporation (Section 2.5.10) once DNA had been
precipitated by ethanol/sodium acetate precipitation (Section 2.5.3) to remove excess

salts.

2.5.10 Transformation of E. coli JM109 and E. coli X1~1 blue

Plasmids were transformed into E.coli JM109 by heat shock. Ligation mixture (2ul) was
added to a vial of E.coli JM109 and was incubated on ice for 15min. Bacteria were heat
shocked by incubation in a 42°C water bath for 40s. Transformed bacteria were then
allowed to recover in SOC media for 1-2h at 37°C before plating onto LB-selective
plates and incubating overnight at 37°C.

Plasmids were transformed into electrocompetent E.coli XL-1 blue by electroporation.
Briefly, DNA (1ul) was added to a vial of E.coli XL-1 blue (50ul) and incubated on ice
for 15min. Bacteria were then electroporated at 2.3V using an electroporator (BioRad
Gene Pulser™), and allowed to recover in SOC media at 37°C for 1-2h. After recovery,

bacteria were plated onto LB selective plates and incubated overnight at 37°C.
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2.5.11 cerol stocks
Plasmids of interest were stored as glycerol stocks, generated by mixing 500ul of an
overnight bacterial culture with an equal volume of 80% (v/v) glycerol in a cryovial.

Glycerol stocks were stored at “70°C.

2.5.12 DNA Sequencin

DNA samples were sequenced using the “Big Dye” terminator cycle sequencing kit
(Perkin-Elmer, Boston, USA) and dideoxy terminator cycle sequencing. To set up a
sequencing reaction, plasmid DNA (200ng) was mixed with terminator ready reaction
mix (4pl) and distilled water to a total reaction volume of 10ul. Except where stated, the

following thermocycling reaction was used:

Denaturation 96°C 30s
Annealing  50°C 15s X 25 cycles

Elongation  60°C 4min

Following the thermocycling reaction, DNA was precipitated by ethanol/sodium acetate
precipitation (Section 2.5.3) and the sequencing products separated on an ABI model
377 sequencer (Applied Biosystems, Foster City, USA) by a dedicated technician in

Central Biotechnology Services (Cardiff University).

2.6 GENERATION OF RECOMBINANT ADENOVIRUSES BY AdEASY

2.6.1 Generating TOPO clones
An overview of the AdEasy method for generating recombinant adenoviruses (RAds) is

provided in Figure 2.2. Each UL/b’ ORF was amplified from HCMV strain Merlin

DNA by PCR with a C-terminal epitope tag, Streptag (Section 2.5.1). The C-terminal
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Streptag was incorporated into the specific reverse PCR primer for each gene. A list of
the primers used is provided in Table 2.2.

PCR products were separated by agarose gel electrophoresis (Section 2.5.2) to check for
correct product size. PCR products were purified from agarose gel (Section 2.5.3) and
inserted into the pCR2.1TOPO vector (Fig 2.3a) by TOPO TA cloning® (Section 2.5.4).
TOPO clones were selected by ampicillin resistance and blue-white screening and
purified by plasmid miniprep (Section 2.5.5). The presence of a correct UL/b’ insert and
its orientation in the vector was checked by EcoRI restriction enzyme digest followed
by agarose gel electrophoresis. Clones containing the correct inserts were then
sequenced to check for mutations before purifying plasmid DNA by maxiprep (Section

2.5.6).

2.6 loni \'

UL/b’ ORFs were removed from the TOPO vector by restriction enzyme digest (Section
2.5.8) using asymmetric sites according to their orientation in the vector. The sites used
are summarised in Figure 2.3b, c. The digested UL/b’ ORF product was separated from
the TOPO vector by agarose gel electrophoresis and purified from the gel by
electroelution (Section 2.5.3). The pShuttleCMV adenovirus transfer vector (kindly
donated by Dr B.Vogelstein) was similarly digested (Fig 2.3b, c) and purified by
dialysis in TE buffer at 4°C for 4h. Linearised vector DNA and the digested UL/’
product were extracted in phenol:.chloroform and precipitated by ethanol/ sodium
acetate precipitation (Section 2.5.3). The DNA concentrations of the digested UL/’
product and the vector were estimated by agarose gel electrophoresis alongside a
Smartladder marker (Section 2.5.6). Vector and insert were then ligated using T4 Quick

ligase at molar ratios of 3:1 (Section 2.5.9).
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Table 2.2 Primers used for RAd cloning and sequencing

Neme Primer

For AdEasy via TOPO cloning

ULI32 down ©AC CAC OTC TCQ AGA ATG CCO

ULIR2 wp + SWrep TTA TTT TTC GAA CTG COQ OTO OCT CCA AGC OCT OTC GTA CTC GOQG ATC TCT GAG
ULI33 dowm GAGQ AAC GCA TTA GCA ATC OQT

VLI w + Srep TTA TTT TTC GAA CTQ CGG TG GCT CCA AGC GCT CAT TCC GAT CTG ATCG CTC CT0
UL13S dowm GJA GAG AAQ ATC ATC QTG TGO

ULLYS wp + Swep TTA TTT TTC GAA CTO CGG GTG GCT CCA AGC GCT OAT CAT CTQ CAT TOA CTC GAC
UL136 dowa AGA GAG AAA GAG ACGT ATG TCA GTC

VLI wp + Srep TTA TTT TTC GAA CTG COG GTG GCT CCA AGC GCT CAT AGC GGG AGA TAC GAC OTT
UL13® down QTA ACG AAC ATCG CTG TGQ ATA

ULI® w + 3w TTA TTT TTC GAA CTG CGQ OTQ OCT CCA AGC OCT CCO AGG COQ AGG TOG AAA TGA
UL141 dowa ATC ATG TGC COC CAQ OAG TCQ

UL141 wp + Srep TTA TTT TTC GAA CTQ COG QTG GCT OCA AGC GCT CCT CTT CAT CTT TTT AAC ACC
UL141A down TOCC GAQ GTA GCA ATG AGA CAG

UL AW + Shw TTA TTT TTC GAA CTG COQ OTO GCT CCA AGC GCT ACA GCA CCC AGA ACA GCC ACG
UL142 dowm TAT OCG GAT TGA ATG GGC GTC

UL141 wp + Sarep TTA TTT TTC GAA CTO COG GTJ GCT CCA AGC GCT CTG ACC GCQ CCA TAC TTC OTA
UL144 dowm GGC ATCG AAG CCT CTQ GTO ATO

UL144 wp + Strep TTA TTT TTC GAA CTG COG GTG GCT CCA AGC GCT CCA AGC GCT CAG GOT GCG OTA GAA AAT TIT
UL14S down ATO TAC GGC QTC CTG GCT CA

UL14S up + Sirep TTA TTT TTC GAA CTG OOG @TA GCT CCA AGC GCT ATC TTC ACT TCC ACC CAT COC
UL146 down ATA ATG CGA TTA ATT TTT GAT GCC

UL146 wp + Strep TTA TTT TTC GAA CTG CGG @TO GCT CCA AGC GCT TTC CTT CAG ACC TAC TAG GOT
UL147 down TTC AAT ATG TTG CTA ACA TGG

UL147 wp + Strep TTA TTT TTC GAA CTG COO GTG GCT CCA AOC GCT CCA GCQA CAG TCT AAA OTA QTG
UL148 down AGC ATG TTQ COC TTQ CTG TTC

ULY48 up + Strep TTA TTT TTC GAA CTG COG QTG GCT CCA AGC GCT CCQ ACG CCG CQA CAC CAQ ATA
UL142B down AAC GQG ATG GCG CTG GAT ACG

UL14ZB wp + Swep. TTA TTT TTC GAA CTQ CGG GTQ OCT CCA AGC GCT AAQ TCG CAT GTG ATA GAT CTC
TL130 down CAT ACA GCT ATG CTC ACA CTC

ULi0w e TTATYT TIC OAA CTG COQ OTG K

For AdEasy direct cloning

UL133 down phee Kpal GCAC GATACC GAG AAC GCA GTA GCA ATG OGT

UL133 wp plus Sirep snd Xbal GACC TCTAGA TTA TTT TTC GAA CTQ COG GTO GCT CCA AGC OCT CAT TCC GQT CTG ATA CTO CTG
'UL136 dowa phm Kpal OCOC GATACC AGA GAG AAA GAQ ACT ATG TCA OTC

UL136 wp ples Strep and Xbal GACC TCTAGA TTA TTT TTC GAA CTG CGG GTO OCT CCA AGC GCT CAT AGC GGG AGA TAC GOC OTT
UL147down plus Kol GCAC GATACC TTC AAT ATG TTG CTA ACA TOG

'UL147 wp plus Strep snd Xbal GACC TCTAGA TTA TTT TTC GAA CTO CGQ GTC GCT CCA AGC OCT CCA GCQ CAG TCT AAA OTA TG
UL148 down ples Koal GCOC GATACC AQC ATG TTC COC TTO CTQ TTC
143 up pios Strep 9pd XD QOCCICTACSATTATITIIC CAACTQ COQ QIO O

For AGZ recombinsering

ULI3LA dows AACCATCAGATCOCCTGGAGACGCCATCCACGCTATTTIOACCTCCATAGAAGACACCAGGACCAATCCAGCCCACCATOCAACTATATCAAITATOAC
ULIMA wp + Sirep TATAACATAGAQTATAATATAGAGTATACAATAQTGACOTTTATTTTTCGAACTOCGAATOOCTCCAAQGCACTITTOACAAAGAGCCACACACT

ULI28 dowm AACCATCAGATCOCCTGGAGACICCATCCACGCTUTTTTGACCTCCATAGAAGACACCAGGACCAATCCAGCCACCOCOCATCATGAGTCCCAAAGA
UL128 wp + Strep TATAACATAGAQTATAATATAGAQTATACAATAGTGACOTTTATTTTTCGAACTACAGUTOGOCTCCAAQCACTATAGGGAACACTACCAGCAAC

ULI32 dowm AACCGTCAGATCACCTUGAGACACCATCCACOCTUTTTTGACCTCCATAGAAGACACCAGGACCAATCCAGCCTOGATCCOCACATCTCAAGAATACCOAGC
UL132 w + Strep TATAACATAGAGTATAATATAGAGTATACAATAGTCGACOTTTATTTTTCGAACTOCOGATAACTCCAAGCACTUTCATACTCOGGATCTCTGAG

UL143 dows AACCUTCAGATCACCTGGAGACACCATCCACGCTITTTTGACCTCCATAGAAGACACCTGAGACCIATCCAGCCTOGATCCACCCACACAGCATATTOCGCT

UL14S wp + St ATAACATACAGTATAATATAGAQTATACAATAQTGACHTTTATTTTICOAACTICOQOTIOCTCCAAQCOCTCCOACGCCOCGACACCAQOTA

For sequenciog TOPO clones

M13 For QTAAAACGACGGCCAG

For sequencing direct pSiatile cloass

pShuitle For GUTCTATATAAOCAGAGCTG
omieRey QTOOTATOGCTOATTATOATCAG

For sequancing A4Z clones

CMV For COCCATCCACGCTOTTTTOA
ReteArw  TICAGTAQQATTACAQAQTA

For RAd scresning by duplex PCR

Km For CAA GAT GGA TTCQ CAC GCA GO

Km Rev AAG GOG ATA GAA GGC GAT GC

AdFor Q0C TOC TCT GCT COG AAG AC

AMRw  OGCATACOCOCTACCCOTAQ
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Figure 2.3 Cloning UL/’ ORFs into the
scaie)
Each UL/5’ ORF PCR product was cloned directiy into the TOPO cloning vector, pCR®2.1-

TOPO® (Invitrogen) (a). The UL/h* ORF was subcloned from the UL/ 'ORF-TOPO vector into
pShuttleCMYV using various restriction enzyme dlge:, sites. UL/b’ ORFs cloned intc TOPO

[, —emd

v’c"tul in the incorrect orientation were subcloned into pShuttle-CMV on a Nofl/Hindlli
fragment (b), with the exception of UL135, which was subcloned into pShuttleCMV on a
Xhol/Hind 111 fragment. UL/D’ ORFs cloned into TOPO vector in the correct orientation were
subcloned into pS utt c(_ MYV on a Kpnl/ Xbal fragment (), with the exception of UL14,

a Fe Y 2

’ transfer vector, pShuttieCMYV (aot to

ll{l

habd A

subcioned into pS ~CMV on a Hindlli/ £coRV fragment, and UL 148, subcioned into
pShuttleCMV A’p I/ Not I fragment. The UL/d* ORFs that were directly cloned (UL 133,
UL136, UL14 ) into pShuttleCMV were amplified from Merlin with primers containing Kpnl
(5’ end\ and Xbal ( 3' en d) restriction sites and were also cloned into a Kprl/Xbal digested
pShuttleCMYV vector.



Ligation products were transformed into either E.coli JM109 or E.coli XL-1 blue
(Section 2.5.10), and allowed to recover in SOC medium for 1-2h before plating onto
LB agar plates containing kanamycin (50pug/ml). pShuttleCMV-UL/b’ clones were
selected by kanamycin resistance, purified by plasmid miniprep, and presence of the
insert confirmed by restriction enzyme digest followed by agarose gel electrophoresis.
A plasmid maxiprep was performed on the correct chosen clone.

A small number of the UL/b’ genes (UL133, UL136, UL147 and UL148) were directly
ligated into pShuttleCMYV from PCR products to avoid the use of the TOPO TA cloning
stage. These genes were amplified by PCR with primers containing a 5° Xbal and a
3’Kpnl site (Table 2.2). PCR products were restriction enzyme digested with Xbal and
Kpnl and dialysed in TE buffer at 4°C to remove small DNA fragments. The digested
PCR product was phenol.chloroform extracted and precipitated by ethanol/sodium
acetate and then ligated with Xbal/Kpnl restriction enzyme digested pShuttleCMV
vector as described above. Clones were selected by kanamycin resistance and plasmids
purified by miniprep. Ligation was checked by restriction enzyme digest and agarose
gel electrophoresis. The insert DNA was sequenced to ensure no mutations had
occurred during amplification and a plasmid maxiprep was performed on the correct

chosen clone.

2.6.3 AdEasy recombination
The pShuttleCMV transfer vector containing the transgene (25ng) was cleaved with

Pmel for 1h and purified using a GFX PCR and Gel Band Purification column (Section
2.5.3). The digested shuttle vector was then transformed into E.coli BJ5813 containing
pAdEasy-1 (kindly provided by Dr B. Vogelstein) by electroporation. pAdEasy-1
contains an ampicillin resistance marker, whereas pShuttleCMV contains a kanamycin

resistance gene. Recombination between the shuttle vector and pAdEasy-1 in BJ5813
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results in a recombinant Ad (RAd) plasmid that contains the kanamycin resistance gene.
Bacteria were therefore plated out onto SB agar plates containing kanamycin (50ug/ml)
and kanamycin resistant clones were selected and plasmid purified by miniprep. The
plasmid DNA preparation was split into two samples, digested with either Pacl or
HindIll, and separated by agarose gel electrophoresis to test for recombination. HindIII
digestion resulted in a familiar fragmentation pattern of the RAd which could be
compared with a HindIII digested RAd control. Pacl digest of a RAd resulted in the
production of a large ~30kb fragment with a smaller 3kb or 4.5kb fragment, and was
therefore diagnostic of recombination. Duplex PCR was used as an alternative method
to identify recombinants (Antolovic et al., 2005). A RAd contains both the kanamycin
gene and the adenovirus backbone. Identification of these components by PCR can
therefore be used to diagnose recombination. Briefly, kanamycin resistant clones were
added to a PCR reaction mix that contained PCR primers for both the kanamycin gene
and a section of the adenovirus backbone (Table 2.2). Samples were denatured for
10min at 95°C before commencing the usual PCR reaction (Section 2.5.1). PCR
products were separated by agarose gel electrophoresis. Two diagnostic fragments of

384bp and 768bp were produced for recombinant clones.

2.6.4 ion of RAd virus

Once identified by restriction enzyme digest or duplex PCR, a recombinant clone was
expanded overnight in SB media (200ml) containing kanamycin (50pug/ml). Bacteria
were recovered by centrifugation at 6000 g for 10min at 4°C, and resuspended in a
resuspension buffer (10ml) (Buffer P1, Qiagen). Bacteria were lysed by the addition of
an equal volume of lysis buffer (Buffer P2, Qiagen) and this reaction stopped by the
addition of an equal volume of neutralisation buffer (Buffer P3, Qiagen). The mixture

was incubated on ice for 15min, during which time a precipitate formed. The solution
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was cleared by centrifugation at 10000 g for 30min at 4°C and recombinant plasmid
DNA recovered using a 20/G column or Qiagen tip-500 column (Qiagen), passing the
supernatant through the column so that DNA adsorbed to the column resin. DNA was
washed with a medium salt wash buffer (Qiagen) and eluted in elution buffer heated to
50°C (Buffer QF, Qiagen). To precipitate plasmid DNA, 10.5 volumes of isopropanol
were added and the solution centrifuged at 10000 g forl30min at 4°C. The DNA pellet
was washed by repeating centrifugation with 70% (v/v) ethanol. The DNA pellet was
air dried and resuspended in 300l Tris buffer.

Before transformation of packaging cells, the recombinant plasmid DNA was first
digested with Pacl to release the viral genome. This was then purified using a GFX
column (GE Healthcare) and the DNA resuspended in Tris buffer (30ul). The linearised
DNA was transfected into 911 or 293 packaging cells at 70% confluency in a 25cm’
flask using Polyfect (Qiagen) according to the manufacturers’ instructions. Briefly,
recombinant Ad DNA (4ug) was diluted in DMEM-wash to a total volume of 150ul. To
this mixture, Polyfect reagent (40ul) was added and the solution incubated for 10min at
RT. Following this incubation, Iml DMEM-10 was added and the whole mixture
transferred drop-wise to cells into a total volume of 4ml DMEM-10. Cells were
incubated overnight at 37°C, 5% CO,, after which the media was replaced with fresh
DMEM-10, and thereafter when required. Viral plaques were observed at approximately
7-10 days post-transfection, and the presence of virus checked using an Ad antibody test
kit (SAScientific, Texas, USA). The virus was extracted using ArkloneP (Section 2.4.2)
and stored at “70°C until used to inoculate multiple 175cm? flasks to generate virus

stocks (Section 2.4.2).
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2.7 GENERATION OF RECOMBINANT ADENOVIRUSES BY AdZ

The AdZ system was developed by Dr R. Stanton as a more efficient alternative to
AdEasy for the generation of RAds (Stanton et al., unpublished). The principle of this
system lies in the ability to directly clone PCR products into a recombinant adenovirus
vector by homologous recombination, bypassing the need for multiple sub-cloning
steps. An overview of this cloning process is provided in Figure 2.4, and for a direct
comparison of AdZ with the AdEasy Ad cloning method, a flow diagram is included in
Figure 2.5. Briefly, the UL/b’ genes UL128, UL131A, UL132 and UL148 were
amplified by PCR using specific primers containing 50bp homology to the CMV
promoter (For) or polyA tail plus a C-terminal Streptag II (Rev) required for
homologous recombination with the adenovirus vector (Table 2.2). Amplification
products were separated by agarose gel electrophoresis to ensure the correct size
product was produced, and DNA was purified by GFX column (GE Healthcare). E.coli
SW102 (kindly donated by Dr N. Copeland) containing the adenovirus vector pAL942
were grown overnight at 32°C in a shaking incubator in LB (5ml) containing ampicillin
(50ug/ml) and chloramphenicol (12.5pg/ml). The next day, a sample of the overnight
culture (Iml) was inoculated into LB (50ml) containing ampicillin (50ug/ml), and
incubated at 32°C until the culture reached an optical density, O.Dggo, of 0.6. Once this
O.D. was reached the culture was split into two equal portions, with one incubated at
42°C for 15min in a water bath to induce the lambda red genes, while the other fraction
remained at 32°C as a control. After this incubation, both fractions were cooled on ice
for 20min then centrifuged at 4500 g for Smin at 0°C. The supernatant was removed and
the cells washed twice in ice cold water by centrifugation at 4500 g to remove salts,
making the bacteria electocompetent. The bacterial cell pellet was resuspended in
distilled water (~1ml) and an aliquot (25ul) of each induced and non-induced bacteria

was transferred to a pre-cooled cuvette for electroporation with 4ul each of the PCR
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recombinants via the AdEasy or AdZ cloning systems.



product (2.3V). After electroporation, the bacteria were recovered for 3-4h in LB at
32°C before plating onto LB plates containing 5% (w/v) sucrose, chloramphenicol
(12.5ug/ml), 40% (v/v) X-gal and IPTG. Plates were incubated at 32°C for 48h. White
colonies were selected after this incubation time and grown overnight in LB (5ml)
containing chloramphenicol (12.5 pg/ml). Cells were recovered by centrifugation at
4000 g for 5min, and plasmid purified by alkaline lysis using the Qiagen miniprep kit
(Qiagen), followed by isopropanol precipitation of the purified DNA. The DNA pellet
was washed once in 70% (v/v) ethanol, air dried and resuspended in Tris buffer (30ul).
HindIIl digestion was performed on a sample of DNA (8ul) to ensure the correct
banding patterns for the RAd were observed when compared with a HindIII digested
RAd control. Recombinants were sequenced to ensure no mutations were present in the
PCR product, using a2 modified version of the sequencing reaction described in Section
2.5.12 as very little DNA is obtained from the single copy AdS genome vector. To the
4ul of Big Dye sequencing reaction mix, 1ul primer (Table 2.2) and Sul DNA were
added. The thermocycling sequencing reaction was performed as normal (Section
2.5.12), but with 100 cycles. The low template concentration results in a low signal and
a high amount of unincorporated dye terminators. These dye terminators were
minimised by the addition of 2ul 150mM EDTA to the ethanol/sodium acetate
precipitation mix. Once the sequence had been confirmed for the gene of interest, the
correct clone was inoculated into LB media (500ml) containing chloramphenicol
(12.5ug/ml) and grown ovemnight at 32°C. A Nucleobond® BAC-100 kit (Clontech,
Basingstoke) was used for plasmid purification according to the manufacturer’s
instructions. DNA was eluted into 50°C elution buffer (200ul), and the DNA
concentration measured by spectrophotometer. As the pAL942 vector is self-excising,
the recombinant plasmid was transfected directly into 293 T-REx® helper cells, using

Polyfect or Effectene (Qiagen) according to the manufacturers’ instructions. The 293 T-
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REx® helper cells produce the Tet repressor, which suppresses transgene expression
from the Ad recombinant during virus production due to the presence of Tet operator
sites in pAL942. Similar to the AdEasy method, a viral plaque is produced 7-10 days
post-transfection. The virus can then be extracted by ArkloneP or tetrachloroethylene
and viral stocks generated as described in Section 2.4.2.

A summary of the methods used to generate each UL/d’ RAd is provided in Table 2.3.

2.8 WESTERN BLOTTING
Proteins separated by SDSPAGE were detected by western blotting. Pre-set 12.5%

acrylamide gels of 12 or 20 wells (Invitrogen) were used in conjunction with the
Invitrogen electrophoresis kit. To prepare reduced cell samples, either HFFF-htert or
HFFF-hCAR (5x10° — 1x10° cells) were seeded into 25cm? flasks and infected with
RAd at a MOI of 100 or a MOI of 10 respectively, or with HCMV at a MOI of 10
(Section 2.4.4). At 72hpi, cells were washed once with ice cold PBS and then
resuspended in ice cold PBS (5ml). Cells were recovered by centrifugation at 400 g for
3min, washed in ice cold PBS and centrifugation repeated. Cells were resuspended in
PBS and SxSDSPAGE sample buffer to a total volume of 50-100ul. To prepare non-
reduced cell samples for western blot, cells were prepared as described above, but
resuspended in PBS plus 5xSDSPAGE sample buffer containing no DTT or 2-
mercaptoethanol reducing agents.

