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Abstract

Most individuals are infected with EBV, which establishes latent infection in B cells.
Although usually asymptomatic, EBV persistence is associated with several types of
lymphoma. TGFp signals via TGFB receptors (TGFBR) 1 and 2 and is generally pro-apoptotic
and anti-proliferative, but EBV infection renders cells resistant to these effects. The aim of

this thesis was to investigate further the mechanism by which this occurs.

Using the EBV-negative Burkitt lymphoma cell line BL31 infected with a panel of BAC-
derived wild-type and recombinant EBVs, this study has confirmed by gRT-PCR that EBV
down-regulates TGFBR2 transcription, leading to suppression of TGFpB signalling as detected
by western blot for phosphorylated SMAD2. Use of recombinant viruses with deletions of
individual latent proteins has shown that LMP1, LMP2A, EBNA3B and EBNA3C cooperate in
this repression of TGFBR2 and suppression of signalling. Chromatin immunoprecipitation
analysis has shown that the repression of TGFBR2 is accompanied by deposition of the
repressive epigenetic mark histone H3 lysine 27 trimethylation and concomitant binding of
SUZ12, a subunit of polycomb-repressive complex 2, to the TGFBR2 promoter. Infection of
primary B cells with EBV also leads to repression of TGFBR2 and suppression of TGFB

signalling.

Additionally, EBV up-regulates TGFBR3, a co-receptor for signalling by both TGFB and bone
morphogenetic proteins (BMPs), a related group of ligands which signal via SMADs 1, 5 and
8. This led to an investigation into the effects of EBV on BMP signalling. Although EBV
increases signalling in response to BMP2, BMP4 and BMP6 in BL31 cells, this is not via the
up-regulation of TGFBR3. BMP2 and BMP4 induce G1 arrest in BL31 cells, but EBV does not
alter this. EBV also up-regulates SMAD1 and down-regulates SMADS.

The polycomb-mediated repression of TGFBR2 is a mechanism by which EBV might promote
lymphomagenesis. In addition, the finding that EBV alters several components of BMP

signalling suggests that BMP signalling may be important in B-cell biology.
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Chapter 1. Introduction

Chapter 1 Introduction

1.1 Epstein-Barr virus

1.1.1 Overview

Epstein-Barr virus (EBV) is a gamma-herpes virus that persistently infects over 90% of the
human population worldwide. In less developed countries, EBV infection is mostly acquired
in childhood, whereas in more developed countries acquisition may be delayed until the
teenage years (Crawford 2001). Primary infection is usually asymptomatic in children, but if
acquired at an older age it can cause the syndrome of infectious mononucleosis (IM). Once
infection is acquired, it persists for the life of the host within B lymphocytes (B cells), kept
under control by the cellular immune response. Persistent infection is generally
asymptomatic to the immunocompetent host, but in the setting of immune suppression it
can be associated with development of B cell lymphoproliferative diseases thought to be due
to defective immune responses. Even in apparently immunocompetent hosts, however, EBV
is causally associated with several types of lymphoid malignancy, including Burkitt lymphoma
(BL), Hodgkin lymphoma (HL) and certain T cell lymphomas (Crawford 2001), as well as with
epithelial cell malignancies including nasopharyngeal carcinoma (NPC) and gastric carcinoma

(Shibata and Weiss 1992, Young and Rickinson 2004).

1.1.2 The discovery of EBV as the first human tumour virus

In 1957, Denis Burkitt, a British surgeon working in Uganda, observed two cases of a tumour
presenting in the jaw of children. He searched the records of Mulago Hospital for similar
cases and thus described a novel tumour, composed of small round cells and subsequently
known as BL, in 1958 (Burkitt 1958). Burkitt went on to show epidemiologically that this
tumour was mostly confined to a particular region of Africa, subsequently known as the
‘Lymphoma belt’ (Smith 2012). He presented these findings at the Middlesex Hospital during
a visit to England in 1961, describing the tumour’s association with climatic conditions
including temperature and rainfall. A medical virologist, Anthony Epstein, was in the
audience, and became fascinated by this tumour, postulating that the climatic variation

suggested an infectious cause for the tumours. A collaboration was established, and samples
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of the tumour were transported to England to be investigated by Epstein. After multiple
failed attempts to identify virus in the samples, Epstein and colleagues managed to establish
the first cell line from one of the BL tumours, designated EB1, in 1964 (Epstein and Barr
1964). Examination of a fixed embedded section of EB1 cells by electron microscopy revealed
virus particles, reported with his laboratory colleagues Bert Achong and Yvonne Barr (Epstein
et al. 1964). Thus the Epstein-Barr virus, as it later became known, was the first human
tumour virus identified (Pattle and Farrell 2006). Four years later, EBV was shown to be the
causative agent of IM (Evans et al. 1968, Henle et al. 1968), although IM had been described

long before this.

1.1.3 Infectious mononucleosis and the immune response to EBV

The life cycle of EBV has two distinct phases: the lytic cycle (for viral replication and spread to
other hosts) and the latent cycle (for viral persistence). When symptomatic, acute EBV
infection results in IM, typically comprising fever, malaise, pharyngitis, headaches,
generalised lymphadenopathy, hepatomegaly and splenomegaly (Crawford 2001). There is
an associated marked lymphocytosis, with the blood film showing atypical lymphocytes,
which consist mainly of CD8 positive T cells reactive predominantly against lytic, but also
against latent EBV antigens; NK cells are also increased during IM (Callan et al. 1998, Hislop
et al. 2007, Balfour et al. 2013). EBV infection of B cells initially drives them to proliferate as
B lymphoblasts (described in further detail below), with up to 18% of B cells being EBV-
positive early after infection (Robinson et al. 1980, Hislop et al. 2007). The symptoms of IM
are largely due to the massive T cell response to the infection (Crawford 2001). In IM, there is
prolonged high level shedding of virus in the oropharynx for several months. EBV-specific
CD8+ T cells are found in significantly reduced numbers in the tonsil compared to blood in
IM, suggesting that immune control is less efficient in the tonsil than in the blood (Hislop et

al. 2005).

T cell immune surveillance is thus highly important in controlling persistent EBV infection,
but is unable to completely clear the virus. Normally the infected B cells are targeted
promptly by cytotoxic T cells to limit their proliferation. In immunocompetent EBV carriers,

an equilibrium develops between proliferation of infected B cells and the immune response.
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Even in asymptomatic, immunocompetent carriers up to 5% of the total circulating pool of
CD8 positive T cells are reactive against EBV antigens (Tan et al. 1999, Hislop et al. 2007), and
there is continued low level shedding of virus, with low numbers of latently infected B cells in

the blood (approximately 1-50 per million B cells) (Khan et al. 1996).

Defective T cell immunity predisposes to EBV-associated lymphoid proliferation. EBV-
associated