Samples were then denatured at 99°C for 10min before loading 10ul into wells of the
12.5% acrylamide gel alongside a 10ul sample of Rainbow marker (GE Healthcare).
Gels were placed in an electrophoresis tank and covered with the manufacturer’s
supplied SDSPAGE running buffer (Invitrogen). Proteins were separated by SDSPAGE
at 100V for 2-3h, depending on the resolution required. Gels were removed from the

electrophoresis tank and layered onto nitrocellulose (GE Healthcare) that had been pre-
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Table 2.3 Summary of UL/3" ORF RAd cloning methods

ORF Recombination method _ Epitope tag  Cell type gencrated in__ Generated by
UL128 AdZ Strep 293 TREx M. Armstrong
UL130 AdEasy FLAG 293 B. McSharry
UL131A AdZ Strep 293 TREx M. Armstrong
UL132 AdEasy Strep 293 M. Armstrong
UL133 AdEasy Strep 293 M. Armstrong
UL135 AdEasy Strep 911 M. Armstrong
UL136 AdEasy Strep 911 M. Armstrong
UL138 AdEasy Strep 293 V. ProdHomme
UL139 AdEasy Strep 911 M. Armstrong
UL140 AdEasy Strep 911 V. Prod'Homme
UL141 AdEasy Strep 911 M. Armstrong
ULI41A  AdEasy Strep 911 M. Armstrong
UL142 AdEasy Strep 911 M. Armstrong
UL144 AdEasy Strep 911 M. Armstrong
UL145 AdEasy Strep 293 M. Armstrong
UL146 AdEasy Strep 911 M. Armstrong
UL147 AdEasy Strep 911 M. Armstrong
UL147A  AdEasy Strep 911 V. Prod'Homme
UL148 AdEasy Strep 293 M. Armstrong
UL148A  AdEasy Strep 911 V. Prod'Homme
UL148B  AdEasy Strep 293 M. Armstrong
UL148C  AdEasy Strep 911 V. Prod'Homme
UL148D  AdEasy Strep 911 V. Prod'Homme
UL150 AdEasy Strep 911 M. Amnstrong
UL14 AdEasy Strep 911 M. Armstrong
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soaked in transfer buffer. Proteins were transferred from the gel onto the nitrocellulose
by semi-dry transfer for 1h at 10V. Nitrocellulose blots were washed twice in 10ml
distilled water and incubated with Miser Antibody extender solution (Pierce, Rockford,
USA) for 10min at RT. Following this incubation, blots were washed a further 5 times
in distilled water. The position of the Rainbow markers™ were marked on the blot
using an Antigen-Antibody (Mouse) Pen™ (Alpha Diagnostics, USA) before incubating
the blot in a 5% (w/v) milk powder/PBST blocking buffer overnight at 4°C. Primary
antibody was incubated with the blot for 1h at RT, or overnight at 4°C, in 5% (w/v)
milk/PBST blocking buffer (20ml). Table 2.4 lists the antibodies and the dilutions used
for western blot during this study. Following primary antibody incubation, blots were
washed in 5% (w/v) milk/PBST blocking buffer for 1h at RT, and then incubated with a
HRP-tagged secondary antibody (Table 2.4) for 1h in 5% (w/v) milk/PBST. Blots were
finally washed in PBST buffer for 1h before incubation with a HRP substrate solution
(Supersignal® West Pico chemiluminescent substrate, Pierce). Protein bands were
visualized either by exposure to film, or with Chemidoc (UVP, Cambridge) which
produces a digital image of the blot.

To re-probe a blot, blots were washed in PBST then stripped by incubating with
ReStore (Pierce) stripping buffer for 2h at RT. Blots were washed twice in PBST before
re-blocking in 5% (w/v) milk/PBST overnight at 4°C. The antibody incubation process

was then carried out as described above.

2.8.1 Preparation of deglycosylated samples for western blot
Cells infected with RAds (72hpi) were resuspended in ice cold PBS, washed as

described (Section 2.8), then recovered by centrifugation (400 g) before being
resuspended in NP40 lysis buffer and lysed on ice for 30min. The lysate was cleared by

centrifugation at 10000 g for 20min at 4°C, after which the supernatant was removed
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Table 2.4 Antibodies used in western blotting

Antibody Dilution Isotype Company
Primary Antibodies

a-Streptag monoclonal 1:1000 Mouse IgGl IBA
a-MICA 1:500 Mouse IgG2b R&D
a-MICB 1:500 Mouse IgG2b R&D
a-MICA/B 1:500 Rabbit IgG SantaCruz
a-ULBP1 1:500 Mouse IgG2a R&D
a-ULBP2 1:500 Mouse IgG2a R&D
a-ULBP3 1:500 Mouse IgG2a R&D
a-ULBP3 1:500 Goat IgG SantaCruz
a-Nectin 1 1:500 Mouse IgG1 SantaCruz
a-Nectin 2 1:500 Mouse IgG1 Serotec
a-Nectin 3 1:500 Goat IgG SantaCruz
a-Nectin 4 1:500 Goat IgG SantaCruz
a-UL141 monoclonal (MAB1, MAB3) 1:10000 each Mouse IgG1 Tomasec et al . (2005)
a-UL135 polyclonal (PAbl, PAb2, PAb3) 1:2000 each Mouse Ig n/a

a-Necl2 1:500 Mouse IgG2b Abnova
a-CD90 (Thy-1) 1:300 Mouse IgG1 Serotec
a-E-Cadherin 1:500 Mouse IgG1 Serotec
a-CD66a (CEACAM-1) 1:500 Mouse IgG1 Abcam
a-CD29 1:500 Mouse IgG1 Immunotools
a-CD31 1:500 Mouse IgG1 Immunotools
a-CD43 1:500 Mouse IgG1 Inununotools
a-CD54 1:500 Mouse IgG2a Immunotools
a-CD56 1:500 Mouse IgG2a Immunotools
a-CD58 1:500 Mouse IgG1 Immunotools
a-CD147 1:500 Mouse IgG1 Immunotools
a-Actin 1:2000 Rabbit IeG _ Sigma
Secondary Antibodies

Goat a-rabbit IgG HRP 1:2000 Goat IgG BioRad
Goat a-mouse IgG HRP 1:1000 Goat IgG BioRad
Chicken a-goat IgG HRP 1:2000 Chicken IgG SantaCruz
Donkey a-goat IgG HRP 1:2000 Donkey IgG SantaCruz
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and split into 3 fractions. A 1x denaturation buffer (supplied with deglycosylase
enzyme, NEB) was added and the samples denatured at 99°C for 10min. After
denaturation, one fraction was left untreated as a control, one treated with PNGaseF
(NEB) and one with EndoH (NEB) according to the manufacturer’s instructions, and
incubated overnight at 37°C. SxXSDSPAGE loading buffer was added and the sample
heated to 99°C for Smin before loading 10ul of each onto a 12.5% acrylamide gel for

western blotting, as described above.

2.8.2 RAdS92 10 controls

As a positive control for preliminary western blots with the Streptag antibody, a RAd
encoding for a Strep-tagged version of HCMV vIL10 (designated RAdIL10, generated
by Dr P. Tomasec) was included in western blots. As a negative control for the Ad
recombinants, a control RAd was generated by Dr P. Tomasec using the AdEasy
system, whereby pShuttleCMV containing no transgene was recombined with
pAdEasy-1 to generate an “empty” RAd vector, designated RAd592. RAdS92 was
included as an Ad control in all western blot, immunofluorescence, FACS and

functional assays.

2.9 MICROSCOPY

29.1P tion of cel

HFFF-hCAR cells were seeded onto coverslips in a 12 well plate (1x10° cells/ plate)
and infected the next day at a MOI of 50. At 72-96hpi, cells were washed in PBS and
fixed in 2% paraformaldehyde for 20min at RT. To permeabilize cells, coverslips were
washed twice in PBS then incubated with 0.1% Triton-X-100 for 20min at RT. When
formaldehyde fixation gave poor results, immersion in acetone/methanol (1:1) for 30s

was used as an alternative method to fix/ permeabilize cells (used for RAdUL 139 and
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RAdUL 148C immunofluorescence). Both solvents remove lipid structures from the cell,
which could potentially help antibody recognition of Strep-tagged proteins that may be
residing in vesicular compartments or other lipid structures in the cell. Coverslips were
allowed to dry before cells were reconstituted by immersion in PBS for a further 30s

prior to antibody staining (Section 2.9.2).

2.9.2 Immuynofiuorescence

Cells were incubated with primary antibody diluted in PBS at 37°C for 1h in a
humidified chamber. Table 2.5 lists the antibodies and their dilutions used for
immunofluorescence during this study. Coverslips were washed with PBS and
incubated with secondary antibody (Table 2.5) at 37°C for a further 1h in a humidified
chamber. After staining, cells were washed in PBS to remove excess antibody before
mounting coverslips onto glass slides using 2% (w/v) DABCO mounting medium.
Immunofluorescence was visualised using a Leica DM IRBE microscope (Leica,
Germany) with a Hamamatsu ORCA-ER camera (Hamamatsu, Japan) and Improvision

Openlab 3 software (Improvision, Coventry, UK).

9 . inin oumarin idin
To stain for cellular actin filaments, RAd infected cells were prepared as described in
Section 2.9.1. After fixing and permeabilizing, coverslips were incubated with coumarin
phallacidin (Molecular Probes, Invitrogen) (S5ul in 200ul PBS) for 20min at RT.
Coverslips were washed twice in PBS and mounted onto slides using 2% (v/v) DABCO.

Cells were visualised by microscopy as described above.



Table 2.5 Antibodies used for immunofluorescence microscopy studies

Antibody Dikstion  Isotype Company
Primary antibodies

a-Streptag monoclonal 1:100 Mouse IgGl IBA

a-human Bcl-2 1:100 Mouse IgG1 BDBiosciences
o-human calnexin 1:100 Mouse IgG1 Chemicon
a-UL135, UL14, UL144, UL146

and UL147 polyclonal sera 1:50 Mousclg n/a

Mouse IgG1 1:100 Sigma
Secondary aatibodies

Goat a-mouse 1gG AlexaFluor 594 1:1000 Goat IgG Molecular Probes
Sheep a-mouse IgG FITC 1:100 Sheep IgG ~ Sigma

Other

Streptavidin-AlexaFluor 594 1:100 n/a Molecular Probes
Coumarin Phallacidin 6.6uM n/a Molecular Probes
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2.10 FLOW CYTOMETRY (FACS)
2.10.1 rfa ini

To prepare cell samples, HFFF-hCAR or HFFF-htert cells infected with RAds or
HCMYV in 25cm? flasks (Section 2.4.4) were trypsinised at 72hpi and cells recovered by
centrifugation at 400 g for 3min. Cells were plated in a 200ul volume into 96 well U
bottom plates and washed twice in 2% FCS (v/v)/PBS (200ul) by centrifugation at 400
g for 3min. For FACS analysis of NK clones, cells were prepared by washing the cell
suspension twice in 2% FCS (v/v)/PBS by centrifugation at 400 g for 3min before
moving to a FACS tube in a 200ul volume.

For staining with pre-conjugated antibodies, cells were incubated with a suitable
concentration of antibody in a 50ul volume for 30min at 4°C in the dark. A list of
antibodies used in FACS analysis is provided in Table 2.6. The stained samples were
washed twice in 2% FCS (v/v)/PBS (200ul) before analysing by flow cytometry. For
staining with unconjugated antibodies, cell samples were incubated with the appropriate
concentration of unconjugated antibody in a 50ul volume of 2% FCS (v/v)/PBS for
30min at 4°C in the dark, washed twice in 200ul 2% FCS (v/v)/PBS and then incubated
with an isotype specific fluorochrome conjugated secondary antibody for 30min at 4°C
in the dark. Cells were washed twice in 2% FCS (v/v)/PBS before analysing by flow
cytometry. FACS analysis was performed using the FACSCalibur (Dakocytomation,
Cambridge, UK). Cells were selected by standard forward scatter and side scatter

criteria before analysis of fluorochromes using the appropriate laser excitation.

0 | intracellular stainin ur
To analyse intracellular proteins by FACS, cell samples were fixed and permeabilized
prior to antibody incubation. Cell samples were prepared as described above into 96

well U bottom plates. Cells were fixed in 4% (v/v) paraformaldehyde/PBS for 15min at
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Table 2.6 Antibodies used for FACS analysis

Antibody Dilution Isotype Company
Unconjugated antibodies

a-CD66a (CEACAM-1)  1:100 Mouse IgGl  Abcam
a-CD90 (Thy-1) 1:100 Mouse IgGl  Serotec
a-Cadherin 1:100 Mouse IgGl  Serotec
a-ULBP1 1:100 Mouse IgG2a R&D
o-ULBP2 1:100 Mouse IgG2a R&D
a-ULBP3 1:100 Mouse IgG2a R&D
a-MICA 1:100 Mouse IgG2b R&D
a-MICB 1:100 Mouse IgG2b R&D
a-Necl-2 1:100 Mouse IgG2b  Abnova
a-Nectin 1 1:100 Mouse IgGl  SantaCruz
a-Nectin 2 1:50 Mouse IgGl  Serotec
a-UL135 polyclonal 1:100 Mouse Ig n/a

Mouse IgG1 1:100 Sigma
Mouse IgG2a 1:100 Sigma
Mouse 1gG2b 1:100 R&D
Conjugated antibodies

a-mouse IgG PE 1:100 Goat Ig BDPharmingen™
a-CD56 PE 1:100 Mouse IgGl Immunotech
a-CD3 FITC 1:100 Mouse IgGl  Serotec

StrepTactin PE 1:100 n/a IBA




RT and washed in PBS by centrifugation at 400 g for 3min. Cells were permeabilised
by incubating with 2% (v/v) saponin/PBS for 15min at RT and washed in PBS before

staining as described in Section 2.10.1 and analysing by flow cytometry.

2.11 NOP IPITATIO

To perform immunoprecipitation, cells were first labelled with *°S methionine and
cysteine. HFFF-hCAR cells were seeded in a 75cm’ flask and infected with RAd
(Section 2.4.4). At 72hpi, media was removed and cells were washed twice in PBS
before replacing with methionine and cysteine-free MEM (5% (v/v) FCS, 1% (v/v)
glutamine) (Invitrogen) and incubating at 37°C for 1h. After this incubation, 38 in vitro
cell labelling mix (200uCi) (Promix, GE Healthcare) was added and incubated with the
cells for a further 4h. The media was removed and the cells washed 3 times with ice
cold PBS. The cells were trypsinised and recovered by centrifugation at 400 g for Smin.
The cell pellet was washed in PBS, resuspended in NP40 lysis buffer containing
iodoacetatamide (1mg/ml) and PMSF (0.35mg/ml) (Sigma-Aldrich), then incubated at
4°C for 20min. The lysate was centrifuged at 10000 g, 4°C for 15min, and the
supernatant mixed with 100ul protein A (Sigma-Aldrich) with rotation overnight at 4°C.
To separate the insoluble protein A the mixture was centrifuged at 10000 g, 4°C for
15min and aliquots of the supernatant taken according to the number of antibodies
required for immunoprecipitation. An appropriate concentration of antibody (2-5ul) was
added to each aliquot and the antibody/lysate mixture was rotated at 4°C for 90min
before adding protein A Sepharose beads (Sigma-Aldrich) (~200ul/ aliquot) and 10%
(v/v) BSA to each aliquot and rotating for a further 45min. Samples were washed 4
times with Townsend wash buffer and the supernatant removed. 2xSDSPAGE sample
buffer (10ul) was added to the beads and boiled at 99°C for 10min. The sample was

then centrifuged at 10000 g for 1min before loading the cleared sample onto a pre-cast
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12.5% acrylamide gel. SDSPAGE was carried out as described in Section 2.8.
Following SDSPAGE, the gel was removed from the electrophoresis apparatus and
fixed in 25% (v/v) isopropanol/10% (v/v) acetic acid for 30min. The gel was washed
and incubated with Amplify (GE Healthcare) for 30min before placing in a film cassette
with an X-ray film (GE Healthcare). The cassette was stored at “70°C for 4-7 days

before developing the film as standard to visualize metabolically labelled **S proteins.

2.12 FUNCTIONAL ASSAYS
1 i 1 ici rN

HFFF-htert, HFFF-hCAR and immortalized skin fibroblast cells were infected with
RAd and HCMYV as described in Section 2.4.4. Targets were assayed at 72hpi by
chromium release cytotoxicity assay. Briefly, infected cells (targets) were trypsinised
and recovered by centrifugation at 400 g for S5min. The target cells were resuspended in
sodium chromate (150uC) (GE Healthcare) and incubated for 1h at 37°C. The cells
were washed with RPMI-10 to remove excess sodium chromate, fresh RPMI-10 added
and the cells left to leach for a further 30-60min at 37°C. Finally target cells were
washed twice in RPMI-wash, counted and resuspended in RPMI-ABS to the appropriate
concentration for plating into a 96 well U bottom plate at 1.5x10° — 2x10 targets/well
in a volume of 100ul. These prepared target cells were added to NK (effector) cells that
had been pre-plated in the 96 well plates. In the case of NK clones, effector cells were
prepared by harvesting 4.5x10* — 6x10* NK clones from culture, which were washed in
RPMI-wash before resuspending in RPMI-ABS to give an E:T ratio of 30:1 in a volume
of 100ul/ well. For polyclonal NK cells obtained from PBMC, NK cell numbers were
estimated by flow cytometry, gating on CD3'CD56" cells. Cells were harvested and

washed in RPMI-wash before resuspending in RPMI-ABS to give a final E:T ratio of
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40:1. NKL cells were harvested from culture, counted and prepared as above, to give

final E:T ratios ranging from 40:1 to 2.5:1.

Target cells and effector cells were incubated together in 96 well U bottom plates for 4h
at 37°C. Spontaneous sodium chromate release for each target was determined by
incubating target cells with medium only. The maximum sodium chromate release for
each target was determined by the addition of 5% (v/v) Triton-X-100. After the
incubation time, a 25ul sample of the supernatant was removed from each well and
added to a beta plate containing scintillation fluid (150ul) (Perkin-Elmer). The plates
were agitated for 15min and counted in a 1450 Microbeta Trilux Liquid Scintillation
counter (Perkin-Elmer).

As a measurement of cytotoxicity, the mean specific sodium chromate released for each

E:T ratio was calculated using the standard equation:

% specific lysis = (mean test cpm) — (mean spontaneous cpm)

(mean max cpm) — (mean spontaneous cpm) x 100
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3. EXPRESSING THE UL/’ ORFS: PRODUCTION OF

RECOMBINANT ADENOVIRUSES

3.1 BIO RMATICS

At the start of this study, the majority of the UL/d’ ORFs existed only as
uncharacterised computer predictions. Sequence analysis programmes can be readily
accessed to help scrutinise DNA and protein coding sequences. Specific programmes
are designed to identify motifs associated with post-translational modification or
intracellular trafficking within protein-coding sequences. Database search engines can
also be exploited to identify homology or sequence similarity with any known protein or
DNA sequence. Sequence analyses can thus place an uncharacterised protein into a
specific family, reveal sequence or structural similarity to known proteins, and even
provide insight into function. Each UL/b’ ORF predicted in the original characterisation
of the HCMYV strain Merlin genome (Dolan et al., 2004) was therefore first analysed in
silico in order to identify homologies and motifs that may give insight into their

possible function.

3.1.1 imilarities identifi BLA nd FAST

NCBI protein FASTA (Pearson, 1990; Pearson & Lipman, 1988) and protein BLAST
(Altschul et al., 1990) were used to search Uniprot and Swissprot databases with all
UL/b’ ORF protein sequences. Table 3.1 gives a summary of these homology searches,
and also includes general sequence information for each ORF. The results of this
bioinformatic analysis supported information known about these genes prior to this
study, for example; UL146 and UL147 were identified as chemokine homologues;
UL142 exhibited low level homology to UL18 and MHC-I, whilst UL144 was found to

be a TNF receptor homologue (Table 3.1).
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Table 3.1 General sequence information for the UL/b’ ORFs and summary of homology searches

ORF' Codimg Region' Proteia ID' Homalogy Notes’

UL e, 1eTst \tgas;  AARSI6S1 T O ot g
UL1se complement (176984.. 177628) AAR21669.1 involved in cell tropism
UL131A m;‘ﬁ%:;fg"m AAR31670.1 Involved in call tropism

UL complament (178252..179064) AAR31671.1 Putative membrane protein

UL133 complement (189949..190722) AAR31685.1  WASP (Prokine-rich proteins) Putative membrane protein

vLLs complemeat (185846..189772) AAR3IGRA1  WASP W” Putative accretod protoin

UL136 complement (188033..188755) AAR31683.1 Putative membrane protein

vLse complement (187441..187950) AARII6R2.1 Putative membrane protein

UL13S complement (186462..186378) AAR3I681.1 CD24 Putative memmbrane glyooprotein
UL1s complement (185705..186280) AAR31680.1 Putative sombrane protsin

ULt complement (184396..185412)  AAR3I679.1  UL14 gene faraily member Membrane glycoprotein
ULIGIA  complement (185345..185666) . Unpublished potential ORF

vLia comploment (183406..184323)  AAR316781 UL18 (MHC ) Membrane glycoprotein

ULik complement (182206..182736) AAR31677.1 TNFR Putative membrane ghyooprotin
UL1s complement (181573..181965) AAR31676.1

ULM6  complement (180930. 181292) AAR3I675.1 L8/ CXC Secreted glycoprotoin

UL167 compleenent (180390..180865) AAR31674.1 L&/ CXC Putstive secreted glycoprotein
ULMIA  complement (180160, 180387) AARII6TAL Putative membrans protein

ULl complement (179141..180091) AAR31672.1 Putstive membrane glyooprotein
ULISA  complement (190818..191060) AAR31686.1 Putative mesbrane prokein, unrelatnd to UL148
ULISB complement (191190..191432) AAR3I687.1 Putative membrane protein, unrelated to UL148
ULesC 191522..101755 AARS1688 1 Putative mecobrane protein, unrelstod to UL148
UL14sD 192137..192325 AAR31689.1 Putstive membrane protein, unrelated to UL148
UL1S complement (192341 .194260) AAR31690.1 Maocin-ike proteins Putative socrobed protein

UL14 21229.22212 AAR3IS?.]  ULI4 gene family member Putative membrane protein

1 Nomencleture and infe obtesined from GenBank Mertin sequence AY 446894 (Dolan et af,, 2004)

Iﬂmm;uﬁ:mdmNCBIMme}Mw‘e&mwm 1990; Pearson & Lipman, 1988)
and protein BLAST (http.//www.ebi.ac.uk/blastall’) (Altschul er a/., 1990). Both search tools used UniProt and Swiss-prot databases
3 Observations from Dr A.Davison, personal communicstion



Few novel homologues were revealed for the remaining UL/»’ ORFs. Although no
functional data exists for UL139, it was found to share sequence similarity with the B-
cell maturation factor, CD24 (Table 3.1). UL133 and UL135 do not possess any distinct
homologues, but both showed some similarity to a number of proline-rich proteins, in
particular WASP and WASP-related proteins. UL150 exhibits similarity to mucin-like
proteins (Table 3.1), and in this context it is interesting to note UL150 has been
identified as a potentially secreted protein (A. Davison, personal communication).
UL141 was revealed to contain an Ig-like f sandwich domain (Table 3.1). As previously
described by Dolan et al (2003) and confirmed in this bioinformatics search, UL141 is a
homologue of the HCMV protein UL14, and together they comprise the UL14 gene
family. UL14 is also found to contain an Ig-like B sandwich domain (Table 3.1), and
with the exception of its homologue, UL141, does not show any sequence identity to
other known proteins.

In addition to the 23 ORFs of the UL/’ region, UL141A was proposed as another
potential ORF by Dr P. Tomasec (Table 3.1). No homologues to UL141A were revealed
by this bioinformatics search, but it has been included in this study as a putative UL/’

region ORF.

312P i i ions

An interface for a number of different protein modification analysis tools called
PredictProtein (Rost et al., 2003) was used to gather the majority of motif pattern
information for each UL/’ ORF. The results are described in Table 3.2. Prosite
(Bairoch et al., 1997) details all possible post-translational motif patterns from a protein
sequence and was also used, via PredictProtein, to run a more detailed analysis of the

UL/b’ ORFs.
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dicted for the UL/b' ORFs

pr

UL12s 130 Y127
UL1M 24 Y@(-29)
ULISIA 129 Y (1-18)
uL132 270 Y (127
UL1sS 257 Y (1-39)
UL13S 302 Y (1-22)
UL13¢ %0

UL1SS 169 Y (1-28)
UL1s® 138 Y (1-16)
UL1G 191 - (signal anchor)
UL 338 Y (1-29)
ULt41A 102

ULI2 303 Y (1-19)
UL1M4 m Y (1-20)
UL14S

UL146 120 Y (1-22)
JURTY) 139 - (vignal ancher)
ULIMTA » Y (133)
ULs 316 Y (1-20)
ULISA L] - (vignal mchor)
UL14$B 0 Y(1-18)
UL14sC ” Y (1-29)
UL148D 6 - (sigoal anchor)
UL15 69 Y (1-16)
UL 327 Y(1-23)

Trassmembrane domain®

Y (34-106)
Y (13-33 powatial N-term sigaal, 43-67)
¥ (4-26 poteatial N-term vignal)
Y (63-87)
Y (10-32 poteatial N-term signal, 33-52)
Y (62-84)
Y (2648)

Y (279-301)

Y (37-73, 270-289)

Y (129-151)

Y (69-90)
Y (1-18 potestial N-term signal)
Y (2042)
Y (7-23 potential N-term sigol, 37-73)

Y (206-308)
Y (10-32)
Y (10-32)

¥ (10-32, 39-61)

Y (30-82)

Y (266-289)

CAMP x1 PXKC 2 TYR 22

CAMP x1 PKC x4 CK2 x5 TYR
x1

KCxcx2x2
CAMP x1 PKC x8 CK2 X3

CAMP x! PKC x2 CK2 ¢

CAMP x1 PKC x6 CK2 x1 TYR
x1

KX2x3

CAMP x2 PKC x2 CK2 2

CAMP x] PKC x2 CK2 x3 TYR
x1

CANP x3 PKC x4 CK2 x2
PKCm CK2 x$
PKC ot
PKCx1 CK2x1
TYRxl
PKCxl CK2 x1 TYRxl
K2 x)

CAMP x1 PKC x} CK2 x1
cxX2xt

K2 x1

CAMP x3 PKC x17 CK2 x10

PKC x5 CK2 »4

s Otber®
Low probability x1
Hiah probability x
Low probabitity x1
Low probabiliey x1
High probability x1

i oits, pr

Low probability x1 -
Low probebility x8 Pro rich region
Low probability x1

. lipid etack site, YXXI, (YRRL) motif, Ig

like B sendwich domain

Low probebility x2 Bipertite suclear signal sequence
Low probebility x1
Low probability x1
Low probabitity X1 LR motif
High probability x1 RGD ocell sttachment sequence, Lectin legume beta dosssin
High probability x1

. lipope " site, peruxii

tanmeting signal

. Glycossminoglycen sttachment site
Low probability x4
High probability x1
Low probebility x1 Jg-like B sandwich domein, YXXL (YRRL) motif

00t

and sequence information obtsined from GeaBaak Merlin sequence AY446894 (Dol ef al., 2004)
uiii?%iigguoixgg'%bgﬂg 2004). Sianal sochor denotes previously named uncleaved sisnal pestide
$ Predicted rmaemembrane regicns. obtained from detak TNMHMM (hitp /A che.cew. dk &EPS?‘&&. 2001) snd TMPred (Wip.//www.ch.emsbost.ors/software/ TMPRED form bul) (Hofinena & Stoffe], 1993). Brackets indicate the amino acid residues the domein liss within.
4 Poteatial protia motifs detected using verious tools via the Pry in datsbese (D ic.bioc.columbia.

) (Rot et al., 2003)
4a Asparagine glycosylation prediction obtained via PredictProteia from Prosite (bity://www.expasy.chv/prosite) (Bairoch o al., 1997)

b Phosphoryistion motif predictions obtained from Prosite via PredictProtein.

PKC: a proseia kinase C phospharylation site

CAMP: 8 cAMP md cGMP - dependent protria kinese phosphorylstion site

CK2: & casein kinewe 2 phosphorylation site

TYR: a fyrosine kinese phopsborylation site

4c N-Myristoylation prediction obtained from Prosite, via PredictProtein.
tﬂg%!%{l’ggigszﬂaiitiiiv

40 Other modifi motife icted by Prosits, via Preds 3g§\§#§rﬂgv

S Database NetOGlyc (hitp://www.che.di. di/services/NetOGlyc/) (Juleniue of al., Sosill&!n-‘ao h ion (mwcin tvpe b
'NOTE: Although & motif for O-glycosyletion mey be preseat in IG.S.. is unlikely to take place unless the protein possess a signal peptide wnd is processed via s correct cellular routs through the Golgi.
O-glycosylation will not take place ia regions or cytopl portions of protein.




Most of the UL/b’ ORFs were found to contain common protein motifs (Table 3.2), for
example for phosphorylation and N-myristoylation, a lipid anchor modification. An
additional common motif predicted for some of these proteins is the SUMOylation
motif. SUMO modification is the covalent attachment of a small, 11kDa ubiquitin-like
molecule. It has been implicated in the regulation of a number of mammalian
molecules, such as TNFR and viral proteins like CMV IEl and IE2, and also may
stabilize proteins and affect their subcellular localisation. SUMO modification sites
were predicted for a number of the UL/’ ORFs using SUMOPIlot™ (Abgent) (Table
3.2). Of particular interest are the high probability sites predicted for UL130, UL132,
UL144, UL148, UL148A (a non-overlapping, individual ORF unrelated to UL148; this
applies to each of the UL148A, UL148B, UL148C and UL148D ORFs) and UL150.
The remaining ORFs are predicted either low probability sites, which are motifs with
amino acids of similar hydrophobicity to the consensus sequence, or possess no
SUMOylation motif.

Less common modifications were also predicted for some of the UL/A’ ORFs. Both
UL133 and UL148D are predicted to contain an attachment site for the carbohydrate
modification, glycosaminoglycan (Table 3.2), and UL133, UL141 and UL148B are
predicted to contain a prokaryotic membrane lipoprotein lipid attachment site, a type of
lipid anchor for lipoproteins that may provide membrane fixation for the modified
lipoprotein in prokaryotes. UL148B is predicted to encode a peroxisome targeting
signal (PTS). There are many variations of the PTS, but it is prototypically Ser-Lys-
Leu, which is encoded by UL148B in the centre of its sequence. The PTS targets the
peroxisomal protein to a PTS1 receptor, which then directs the protein into the
peroxisome. UL141A is predicted to contain a nuclear signal sequence (Table 3.2). A
YXXL motif is found in UL141, UL14 and UL144 (Table 3.2). YXXL defines the

immunoreceptor tyrosine-based activation motif (ITAM) motif which is associated with
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binding of SH2 domain-containing proteins including the tyrosine-kinase Syk and other
adaptor proteins involved in multiple cell signalling processes. The presence of this
motif may affect the constitutive or inducible signalling of UL144, UL141 and UL14. It
is also possible the YXXL motif may be required for protein binding. UL16 is described
as an ER resident protein that binds and sequesters the ULBP1, ULBP2 and MICB
stress-induced molecules, evading NK lysis. A YXXL motif in UL16 (YQRL) has been
found to be necessary for its retention of MICB (Wu et al., 2003).

The ELR motif identified in UL 146 is involved in the binding of IL8 chemokines to the
receptor CXCR1 (specific for IL-8) and CXCR2, a more general receptor for ELR-
containing chemokines. The fact that the ELR motif is present in UL146 but not UL147
suggests these HCMV virokines may be functionally distinct. UL 148 is predicted to be
a membrane associated glycoprotein that possesses an RGD cell attachment motif. This
RGD motif is often found in extracellular matrix (ECM) proteins where it forms a
specific interaction with integrins. Integrins are found on the plasma membrane as a
non-covalently linked heterodimer consisting of an a and P subunit, which convey
specificity in cell-cell as well as cell-ECM attachment, immune cell recruitment,
extravasation and signalling. In addition, it was recently shown that the integrins a2f1,

a6l and aVP3 are involved in the HCMYV entry pathway (Feire et al., 2004).

The signal peptide sequence plays a key role in targeting the translation of proteins to
the ER. The signal peptide is responsible for expression in the ER, and is a pre-requisite
for trafficking through the Golgi to the cell surface or other secretory vesicles. SignalP
(Bendstenn et al., 2004) was used to predict the presence of potential signal peptides,
and their possible cleavage sites, for each of the UL/b’ ORFs (Table 3.2). With the
exception of UL136, UL141A and UL145, the UL/b’ ORFs all possess signal peptides.

UL140, UL147, UL148A and UL148D are predicted to contain a signal peptide in the
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centre of the protein that is not cleaved. This is described in Table 3.2 as a signal
anchor, or uncleaved signal peptide, describing proteins that are sorted by the signal
peptide, but may not follow on through the secretory pathway. This data indicates that

most of the UL/5’ ORFs are potentially secretory or sorted to membrane locations

within the cell.

Glycosylation is an important post-translational modification that provides insight into
cellular location and potential function; many glycoproteins are expressed on the cell
surface where they can play vital roles in intercellular communication and receptor
interaction. Two different types of glycosylation have been defined; N-glycosylation
and O-glycosylation. N-glycosylation is initiated in the ER, with the formation of more
complex carbohydrates being the result of further processing through the Golgi. O-
glycosylation tends to be initiated in the Golgi. N-glycosylation involves the addition of
N-linked oligosaccharides to asparagine via N-acetylglucosamine. Potential N-
glycosylation sites were identified via Predict Protein (Rost ef al., 2003) based on the
sequence motif NXS/T, where X can be any amino acid except proline. O-glycosylation
involves the addition of O-linked oligosaccharides to serine or threonine residues via N-
acetylgalactosamine, and was predicted using the program, NetOGlyc (Julenius ef al.,
2005).

Sequence analysis indicated only 7/24 of the predicted UL/b’ ORFs (UL128, UL136,
UL141A, UL145, UL147, UL147A and UL148A) did not encode a potential
glycosylation motif. The remaining 17 ORFs were predicted to contain both types of
glycosylation motifs, which implies the majority of proteins encoded by the UL/b’
region may be glycoproteins (Table 3.2). A number of very highly glycosylated proteins

have been predicted (Table 3.2). In particular UL144 and UL142 are predicted to
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contain the most N-glycosylation sites, with 7 and 17 sites predicted respectively.
UL142 is a homologue of UL18, which is also predicted to contain 13 N-glycosylation
sites and was recently confirmed by Griffin et al (2005) to encode a highly glycosylated
protein. UL142 is also predicted to contain 9 O-glycosylation sites and, most
remarkably, the UL135 ORF is predicted to contain some 42 O-glycosylation sites

(Table 3.2).

3.1.4 A number of UL/b’ ORFs encode potential transmembrane proteins

Protein topology was predicted using a number of different programs. Although
variation can occur in the exact placing of transmembrane regions, predictions for
transmembrane domains from most programs concur. Table 3.2 gives the
transmembrane region for each ORF predicted by TMPred (Hoffman & Stoffel, 1993)
and TMHMM (Krogh ef al., 2001). With the exception of UL128-UL131A, UL141A
and UL150, most of the UL/b’ proteins are predicted to contain transmembrane regions.
A number of UL/’ ORFs have been predicted to contain two transmembrane regions,
although care must be taken with these results, as some of the regions are predicted at
the N-terminus of the protein, encompassing a signal peptide that may be cleaved.

In addition to secondary structure predictions, the program Phyre was also used to
compare predicted protein folds of the UL/b° ORFs that may match other known
secondary structures. Both 1D and 3D sequence profiles, coupled with secondary
structure and solvation potential information are used to predict similarity to other
structures. Although less successful than the BLAST and FASTA searches, it was felt
necessary to look at this level for any homology. Of the UL/d’ ORFs, both UL14 and
UL141 were predicted to contain Ig-like B sandwich domains, and UL142 was

successfully matched to MHC-I structures (Table 3.2).
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3.2 GENERATING RECOMBINANT ADENOVIRUSES

3 tem for ge in mbin denovirus
To screen the UL/’ ORFs in functional assays and to characterise their expression,

each UL/b’ ORF was cloned into a replication deficient Ad vector. A commonly used
method in the construction of recombinant Ads (RAds) involves homologous
recombination in mammalian cells capable of complementing the E1 defective Ad. One
such system is the commercially available Admax system (Microbix) in which the gene
of interest is cloned into a transfer vector, which is then co-transfected into a
mammalian packaging cell line with a plasmid containing the Ad backbone (AE1, AE3).
Homologous recombination occurs between the two transfected plasmids in the
mammalian cells, and the expression cassette from the transfer vector is inserted into the
original E1 region of the adenoviral genome. El is provided in trans in mammalian
packaging cells such as 293s (Graham et al., 1977) and 911s (Fallaux et al., 1996) to
produce the RAd. However, this method is time-consuming as it requires multiple
plaque purifications to isolate and identify the RAd.

Further developments in the production of RAds have been made based on the finding
that homologous recombination can be carried out in £.coli, resulting in a more efficient
system for RAd production as it obviates the need for plaque purification (Chartier e#
al., 1996; He et al., 1998, Zeng et al., 2001). AdEasy is one of these faster and more
efficient systems for generating RAds (He ef al, 1998; Fig 2.2). This system also
involves insertion of the gene of interest into a transfer vector, pShuttleCMYV, so that the
gene of interest is under the control of the CMV major IE promoter. The CMV major IE
promoter gives high expression of transgenes from the Ad vector (Wilkinson & Akrigg,
1992). pShuttleCMYV is then linearised with Pmel, and transformed into E.coli BJ5813
containing the adenoviral backbone vector, pAdEasy-1 (Fig 2.2). E.coli BJ5813 are

recombination-competent and homologous recombination occurs between the two
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plasmids. The resulting recombinant adenovirus DNA produced in these cells is then
purified, linearised with Pacl and transfected into mammalian packaging cells, where
E1l is complemented in vivo to produce RAds (Fig 2.2; He et al, 1998; Hosfield &
Eldridge, 2000).

A number of RAds that could not be made by the Admax system were generated using
AdEasy. With the Admax system, recombination occurs under high transgene
expression, and therefore if this gene is not fully compatible with efficient Ad
replication, it reduces the chances of obtaining a recombinant. The AdEasy system, on
the other hand, involves recombination in bacteria, where transgene expression is not an
issue in the generation of RAds, increasing the chances that a recombinant will be
produced. In addition, plaque purification of progeny virus is essential in the Admax
system, whereas in the AdEasy system, a single clone is already selected before RAd
production in 293 or 911 cells, obviating the need for plaque purification. AdEasy was
therefore chosen as the most efficient available system for the generation of RAds

encoding the UL/b’ ORFs.

3.2.2 Epito Strepta

Specific antibodies for individual UL/b -encoded proteins were not available for this
study; indeed, most of the associated ORFs were previously uncharacterised. To test
whether expression was being achieved, it was therefore considered necessary to
incorporate a C-terminal epitope tag during PCR amplification. As the primary aim in
cloning the UL/b’ ORFs was to investigate their function, a tag was selected that would
provide maximum potential utility, whilst minimising any potential affect on protein
structure. GFP is a relatively large molecule (26.9kDa), that could potentially hinder the
structure, intracellular trafficking or activity of the UL/A’ proteins. Instead, a small

epitope tag was used, called Streptag II (IBA). The Streptag technology was developed
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to provide a highly efficient protein purification system, and is based on the strong
binding of biotin and streptavidin. The manufacturers have optimised the tag sequence
and have engineered the biotin-binding pocket of streptavidin to produce StrepTactin, a
form of streptavidin that possesses 100x the affinity for the Streptag sequence. Streptag
IT is 8 amino acids in length (Trp-Ser-His-Pro-Gin-Phe-Glu-Lys) and has a balanced
amino acid composition, making it unlikely to affect protein structure or activity.
Reagents are available commercially that facilitate purification of Strep-tagged proteins
and the detection of Streptag II in western blot, ELISA and immunofluorescence. The
Streptag sequence was cloned onto the C-terminus of the UL/A’ ORFs by PCR using

specific primers coding for Streptag (Table 2.2).

3.3 CONSTRUCTION OF RECOMBINANT ADENOVIRUSES VIA THE

AJEASY SYSTEM
3.3.1 Clonin b’ ORFs into the AdEasy transfer vector, pShuttieCMV

Each UL/b’ ORF, amplified by PCR with a C-terminal Streptag, was cloned into a RAd
vector using the AdEasy system, either via TOPO® cloning (Invitrogen) or by direct
cloning into pShuttleCMV. Briefly, TOPO® cloning is a plasmid vector system that
exploits the single base extension generated by 7aq polymerase to enable efficient,
direct, cloning of PCR products. Using this approach, UL/b’ ORFs were inserted into
the TOPO plasmid, pCR2.1-TOPO® (Fig 2.3a). From the TOPO vector, the UL/b’
ORFs were then excised by restriction endonuclease digestion using asymmetric sites
and sub-cloned into pShuttleCMV (Fig 2.3b,c). Although TOPO cloning is an efficient
system, it creates an extra step in the process of inserting transgenes into pShuttleCMV.
To remove this step from the process, some of the genes (UL133, UL136, UL147 and
UL 148) were cloned directly into pShuttleCMV. Each ORF was amplified by PCR from

Merlin DNA with primers containing the restriction sites Kpnl (5’) and Xbal (3’), which
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were then used to directly ligate the digested PCR product into pShuttleCMV (Fig 2.3c).
Each step in the cloning system was checked by sequencing and restriction digest to

ensure the presence and integrity of the transgenes.

3.3. ion of inant i

To generate RAds, the UL/’ ORF-pShuttleCMYV transfer vectors were transformed into
E.coli BJ5813 carrying the pAdEasy-1 vector. pAdEasy-1 should lose its ampicillin
resistance selectable marker following homologous recombination with pShuttle-CMV,
and the recombinant plasmid gain kanamycin resistance from the pShuttleCMV plasmid
(Fig 2.2). Recombinants were selected by kanamycin resistance, and screened by Pacl
and HindIII restriction enzyme digest. HindIIl restriction enzyme digest was used to
check the pAdEasy-1 restriction endonuclease digestion pattern against a RAd control
to check the adenovirus backbone was intact. Pacl restriction enzyme was used for
classification of recombination. There are two different sites of recombination between
pAdEasy-1 and pShuttleCMV. Normally, recombination will occur between the right
and left arms of homology that are present in the transfer vector, but can also be seen
between the replication of origin (ORI) and the right arm of homology. This results in
two different fragment combinations with Pacl digest, consisting of a large fragment ~
30kb, and a smaller fragment of either 3kb if recombination occurred at the left arm or
4.5kb if recombination occurred at the ORI (Hosfield & Eldridge, 2000). During the
cloning of the UL/b’ genes, recombination at the ORI was more frequent, producing a
4.5kb fragment. Both types of recombination are correct, yielding recombinant
adenoviral DNA. An example is provided in Figure 3.1a, where clone 1 shows the
correct banding pattern for a recombinant clone. The banding patterns for clones 2-6 are
unknown, as they do not correspond to either pAdEasy-1 or pShuttleCMV HindllIl or

Pacl digested plasmids (Fig 3.1a).
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a) Hind|ll Pacl

b)

ORF-pShuttleCMV recombination was alsc screened by duplex PCR (Antolovic
¥ | 4 X

et al., 2005) with primers for the kanamycin gene and a poriion of the Ad
backbone. Duplex PCR of correct Ad mbinants produces 2 bands of 784bp

and 384bp respectively
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During the production of these RAds, Antolovic ef al. (2005) described a rapid method
i Shegble SRR S A = a- 2l _aeoio ab o Loon AE A i DR P N e (R §
for identifying Ad recombinanis thai entails the use of duplex PCR. Primers were used

to screen for the adenoviral backbone and the kanamycin resistance gene, both of which

should be present if recombination between pShuttle-CMV and pAdEasy-1 has

produced. An example is provided in Figure 3.1b, where recombin lones a and ¢
produce the two diagnostic fragments. The remaining clones b and d-f show only a

pAdEasy-1 band, indicating transformation of pShuttleCMYV and/or recombination with

pAdEasy-1 did not occur. As plasmid DNA preparation and restriction endonuclease

restriction endonuclease digestion or duplex PCR, the clone was expanded overnight.

The recombinant plasmid is very large (>30kb), and large scale culture must be

performed rapidly tc avoid additional recombination events. The recombinant DNA was
extracted, punified and digested by Pacl, necessary to release the viral genome for viral

using Polyfect (Qiagen).

It is possible to produce virus in both cell lines, and each has certain advantages and
disadvantages. Early on in the production of the UL/H’ viruses, 911 cells were
transfected to produce the virus, as the plaques in these celis are easier to recognise. The
911 cells also grow siower than 293s, an advantage when producing slow growing
viruses as cells do not become too confluent too quickly, whereas 293 ceils become

over-conflueni and detach before the virus has produced recognisable plaques.
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Virus plaques were usualily seen approximately 7 to 10 days after transfection of RAd
DNA. As identification of virus plaques could be ambiguous, virus production was also

confirmed using an Ad antibody test kit (SAScientific). Once a virus was produced it

could then be harvested by ArkloneP extraction of infected cells and then propagated.
b r b

The majority of the UL/&° ORFs were succ

&
2

vectors. Due to time constraints, delays caused by overcoming problem constructs and
local circumstances, a number of UL/b’ ORFs were cloned into RAd vectors by other

.3}. Dr B. McSharry had previously

N

researchers from within the laboratory {Tabie
produced the ORF UL130 RAGJ, cloned into an Ad vector with a FLAG-tag in place of
Streptag II using the AdMax system, and Dr V. Prod’homme cloned eight Strep-tagged

UL/b’ ORFs into Ad vectors using the AdEasy system (RAJUL128, RAdULI131A,

RAdUL138, RAdUL140, RAdUL147A, RAdULi48A, RAdULi48C and
RAdUL148D). With the exception of UL 128 and UL131A, which did not produce RAd

using the AdEasy system, all the UL/b° ORF RAd vectors successfuily produced virus.
With the contributions from Drs V. Prod’homme and B. McSharry to the bank of UL/’

RAds, it was possibie to complete the characterisation of these UL/A’ ORFs, and the

production of UL128 and UL131A (Section 3.5} within the course of this project.

To test that each RAd encoded a UL/A’ ORF of the appropriate size, adenoviral

genomic DNA was extracted and the transgene insertion PCR-amplified using specific

rimers (Fig 3.2). By comparing predicted sizes for each ORF with those produced by
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Figure 3.2 PCR analysis to test that each RAd encodes a UL/>’> ORF
UL/d’ ORFs were amplified by PCR from UL/5’ ORF RAd DNA with their
respective specific primers and fragments analysed by 0.8% agarose gel
electrophoresis to check that each RAd encoded for the appropriately sized
UL/b’ ORF.
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PCR amplification, all RAds that were made were shown to contain a UL/b’ gene

product of the appropriate size (Fig 3.2).

3.4 CONSTRUCTION OF RECOMBINANT ADENOVIRUSES VIA THE AdZ
SYSTEM

3.4.1 Generation of UL128 and 131A, and pro tion of UL132 and UL148

ful usin A m

Multiple attempts to generate the UL128 and UL131A RAds using the AdEasy system
were unsuccessful. In addition, although RAds UL132 and UL148 were both produced
(Fig 3.2), problems arose during the propagation of the viruses with low yields
curtailing functional assays. To overcome problems associated with transgene
expression in the helper cell line being incompatible with vector replication, an

inducible RAd vector was developed in-house specifically for this application.

3.4.2 The AdZ system

It became clear during the course of this study that the production of large numbers of
RAds using the AdEasy-1 vector was labour-intensive, unreliable and time-consuming.
A high efficiency Ad vector system was therefore developed by Dr R. Stanton that
eliminated the need for all conventional cloning steps; called AdZ, or Ad production
with zero cloning steps (Fig 2.4; Stanton ef al., unpublished). This system makes use of
E.coli strain SW102 (kindly donated by Dr N. Copeland), which contain a defective
phage that expresses the lambda red genes. These genes are temperature-sensitive, and
mediate homologous recombination between arms of homology as short as 50bp when
incubated at 42°C. The Ad vector present in SW102 bacteria, designated pAL942,
contains the entire Ad genome from the AdEasy system as a single copy vector. It also

contains the CMV promoter, two tetracycline (Tet) operator sites, polyA tail, and
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incorporates a C-terminal Streptag Il into the reading frame. Ampicillin resistance, SacB
encoding sensitivity to sucrose, and LacZa to enable blue white screening are also
included in the vector to enable analysis of clones. The 50bp arms of homology to the
CMYV promoter region and polyA region are incorporated into PCR primers, permitting
a system whereby the PCR product, amplified with regions of homology, can be directly
ligated into the Ad vector by homologous recombination, without the need for multiple
cloning and subcloning steps. This type of cloning has been termed “recombineering”.
The presence of Tet operator sites enables expression of the transgene to be regulated
during virus production. Binding of the Tet repressor, which is constitutively expressed
by 293 T-REx™ cells, to the Tet operator sites suppresses gene expression, enabling

RAd to be produced in 293 T-REx™ without potentially toxic transgene expression.

3.4 in UL1 131 132 and 48 into T
recombinant Ad vectors via the AdZ system

UL128, UL131A, UL132 and UL148 were PCR-amplified from HCMV strain Merlin
template DNA using transgene-specific primers (Table 2.2), yet the primers also contain
sequence homology with the CMV promoter and polyA regions in the Ad vector
(pAL942) to enable direct insertion by recombineering. The Amp-LacZ-SacB cassette is
replaced by the UL/b’ ORF upon successful recombination and clones were plated onto
chloramphenicol selection plates containing sucrose and X-gal. Growth on sucrose
becomes possible with the loss of the negative selectable marker (SacB), and positive
colonies also do not stain blue on X-gal with loss of LacZ. Colonies containing the
appropriate transgene insertion were thereby readily selected, yet still needed to be
sequenced in order to check for PCR-generated errors in the insert. Plasmid was
purified from correct clones, and transfected into 293 T-REx™ cells. The AdZ vector is

self-excising, thus obviating any need to scale up plasmid purification, or to excise the
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Ad genome (e.g. by Pacl digestion) before transfection. Expression of the UL/5* ORF
under the Tet operator element is repressed in T-REx cells, thus enabling production of

the RAd encoding potentially toxic gene products.

RAdUL148 was remade using the AdZ system, and has produced a good high titre
stock. Currently, only low titre stocks of RAJUL132 are available. UL132 has yet to be
inserted into the AdZ system during this project, however the results obtained with
UL148 indicate this approach is valid. RAJUL128 and RAdUL131A were successfully
produced using the AdZ system, and their generation has completed the bank of RAds

encoding the entire UL/b’ region.
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4. ANALYSIS OF ADENOVIRUS RECOMBINANTS ENCODING

UL/b’ ORFS

Each UL/5’ ORF was cloned into a RAd vector with a C-terminal Streptag in order to
allow expression of each ORF to be followed and characterised. Expression of most of
these ORFs has not previously been investigated, so in addition to validating expression
from the vectors the studies had potential to provide novel insights into the properties of
the expressed proteins. Three distinct techniques were exploited to characterise their

expression: western blotting, flow cytometry and immunofluorescence.

4.1 CHARACTERISATION OF UL/b’ ORFS BY WESTERN BLOT

To analyse transgene expression in western blot, a Streptag II-specific mAb was used.
RAd592 is an AdEasy vector that lacks an insert, and was used throughout as a negative
control that could distinguish non-specific interactions. In contrast, RAJIL10 was used
as a robust positive control. RAAIL10 encodes a C-terminal Strep-tagged HCMV vIL10
(UL111A) fusion protein that has consistently provided good expression and a strong
positive signal with the Streptag II-specific mAb.

For expression analysis, immortalised human foetal foreskin fibroblasts (HFFF-htert)
were initially infected with individual RAds encoding Strep-tagged UL/b’ ORFs. To
maximise expression, HFFF-htert were infected with RAds at a high MOI (100pfu/cell),
cells were cultured in the presence of forskolin to boost protein expression from the
HCMYV IE promoter (Wilkinson & Akrigg, 1992) and extracts prepared at 72hpi. In
these preliminary experiments, expression from only a limited number of constructs
could be detected (pUL14, pUL135, pUL141, pUL145 and pUL150), with detection of

pUL141, pUL145 and pUL150 being inconsistent (data not shown).
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AdS normally uses the CAR (Cocksackie and adenovirus receptor) as a primary receptor
and av integrin as a secondary receptor to gain entry into cells. Whilst human
fibroblasts are routinely used in HCMYV research, they have low levels of cell surface
CAR. The study was repeated using HFFF-htert transduced with a retrovirus encoding
CAR (designated HFFF-hCAR), which renders them more than 10-fold susceptible to
AdS infection (Dr B. McSharry, personal communication). Where HFFF-htert were
infected with each UL/b’ ORF RAd at a MOI of 100 pfu/cell, the MOI was reduced for
the new HFFF-hCAR cell line to 10 pfu/cell. At 24hpi, RAd infected HFFF-hCAR were
supplemented with forskolin to boost protein expression and harvested at 72hpi.

Detection of expressed Strep-tagged proteins from HFFF-hCAR cells proved to be
significantly more efficient than using the parental HFFF-htert (Fig 4.1). After multiple
attempts, the expression of 8/22 ORFs could not be detected by western blot: UL132,
UL133, UL139, UL142, UL144, UL146, UL148 and UL148C (Fig 4.1). Each RAd was
demonstrated to encode correct insert by both PCR and DNA sequence analysis (Fig
3.2); thus indicating that the problem in detecting these proteins lies with expression or
western blot detection. There are a number of explanations why the Streptag mAb may
not have detected expression. Potentially, a protein may have been processed in such a
way that the C-terminus and therefore the Streptag have been cleaved, to release an
untagged mature protein. A protein may have folded in such a way as to distort the
Streptag, or conceal it from antibody recognition. This may happen when the protein is
denatured prior to electrophoresis, or the protein may undergo partial refolding after
western blotting. Potentially, expression of the tagged protein may be influenced by a
function of a gene product itself. It had originally been envisaged that the shared epitope
tag would enable the relative level of expression of each of these proteins to be
estimated by western blot. Although infection conditions were identical and comparable

amounts of cell extract loaded, the signal strength of each protein varies dramatically.
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Figure 4.1 Western blot detection of UL/b’ ORFs by Streptag antibody.

HFFF-hCAR cells were infected with UL/6’ RAds at a MOI of 10, cell
extracts prepared at 72hpi and proteins separated by SDSPAGE and
transferred to nitrocellulose. Strep-tagged proteins were detected by
Streptag monoclonal antibody. a) Mock control, plus RAd infected cell
extracts RAJUL 132 through to RAdUL144, and b) Rad592 control, plus
RAd infected cell extracts RAdJUL 145 through to RAdJUL150 and
RAdUL14.
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However, it is not clear whether this represents a direct measurement of protein
abundance, or reflects the availability of the epitope to antibody recognition. Indeed,
although a positive signal detection provides evidence of expression, the lack of such a

signal does not preclude expression.

A comparison of the calculated molecular mass of a protein estimated by its migration
on SDSPAGE with that predicted from in silico translation of the ORF is important as a
check on its identity, although variation can occur due to anomalous migration or post-
translational processing. Of those genes whose expression was detected by western blot,
pUL138, pUL141, pUL141A, pUL145, pUL147, pUL147A, pUL148B, pUL148D and
pUL14 produced bands that matched their predicted molecular mass (Fig 4.1).
However, there were a number of discrepancies, and a proportion showed either higher
molecular weight bands than predicted or in some cases multiple bands. pUL135 is
predicted to have a mass of 33kDa, but blots show 2 bands, the first of approximately
25kDa, and the second of approximately 35kDa that may account for the predicted mass
(Fig 4.1). The 25kDa band appears to be the more dominant band, and may be a
breakdown product or the result of cleavage of the full length pUL135. pUL136
produces a major band of ~33kDa, which is slightly larger than its predicted 27kDa (Fig
4.1). UL136 is not predicted to be glycosylated, or to possess any other post-
translational motifs that may have resulted in this higher molecular weight protein.
pUL140 is predicted to have a molecular mass of 21.5kDa, yet RAJUL140 encodes a
protein estimated at 33kDa, giving an increase in predicted mass of approximately
12kDa (Fig 4.1). UL140 is predicted to encode two N-glycosylation sites, which may
contribute to a higher molecular mass, though this type of modification has not been
confirmed. UL140 is also predicted to contain a number of low probability SUMO

modification sites. SUMOylation is the covalent modification of an 11kDa, ubiquitin-
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like molecule that may account for this increase in predicted mass. Although UL140 is
predicted to contain a number of low probability sites, co-immunoprecipitation studies
with an anti-SUMO antibody did not reveal pUL140 to be SUMOylated (data not
shown). pUL14 and pUL141 were both observed with bands of approximately their
predicted mass, but produced a double banding pattern (Fig 4.1). UL14 and UL141 are
both predicted to contain N-glycosylation sites (Table 3.2), and the incomplete
glycosylation of some of the cellular protein may explain the double banding pattern
produced by pUL14 and pUL141, where the upper band represents fully glycosylated
protein and the lower band the incomplete or un-glycosylated product. (The
glycosylation of these two proteins will be examined further in Chapter 6). pUL148A
and pUL148B are both predicted to be approximately 9kDa. pUL148B produced a band
of ~10kDa, corresponding to its in silico prediction, but pUL148A produced a higher
mass of ~18kDa (Fig 4.1). Interestingly, pUL148A is predicted to contain a SUMO
modification site of high probability, which may account for this ~10kDa increase in
mass. However, similar to pUL140, pUL148A was not observed to co-
immunoprecipitate with an a-SUMO antibody (data not shown). At 70.1kDa, UL150 is
predicted to encode the largest protein of the UL/b’ ORFs. pUL150 was detected at an
actual mass of slightly larger (75kDa) that may be the result of extensive O-
glycosylation predicted for this protein (Table 3.2). In addition, UL150 is predicted to
contain a high probability SUMO modification site, although the increase in mass
observed is not in agreement with the 11kDa size of SUMO, and similar to pUL140 and
pUL148A, pUL150 was not observed to co-immunoprecipitate with an a-SUMO
antibody (data not shown). It is important to note here that immunoprecipitation using
the SUMO antibody can be very difficult, and optimisation of this immunoprecipitation
will be necessary before forming a definitive conclusion concerning SUMO

modification.
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Not all of the UL/b’ RAd constructs were available for western blot analyses. UL128
and UL131A Ad recombinants could not be generated using the AdEasy system. Whilst
they have recently been generated using the AdZ system, they were not available for

this study.

4.2 DETECTING EXPRESSION OF UL/b’ ORFS BY FACS

In flow cytometry (FACS) experiments, an antibody-independent assay based on a
StrepTactin-PE conjugate was used to detect the expression of Strep-tagged proteins.
StrepTactin is an engineered version of the streptavidin protein that binds to the
Streptag with 100x higher affinity than streptavidin. Conjugation of StrepTactin with
PE makes it a very simple and efficient detection system for Strep-tagged protein by
FACS and immunofluorescence. HFFF-hCAR were infected with RAds encoding the
UL/’ ORFs for 72 hrs. Cells were then fixed and permeabilized before being incubated
with the StrepTactin-PE conjugate. Expression of only 9/22 UL/b’ proteins (pUL133,
pUL135, pUL136, pUL140, pUL141, pUL148A, pUL148B, pUL148D and pUL14) was
clearly apparent by FACS analysis (Fig 4.2). The expression of the UL/b’ ORFs
detected by FACS did not correspond to those detected by western blotting. For
example, pUL145 is detected readily by the Streptag antibody in western blot, but was
not detected by FACS with StrepTactin-PE. The proteins pUL147, pUL148D and
pUL14 were detected readily by western blot, but only marginally detected using
StrepTactin-PE. This may be due to the intracellular localisation of these proteins. For
example, detection of the protein may be reduced if it is present in a vesicular structure.
In contrast, pUL133 was detected by flow cytometry with StrepTactin-PE, but is not
seen by Streptag antibody detection in western blotting. Again, this may be due to the
nature of the protein, and indicates that the pUL133 may be partially re-folding during

SDSPAGE to render the Streptag epitope inaccessible to the Streptag antibody.
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4.3 CHARACTERISATION OF UL/b’ ORFS BY IMMUNOFLUORESCENCE

Immunofluorescence was used for preliminary characterisation of the UL/b’ ORFs,
primarily to gain general expression information but also to provide qualitative
information on the cellular localisation of each expressed protein. As for western blot,
immunofluorescence expression information was only obtained for available RAd
constructs, and thus UL128 was not included. The C-terminal Streptag engineered into
each of the UL/’ ORFs was once more exploited to test for expression using the
monoclonal Streptag antibody (Fig 4.3). Immunofluorescence was performed at 72hpi
in HFFF-hCAR infected at a MOI of 50. Cells were fixed and permeabilized to enable
detection of the Strep-tagged UL/b’ ORFs using the Streptag antibody. A secondary a-
mouse IgG AlexaFluor 594 conjugate (red channel) was used to detect Streptag
antibody and staining patterns were observed by microscope using a x40 oil objective.
RAd592 infected HFFF-hCAR Streptag and mouse IgGl stainings were included as
negative controls (Fig 4.3x and 4.3y), and an IgGl staining of RAdUL14 infected
HFFF-hCAR was also included as an example Strep-tagged RAd control (Fig 4.3y).
The majority of the UL/’ ORFs were observed to produce a general cytoplasmic,
granular type staining pattern (Fig 4.3), although there were some interesting
exceptions. In particular pUL14 (Fig 4.3v) and pUL141 (Fig 4.3h) show very similar
staining patterns to that produced by the endoplasmic reticulum (ER). At high MOI
(MOI of 50), RAdUL141 infected HFFF-hCAR produced a very tight staining pattern
surrounding the nucleus (Fig 4.3h). For comparative purposes, immunofluorescence
data is included for RAdJUL141 infected HFFF-hCAR at a lower MOI of 10, where
pUL141 shows a more diffuse cytoplasmic-type staining pattern similar to pUL14 (Fig
4.3h). The localisation of pUL14 and pUL141 is investigated in further detail in Chapter

6, Figures 6.2 and 6.3.
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Fig 4.3a Immunofluorescence - RAdUL132

Fig 4.3b Immunofluorescence - RAdUL133.
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Figure 4.3c Inmunofluorescence RAdUL135

Figure 4.3d Immunofluorescence RAdUL136
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Figure 4.3¢e Inmunofluorescence RAdUL138

Figure 4.3f Imnmunofluorescence RAdUL139
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Figure 4.3g Imnmunofluorescence RAdUL140

High moi
Low moi
High moi

Low mol

Low moi

Figure 4.3h Immunofluorescence RAdUL141

12%




Figure 4.3i Immunofluorescence RAdUL141A

Figure 4.3j Immunofluorescence RAdUL142
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Figure 4.3k Immunofluorescence RAdUL144

Figure 4.31 Inmunofluorescence RAdULI145
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Figure 4.3m Immunofluorescence RAdUL146

Figure 4.3n Imnmunofluorescence RAdUL147
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Figure 4.30 Immunofluorescence RAdUL147A

Figure 4.3p Immunofluorescence RAdUL148
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Figure 4.3q Immunofluorescence RAdJUL148A

Figure 4.3r Inmunofluorescence RAdUL148B
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Figure 4.3s Inmunofluorescence RAdUL148C

Figure 4.3t Inmunofluorescence RAdUL148D
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Figure 4.3u Immunofluorescence RAdUL130

Figure 4.3v Immunofluorescence RAdUL14
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Fig 4.3w Immunofluorescence RAdUL131A
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pUL135 expression appears to cause rounding of cells. pUL135 produced a distinct
staining pattern in the centre of the cell that is not nuclear (DAPI staining not shown)
with staining at the periphery of the cell that indicates pUL135 may be a cell surface
protein (Fig 4.3c). UL135 expression is also studied in further detail in Chapter 6,
Figure 6.7.

pUL145 produced an interesting punctate staining pattern, similar to that seen with
mitochondrial staining (Fig 4.31). To explore this, pUL145, detected using a
Streptavidin-Alexa Fluor 594 conjugate, was co-stained with an antibody against the
mitochondrial protein, Bcl-2, in RAdUL145 infected fibroblasts (Fig 4.4). Although a
similar staining pattern was seen, complete co-localisation of pUL145 with
mitochondria was not observed, indicating pUL145 does not localise specifically with
mitochondria.

pUL150 exhibited a granular type staining pattern throughout the cell (Fig 4.3u).
Infection of fibroblasts with RAdUL150 also had a tendency to round cells, although
not to the same extent as RAdJUL135. The immunofluorescence staining pattern for the
FLAG-tagged RAdUL130 is included in Appendix I (kindly provided by Dr B.
McSharry). Its expression was detected using an aFLAG monoclonal antibody,
revealing pUL130 to produce a vesicular-type staining pattern.

Many of the UL/’ ORFs were previously uncharacterised. Using the RAds encoding
each of the Strep-tagged UL/b’ proteins, expression data has been gathered from flow
cytometry, immunofluorescence and western blot to provide preliminary
characterisation for the UL/5’ ORFs. Many transcriptional and posttranscriptional
processes contribute to dictating the efficiency of expression of any ORF, thus even
when the same promoter, polyadenylation signal, vector and conditions are used, the
efficiency of expression can be expected to vary. A number of ORFs exhibited overt

cytotoxicity (e.g UL135 and UL150), and this could potentially also impact on
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Figure 4.4 UL14S does not co-localise with the mitochondria Bcl-2 protein.

RAdUL145 infected HFFF-htert were fixed and permeabilised at 72hpi and stained with a)
Streptavidin-Alexa Fluor 594 (1/100) to detect pUL145, and b) an a-Bcl-2 antibody (1/100)
followed by an a-mouse IgG-FITC (1/1000) to detect the mitochondrial protein, Bcl-2. ¢)
The Streptavidin-Alexa Fluor 594 and a-Bcl-2-FITC staining patterns were merged.
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expression efficiency. Protein-folding, post-translational modification and intracellular
localisation could all affect the capacity of the detection reagent to bind the Streptag in
different systems. For example, a number of expressed ORFs that were not detected by
intracellular FACS staining were detected by western blot and immunofluorescence.
This may be the result of the location of a number of these proteins in intracellular
vesicles, which is indicated in the immunofluorescence data. For example, pUL145
exhibited a punctate staining pattern that would be consistent with trafficking to a
cytoplasmic vesicle or granule structure. Although pUL145 was detected by western
blot, it was not detected by FACS staining. Conversely, pUL133 is not detected by
western blot, but is seen by FACS staining and immunofluorescence. Protein-refolding
following western blotting could potentially conceal/ hide the epitope tag in pUL133
from antibody recognition, whereas fixing pUL133 in its native state renders the
Streptag of pUL133 accessible to detection by StrepTactin-PE and the Streptag II
monoclonal antibody to yield FACS and immunofluorescence data. A number of other
proteins remain undetected by western blot (pUL132, pUL139, pUL142, pUL144,
pUL146, pUL148 and pUL148C), which may also be the result of protein-refolding
during western blotting or of tag-removal during protein processing and modification.
The nature of these proteins may also reflect on their expression levels. Other influences
on expression detection may include protein secretion, as is predicted for the IL8
homologue, UL146, where if the majority of UL146 protein is secreted, a lower
expression level is expected from the cell extract. UL147 on the other hand is readily
detected by western blot, indicating that UL147 may not be secreted as for UL 146, and
that these two IL8 homologues may be functionally distinct.

The substantial number of genes studied in parallel limited the adoption of alternative
strategies to optimise the detection of each ORF, e.g by using different epitope tags. As

such, Streptag was chosen to study all these genes in parallel for these preliminary
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experiments. The difference observed in the ability of these different techniques to
detect expression from the UL/}’ proteins illustrates the importance of using a variety of

different methods in order to characterise these proteins.

4. TI b E ION

4.4.1 Polyclonal anti uction

A device that has previously proved effective for the generation of polyclonal antibodies
for expressed transgenes has been to directly immunise animals with an Ad recombinant
(Tomasec et al., 2000; Wilkinson ef al., 1998). Using this approach, specific polyclonal
antibodies were sought against pUL135, pUL144, pUL146, pUL147 and pUL14 by
inoculating three mice with 10°pfu of each corresponding RAd (performed by Dr. C.
Rickards). The mouse produces polyclonal antibodies against the gene encoded by the
RAd. At 5-6 weeks pi, serum was taken from these mice and tested for the detection of
each gene by immunofluorescence, western blot and flow cytometry. None of the
polyclonal antibodies produced were successful in the detection of the UL/b’ proteins
by flow cytometry or immunofluorescence, only varying degrees of background
staining comparable with control cells. However, the UL135-specific polyclonal
antibody was successful in detecting pUL135 expression by western (Fig 4.5).
RAdUL135 infected HFFF-hCAR cell extracts were separated by SDSPAGE and
pUL135 detected by western blot using UL135 polyclonal serum (Fig 4.5). Blots were
stripped and pUL135 reprobed using the Streptag antibody (Fig 4.5). Both the
polyclonal and Streptag antibody detected specific UL135 bands of approximately
35kDa and 25kDa. In contrast to Figure 4.1, both antibodies detected the major UL135
band at its predicted ~35kDa mass, with the 25kDa band a lower intensity, indicating

this lower band is likely to be a breakdown product (Fig 4.5). Polyclonal serum for the
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UL 135 Polyclonal Sera Streptag antibody

35kDa

25kDa

Mock 592 UL135 Mock 592 UL135

Figure 4.5 Detection of pUL135 with a UL135 pelyclonal antibody

HFFF-hCAR were infected with RAJUL135 at a MOI of 10. Cell extracts were
prepared at 72hpi, and proteins separated by SDSPAGE. pUL135 was detected by
western blot using polyclonal UL1335 sera obtained from three RAdUL 135 inoculated
mice (1/1000 each). The western blot was stripped and reprobed for pUL135 using the
Streptag antibody (1/1000). Mock and RAdS592 infected HFFF-hCAR were included as
negative controls.
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remaining UL/b’ ORFs produced varying degrees of background by western blot that

prevented the detection of each specific UL/b’ protein (data not shown).

4.4.2 HCMV seropeositive patient sera

An alternative source of antibody is sera from HCMV-infected individuals. We sought
to determine whether human polyclonal antibody could detect expression of any of the
UL/b’ proteins encoded by their respective RAds. Furthermore, a positive result in this
assay would also provide evidence for the expression of the UL/b> ORFs during HCMV
infection in vivo.

Pooled serum from eight HCMV seropositive patients (kindly provided by Dr. L. Neale,
Cardiff University) was used as a source of polyclonal antibodies in a western blot
assay for the detection of the UL/’ proteins from UL/b’ RAd infected HFFF-hCAR cell
extracts (Fig 4.6). Cell extracts were also prepared from HCMV strain AD169 and
Merlin infected HFFF-hCAR and were included in this experiment as positive controls
(Fig 4.6). The mixed sera was unable to detect expression of any of the UL/ -encoded
proteins tested, yet a positive signal was observed against HCMV strain AD169 and
Merlin proteins. Strain AD169 extracts produced 4 additional bands that were not seen
in the strain Merlin infected cell extracts; at ~20kDa, ~35kDa, ~60kDa and ~100kDa.
Strain Merlin infected cell extracts also produced a band at ~75-80kDa that is not seen
in strain AD169 extracts, but it is unclear if this is a UL/’ protein as banding patterns
for the UL/b> ORFs were not detected (Fig 4.6). Background staining was seen in
RAdUL147, RAJUL147A, RAdUL148B, RAdJUL150 and RAdUL14 infected cell
extracts (Fig 4.6). Polyclonal serum would be expected to contain polyclonal antibodies
against Ad, and these bands are likely to represent Ad background.

Additional serum (kindly provided by Dr R Milne, Royal Holloway) was tested from a

single HCMYV infected patient as a source of polyclonal antibodies in a similar western
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Figure 4.6 Detection of UL/b’ ORFs with HCMYV seropositive
patient serum from eight individuals

Cell extracts from UL/»’ RAd and HCMV strains AD169 and
Merlin infected HFFF-hCAR were prepared at 72hpi. Proteins
were separated by SDSPAGE and detected by western blot using
serum (1/2000) pooled from eight HCMV seropositive
individuals (kindly provided by Dr L. Neale).
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blot assay. RAdpp65 infected HFFF-hCAR cell extracts were included as a positive
control, as HCMV pp635 protein is highly immunogenic, and antibodies to this protein
should be produced upon HCMYV infection. As for the previous pooled serum, HCMV
strain AD169 and Merlin infected fibroblast extracts both produced multiple banding
patterns (Fig 4.7). A specific pp65 band was also produced in RAdpp65 infected cell
extracts, but no specific bands for the UL/b> ORFs were produced (Fig 4.7). A large
amount of background staining was observed in all RAdpp65 and UL/b’ RAd infected
cell extracts, as a result of over-exposure (Fig 4.7).

Major immunogens are primarily associated with the more abundant virion proteins,
such as pp65. The detection of UL/’ proteins has proved unsuccessful using polyclonal
antibodies from a number of sources, indicating that the UL/’ region does not encode
major immunogens. The production of specific monoclonal antibodies for each ORF
would provide a more definitive approach for the characterisation of expression of the
UL/b’ proteins, and their generation is expected to form an essential part of future

studies concerning the UL/b’ region.
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Figure 4.7 Detection of UL/b’ ORFs with serum from one HCMV
seropositive individual

Cell extracts from UL/P’ RAd, HCMV strains AD169 and Merlin
infected HFFF-hCAR were prepared at 72hpi. Proteins were
separated by SDSPAGE and detected by western blot using
polyclonal human serum (1:2000) from one HCMYV seropositive
individual (kindly provided by Dr R. Milne). RAdpp65 and RAd592
were included as positive and negative controls respectively.
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5. NK SCREENING

The difference in susceptibility to NK cell lysis of laboratory-adapted strains and
clinical isolates (Cerboni et al., 2000; Wang et al., 2002) lies primarily with the UL/b’
region (Cha et al., 1996, Tomasec et al., 2005). Research into the UL/’ region was
carried out in this laboratory before this PhD study was initiated, but was frustrated as
the original HCMV strain Toledo UL/d’ sequence and annotation proved unreliable.
Nevertheless, research had already commenced into strain Toledo UL142, which had
been identified by Davison ef al. (2003a) to be a UL18 homologue. The UL141 ORF
was being investigated in parallel to UL142 as a sequence error in the original strain
Toledo UL141 ORF had been identified, and the ORF redefined (Davison, et al., 2003a;
Tomasec, unpublished). During this study, both UL141 (Tomasec ef al, 2005) and
UL142 (Wills et al.,, 2005) were identified as NK evasion genes. A mechanism of NK
inhibition by UL142 was recently identified by Chalupny et al. (2006) who describe
UL142 to downregulate an allele of MICA, a ligand of the NKG2D NK activating
receptor. UL141 was found to encode a particularly potent inhibitor of NK cell lysis,
and has been shown to prevent the cell surface expression of CD155, the cellular ligand
of the ubiquitous NK activating receptor, DNAM-1, effectively preventing activation of
the NK cell (Tomasec ef al., 2005).

Based upon these findings, the decision was made to screen the entire UL/b’ region for
novel NK evasion functions. Using the HCMV clinical isolate, Merlin, as the prototypic
HCMYV strain (Dolan et al., 2004), RAds encoding each of the UL/b’ ORFs were
created for use in functional NK assays. The construction and generation of titred virus
stocks for 24 RAds was a substantial undertaking, and some of the more problematic

constructs have only recently been generated. As a result, NK cytolysis and CD107a
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mobilisation assays were performed on the UL/A’ ORF RAd constructs as they became

available, and thus the results detailed below were restricted to the available constructs.

5.1 FUNCTIONAL SCREEN OF UL/h’ ORFS USING THE NKL CELL LINE IN

CYTOXICITY ASSAYS

5.1.1 Culture of NKL and assay preparation
NKL is a transformed human NK cell line, characterised by Robertson ez al. (1996).

NKLs were used to screen the available UL/b’ ORF RAds in parallel as a means to
compare each gene in multiple assays with the same NK cell phenotype. NKL are
recognised to have a limited NK activating/inhibitory receptor repertoire. The screen
can therefore only be expected to detect functions that impact on mechanisms encoded
by NKL, and this will be restrictive. However, if an NK modulating function can be
identified, this limited receptor repertoire of NKL may also be invaluable in
characterising the mechanism of action. NKL cells can be expanded efficiently in media
containing 10% FCS and 1000IU/ml IL2. However, in order to activate NKL killing
over a 10 day period, serum was gradually decreased to 1-2% serum and IL2 to 125-
250IU/ml IL2 (Robertson et al., 1996). Activated NKL (effector cells) were then used
in a chromium release assay against RAd-infected fibroblasts (HFFF-hCAR) (target

cells).

The chromium release assay is a method of measuring specific lysis of a target cell by
an effector cell. Briefly, target cells are incubated with radioactive sodium chromate,
followed by incubation with the effector cells. If lysis of the target cell occurs, sodium
chromate is released into the culture medium, and the amount released can be measured

by scintillation counting. This measurement gives a percentage specific lysis of the
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target cells, which can be used to distinguish activation or inhibition of target cell lysis

when compared to assay controls.

Infection of human fibroblasts with any recombinant Ad vector has the potential to
activate NK cell lysis in comparison with mock infection (Tomasec et al., 2007). A
suitable negative control was required, thus an Ad vector that does not encode a
transgene (RAd592) was included in all assays. Values of NK cell-mediated cytolysis of
fibroblasts infected with RAd encoding UL/d’ ORFs were measured against this
RAd592 control. A difference of 10% specific lysis between the RAd592 control and
the test construct was considered significant (Wills ez al., 1996), as this was greater than
3 standard deviations of the mean percentage specific lysis of a plate read 4 times on the
scintillation counter. As a positive control for NK activation, the NK susceptible cell
line, K562, was included in all assays. An NKL culture was considered activated when

there was an excess of 10% specific lysis of K562.

5.1,2 Screen of UL/b’ ORFs with NKL by chromium release assay
RAds were used to infect HFFF-hCAR at a MOI of 10, and prepared for chromium

release assay at 72hpi. These infected cells were used as targets, alongside the control
cell line, K562, with the activated NKL cells at effector:target (E:T) ratios of 40:1 to
2.5:1 (Fig 5.1). The average percentage specific lysis at each E:T ratio is plotted for
each UL/b’ ORF from a minimum of 2 individual experiments. As the positive control,
K562 cells were used as a target in all assays, with up to 55% specific lysis at an E:T
ratio 40:1 (Fig 5.1a) demonstrating that the NKL were activated to kill. As the negative
control, RAdS592 infected fibroblasts also show up to 40% specific lysis at an E:T ratio
40:1 (Fig 5.1a). It was against this background that NKL lysis of the UL/5’ RAds was

compared.
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Figure 5.1 NKL screen of UL/D ORFg
Chromium release assays were perfocrmed with UL/’ ORF RAd infected HFFF-hCAR (MOI of 10) as

target celis at 72hp| and the acnvated, transformed NK cell line, NKL as effector cells at an E:T ratio 40:1

thrbugh to 2.5:1. The NK susceptible cell line, K562, was included as a control for NKL activation.
RAd592 infected HFFF-hCAR at 72hpi were included for comparative purposes.

a) % specific lysis of the negative control, RAd592, and positive control cell line, K562, in response to

NKLs

b) — h) % specific lysis of UL/A* ORF RAd infected fibroblasts in response to NKLs. All assays in
duplicate with the exception of dj which was performed in triplicate.
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RAdJUL141 showed substantial inhibition of lysis by NKL, with greater than 10%
inhibition of killing across all E:T ratios (Fig 5.1i). This is consistent with HCMV strain
Merlin UL141 also being an NK evasion function. RAJUL142 infected fibroblasts,
however, showed no significant change in NKL lysis (Fig 5.1k). The UL141
homologue, UL14 also did not inhibit NKL lysis (Fig 5.1w). However, importantly,
RAdUL135 showed an inhibition of NKL lysis, with greater than 10% inhibition at all
E:T ratios (Fig 5.1d). This inhibition outscored RAdUL141, used as the positive control,
revealing UL135 as a strong candidate for an NK evasion function. Also of note was
RAdJUL148, which showed an indication of protection from NKL lysis, particularly at
low E:Ts. However in these assays, protection was not seen at an E:T of 20:1. It would
be useful to perform further assays with RAdJUL148 to test if an inhibition can be
repeated across all E:T ratios.

A number of UL/b’ ORFs also appeared to activate NKL lysis. RAJUL132, RAdJUL138
and RAJUL148B show greater than 10% activation at the higher E:T ratios of 20:1 and
40:1 (Fig 5.1b, 5.1f and 5.1s respectively). RAdUL133 also exhibited greater than 10%
activation at the E:T ratio of 20:1 (Fig 5.1c). Of specific note is RAJUL144 which
showed significant activation of NKL lysis in comparison to the RAd592 control at
E:Ts of 5:1, 10:1 and 20:1 (Fig 5.11). Although these assays were performed with a
view to finding inhibitory functions, activation of NK cytolysis is equally important.
There are a number of mechanisms that may activate NK cytolysis. As an example, the
HCMY genes US2, US3, US6 and US11 downregulate MHC-I from the cell surface in
order to prevent lysis by CTL. Removal of the MHC-I inhibitory signal confers
susceptibility to NK killing. Similarly, the UL/’ ORFs UL132, UL133, UL138, UL144
and UL148B may also be downregulating an NK inhibitory receptor ligand, or

conversely upregulating an NK activating ligand as a result of their action within the
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cell. Further assays will be required to determine whether this affect is reproducible for
these ORFs.
The remaining UL/5’ ORFs showed no significant difference between lysis of the UL/b’

ORF RAd infected target and RAdS592 infected target control.

5.2 FUNCTIONAL SCREEN OF UL/b’ ORFS USING POLYCLONAL NK
B IN T ASSAY

S.2.1 Generation of polyclonal NK bulk cultures

In contrast to NKL, freshly isolated polyclonal NK cells are a heterogeneous population
that express a broad range of NK cell receptors that are representative of the entire
population in circulation. They allow analysis of the effect of NK modulatory functions
against a physiologically representative NK cell population, and were therefore used for
preliminary analysis of NK cell lysis by the UL/5’ ORFs. Polyclonal NK cells were
obtained from fresh peripheral blood mononuclear cells (PBMC) from consenting
laboratory donors or from buffy coats obtained from the Blood Transfusion Service
(Rhydlafa, Lllantrisant, UK). The NK cells were enriched from fresh PBMC by
CD3"depletion, and as there is little NK activity in the absence of stimulation, the NK
cultures were stimulated overnight with 1000IU/ml of IFNa and 200IU/ml IL2 to
induce cytotoxicity (Borysiewicz et al., 1985). Polyclonal bulk cultures were used in

both allogeneic and autologous assays.

2. ium toxicity assay with UL14 141 135
Experiments with NKL indicated that HCMV strain Merlin UL141 was an NK evasion
function, consistent with the function initially described for this gene in strain Toledo
(Tomasec et al., 2005) (Fig 5.1). UL141 is a member of the UL14 gene family. UL14’s

homology to UL141 thus makes it a likely candidate for an NK evasion gene. UL14
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expression did not elicit protection from NKL cell-mediated cytolysis, yet this does not
necessarily mean that UL14 is not an NK evasion gene. Further experiments with UL14
were performed using the more general polyclonal NK bulk culture population. Results
obtained using RAdJUL14 and RAdUL 141 in a chromium release assay with polyclonal
NK bulk cultures from four different donors are shown in Figure 5.2. Donors 1, 2 and
531Z are polyclonal bulk cultures obtained from buffy coat and were used in an
allogeneic assay with HFFF-htert fibroblasts. Polyclonal NK bulk culture from donor 9
was obtained from a consenting donor, and was used in an autologous assay.
RAdUL135 was included in assays with polyclonal bulk cultures from donors 9 and
531Z. UL14 and UL141 inhibited NK cell cytolysis with polyclonal NK bulk culture in
3 of the donors, as indicated by inhibition of NK killing by >10% compared with the
RAdS592-infected control. RAJUL135 also showed significant inhibition of lysis in
donor 531Z (Fig 5.2). The polyclonal NK bulk culture from donor 9 was not inhibited
by RAdUL141 or RAdUL135, which may be explained by the low specific kill of
RAd592 seen with this donor. Conversely, RAdUL14 shows a significant activation of
donor 9, as indicated by activation of NK killing by >10% compared with the RAd592
control. These chromium release results provide further evidence for NK evasion
functions encoded by the strain Merlin UL141 ORF and the UL135 ORF. These results
also indicate that UL14 encodes an NK evasion function, as it significantly inhibited
polyclonal NK bulk culture from 3 donors. It is interesting to note that although both
UL14 and UL141 induced inhibition of polyclonal NK bulk cultures, unlike UL141,
UL14 did not inhibit cytolysis from NKL. This is consistent with UL14 and UL141
being functionally distinct, and indicates that UL14 is targeting a receptor that is not
found on NKL. Also of interest is the activatory effect seen with UL14. The induction
of NK killing with donor 9 indicates that in addition to its inhibitory function, UL14 has

a stimulatory effect on NK killing in some donors.
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5.2.3 Comparison of UL14 and UL141 on NK recognition in CD107 mobilisation
assays

The CD107 assay is a new method for measurement of NK cell function that has been
reported to show good correlation with chromium release assays, but measures a
different ‘readout’ (Alter ef al., 2004; Betts et al., 2003; Uhrberg, 2005). The assay
measures the amount of degranulation of the effector cell, rather than lysis of the target
cell (Fig 5.3). CD107a is present on the surface of intracellular granules in NK cells.
When degranulation occurs upon activation of the NK cell to kill, these granules fuse
with the outer plasma membrane, and CD107a is exposed on the surface of the NK cell.
Upon endocytosis, CD107a becomes intracellular again (Fig 5.3). A aCD107a
monoclonal antibody is added to the NK/target cell incubation. When NK cells
degranulate, the aCD107a binds to CD107a on the NK cell surface and is then
internalized. After their incubation time, the amount of aCD107a antibody that has
bound to the NK cell can be measured by flow cytometry, enumerating the proportion
of NK cells stimulated to degranulate in response to a specific target. The CD107 assay
has many advantages over the chromium release assay. CD107 negates the use of
radioactivity, requires only small working volumes and cell numbers, and is a
measurement of the effector cell response, rather than the target cell. All CD107 assays
were performed by Dr V. Prod’homme. In chromium release assays, a 10% difference
between the control and target was considered significant, as this was greater than 3
standard deviations of the mean percent specific lysis of a plate read 4 times on the 1450
Microbeta Trilux Liquid Scintillation Counter. With CD107 assays, much less than 10%
difference in total anti-CD107a" cells between a target and control can be meaningful.
As duplicates were not performed for targets with all donors, standard statistical
analyses cannot be performed with this data. Instead, in order to compare results from

across multiple assays, the percentage anti-CD107a of the target was described as a
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percentage of the RAd592 control. In these cases, a difference of 20% or greater when
compared to the RAd592 control was taken as an indication of a substantial inhibition

or activation of NK cell function by a target.

Polyclonal NK bulk cultures derived from 13 different donors were all tested in CD107
mobilisation assays against RAdJUL14, RAdUL141 and RAd592-infected cells. The
results were expressed as a percentage of the RAd592-infected control (Fig 5.4).
Primary data can be found in Appendix II. NK assays for donors 7, 8 and 9 were
performed in an autologous setting using corresponding donor skin fibroblasts. The
remaining PBMC are from buffy coat, and were tested in an allogeneic system, using
HFFF-htert targets. UL141 induced inhibition of NK degranulation in 9/13 donors
tested, with no change being observed in the other 4. UL14 induced inhibition of NK
degranulation in 5/13 donors tested (Fig 5.4). UL14 also induced NK killing in donor 8
and 004W polyclonal bulk cultures (Fig 5.4). The data from these CD107 assays, and
the chromium release assays described above, suggests that although UL14 does not
affect cytolysis by NKL, UL14 does induce protection from NK cytolysis in 5/13
different donors, identifying UL14 as a potential NK evasion gene. However, as was
seen in chromium release assays, UL14 was also found to stimulate NK killing in some
donors. This is an interesting effect, and suggests that UL14 may impact on an NK

recognition pathway that can impair NK recognition, but also in some cases stimulate it.

5,2.4 CD107 mobilisation assays with polyclonal NK bulk cultures and UL/b’ ORFs
In addition to UL14, the effect of expressing all UL/b’ ORFs available as Ad

recombinants on NK recognition was also investigated in CD107 assays using
polyclonal NK bulk cultures from multiple donors. In order to compare results from

different assays, the percentage degranulation for each UL/b’ RAd has been presented
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For autologous assays, RAdUL14, RAdUL141 or RAd592-infected donor skin fibroblasts were used 72hpi
in a CD107 assay with polyclonal NX bulk cultures obtained from multiple donor PBMC (donors 7, 8 and
9). For allogeneic assays, RAdUL14, RAdUL141 or RAd592-infected HFFF-htert were used 72hpi in a
CD107 assay with the remaining polyclonal NK bulk cultures, obtained from multiple donor bufty coats.
Assays were performed by Dr V. Prod’homme




as a percentage of the RAd592-infected control (Fig 5.5), and primary data also
provided in full in Appendix ITI. The majority of the UL/6’ ORFs had no obvious effect
on the degranulation of the NK cells: ORFs UL139, UL148C and UL150 showed no
change in NK killing when compared to RAd592; UL130, UL140, UL145, UL147 and
UL148A inhibited one polyclonal NK bulk culture and UL141A, UL146, UL148B and
UL148D inhibited 1 or 2 bulk cultures, but also activated 1 or 2 bulk cultures compared
to RAd592 (Fig 5.5). An effect on only 1 or 2 donors was not considered sufficient to
define an ORF as ‘NK evasion function’ or ‘NK activatory function’, but does warrant
further investigation of these ORFs with additional donors, as it is not possible to go
back to the same buffy coat donor. A similar situation was applied to UL144, which was
only tested with one donor. This donor was inhibited compared to RAd592 (Fig 5.5),
but requires further investigation with more polyclonal bulk cultures before an NK
effect can be considered. RAJUL 141 and RAdUL 135 inhibited 11/17 and 13/15 donors
respectively compared to RAd592 in different assays, with no change in killing
observed with the remaining donors (Fig 5.5). This suggests that both UL141 and
UL135 can substantially inhibit NK cytolysis from multiple polyclonal NK bulk
cultures, in addition to the transformed NK cell line, NKL, providing further evidence
that both UL141 and UL135 encode robust NK evasion functions. Also of interest in
these assays was RAJUL147A, which showed an inhibition of NK degranulation in
4/10 donors. Further assays with polyclonal bulk cultures from additional donors will be
required to further define this function, but the data indicates that UL147A may also

encode an NK evasion function (Fig 5.5).

5.3 UL14 AND UL135 NK CLONE ASSAYS
NKL and polyclonal NK cells were used in CD107 and chromium release assays as a

screening method to identify novel NK evasion functions. The UL141 proteins encoded
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the RAd592-infected control. CD107 assays were performed by Dr V. Prod’homme.




by HCMYV strains Toledo and Merlin both suppress NK recognition, whilst UL135,
UL14 and UL147A were identified as potential novel NK evasion functions. UL135
induced inhibition of both NKL and polyclonal NK bulk cultures, whereas UL14 was
observed to inhibit polyclonal NK bulk cultures, not NKL. Similar to UL14, UL147A
also did not inhibit NKL, but did show inhibition of NK bulk populations from a
number of donors. UL14 and UL13S were analysed in further detail using NK cell
clones. NK clones are single NK cells cultured from donor PBMC over a long period of
time, and provide a way of analysing individual NK cell phenotypes with a given target.
UL147A was not studied further in this project, but should be analysed in depth with
NK clones at some stage to examine the potential NK evasion function encoded by this

ORF.

S.3.1 Analysis of NK clones with RAdUL14 and RAdUL135

NK clones were used in assays after approximately 5 weeks in culture, the time required
for individual cloned cells to proliferate to sufficient numbers to enable functional
assays. Clonal expansion cannot be continued indefinitely, and after this time, NK cell
proliferation invariably slows and then stops. 10 days prior to inclusion in assays, clones
were re-stimulated with irradiated-PBMC. NK clones were used in autologous
chromium release assays using donor matched skin fibroblasts infected with RAdUL14,
RAdUL135, RAdUL141 or RAdS92, at an MOI of S00. Targets were used 72hpi and
NK clones were used at a ratio 30:1.

112 clones from donors 8 and 9 were generated and used in NK cytotoxicity assays. The
numbers of cells generated for each NK clone constrained some assays. All clones were
tested against RAJUL 14-infected targets, and 98 against RAJUL135 and RAJUL141-
infected targets. To analyse the results, clones were first and foremost categorised on

their ability to lyse the NK susceptible cell line, K562. For NK clones to be considered
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activated, K562 targets must be lysed at or greater than 10%. Two clones from each
donor were not activated and were therefore considered null and removed from further
analysis, leaving 97 clones that were analysed with RAdJUL135 and RAdUL141 and
108 clones that were analysed with RAJUL14. Clones were then categorised according
to their ability to induce or inhibit cytolysis of RAdUL14, RAdUL135 or RAdUL141-
infected fibroblasts in comparison with control Ad recombinant, RAd592. The
categories were kill activation, kill inhibition, kill no change or no kill no change. For a
clone to kill, RAd592 had to be lysed greater than 10% specific lysis. For a clone to be
activated or inhibited there had to be greater than 10% difference in specific lysis
between the UL/’ RAd and RAd592 control. Kill no change occurred when RAd592
was lysed greater than 10%, but there was less than 10% difference between lysis of the
UL/b’ RAd and lysis of RAd592. No kill no change indicates a clone that did not lyse
RAd592 or UL/b’ RAd more than 10%. An additional category, no kill activated, is
included to describe clones that lysed RAd592 infected fibroblasts less than 10%, but

RAdJUL14, UL135 or UL141 infected fibroblasts were lysed greater than 10%.

Data for individual clone responses is included in Appendix IV. The overall responses
from these assays are shown in Table 5.1. Table S.1a shows the percentage of clones
from donor 9 that were activated, inhibited or unchanged with each target. Table 5.1b
shows the same data with clones from donor 8, and Table 5.1¢ shows the results from
both donors 8 and 9 combined. Clone data from donors 8 and 9 combined (Table 5.1c)
is also graphically depicted in Figure 5.6, showing the proportions of total activation
and inhibition of all the clones tested in response to RAdUL14, RAdUL141 and
RAdUL135-infected targets. UL141 inhibited approximately 25% of clones. Of the
remaining clones ~60% had a no change response in comparison to RAd592, and 16%

were activated (Table 5.1, Fig 5.6). UL135 on the other hand showed no activation of
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Table 5.1 Summary of percentage of clones activated, inhibited or unchanged in response to RAdUL14, RAdUL135 and RAdUL 141

a) Percentage of donor 8 clones activated, inhibited or unchanged by RAdUL 14, RAJUL135 and RAdUL 14 1-infected targets

Activated (%) Inhibited (% i % i No kill Activated (%
RAdUL14 442 173 26.9 11.5 0.0
RAdUL135 0.0 64.7 17.6 17.6 0.0
RAdUL141 23.5 23.5 39.2 13.7 0.0

b) Percentage of donor 9 clones activated, inhibited or unchanged by RAdUL 14, RAJUL135 and RAdUL141-infected targets

Activated (%) Inhibited (%) Kill no change (%) No kill no change (%) No kill Activated (%)

RAdUL14 28.1 12.3 123 26.3 211
RAdUL135 0.0 383 17.0 4.7 0.0
RAdUL141 8.5 25.5 19.1 46.8 0.0

¢) Percentage of all clones from donors 8 and 9 activated, inhibited or unchanged by RAdUL14, RAJUL135 and RAdUL141-infected targets

Activated (%) Inhibited (%) Kill no change No Kkill no change (%) No kill Activated (%)

RAdUL14 358 147 19.3 193 11.0
RAdUL13S 0.0 520 17.3 30.6 0.0
RAdUL141 16.3 24.5 29.6 29.6 0.0
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Figure 5.6 Percent activation, inhibition and no change of NK clones tested against RAdUL14, RAdUL135 and RAdUL141-
infected targets

Charts show percentages of clones generated from both donors 8 and 9 that were classed as activated, inhibited, kill no change, no kill
no change or no kill activated when assayed with RAdUL14, RAdUL135 or RAdUL141-infected targets at 72hpi. 97 clones from
donors 8 and 9 were tested with RAdUL 135 and RAdUL 141, and 108 clones from donors 8 and 9 were tested with RAdUL14.




the 97 clones tested. Instead, either no change in killing (48%), or inhibition of clones
(52%) was observed (Table 5.1, Fig 5.6). The extent of clone inhibition, and the lack of
activation, is a very good indicator of the potency of the NK evasion function encoded
by UL135, which outweighs that of UL141 in these experiments. UL14 on the other
hand, had a smaller range of NK evasion, with 15% of clones inhibited, 38% of clones
unchanged, and 46% of clones activated (Table 5.1, Fig 5.6). Inhibition of 15% of NK
clones provides further evidence for an NK evasion function encoded by ULI14,
although by comparison with UL141, which inhibited 25% of clones, UL14 does appear
to be targeting a function that is found on a smaller sub-population of NK cells. Data
from polyclonal bulk cultures detected activatory as well as inhibitory functions for
UL14, although the activatory function is more frequently represented in expanded
clones (46% activation). This may be the result of ‘culturing’ out of the NK phenotype
that UL14 functions on, or the preferential expansion of the NK phenotype that UL14
has a stimulating effect on. Further analysis of the mechanism of UL14’s NK evasion
function and the identification of the receptor(s) that UL14 may be targeting will help
us understand these two NK responses to UL14.

UL135 showed a very different pattern of inhibition to UL14. Although an NK evasion
function is yet to be demonstrated in the context of an HCMV infection, clones from
two different NK effector populations have demonstrated that UL135 encoded by the
RAd is a powerful NK evasion function. UL141 is an exceptionally powerful NK
evasion function (Tomasec et al., 2005) that targets the ligand (CD155) for the
ubiquitous NK receptor DNAM-1. The capacity for UL135 to inhibit such a broad
spectrum of clones implies it also affects a mechanism that plays an important

functional role in a high proportion of NK cells.
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6. PRELIMINARY CHARACTERISATION OF HCMV UL14 AND

UL135 NK EVASION FUNCTIONS

The systematic screen of the UL/b’ region using Ad recombinants ultimately identified
4 novel NK evasion functions: UL14, UL135, UL141 (Tomasec et al., 2005) and
UL142 (Wills ef al, 2005). UL147A may yet be added to this list when further
characterised. In order to gain insight into their potential mechanism of action, the
expression characteristics of the products of the UL14 and UL135 ORFs (e.g
intracellular localisation; glycosylation) were further investigated. HCMV research has
contributed much to our understanding of how NK cell function is regulated. In
investigating UL14 and UL135 function, it was considered prudent first to screen
known NK ligands or potential candidate adhesion molecules whose dysregulation

could impact on NK cell recognition.

6.1 CHARACTERISATION OF UL14 EXPRESSION

6.1.1 UL14 is obs o localise to the ER

In order to detect expression of UL14, fibroblasts infected with RAd encoding the
UL 14-strep were stained using the a-Streptag monoclonal antibody. Multiple images of
RAdUL14 infected fibroblasts are provided in Figures 4.3v and 6.1a-c (control stainings
are provided in Fig 4.3x and 4.3y). Each cell presents a cytoplasmic staining pattern for
the UL14 gene product that resembles ER staining. Figure 6.1d shows a close up of part
of the image from Figure 6.1c, where the staining appears very granular. The ER-like
staining pattern of pUL 14 was further investigated by co-localisation studies with an ER
protein, calnexin. To overcome technical issues of dual labelling with murine primary
antibodies, a UL14-GFP TOPO construct was used to transfect HFFF-htert. Transfected

cells were fixed and stained for calnexin using a calnexin monoclonal antibody (Fig
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Figure 6.1 UL14-strep localisation in fibroblasts

The localisation of Strep-tagged UL 14 in recombinant adenovirus infected HFFF-htert is shown in
a)-d). Immunofluorescence was performed at 72hpi using the Streptag monoclonal antibody and
an a-mouse Alexa Fluor 594 secondary. d) shows an enlargement of the boxed portion of the cell
in c).

167




6.2). UL141 inserted into the same vector encoding as a GFP fusion (kindly provided by
Dr P. Tomasec) was also transfected into fibroblasts for comparative purposes (Fig 6.2).
Although both proteins exhibited a widespread granular distribution across the cell
(excluding the nucleus), there was good co-localisation between calnexin and the UL14
and UL141 proteins as indicated by the yellow colour on the overlayed images. A direct
interaction between calnexin and the UL 14 gene product or gpUL141 is not anticipated,
and consequently some disparity is expected. The observed co-localisation is consistent

with both pUL 14 and gpUL141 being localised to the ER.

6.1.2 UL 14 encodes an EndoH sensitive glycoprotein
The process of glycosylation begins in the ER, where carbohydrate chains are added at

N-glycosylation sites to form a basic high mannose carbohydrate structure. As the
glycoprotein continues its maturation through the Golgi, additional carbohydrate side
chains are added to form a complex carbohydrate. The deglycosylase enzyme, PNGase
F, cleaves all carbohydrate structure from glycoproteins, and can be observed as a
decrease in mass by SDS-PAGE. Endoglycosylase H (EndoH) is specific for high
mannose type carbohydrates. Sensitivity to EndoH indicates that the protein has not
been subject -to further post-translation modification in the Golgi, and is therefore
evidence for ER retention. gpUL141 is an EndoH-sensitive, ER resident, glycoprotein
(Tomasec et al., 2005). The UL14 gene product is also localised to the ER (Fig 6.2), and
has been predicted to contain 2 N-glycosylation sites (Table 3.2). To investigate
whether UL14 also encodes an EndoH-sensitive glycoprotein, cell extracts prepared
from RAJUL14 infected fibroblasts were subjected to PNGase F or EndoH treatment
and analysed by western blot after SDS-PAGE. UL141 was included as a positive
control, and expression of both proteins detected by exploiting the C-terminal Streptag

(Fig 6.3a). A gpUL141-specific monoclonal antibody was also used because recognition
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a)
b)

Figure 6.2 UL14 co-localises with the ER protein, calnexin.

a) UL14-GFP TOPO plasmid transfected fibroblasts were stained with an a-calnexin
monoclonal antibody followed by a-mouse Alexa Fluor 594. A merge of the GFP and calnexin
staining patterns indicates UL14-GFP co-localises with the ER protein calnexin. b) UL141-
GFP (kindly provided by Dr P. Tomasec) transfected fibroblasts were included for
comparative purposes, and were also observed to co-localise with calnexin.
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of the Streptag with the monoclonal can exhibit variability between and within
experiments. The UL14 gene product was readily detected by the Streptag antibody, yet
in this experiment gpUL141 was less readily visualized. gpUL141 was more readily
detected when the blot was reprobed with the UL141-specific antibody (Fig 6.3b).
However, most importantly, this experiment revealed that both UL14 and UL141
exhibit a decrease in molecular mass by western blot in response to both PNGaseF and
EndoH, indicating that UL14 also encodes an EndoH-sensitive glycoprotein. This result,
taken together with the observation that UL14 co-localises with an ER resident protein,
indicates that gpUL14 is potentially retained in the ER in a similar fashion to gpUL141.
gpUL141, as an ER resident protein, retains CD155 to prevent its expression at the cell
surface and subsequent interaction with the NK activating receptor, DNAM-1 (Tomasec
et al., 2005). The localisation of gpUL14 to the ER may therefore be related to its
function and it is possible that like its homologue, gpUL 14 may also be retaining an NK

activating receptor ligand in the ER.

6.1.3 UL14 and UL141 form a dimer and higher molecular weight complexes
UL141 has been previously shown to be capable of forming a disulphide-linked

homodimer (Dr P. Tomasec, unpublished data). Cell extracts from RAdUL14-infected
fibroblasts were generated using a buffer containing no dithiothreitol or
mercaptoethanol. Without these reducing agents, intra and intermolecular disulphide
bonds are not reduced. Subunits of a protein therefore migrate by SDSPAGE together
according to their secondary structure. By retaining these protein interactions, complex
structures may be observed by western blot. Non-reduced RAdUL14 infected cell
extracts were separated by SDSPAGE, and gpUL14 detected using the a-Streptag
monoclonal antibody (Fig 6.4). Non-reduced RAdUL 141 cell extracts were included in

this experiment for comparison. gpUL14 was found to migrate as a species with
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approximately double its predicted mass under non-reducing conditions (Fig 6.4).
Higher molecular weight bands were also formed in non-reduced gpUL14 samples, and
indicate that gpUL 14 may also form higher molecular weight complexes. In comparison
with gpUL14, the dimer band formed by gpUL141 appears weaker than that produced
by gpUL14, and no higher molecular weight bands were observed. gpUL141 was
detected in this blot using the Streptag monoclonal. As there have been problems
associated with this tag in the detection of gpUL141, this may explain the weaker signal
produced by this protein. Importantly however, these results indicate that UL14 is also

likely to form a dimer, and, potentially, higher molecular weight complexes.

6 GA TENTIAL LIGAND MOD TION UL14

The members of the UL14 gene family, UL14 and UL141, both encode NK evasion
functions. They are also biochemically similar, encoding EndoH-sensitive, ER localised
glycoproteins, with each potentially forming a dimer or higher molecular weight
complex. It is therefore possible that gpUL 14 may have a mechanism of NK evasion
similar to that of gpUL141, and is also sequestering an NK activating ligand within the
ER. Using this hypothesis, investigations were focussed on identifying the cell ligand
that may be modulated by the expression of gpUL14. A co-immunoprecipitation
experiment was performed to identify any cellular ligands that may interact with
gpUL14. The Streptag monoclonal antibody was used to pull down gpUL14 from *’S-
methionine labelled RAdUL14 infected cells, with a number of other antibodies
included as isotype controls (UL141 specific monoclonal, mouse IgG and CD66a).
RAdUL141 infected fibroblasts were also included for comparative purposes. Although
both gpUL 14 and gpUL141 were successfully immunoprecipitated using the Streptag
antibody and UL141-specific monoclonal respectively, neither gpUL14 nor gpUL141

appears to have co-immunoprecipitated with any other distinct proteins (data not
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shown). Of particular note, gpUL141 was not observed to co-precipitate with CD155,
an ~80kDa protein. The failure to observe co-precipitating ligands with UL141 and
UL14 may be the result of a weak or transient interaction of these proteins with their
binding ligands rather than a direct binding. Alternative methods will be required to
observe modulation of a cellular ligand by UL14 expression. Western blot is a
particularly valuable technique that can be used to visualize changes to the expression
of a specific cell protein. As a basis for this screen, there are a number of molecules that
HCMYV is known to modulate in infected cells, and a number of orphan NK inhibiting
and activating ligands that have been identified. Using antibodies for these molecules,
the expression pattern of these ligands in RAdUL14-infected cells was screened by
western blot. To aid further investigation of cell ligand modulation by gpUL14
expression, an HCMV strain AD169 UL14 deletion mutant was created by Dr R.
Stanton. Briefly, the UL14 deletion mutant was made using a self excisable AD169
BAC, to generate an AD169-A14-BAC. When this construct is transfected into HFFF-
htert fibroblasts, self-excision of the BAC results in the production of an AD169-A14
mutant virus. The deletion mutant provides a very useful tool with which to study the

effect of gpUL 14 expression in an HCMV background.

6.2 1 n ) ion of nectin- nectin-3

UL141 evades NK cell lysis by downregulating the DNAM-1 receptor, CD155, from
the HCMV infected cell surface. CD155 is also known as PVR, or Nectin-like molecule
5 (Necl-5). UL14 does not affect the expression of CD155 (Dr P. Tomasec, personal
communication), but it was hypothesised that UL 14 may interact with other nectin or
Necl molecules. Nectins and necls make up a branch of the Ig superfamily, and are
involved in cell-cell adhesion, and interaction with F-actin via afadin binding domains.

Like CD155, nectin-2 has also been identified as a ligand for DNAM-1 (Bottino ef al.,
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2003). CD15S5 also forms intercellular bridges with nectin-3, recruiting the complex to
cell-cell junctions along with vitronectin, a component of the ECM, and av-integrin
(Lange et al., 2001; Mueller & Wimmer, 2003; Sato et al.,, 2004).

In order to screen for modulation of nectins by UL14, the expression of nectins 1 to 4
were analysed in RAdUL14-infected fibroblasts by western blot. RAdJUL141,
RAdUL16, RAd592, HCMV strain AD169 and Merlin plus mock infected fibroblasts
were included for comparative purposes. Nectin-1 and nectin-4 expression could not be
detected in fibroblasts with the monoclonal antibodies used (data not shown). Nectin-2
was detected as a doublet band at approximately 70-75kDa (Fig 6.5a). Nectin-2
expression was not downregulated by UL 14, when protein loading efficiency was taken
into account (Fig 6.5a). In support of this finding, nectin-2 expression was comparable
in cells infected with the strain AD169-AUL 14 deletion mutant, strain AD169 and strain
Merlin (Fig 6.5a). These results indicate that UL14 does not modulate nectin-2
expression.

Whilst the 95kDa nectin-3 protein was also not overtly affected by UL14 (Fig 6.5b), it
was observed to reduce in abundance in both HCMYV strain AD169 and Merlin infected
cell extracts (Fig 6.5b). To control for protein loading of RAd infected cell extracts,
blots were stripped and reprobed with an actin antibody. Whilst the Ad vector exerted
no affect on actin, HCMYV strain AD169 and Merlin infection cause a modest reduction
in its expression (Fig 6.5b). Nevertheless, nectin-3 expression was downregulated by
HCMYV to an even greater degree than the actin (Fig 6.5b), thus indicating that HCMV

infection downregulates nectin-3 expression.
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6.2.2 UL14 not modulate the expression of NKG2D ligands MICA, MICB or
ULBP1-3

The UL16-binding proteins, ULBP1-3 and MICA and B are ligands of the NK
activating receptor NKG2D. The HCMV gene, UL16, downregulates ULBP1, ULBP2,
and MICB (Dunn C. et al., 2003, Welte et al., 2003, Wu et al., 2003), but it does not
downregulate the remaining known NKG2D ligands, ULBP3 and MICA (Dunn C. et
al., 2003). By contrast, mouse CMV (MCMYV) has three different gene products m145,
m152 and m155 that sequester mouse NKG2D ligands, MULT-1, Rae-1 and H60
respectively (Hasan et al., 2005; Krmpotic ef al., 2005; Lodoen et al., 2003; Loedoen et
al., 2004). 1t is possible that HCMV also utilizes other gene products to downregulate
those NKG2D ligands not affected by gpUL16. RAdUL14 infected fibroblasts were
screened by western blot for the modulation of MICA, MICB and ULBP1-3 expression.
MICA and B are very closely related, and were detected using a MICA monoclonal
antibody that crossreacts with MICB (denoted MICA/B). A large amount of variability
was observed between cell extracts and different experiments using this antibody and as
a result data has not been shown. At the time of these experiments, a specific
monoclonal antibody for each protein that does not cross react with the other MIC
molecule was unavailable. Recent acquisition of these antibodies enabled further
analysis of specific MICA and MICB expression which was performed by FACS in
U373 cells (Fig 6.6). These cells are homozygous for MICA*005, a full length version
of MICA. MICA has 53 different alleles, 6 of which are truncated on the intracellular
portion of the transmembrane protein (Robinson ez al., 2001). Of these truncated alleles
is MICA*008, the most common allele found in the Caucasian population. Full length
MICA expression was observed to decrease in RAJUL142 infected U373 cells (Fig
6.6), corresponding with results from Chalupny et al. (2006), and providing further

evidence for the expression of gpUL 142 encoded by RAJUL142. Full length MICA
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Figure 6.6 UL14 does not modulate the expression of MICA or MICB

U373s were infected with HCMYV strain AD169 (red line), HCMV strain Merlin (blue line)
or RAdUL14 (light blue line) and RAdUL142 (red line). MICA (top row) and MICB
(bottom row) cell surface expression was detected using a MICA and a MICB monoclonal
antibody respectively. For comparison with HCMYV infected cells, cell surface expression
of MICA and MICB in mock infected cells is shown in green and the IgG control as a
dashed black line. For comparison with RAJUL 14 and RAdUL 142 infected cells, cell
surface expression of MICA and MICB in RAd592 infected cells is shown in green and the
IgG control as a dashed black line.
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surface expression was also observed to decrease in HCMV strain AD169 and Merlin
infected U373 cells, but not in RAJUL 14 infected cells (Fig 6.6), indicating that HCMV
infection downregulates full length MICA*005 which is not a result of gpUL14. These
results are consistent with findings from Zou et al. (2005), who reported that full length
MICA is downregulated from the cell surface by HCMV strain AD169, but truncated
forms of MICA are not. The HCMV genes UL1-UL20 and US1-US11 were shown not
responsible for the downregulation of full length MICA (Zou et al., 2005), providing
further evidence that gpUL14 does not affect MICA expression. MICB surface
expression in U373 cells was also analysed by FACS (Fig 6.6) and is seen to decrease
from the cell surface in AD169 and Merlin infected U373’s, but not in RAdUL14 or
RAdUL142 infected U373’s, indicating that neither gpUL14 nor gpUL 142 affect MICB
expression.
The expression of the NKG2D ligands ULBP1 and ULBP2 were compared by western
blot in fibroblasts infected with HCMV strain AD169, RAdUL14, RAdUL141 and
RAd592 (Fig 6.7a). The 28kDa ULBP1 protein was detected in all infected cell extracts,
with the exception of AD169, where a band of much lower mass (~23kDa) was detected
(Fig 6.7a). This lower molecular weight form of ULBP1 was presumed to represent the
immature form of ULBP1, which is sequestered in the ER by gpUL16. The expression
of gpUL14 does not appear to modulate ULBP1 expression (Fig 6.7a). The 30kDa
ULBP2 protein was also detected at a lower molecular weight (~25kDa) in AD169
infected cell extracts (Fig 6.7a). As is the case for ULBP1, this lower molecular weight
‘form of ULBP2 is likely to represent the gpUL16-sequestered immature form of
ULBP2. Upregulation of ULBP2 in strain AD169 infected cells (Fig 6.7a) may be due
to gpUL16-stabilisation of a protein that is normally rapidly turned over. Additionally,
transcriptional upregulation has been reported due to an HCMV-induced cell stress

response to infection (Rolle et al., 2003), but because gpUL16 sequesters ULBP1 and
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ULBP2 in the ER, the immature protein does not reach the infected cell surface.
RAdUL 14 produced a band of approximately 30kDa, which represents the full form of
ULBP2, but lower expression levels of ULBP2 were observed in comparison with
RAd592 and RAdUL141 adenovirus controls (Fig 6.7a). This lower expression level
may be due in part to reduced protein levels in the RAdJUL14 sample, as indicated by
the actin loading control. These results indicate that UL 14 does not modulate ULPB1 or
ULBP2 expression.

ULBP3 expression was also detected by western blot, but variable results were obtained
between different experiments using RAd infected cells. Its expression appears to be
modulated during cell growth and with the formation of cell-cell contacts. As such,
these results have not been shown. However, more consistent results for ULBP3
expression were obtained in HCMV infected cell extracts (Fig 6.7b). The 28kDa
ULBP3 was detected at approximately 25-30kDa in mock infected cells (Fig 6.7b). The
expression level of ULBP3 was observed to increase in all HCMV infected cells in
comparison with mock infected extracts, consistent with results from Rolle ez al. (2003)
who describe ULBP3 upregulation upon HCMYV infection. In addition, ULBP3 was
detected as a doublet at approximately 25-30kDa in all HCMYV infected cells (Fig 6.7b).
No difference was detected in expression between the UL 16 and UL 14 deletion mutants
and HCMYV strain AD169 infected cell extracts, indicating that the increased levels of
ULBP3 are not due to either gpUL14 or gpUL16 expression. Consistent with these
results, no change in ULBP3 surface expression was detected in RAdUL14 infected
ﬁbroblasts by FACS (FACs performed by Dr V. Prod’homme, data not shown). The
appearance of an upper band detected for ULBP3 in HCMV strain AD169 and the
deletion mutants may be the result of increased glycosylation due to HCMYV infection in
these cells. Less protein was detected in the upper band of the doublet in HCMV strain

Merlin infected cells in comparison with HCMYV strain AD169 and the deletion mutants
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(Fig 6.7b). It is possible that expression of a UL/b’ protein may be responsible for this
effect, and the modulation of ULBP3 glycosylation by HCMV strain Merlin may
represent an additional mechanism by which HCMV escapes immune surveillance by

the NK activating receptor, NKG2D.

6.2.3 UL14 does not affect the expression of E-cadherin or CEACAM-1 (CD66a)
Killer cell lectin-like receptor G1 (KLRG1) is an inhibitory NK receptor. E-cadherin

has recently been shown to bind KLRGI1, an interaction which prevents lysis of E-
cadherin expressing target cells (Ito ef al., 2006). To study the effect of HCMV on this
interaction, it was necessary to use cadherin-expressing ARPE cells. In western blot
analysis, no effect on cadherin was seen in strain AD169 or Merlin infected ARPE cells,
indicating that HCMV does not modulate cadherin expression (Fig 6.8). This was
confirmed by FACS analysis, which showed no modulation of E-cadherin cell surface
expression upon HCMYV infection (FACS performed by Dr V. Prod’homme, data not
shown).

The homophilic interaction of carcinoembryonic antigen adhesion molecule 1
(CEACAM-1 or CD662) has been reported as an NK inhibitory mechanism (Markel et
al., 2002), as has the heterophilic interaction of carcinoembryonic antigen (CEA) with
CEACAM-1 (Stemn et al., 2005). The affect of HCMV infection on the expression of
CEACAM-1 is unknown, but it is hypothesised that an increase in CEACAM-1
expression on the infected cell surface may represent an additional mechanism by which
HCMV e{}:zides NK cell lysis. Attempts to detect CEACAM-1 in RAd and HCMV
infected fibroblasts by western blot were unsuccessful. However, FACS analysis of
CEACAM-1 surface expression in HCMV strain AD169, Merlin and AD169AUL14
infected fibroblasts was successful with an increase in CEACAM-1 surface expression

observed in all HCMYV infected fibroblasts in comparison to mock infected control cells
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Figure 6.9 CEACAM-1 (CD662a) surface expressien is upregulaied in
HCMV-infected fibroblasts

HCMYV infected fibroblasts were fixed at 72hpi and stained for cell
surface CEACAM-1 (CD66a) expression with an aCD66a monoclonal
antibody. CEACAM-1 expressicn in mock infecied cells is shown by a
solid black line. HCMYV strain Merlin (green line), AD169 (red line) and
AD169AUL14 (blue line) infected cells show an increased cell surface
expression of CEACAM-1. igG control is shown by a dashed black line.




(Fig 6.9). This increase in CEACAM-1 cell surface expression represents a novel
mechanism that may be employed by HCMV to inhibit NK lysis. No difference in
CEACAM-1 expression was detected between HCMV strains, indicating that the

modulation of CEACAM-1 observed in Figure 6.9 is the result of an AD169 gene

function, but not gpUL14.

In addition to its role as DNAM-1 receptor, CD155 is also involved in cell-cell contacts
and migration of cells. Downregulation of CD155 by gpUL141 can be expected to
impact on CD155’s normal cellular functions, and thus has the potential to impair
migration of HCMV-infected cells. To examine whether UL14 acts to modulate a cell
adhesion molecule, a panel of 25 antibodies (CD1a, CD2, CD11b, CD14, CD29, CD31,
CD34, CD36, CD41, CD42b, CD43, CD44, CD48, CD50, CD54, CD56, CD58, CD162,
CD49a, b, c, d, e, CD55 and CD99) was used to screen for changes in surface
expression of these adhesion molecules in RAdUL14 and HCMYV strain AD169 and
Merlin infected fibroblasts by flow cytometry (performed by Dr V. Prod’homme, data
not shown). Where possible, these antibodies were also screened by western blot
(CD29, CD31, CD43, CD44, CD54, CD56 and CDS58). For the majority of adhesion
molecules tested, no definitive change in cell surface expression was observed in
RAdUL 14 infected fibroblasts. However, some interesting observations were made for
CD44 and CD99 expression in HCMYV infected cells. NK cells can express high levels
of CD44, and gignalling via CD44 can direct NK killing on IL2 activated NK cells
(Sague et al., 2004). The main ligand for CD44 is hyaluronan (HA), but it can interact
homotypically with CD44 present on other cells (Droll et al., 1995; Sconocchia et al.,
1997). Consequently, the downregulation of CD44 may represent an additional NK

evasion mechanism. However, Ito et al (1995) describe CD44 expression to increase
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upon HCMV infection of fibroblasts, indicating that CD44 may play a role in
modulating cell adhesion and migration during infection. CD44 is an 81.5kDa protein,
and strong expression levels are observed in mock, RAd592 and RAdUL14 infected
fibroblasts (Fig 6.10). No difference in expression level was observed between
RAdUL14 and the RAd592 adenovirus vector control. However, in contrast to results
published by Ito e al. (1995), HCMV strain AD169 and Merlin infected cells showed
much reduced expression levels of CD44 (Fig 6.10), indicating that HCMV infection
downregulates CD44 expression. This downregulation of CD44 may represent an
additional NK evasion mechanism.

CD%9R is an isoform of CD99, a cell surface membrane glycoprotein that is highly
expressed on hematopoietic cells. CD99 is reported to interact homotypically and has
been implicated in many cell processes such as cell-cell adhesion (Bernard et al., 1995;
Bemnard et al., 2000; Hahn et al., 1997) and regulation of MHC class I transport from
the Golgi complex to the cell surface (Sohn ez al., 2001). CD99R is a 32kDa protein and
was detected by western blot in mock infected fibroblasts, but not in HCMYV infected
cells (Fig 6.11). A band of approximately 45-50kDa was also detected in all cell
extracts. As no isoform of CD99 is reported at this molecular weight, this band is likely
to represent background staining (Fig 6.11). These results suggest that CD99R
expression is completely abrogated upon HCMYV infection, though the functional
significance of CD99R downregulation by HCMV remains unknown. No difference in
CD99 expression was observed between AD169-AUL14 and HCMYV strain AD169
infected cell extracts:J(F ig 6.11), indicating that UL14 does not affect the expression of

CD99.

Although modulation of a cell ligand by gpUL14 was not identified by this screen, a

number of novel cell ligand modulations were identified in HCMYV infected cells
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Figure 6.16 Expression of CD44 is downregulated in HCMV-infected
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RAJUL 14 and RAd592 infected HFFF-hterts at 72hpi and proteins
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(Nectin-3, CD44, CEACAM-1 and CD99). The modulation of these ligands by HCMV
may represent new mechanisms employed by HCMV to enhance virulence, Future
studies concerning UL14 will now utilise a proteomics approach in an attempt to

identify the NK evasion mechanism for UL14.

6.3 CHARACTERISATION OF UL135 EXPRESSION

6.3. 35i N-glye

UL135 is predicted to contain protein sequence motifs for both N- and O-glycosylation
(Table 3.2). To establish whether pUL135 is N-glycosylated, RAdUL135 infected cell
extracts were treated with PNGase F and Endo H overnight before separating proteins
by SDSPAGE. pUL135 was detected by western blot using the Streptag monoclonal
antibody (Fig 6.12). No change in mass was observed, consistent with pUL135 not
being N-glycosylated. UL13S5 is also predicted to be heavily O-glycosylated, but this

was not followed up during this study.

6 135 ex ion 11 morphol i in in filame)

Previous immunofluorescence studies to investigate UL135 expression were performed
in RAJUL135 infected HFFF-hCAR at an MOI of 50 (Fig 4.3¢c). However, RAJUL135
infected ﬁbrob]a§ts have a tendency to round up and detach from the cell surface at this
MOI, which may be the result of pUL135 toxicity, or possibly an indirect effect on a
cellular adhesion molecule. The cellular localisation of pUL135 was further examined
using RAdUL135 infected HFFF-hCAR at a range of MOIs (data not shown). At an
approximate MOI of 30, cell detachment from the coverslip surface was prevented,
whilst still maintaining good expression levels (Fig 6.13). In each of the cell pictures

shown, pUL135 appears with cell surface staining in addition to heavy staining near the
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Figure 6.12 pUL13S5 is not sensitive to deglycosidases PNGaseF or EndoH
Cell extracts were prepared from RAdUL 135 infected HFFF-htert at 72hpi and
treated with either PNGaseF, EndoH, or untreated as a mock control overnight.
Proteins were separated by SDSPAGE and UL135 detected using an -
Streptag monoclonal antibody.
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Figure 6.13 pUL13S cellular localisation
Immunofluorescence was performed at
72hpi in HFFF-htert infected with
RAdUL135 at an MOI of 30. An a-
Streptag monoclonal antibody and
secondary a-mouse Alexa Fluor 594 were
used to visualize Strep-tagged UL135
expression by microscopy.
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centre of the cell (Fig 6.13). This central localisation was not nuclear, but could
potentially represent Golgi staining. This intracellular distribution of pUL135 to two
discrete sites was unusual, and may ultimately provide insight into the mechanism of
action of this protein.

To study the dramatic effect pUL135 appears to have on cell morphology, the actin
structure of RAJUL 135 infected cells was visualised using coumarin phallacidin which
stains F-actin filaments, as opposed to G-actin monomer pools. Actin filaments in
control RAd592-infected fibroblasts were predominately observed as longitudinal
fibres, with individual cells being difficult to distinguish (Fig 6.14¢). However,
RAdUL135 infected cells show the rounded cell phenotype with a general
disappearance of long intracellular actin filaments from the cytoplasm of the cell, but
with the appearance of cell surface based actin (Fig 6.14a-d). This effect may be the
result of a change in cell adhesion due to pUL135 expression, or a direct effect of
pUL135 on actin filamentation. Interestingly, changes in cell morphology are also seen
in HCMV infected cells, with a greater rounding of cells observed in Merlin strain
infected fibroblasts when compared to ADI169-infected cells (unpublished
observations)..Of particular interest, cells infected with HCMV strain Toledo show less
adhesion to NK cells than AD169 infected cells (Dr P. Tomasec, personal
communication). UL135 may potentially contribute to the differential cpe seen in

clinical and laboratory strains of HCMV.

Whilst both UL135 and UL14 are important novel NK evasion functions, only UL14
was selected for further analysis of its NK evasion mechanism. Further investigation of
pUL135 expression and its potential mechanism of NK evasion is currently underway

by other members of the laboratory.
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Figure 6.14 F-actin staining pattern visualised by coumarin phaliacidin in RAdUL135 infected

fibroblasts
a) — d) RAJUL135 infected HFFF-htert were stained for F-actin with coumarin phallacidin at 72hpi.
RAd592 control adenovirus infected fibroblasts at 72hpi were stained for F-actin with coumarin

phallacidin as a control (e).
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7. DISCUSSION

HCMYV is predicted to encode 165 ORFs, yet only ~45 are essential for virus replication
in vitro (Dunn W. et al., 2003). The remaining ~122 ORFs (73% of the gene content)
are anticipated to encode for functions that are specifically associated with promoting
virus survival in vivo, potentially ‘virulence functions’. When such ‘non-essential’
HCMV genes have been characterised, they have been associated either with extending
the tropism of the virus or modulating the immune response (Section 1.5 and 1.6.4). Of
particular interest to this study is the interaction of HCMV with NK cells. The increased
susceptibility of cells infected with HCMV laboratory-adapted strains to NK cell attack
has been attributed to loss of the UL/b’ sequence, a 13-15kb region of the HCMV
genome that had been lost by laboratory strains during serial culture in vitro (Cerboni et
al., 2000; Cha et al., 1996; Tomasec ef al., 2005; Wang et al., 2002). This observation
led to the hypothesis that one or more additional NK evasion functions were encoded by
the UL/b’ region (Cerboni et al., 2000; Wang et al., 2002).

The UL/®’ sequence was first defined in strain Toledo (where it is inverted), but a
comparable element has been identified in all sequenced clinical isolates. Prior to the
commencement of this project, all UL/b’ ORFs originally predicted in the strain Toledo
UL/b’ were amplified by PCR and expressed as GFP fusion proteins in 293 cells
(Tomasec, unpublished). This analysis identified a small number of sequencing errors in
the strain Toledo sequence that had a profound effect on ORF assignment (Tomasec,
unpublished data; Davison et al., 2003). In addition to general limitations of the original
annotation of the strain Toledo UL/’ sequence, the genetic integrity of strain Toledo
genome is compromised by the inversion. A strategic decision was therefore made to
adopt the Merlin strain as the prototype virus. Additionally, the use of stable 293 cells

as targets for NK cell assays proved to be extremely restrictive, whereas when
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replication deficient adenovirus vectors are used a range of target cells can readily be
employed. Before the decision was made to change strain, the strain Toledo ORFs
UL141 and UL142 were cloned into an Ad vector. UL142 had been identified
independently by Dr A. Davison (Glasgow) as a UL18 homologue (Davison ef al.,
2003) and Dr M. Wills (Univ. of Cambridge) as exhibiting structural similarity to
MHC-1. UL141 was selected because its original definition in strain Toledo was shown
to be erroneous (Tomasec, personal communication). As the aim of this project was to
analyse all ORFs in the strain Merlin UL/b’ region, RAd encoding UL141 and UL142
were generated and included in the analysis. As a result of this overall approach, the two
HCMYV strain Toledo UL/b’ resident ORFs; UL141 (Tomasec ef al., 2005) and UL 142
(Wills et al., 2005) were identified to encode NK evasion functions at an early stage.
Further analysis of the strain Merlin UL/b’ region using recombinant adenoviruses
generated during this study has identified two additional novel NK evasion functions:
UL13S, located within the UL/b’ region, and UL 14, a homologue of UL141.

7.1 GENERATION OF RAds ENCODING THE UL/b’ ORFS

The UL/b’ region of strain Merlin is predicted to encode 23 ORFs. An additional
putative ORF, UL141A (proposed by Dr P. Tomasec), was also included in this study
along with UL 14, a homologue of the UL/b’ resident ORF, UL141. UL14 and the UL/b’
ORFs were cloned into RAd vectors using the AdEasy system. The AdEasy system
permitted the generation of a number of recombinant adenoviruses that could not be
generated using the AdMax system (Microbix), and was thus considered the most
efficient available for the generation of the 25 recombinant viruses.

The AdEasy system involves a series of cloning and sub-cloning steps to produce Ad
recombinants (RAds). Each gene was normally first amplified by PCR before being

‘TA-cloned into a TOPO vector, where it was sequenced to check for PCR errors. After
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the initial cloning step, the gene was sub-cloned into a transfer vector to place under the
control of the HCMV major IE promoter and flanked with Ad vector sequences. The
transfer and AdEasy vector were fused by recombination in E.coli, thus placing the gene
in context with the Ad vector genome. The recombinant adenovirus genome then has to
be excised from the large, low copy bacterial plasmid by Pacl digestion and transfected
into 293 or 911 packaging cells to produce the recombinant adenovirus. The generation
of 25 discrete RAds using the AdEasy system required a large number of DNA
manipulations and proved very time-consuming.

Whilst the majority of recombinants were readily generated following DNA transfection
of 911 cells, 9 were not (UL128, UL131A, UL132, UL133, UL138, UL145, UL148 and
UL148B). 7 were made by changing cell type and transfecting 293 cells (UL132,
UL133, UL138, UL145, UL148 and UL148B). Of these 7, UL132 and UL 148 were
made, but the RAd produced would not grow to high titre, and UL128 and UL131A did
not make at all A subset of the UL/b’ ORFs was either incompatible with, or
compromised the growth of the RAd vector in the helper cell lines. It became clear
during the execution of this study that the Ad vector system could be further developed
to be more compatible with the high throughput cloning of HCMV ORFs. To this end, a
new Ad vector system (AdZ) was developed by Dr. R. Stanton (Stanton et al,
unpublished) that exploits “recombineering” technology and results in a process
whereby the gene of interest can be directly ligated into the Ad vector by homologous
recombination, obviating the need for multiple cloning steps. The vector is also self-
excising, removing the need for Pacl digestion before transfection of packaging cells.
This results in a highly efficient, one-step method for the generation of RAds (Fig 2.4).
Although the AdEasy and AdZ systems use different technologies, the genetic
composition of the Ad vector is identical. The AdZ system uses a truncated HCMV IE

promoter and its own polyadenylation signal, whereas the pAdEasy-1 vector contains a
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‘longer’ version of the IE promoter and an SV40 polyadenylation site. The AdZ system
was used to successfully generate RAds for both UL128 and UL131A that were not
made with the AdEasy system. The AdZ system was also used to produce a UL148
RAd, which was generated using the AdEasy system but only produced a low titre
stock. RAJUL148 generated using the AdZ system successfully produced a high titre
virus stock. A tetracycline regulated system was used with the AdZ system to produce
these RAds. This regulation limits the expression of potentially toxic gene products
during RAd production in 293 TREXx cells. It is therefore probable that the toxicity of
UL128, UL131A, UL148 and UL132 gene products prevented the successful generation
of recombinants using the AdEasy system, but that this problem was removed with the
AdZ system.

Using the AdEasy and AdZ vector systems, the 24 UL/6’ ORFs and UL14 were
successfully cloned into RAd vectors, providing a “bank™ of the entire UL/d’ region.
Using the newly developgd AdZ system, there is great potential to expand this bank to
incorporate RAds encoding for the complete HCMV genome, enabling further

characterisation and functional analysis of the entire HCMV proteome.

7.2 CHARACTERISATION OF THE UL/b’ REGION

The majority of the UL/A’ genes were uncharacterised at the start of this study. By
incorporating an epitope tag, Streptag II, expression of the UL/d’ proteins could be
detected, localised within cells by immunofluorescence and the molecular mass of the
expressed protein determined by western blot analysis. Immunofluorescence proved the
most successful detection system and has enabled an initial characterisation of UL14
and all the UL/b’ ORFs. For most of these proteins, the data presented in this thesis is
the first characterisation of these ORFs. However, numerous problems were

experienced with detection of the Strep-tagged UL/b’ ORFs by western blot. It was

194



expected that the epitope tag would provide a means with which to monitor expression
of the UL/’ ORFs encoded by the RAds. However, a number of UL/d> ORFs were not
detected by the Streptag Il monoclonal antibody by western blot. It is unlikely that the
lack of detection is due to a RAd not encoding an ORF, as PCR analysis confirmed the
presence of each OREF in their respective RAds (Fig 3.2). Other explanations included
the possibility that potential toxicity of the expressed ORF influenced the level of
expression, and therefore the level of detection; the protein may be have been processed
so that the tag is cleaved, or re-folded in such a way as to make the tag inaccessible. It is
a surprise that the denatured protein is not accessible to the monoclonal antibody in
western blotting, and indicates that some of the proteins may be refolding during
SDSPAGE, rendering the Streptag undetectable. Further evidence that this may be the
case was seen with detection of Strep-tagged UL141, which was variable between
experiments. On occasions where no, or very low expression was observed using the
Streptag monoclonal, detection of UL141 was clearly observed using the UL141-
specific monoclonal antibody.

In an alternative approach to validate expression of the UL14 and UL/’ OREFs,
numerous attempts were made to detect expression of the UL14 and UL/5’ ORFs using
polyclonal sera obtained from HCMYV infected patients. Detection was unsuccessful,
indicating that the proteins encoded by this region are unlikely to be major
immunogens. Attempts were made to generate polyclonal antibodies against UL144,
UL14, UL146, UL147 and UL135 by direct murine immunisation with the Ad
recombinants with a view to validating expression. The UL135 polyclonal antibody
successfully detected expression of pUL135 from the RAd, but did not detect
expression in strain Merlin infected cells. The expression of these proteins using the
RAd does not provide evidence of their expression by HCMYV infection. Thus although

expression of all the ORFs was detected by immunofluorescence, further studies are
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required to determine whether these ORFs are used within the context of an HCMV

infection.

A summafy of the characterisation data obtained for each UL/d’ ORF is provided in
Table 7.1. It is important to bear in mind the lack of expression detected for some of the
OREFs throughout this study, and this data should be taken into account when looking at
functional data for the ORFs (Chapter 5, Table 7.1). However, the reliability of the
Streptag system was disappointing in this study, and as research into each UL/b’ ORF
continues it is expected that expression characterisation for these ORFs will improve.
For example, UL142 appears functional both in the downregulation of MICA, and in
NK polyclonal bulk culture assays (performed by Dr V. Prod’Homme) despite the lack
of expression detected by western blot, immunofluorescence and FACS. For ORFs such
as UL142, the development of a specific monoclonal antibody would be highly useful.
Indeed, to expand on the characterisation of this region, the production of specific
antibodies for each gene using the RAds would be an invaluable reagent. Dr R. Strong’s
laboratory recently initiated a research programme aimed at expressing UL14 and each
of the UL/A’> ORFs in E.coli in order to produce soluble proteins for use in
crystallographic studies. A by-product of this endeavour will be substantial amounts of
purified soluble proteins, suitable for the production of polyclonal or monoclonal
antibodies. Specific antibody reagents will greatly assist in characterising the expression
of UL/b’ ORFs from both RAds and HCMYV. Until specific antibodies are generated, the
epitope-tag incorporated into the expressed ORFs will be invaluable in monitoring

expression from the RAds generated in this project.

UL128, UL130 and UL131A are involved in HCMYV cell tropism, and are essential for

HCMYV infection of endothelial cells, leukocytes (Grazia Revello et al., 2001; Hahn et
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Table 7.1 Summary of expression and functional data for each UL/b' ORF RAd

UL/b' ORF Rad Expression characterisation® Functional characterisation
Western Blotting FACS Immunofluorescence NKL assays’ NK bulk culture’ NK clones’ Other

UL128* nd nd nd nd nd nd
UL130° nd nd ++) nd 1/10 inhibited nd
UL131A* nd nd ++ nd nd nd
UL132 - - ++ Activated nd nd
UL133 - +/- ++ Activated nd nd
UL135 ++ ++ ++ Inhibited 14/17 inhibited 52% inhibited
UL136 ++ + ++ No affect nd nd
UL138 + - ++ Activated nd nd
UL139 - - ++ No affect No affect nd
UL140 ++ + ++ No affect 1/11 inhibited nd
UL141 +/- ++ ++ Inhibited 14/21 inhibited 25% inhibited, 16% activated
ULI41A ++ - ++ No affect 1/10 inhibited, 2/10 activated nd
UL142 - - ++ No affect nd nd Downregulated MICA
UL144 - - ++ Activated 1/1 inhibited nd Activated NFkB
UL145 ++ - ++ No affect 1/8 inhibited nd
UL146 - - ++ No affect 1/9 inhibited, 1/9 activated nd
UL147 ++ +/- ++ No affect 1/10 inhibited nd
UL147A + - ++ No affect 4/10 inhibited, 1/10 activated nd
UL148 - - ++ No affect nd nd
UL148A ++ + ++ No affect 1/6 inhibited nd
UL148B ++ + ++ Activated /11 inhibited, 1/11 activated nd
UL148C - - ++ No affect No affect nd
UL148D + +/- ++ No affect 2/10 inhibited nd
UL150 ++ - ++ No affect No affect nd
UL14 ++ +- ++ No affect 8/17 inhibited, 3/17 activated 15% inhibited, 46% activated
nd Not done

- o a0 o

RAds were only recently generated and expression/ functional characterisation was not performed in all assays.

Generated by Dr B. McSharry with a FLAG tag. Expression detected by immunofluorescence using FLAG tag by Dr B. McSharry (Appendix I)

Level of expression graded using ++ (high level expression detected), + (good level expression detected), +/- (low or variable expression detected) and - (no expression detected).
Affect of UL/b' ORF RAd on NKL lysis of infected cells: Activated, Inhibited or No affect

Number of polyclonal bulk cultures activated or inhibited

% clones inhibited or activated



al., 2004) and dendritic cells (Gerna et al., 2005). They are thought to play a role in the
entry process (Hahn ef al., 2004) and recent studies have revealed that UL128, UL130
and UL131A are virion constituents. UL130 was cloned into a RAd vector by Dr B.
McSharry with a FLAG tag before the start of this study. gpUL130 has been recently
characterized by Patrone e al, (2005) as an ER luminal glycoprotein, where it
accumulates intracellularly before associating with virions as they mature through the
Golgi, becoming incorporated into the virion envelope as a Golgi-matured glycoprotein.
Consistent with this report, gpUL130 was found to have a cytoplasmic, vesicular type
staining pattern (Dr B. McSharry, unpublished; Appendix I). UL128 and UL131A are
spliced genes (Akter et al,, 2003), that could not be cloned into the Ad vector using the
AdEasy system. RAds encoding UL128 and UL131A were only recently generated,
when the inducible AdZ system became available. Consequently, characterisation of the
RAdUL128 and RAdUL131A is limited. gpUL131A produced a cytoplasmic staining
pattern similar to that of gpUL130 (Fig 4.3w). It is possible therefore that gpUL131A is
also a luminal protein that becomes incorporated into the virion in a similar way to
gpUL 130, where it forms a complex with gH and plays a role in cell entry (Adler et al.,
2006). The production of RAds encoding UL128, UL130 and UL131A provides
valuable tools for the further investigation of these proteins to define their roles and
protein-protein interactions. For example, it is possible that UL128, UL130 and
UL131A may interact together, and the RAds could be used to co-express these proteins
in order to examine potential interactions. These genes also appear toxic to both
recombinant adenovirus and HCMV replication; mutations occur in at least one of the
genes upon the first passage of HCMV in fibroblasts (Akter et al., 2003; Hahn ef al.,
2004) and difficulties in the production of RAds encoding UL128 and UL131A were
rectified by the use of an inducible system. They perhaps induce an IFN or apoptosis

response upon infection, and the RAds could be used to evaluate these responses with
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each gene in isolation or co-expressed together. The generation of the RAds will be
invaluable for the direct analysis of each protein, and also for the study of cell responses
to the individual proteins, for example by microarray.

UL132 pfoduced a granular type staining pattern in RAJUL132 infected fibroblasts (Fig
4.3a). Consistent with this result, HCMV UL132 was recently characterised by
Spademna et al. (2005) and shown to encode an N-linked glycoprotein that was localised
to the trans-Golgi network, as well as in extracellular virions. Deletion of UL132 from
laboratory strain AD169 and low-passage strain PAN resulted in an impaired virus
growth phenotype in fibroblasts, and virus yield was reduced by 100-fold (Spaderna e?
al., 2005). Quantitative PCR also showed that the number of HCMV genome copies in
the supernatants of UL132 deletion mutant infected cells was reduced in parallel to the
reduction in infectious titres (Spaderna et al, 2005). These data indicate a role for
gpUL132 in the production of infectious progeny and the viral replication cycle
(Spaderna ef al., 2005). The AD169 UL132 deletion mutant was also used to analyse
whether gpUL132 was involved in the attachment or penetration of fibroblasts. By
comparison with AD169 wild type, deletion of UL132 from AD169 did not affect the
translocation of pp65 to the nucleus upon entry, indicating that deletion of UL132 from
the virus particle has no major impact on HCMV entry (Spaderna et al., 2005).

There is no published expression data available for the HCMV ORFs UL133, UL136,
UL138, UL139 and UL140, and functions for these genes remain to be defined. UL139
genome variability has been recently studied by Qi ef al. (2006). Using Toledo as a
reference strain, the authors found that a large number of nucleotide insertions or
substitutions occurred in the UL139 ORF across a number of low passage HCMV
strains, and that these UL139 variants were not distributed randomly, but fell into three
groups (G1, G2 and G3) (Qi et al., 2006). UL139 was also described by these authors as

a CD24 homologue, consistent with findings from bioinformatic analysis performed
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during this study (Qi et al., 2006; Table 3.2). The RAds produced in this study encoding
for the UL133, UL136, UL138, UL139 and UL140 ORFs have been successfully used
to provide initial characterisation for each of these genes. pUL136 was detected by
western blot with a molecular weight of 33kDa, approximately equal to its predicted
molecular weight (Fig 4.1). pUL140 was also detected by western blot, but at a higher
molecular weight than predicted, indicating that UL140 may undergo a post-
translational modification such as N-glycosylation, which is yet to be confirmed (Fig
4.1). Strep-tagged UL133, UL138 and UL139 were not detected by western blot.
pUL133 and pUL136 and pUL139 each produced punctate, granular type staining
patterns by immunofluorescence (Fig 4.3b, 4.3d, 4.3f respectively). pUL138 also
produced a granular type staining in the majority of RAdUL138 infected cells, though a
more diffuse cytoplasmic staining pattern was also observed (Fig 4.3e). pUL140
appeared to produce a large granular staining pattern located close to the nucleus that
may represent Golgi staining (Fig 4.3g). Further investigations using the RAds and
organelle markers will help define the localisation of these proteins.

During the early stages of this study, HCMV strain Toledo UL141 ORF was found to
encode an NK evasion function (Tomasec ef al., 2005) As a result of research by
Tomasec and co-workers, a monoclonal antibody was raised and gpUL 141 expression
characterised from the RAd encoding strain Toledo UL141 and from HCMV. UL141
was characterised as an EndoH-sensitive glycoprotein that was localised to the ER,
where it retains the NK activating ligand, CD155 and inhibits NK cell recognition. The
strain Merlin UL141 ORF was also cloned into a RAd vector, and work presented in
this thesis showed it too encodes an ER-resident, EndoH-sensitive glycoprotein (Fig
6.2, 6.3). HCMYV strain Merlin UL 141 is also an NK evasion function (Fig 5.1).
UL141A is a small ORF that was identified overlapping with the 3’ end of UL141

(Table 3.1). UL141A exhibits a granular staining pattern (Fig 4.3i) and produced a band
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of approximately its predicted molecular weight of 11kDa (Fig 4.1). As this ORF has
only recently been identified and its existence is disputed, the production of a specific
antibody for UL141A would be particularly valuable for its detection in the context of
an HCMV infection to help define its inclusion as an HCMYV gene.

During the course of this study HCMV strain Toledo UL142 was also identified by
Wills et al. (2005) to be an NK evasion function. Whilst UL142 is a member of the
UL18 gene family, Wills’ interest in UL142 was derived from an independent
observation that gpUL142 exhibited structural homology to MHC class I. Chalupny et
al. (2006) subsequently demonstrated that strain Toledo UL142 acts to downregulate a
full-length allele of MICA, an NKG2D ligand. Sequestration of full-length MICA
alleles represents an additional mechanism by which HCMV evades NK cell
recognition. Using the RAd encoding strain Merlin UL142 that was generated during
this study, gpUL142 expression could be detected by immunofluorescence with a
cytoplasmic staining pattern (Fig 4.3j) that is consistent with the characterisation of
strain Toledo gpUL142 by Wills e al. (2005). gpUL142 expression could not be
detected by western blot using RAdUL142. However, as a function has been established
for Toledo UL142, it was possible to characterise gpUL142 expression by functional
assay. Indeed, RAdUL142-infected fibroblasts showed significant inhibition of NK lysis
in polyclonal bulk culture NK assays (Dr V. Prod’homme, personal communication),
indicating strain Merlin UL142 also encodes an NK evasion function. In addition,
FACS analysis of MICA surface expression also confirms that HCMV strain Merlin
UL142 downmodulates full length MICA (Fig 6.6), consistent with results from
Chalupny et al. (2006). However, downregulation of full length MICA does not appear
to represent the only NK evasion mechanism encoded by UL142. Functional NK assays
performed during this study utilised HFFF-htert fibroblasts, which were genotyped

recently by Dr A. Little (Anthony Nolan Institue) to possess full length
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MICA*016*027, and skin fibroblasts from donors 7, 8 and 9 which were all genotyped
as homozygous for the truncated MICA*008 allele. UL142 was functional as an NK
evasion gene when expressed in both HFFF-htert and donor skin fibroblasts. As
truncated‘ MICA alleles are not downregulated by UL142 (Chalupny ef al., 2006), this
data indicates that an unknown additional NK evasion mechanism is also employed by
gpUL142.

UL144 is a homologue of the herpes simplex virus entry mediator (HVEM), a member
of the TNFR superfamily (Benedict ef al.,, 1999). UL144 expression was detected by
immunofluorescence with an intracellular staining pattern. Benedict ef al. (1999) also
indicated that UL144 is an intracellular protein, as they could not detect pUL144 at the
cell surface or in cell culture supernatants. UL144 was found to inhibit T cell
proliferation by binding the B and T cell attenuator (BTLA) (Cheung et al., 2005).
Recent analysis by Poole ef al. (2006) revealed an additional function for UL144,
showing UL144 activates NFxB-induced transcription. An outcome of this activation
was the enhanced expression of CCL22, a chemokine which attracts Th2 and regulatory
T cells. By attracting Th2 cells, it is thought that an efficient antiviral Thl response will
not be induced (Poole et al, 2006). Interestingly, RAdUL144-infected fibroblasts
activated NKL-mediated cytolysis (Fig 5.11). It is possible that CCL22 or another
product of the enhanced NFxB signalling generated by gpUL144 expression may
influence NK cell activation. The CCL22 receptor, CCR4, is present on NK cells
(Inngjerdingen et al., 2000). As a result of enhanced CCL22 expression, it is possible
HCMV UL144 also affects the chemotaxis and activation of NK cells during an
infection. Similar to UL142, the expression of gpUL144 was not detected by western
blot. Activation of NFxB-induced transcription by UL144 provided a means with which
to test functionally for gpUL144 expression. Indeed, NFxB activation in RAdUL144

infected cells was detected using a luciferase reporter assay (Dr E. Poole, personal
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communication), suggesting UL144 is both expressed in RAdUL144 infected
fibroblasts and is functional.

UL145 was observed to produce an interesting punctate staining pattern, suggestive of
mitochondrial staining (Fig 4.31). However, lack of co-localisation with the
mitochondrial marker protein, Bcl-2, indicated that UL145 does not traffick to
mitochondria (Fig 4.4). The function of UL145 has yet to be determined; further
analysis of its subcellular localisation may provide insight into its role in virus infection.
There is potential to expand this screen to include additional cytoplasmic domains, for
example endosomes or lysosomes. Indeed, an extensive, systematic analysis could
readily be performed to localise expression of all the expressed UL/b’ proteins.

UL 146 and UL147 are IL-8 chemokine homologues, with strain Toledo UL146 defined
as a functional neutrophil chemotactic protein (Penfold et al. 1999). UL146 and UL147
sequences are highly variable between different HCMV strains (He et al, 2006),
although the chemokine motif is conserved throughout (He et al., 2006). Expression
results using the Streptag were surprisingly poor for these proteins. Whilst it was
anticipated that the Streptag would also be useful for purifying UL146 and UL147,
attempts to concentrate UL146 from the supernatant of RAdUL 146-infected cells using
Streptactin affinity columns produced very poor yields. Recent studies within this
laboratory have made use of strain Merlin UL146 soluble protein, produced in E.coli
(kindly provided by Dr R. Strong). Using this soluble UL 146 in a neutrophil chemotaxis
assay that measures calcium mobilisation revealed that strain Merlin UL146 is
functional as a neutrophil chemotactant (Dr R. Aicheler, personal communication).
Although neither UL146 nor UL147 exhibited any direct effect in NK functional assays,
NK cells do possess the IL8-receptors CXCL1 and CXCL2. Further analysis using
RAdUL146 and RAdUL147 could determine whether the HCMV virokines were

capable of promoting calcium mobilisation in, or chemotaxis by NK cells.
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By immunofluorescence, pUL147A, pUL148A, pUL148D and pUL150 each displayed
a cytoplasmic, granular type staining pattern. pUL148, pUL148B and pUL148C
produced more vesicular staining patterns (Fig 4.3). With the exception of pUL148 and
pUL148C, these proteins were also detected by western blot. pUL148A showed an
increase in mass of approximately 15kDa. SUMOylation (an 11kDa molecule) was
considered as a potential post-translational modification for pUL148A, as UL148A is
predicted to contain a high probabilty SUMO modification site. Co-
immunoprecipitation experiments were unsuccessful, but as pull down of SUMO is
difficult, repetition of this experiment may‘ be required to optimize experimental
conditions. The remaining proteins, pUL147A, pUL148B, pUL148D and pUL150,
produced bands of molecular weights (~10kDa for pUL147A, pUL148B and pUL148D,
and ~75kDa for pUL150) that were approximately equal those molecular weights

predicted for these genes.

7.3 IDE ION OF TWO NOVEL VASIO ION

The aim of this project was to set up a system to screen the UL/b’ region for novel NK
evasion functions. The UL/b’ ORFs were screened in functional NK assays using NK
cells from various sources: the NK cell line NKL, polyclonal NK bulk cultures obtained
from PBMC and NK clones. The most comprehensive screen was performed with NKL.
Whilst the majority of the UL/b’ genes did not modulate NKL lysis, the NKL screen
identified that both RAJUL141 and RAdUL13S infected fibroblasts exhibited enhanced
resistance to NKL-mediated cytolysis, indicating that HCMV strain Merlin UL141 and
strain Toledo UL141 both encode an NK evasion function, and most importantly that
UL135 encodes a potentially novel NK evasion gene (Fig 5.1). NKL cells are an
atypical immortalised NK cell line established from a patient with large granular

lymphocyte leukaemia and characterized by an extremely limited NK receptor
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repertoire (Robertson et al., 1996). The capacity of UL135 to inhibit NKL, with its
restricted receptor usage, was remarkable. It was important to determine if UL135 was
capable of acting on a more physiologically-relevant effector cell population. Polyclonal
NK bulk cultures obtained from multiple donors were used in both autologous and
allogeneic functional assays against target cells infected with RAds encoding all
available UL/b’ ORFs. Polyclonal NK bulk cultures are generated by overnight
stimulation with interferon, and thus their NK receptor usage reflects that of the donor.
Screening with polyclonal NK bulk cultures provided further evidence for an NK
evasion function encoded by UL135, which inhibited polyclonal NK bulk cultures from
14/17 donors (Fig 5.4 and 5.5). NK clones were also generated from fresh PMBC from
two different donors and used in autologous functional assays with RAdUL135 infected
targets. Remarkably, UL135 inhibited 50% of 97 NK clones assayed, and did not
activate any clones (Fig 5.6). For comparison, UL141 was used as a positive control in
these NK clone assays as a potent NK evasion gene. UL141 inhibited 25% but also
activated a proportion of clones (16%) (Fig 5.6). From this functional data, it appears
UL135 encodes for an NK evasion function that affects most NK sub-populations,
indicating that UL135 could be targeting either a ubiquitous NK receptor or another
vital aspect of NK activation such as target cell attachment.

UL135 encodes a 35kDa protein (Fig 4.1) that localises both at/near the cell surface as
well as in an intracellular compartment, indicating that pUL135 may encode a cell
surface protein (Fig 4.3c and 6.13). However, pUL135 does not appear to be N-
glycosylated (Fig 6.12), suggesting that pUL135 is cytosolic, and that its’ predicted
leader sequence is not functional. Immunofluorescence indicates there are two forms of
the UL135 protein, and it is possible that some of the pUL135 may be trafficking
through the ER, but glycosylation is not detected. There are a number of different

potential mechanisms for the pUL135 NK evasion function. If pUL135 is a cell surface
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molecule, it may interact directly with an NK cell receptor to inhibit NK activation. If
pUL135 is intracellular, it may bind and retain a cell surface NK activating ligand
within the cell. Cell rounding and detachment was also observed upon pUL135
expressidn in fibroblasts, indicating that pUL135 may be targeting a cell adhesion
molecule. This cell rounding effect led to an investigation of the actin structure of
RAdUL135 infected cells. Upon pUL135 expression, actin filamentation can no longer
be visualised by coumarin phallacidin (Fig 6.14), indicating that pUL135 may be
directly involved in actin remodelling or targeting a receptor involved in actin
remodelling. It is also possible that the changes in actin structure are a secondary effect
of pUL135 disruption of a cell adhesion molecule. Destroying the cellular architecture
would intuitively be expected to stimulate NK cell recognition. The effect of UL135
expression appears to override this ability to recognise target cells. From the data
obtained during this study, a number of models can be hypothesised for the function of
UL13S5. In the first model, pUL135 is trafficked through the ER and is expressed at the
cell surface, as indicated by immunofluorescence data, where it may directly interact
with an NK cell receptor to inhibit NK activation. An alternative model may be the
downregulation of a cell adhesion molecule that also plays a role in NK activation or
NK cell binding. A secondary effect of this downregulation may be the disruption of the
actin structure. pUL135 may also be directly involved in disrupting actin filamentation,
which in turn may then disrupt the effective binding of NK cells to the infected target
cell, preventing NK activation. Future studies may investigate the effect of chemically-
induced actin depolymerisation (for example by cytochalasin B treatment) on NK cell
recognition in order to test this theory.

Research is now focussed on identifying cellular ligands that may alter upon pUL135
expression by a similar screening method to that used with UL14. It is important also to

examine the role of UL135 in the context of a HCMV infection. This is problematic in
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the strain Merlin wild type virus as the Merlin BAC technology is still in development,
and there are a number of other NK evasion functions that may mask the effect of
UL135. An alternative potential strategy would be to insert UL135 into strain AD169
using exiéting BAGCs. This would enable the analysis of the UL135 NK evasion function
in a HCMV context, but without the interference of UL141 and UL142 NK evasion
genes. Polyclonal sera were generated during this project that were successful in the
detection of pUL135 expressed using an Ad recombinant, but were unable to detect
UL135 expression from HCMV. This probably reflects the relative levels of UL135
expression from the two viruses, rather than any defect in expression from HCMV. The
generation of a UL135 specific monoclonal antibody would be invaluable for further
characterisation of UL135 expression during productive HCMV infection.

Functional data obtained in this study indicates that HCMV UL14 also encodes an NK
evasion gene. Like UL141, HCMV UL14 encodes an EndoH-sensitive glycoprotein that
localises to the ER. In context with its role as an NK evasion gene, the sub-cellular
location of gpUL 14 may be of functional importance; potentially gpUL14 may have a
similar mechanism of action to gpUL141 in sequestering an NK activating molecule
within the ER.

RAdJUL 14 infected fibroblasts inhibited polyclonal NK bulk cultures from 8/17 donors.
In NK clone assays to further analyse the NK evasion function encoded by UL14,
approximately 15% of NK clones were inhibited. However, UL14 was also observed to
activate NK lysis in approximately 50% of the 108 clones assayed. A comparable
situation was observed in recent investigations of UL18 (Griffin et al., 2005;
Prod’homme et al., 2007). gpUL18 inhibits LIR-1" NK cell function, and this effect was
observed in autologous and allogeneic assays using a range of effector cells including
NKL, bulk cultures, and a single LIR-1"#" NK clone. LIR-1* NK cells generally do not

thrive during in vitro culture, and are thus greatly underrepresented in expanded
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populations of NK clones. A similar situation may exist for UL14; NK clones inhibited
by UL14 may also be underrepresented in expanded NK clones, whereas UL14-
activated NK clones are overrepresented. The existence of UL14-inhibited clones
supports\the definition of UL14 as an NK evasion function. However, UL14 is also
capable of stimulating NK recognition, as indeed is UL18. Whilst UL18 promotes
inhibition by LIR-1" NK cells, it also stimulated recognition by LIR-1" NK cells, clearly
by a LIR-1-independent mechanism (Prod’homme ef al., 2007). The interacting receptor
for gpUL14 is unknown. The proposed working model for UL14 is unlike UL18, i.e.
gpUL 14 interacts directly with and sequesters a ligand for an NK activating receptor. It
is possible that a ligand sequestered by UL14 is perceived as an activating ligand by a
receptor of certain NK subsets, and an inhibitory ligand by others. The identification of
the ligand(s) modulated by gpUL 14 would clearly be invaluable in appreciating the role

of UL 14 during HCMYV infection.

7.4 HCMV -3 EACAM-1_AND 9
EXPRESSION

A systematic investigation of likely potential targets for UL14 was undertaken.
Although this screen did not identify a cellular target for gpUL14, it did reveal a
number of molecules that were altered by HCMYV infection. The modulation of these
ligands may represent novel mechanisms by which HCMV enhances virulence or
escapes immune surveillance.

Nectin-3 and CD99R were downregulated by both strains AD169 and Merlin infection
(Figs 6.5b and 6.11). Nectin-3 is a cell adhesion molecule which interacts with afadin at
adherin junctions (Reymond et al., 2000) and forms intracellular interactions with
CD15S5 at cell contacts with the ECM (Lange et al., 2001; Mueller & Wimmer, 2003;

Sato ef al, 2004). Suppression of nectin-3 may serve to impair intercellular
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communications and thus promote virus transmission. CD99 interacts homotypically
and is involved in cell-cell adhesion (Bernard ef al, 1995, Bernard et al, 2000; Hahn e
al., 1997) and regulation of MHC class I transport from the Golgi complex to the cell
surface (Sohn et al.,, 2001). Downregulation of CD99R by HCMV may modulate, for
example, cell adhesion and migration during infection, or may represent an additional
mechanism encoded by HCMV to help prevent MHC-I transport to the cell surface and
avoid immune surveillance by CTLs. There is currently no evidence that either nectin-3
or CD99R influences NK recognition, yet this possibility could be investigated using
blocking antibodies in a functional assay. Certainly, if the Ad expression library
initiated in this project were to be expanded to include all HCMV ORFs, then it will be
possible to map these functions on the HCMV genome.

HCMYV was also found to modulate the expression of CEACAM-1 and CD44, both of
which are implicated in NK function, and hence their modulation may represent
potentially novel NK evasion mechanisms encoded by HCMV. The homophilic
interaction of CEACAM-1 has been reported as an NK inhibitory mechanism (Markel
et al., 2002). Therefore the upregulation CEACAM-1 cell surface expression that is
seen in HCMYV infection (Fig. 6.9) may enhance NK inhibitory signals, resulting in the
evasion of NK cytolysis. Thus the modulation of CEACAM-1 represents a novel NK
evasion mechanism that may be employed by HCMV. Similarly, the downregulation of
CD44 expression by HCMV (Fig 6.10) is also particularly interesting as CD44
functions as an NK activating receptor upon interaction with its cell ligand, hyaluronan
(Sague et al., 2004; Nolte-t'Hoen et al., 2007). However, as well as its heterotypic
interaction with hyaluronan, CD44 can also interact homotypically (Droll et al., 1995;
Sconocchia et al., 1997). Thus, the downregulation of CD44 expression indicates that
HCMV may be able to evade NK cytolysis by removing the CD44 NK activating

stimulus. Interestingly, this is in direct conflict with findings from Ito et al. (1995), who
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show an upregulation of CD44 at the cell surface following HCMV infection of
fibroblasts, and further experiments will be necessary to confirm the affect of HCMV
on CD44 expression. Future investigations are likely to focus on further examination of
the roles bf these molecules during HCMYV infection and on the NK cell response. For
example, blocking antibodies in functional assays will be invaluable in determining the
role of enhanced CEACAM-1 expression on NK cell activation during an HCMV
infection, as well as confirming a role for reduced CD44 expression in NK evasion. As
this project has demonstrated, the opportunity now also exists to generate a bank of
RAds that encode for the entire HCMV genome. This will provide the scope to screen
the HCMV genome in order to map the genes responsible for the modulation of
CEACAM-1 and CD44, and provide the tools to further characterise these novel HCMV

NK evasion functions.
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APPENDIX I Chapter 4: pUL130 produces a cytoplasmic staining pattern in RAdJUL130
infected fibroblasts

RAdUL130 infected HFFF-htert (MOI of 100) were fixed and permeabilized at 72hpi. pUL130-
FLAG tag was detected using Q-FLAG-specific monoclonal antibody and an a-mouse IgG-FITC
secondary. (Images kindly provided by Dr B. McSharry).



APPENDIX I Chapter S: Screen of RAJUL14-infected fibroblasts with polyclonal NK bulk cultures from multiple donors in CD107 assays

(Assays performed by Dr V. Prodhomme)

Specific Lysis as a percentage of
% anti-CD107s mAb 02

Donor RAdS92 RAdUL141 RAJUL14| RAdS92 RAdUL141 RA4JUL14
Donor 7 11.8 39 6.4 100.0 335 540
Donor 9 316 120 19.6 100.0 378 62.1
Donor 8 7.9 39 94 100.0 49.7 119.0
237A 192 86 128 100.0 4438 66.9
6162 20.7 137 19.7 100.0 66.3 952
618Z 263 218 263 100.0 82.8 99.7
705G 103 6.5 9.0 100.0 62.5 86.9
683N 114 40 58 100.0 355 51.2
004W 33 28 43 100.0 85.7 1309
071F 11.0 9.9 18 100.0 90.1 107.5
420A 10.0 98 1.0 100.0 983 70.5
907 220 130 238 100.0 59.1 108.2
421V 135 1.7 136 100.0 56.9 100.6
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APPENDIX HI Chapter 5: Screen of UL/b' RAd-infected fibroblasts with polyclonal NK bulk cultures from multiple donors in CD107 assays
(Assays performed by Dr V. Prod'homme. Lysis is given as a percentage of the RAd592 control which is taken as 100% lysed).

% Specific Lysis as a percentage of RAdS92 control

Donor RAdS92 UL141 UL130 UL135 UL139 UL140 UL141A UL144 UL148 UL146 UL147 UL147A UL148A UL148B UL148C UL148D UL150
Donor 7 100 33.5 49.6 64.3
237A 100 44.8 52,6 514 143.4 106.1 54.7 60.6 87.7
Donor 8 100 378 95.1 76.1 843 78.9 91.1 92.8 81.4 76.4 90.8 719 83.1. 67.8
705G 100 62.5 101.1 433 83.0 88.7 71.5 100.0 81.4 96.3 108.6 95.5 93.4 91.2
071F 100 90.1 104.0 66.0 101.1 90.5 92.1 90.7 86.2 98.1 116.9 104.5 96.2 103.6
683N 100 35.5 100.2 933 96.7 93.7 101.8 89.5 97.1 114.7 88.5 89.5 96.5
6122 100 66.3 92.2 66.5 80.7 92.0 82.9 76.1 78.0 66.8
618Z 100 84.8 74.7 54.8 80.5 91.6 823 81.8 69.5 65.4 95.0 84.8 814
683N1 100 58.8 101.9 93.6 96.8 101.6 127.4 97.1 141.9 105.9 99.0
90T™ 100 93.2 84.4 87.0 97.4 100.5 104.3 107.4
004W 100 98.5 112.5 61.0 93.7 127.1 154.4 104.8 83.6 120.5 124.8
420A 100 98.3 91.8 76.0 92.5 104.3 112.2 103.8 94.3 101.9 91.5 96.2
%07™ 100 59.1 585
421V 100 81.1 63.9 86 75.5 80.9
421V2 100 56.9
421V1 100 69.6
Donor 7 IFNa 100 529 89.2
Donor 9 IFNa 100 49.7 47.7

% anti-CD107a mAb
Donor 7 11.8 39 5.8 1.6
237A 19.2 8.6 10.1 9.8 275 203 10.5 11.6 16.8
Donor 8 31.6 12.0 30.1 24.1 26.7 249 28.8 29.3 25.7 24.1 28.7 24.6 26.3 214
705G 17.7 11.0 179 11 14.7 15.7 13.7 17.7 14.4 17.0 19.2 16.9 16.5 16.1
071F 24.7 223 25.7 163 25.0 224 22.8 224 213 24.2 289 25.8 23.8 25.6
683N 9.8 3.5 9.9 9.2 9.5 9.2 10.0 8.8 9.6 113 8.7 88 9.5
6122 31.0 20.5 28.6 20.6 25.0 28.5 25.7 23.6 24.2 20.7
618Z 29.0 24.6 21.7 15.9 23.4 26.6 23.9 23.7 20.2 19.0 27.6 24.6 24.7 23.6
683N1 9.1 54 93 85 8.8 93 11.6 8.8 129 9.6 9.0
907™M 223 20.8 189 19.4 21.8 2.4 23.3 24.0
004W 8.1 7.9 9.1 4.9 7.6 10.3 12.5 8.5 6.8 9.7 10.1
420A 10.0 9.8 9.2 7.6 9.2 10.4 11.2 10.4 9.4 10.2 9.1 9.6
907M 22.0 13.0 12.9
421V 9.5 1.7 6.0 8.1 7.1 1.7
421V2 14.5 8.9
421V1 14.8 10.3
Donor 7 IFNa 3.7 2.0 33
Donor 9 IFNa 7.9 3.9 3.8




Al

APPENDIX IV Chapter 5: Classification of individual NK clone responses from NK cytotoxicity assays with K562, RAJUL14, RAJUL141,
RAJUL135 and RAd592-infected fibroblasts.

Y Specific Lysis Classification % Specific Lt Classification
Clone K362 RAdS92 _ RAUL14 RAAUL13S RAAUL141|RAAUL14 Classified RAAUL13S Classified RAJUL141 Classified Clone K562 RAdS92 _RAdULI4 RAGUL13S RAJUL141/RAJUL14 Classified RAJUL13S Clauifled RAJUL141 Classified
RSSC4 1.2 3238 114 235 29.8 Inhibited Inhibited No change RSIC10 67.0 198 7.1 124 41.0[ Activated No change Activated
RSIBS 24.7 0.0 33 noexp no exp No kill no change RS10G2 702 74 392 3.1 4.9|No Kill Activated ~ No kill no change No kill no change
RS1G3 93 0.0 14 no exp no exp NA RS5D9 50.0 48 218 0.6 2.7|NoKill Activated  No kill no change No kill no change
RSI10E11 30.7 0.0 19.6 no exp no exp Activated RSI10ES 273 56 154 29 12.5{No kill no changs No kill no change No kill o change
RSSF3 125 0.0 2.4 no exp o exp No kill no change RS6B10 17.4 48 11.2 1.6 2.0|No kill no change No kill no change No kill no change
RS3F11 423 0.0 15.7 no exp o exp Activated RS™D4 293 43 120 3.0 4.6|No kill no change No kill no chahge No kill no change
RS9D3 182 0.0 8.4 no exp no exp No kill no change RS4F6 703 23 25 1.8 5.4|No Kill Activated No kill no change No kill no change
LC10B8 144 0.0 10.2 no exp no exp No kill no change RS4F10 36.6 73 s 37 10.4|No Kill Activeted No kill no change No kill no change
LC6GG 93 0.0 10.7 no exp no exp NA RS6D9 12.1 14 7.6 0.9 0.0|No kill no change No kill no change No kill no change
LCTE2 76 16.1 7.8 no exp no exp NA RS3C2 64.0 124 518 58 19.4| Activated No change No change
RSIE9 523 205 50.7 0.0 34.1{ Activated Inhibited Activated RS2E9 185 1.5 109 43 10.7|No killno change  No kill no change No kill no change
RSI0F5 574 0.1 4.1 20.1 26.6| Activated Inhibited No change RS8B8 283 16 8.6 24 52{Nokill nochange  No kill no changs No kill no change
RS9B3 50.9 164 426 0.0 21.8Activated Inhibited No change RS3F2 55.2 17 163 20 33|NoKill Activated  No kill no change No kill no change
RS4FS 456 124 175 0.0 6.5|No change Inhibited No change RS3GS 412 52 1.7 0.2 5.2|Nokill no change  No kill no change No kill no change
RS2D4 193 20.2 88 0.0 13.7] Inhibited Inhibited No change RS9DS 470 0.6 157 26 6.9|NoKill Activated  No kill no changs No kill no change
RS5G2 27 218 248 78 14.3|No change Inhibited No change RS6B11 20.1 0.0 6.1 43 0.0[No kill no change ~ No kill no change No kill 5o change
RSZF10 55.5 409 179 0.0 10.9{Inhibited Inhibited Inhibited RS4E10 43 0.0 14.5 no exp no exp No Kill Activated
RSI10B2 683 2.0 275 102 7.6|No change Inhibited Inhibited RS™D? 593 0.0 27 22 0.0{No Kill Activated  No kill no changs No kil no change
RS3D10 3.9 7.0 228 0.0 6.3 Activated No kill no change No kill no change RS7ES 64.1 0.0 319 5.1 5.8|NoKill Activated o kill no change No kill no change
RS8F10 698 169 U3 9.1 54.0| Activated No change Activated LCSE3 49.1 15.1 279 125 16.0{ Activated No change No change
RS3G5 556 299 238 0.0 19.7|No change Inhibited Inhibited LC5G2 393 356 435 176 44.5{No change Inhibited No change
RS7E3 420 141 431 149 26.1{ Activated No change Activated LCF2 556 80.2 65.6 6 37.4|Inhibited Inhibited Inhibited
RS10B4 779 350 63.5 19.6 16.9] Activated hibit Inhibited LC8B10 60.6 24 65.5 7.7 41.2} Activated Inhibited Activated
RS3D9 67.2 162 379 9.1 2.7| Activated No change Inhibited LCSBS 454 18.2 526 35 26.7| Activated Inhibited No change
RSIDS 127 213 28 9.5 18.1{inhibited Inhibited No change LC6D8 7.0 378 830 9.7 42.0} Activated Inhibited No change
RSSE10 u7 42 18 75 4.5| Inhibited No change Inhibited LC6EL 1 50.7 3.8 4938 15.1 3.4 Activated Inhibited No change
RS6E9 327 16.0 59 57 1.4} Inhibited Inhibited Inhibited LC6BS 29.8 143 7.6 69 17.5{No change No change No change
RS10D6 844 21 194 4.1 0.2|No Kill Activated ~ No kill no change No kill no changs LC8Cl1 432 294 20.5 58 27.8|No change Inhibited No change
RSIBS 787 157 327 5.1 8.5 Activated Inhibited No change LC8F10 48.1 496 46.1 102 31.6|No change Inhibited Inhibited
RS9G9 84.9 2338 378 56 7.3 Activated thibi Inhibited LC8G4 470 412 253 63 14,6 Inhibited Inhibitsd nibited
RS6B9 722 138 226 64 5.6]No change No change No change LC3G10 44338 58.3 40.1 132 73.5{ Inhibited Inhibited Activated
RS1B3 435 169 33 36 0.7|Inhibited Inhibited Inhibited LCICY 663 543 67.1 285 48.5] Activated Inhibited No change
RS9B2 328 26 %6 6.3 3.4|No change Inhibited Inhibited LCED1 57.5 36.3 584 18.6 65.8] Activated Inhibited Activated
RS9E7 63.7 202 146 8.2 2.8{No change Inhibited Inhibited Lercit 407 29.1 25.1 153 40.0|No chenge Inhibited Activated
RS3E4 764 31 58.8 44 19.0] Activated No change Inhibited LC9C2 522 37.6 457 126 52.9|No change Inhibited Activated
RS6B8 544 0.0 116 9.7 0.0|NoKill Activted  No kill no change No kill no change LCl10G11 298 283 143 134 33.8| Inhibited Inhibited No change
RS8GS 400 0.0 1.7 62 34]|NoKill Activated  No kill no changs No kill no change LCSFS 495 84.6 %38 1.7 43.5] Inhibited Inhibited Inhibited
RSID2 172 0.0 1.1 no exp no exp No kill no change LC3BI1 4“3 244 477 162 61.1{ Activated No change Activated
RS10D8 653 19.1 50.0 no exp no exp Activated LC8CY 511 203 3038 153 47.3| Activated No change Activated
RS2C7 124 53 104 0.3 6.5|Nokill no change  No kill no changs No kill no change LC8G10 42 533 683 138 55.2 Activated Inhibited No change
RS10B6 17.6 22 8.0 no exp no exp No kill no change LC9F4 334 238 23.1 49 13.3No change Inhibited Inhibited
RS10D2 46 4.6 43noexp  noexp NA LCAGS 533 203 443 48 42.7| Activated Inhibited Activated




Appendix IV Chapter 5: continued
% Specific Lysis Clanification

Clone K562 RA4S92 RAJUL14 RAdUL13S RAdUL141 |RAJUL14 Classified RAAUL13S Classified RAAUL141 Classified
LC9B4 36.0 132 %8 9.1 35.1] Activated Inhibited Activated
LCsC3 36.1 178 %8 1.1 22.1]No change No change No chenge
LCSC8 62.7 330 272 10.6 23.2|No change Inhibited Inhibited
LCcAD2 3s.0 16.2 6.7 58 6.7| Inhibited Inhibited Inhibited

LCTEA 55.7 194 326 0.0 18.8] Activated Inhibited No changs
LC9B8 589 217 24 121 8.2} No chenge No changs Inhibited

LC6B11 619 139 23.1 49 18.7[No change No change No change
LC6F11 418 26 262 6.2 20.7| Activated No kill no change Activated
LC6G10 53.0 106 30.2 8.6 13.0| Activated No change No change
LC5G10 54.5 51 6.5 54 20.2|No kill no change No kill no change Activated
LC8B2 49 105 350 09 18.5| Activated Inhibited No change
LC10C? 474 52 159 0.0 10.6| Activated No kill no change No kill no changs
LC3D3 235 2.7 48.0 0.0 14.8| Activated Inhibited Inhibited

LC3EI0 352 10.7 20.2 0.0 16.3| Activated Inhibited No change
LC3F3 309 193 s 0.0 9.1{Inhibited Inhibited Inhibited

LCICS 16.0 108 53 0.0 5.6{No change Inhibited No change
LC7F4 333 55 144 0.0 6.4{No Kill no change No kill no change No kill no change
LCTE2 49.0 1438 24 0.0 14.4{No change Inhibited No chenge
LCTD9 309 44 8.6 64 0.9{No kill no change No kill no change No kill no change
LC10ES 53.7 151 2.7 16.5 12.0{No change No change No change
LC3G6 285 29 29 0.0 2.8} Activated No kil no changs No kill no change
LC3B3 337 40 9.9 0.7 1.6{No kill no change No kill no change No kill no chenge
LC9D4 53.1 25 16.2 44 1.2[No kil No kill no change No kill no changs
LCaBS 48.1 62 4.9 5.2 5.6} Activated No kill no change No kil no change
LC2G6 8.7 118 4.7 1.8 9.0 Activated Inhibited No change
LCA4CS 179 174 0.0 49 8.5} Inhibited Inhibited Inhibited
LCZE10 594 18.7 351 23 28.7| Activated Inhibited Activated
LC8D? 19.2 233 84 4.3 8.6 Inhibited Inhibited Inhibited




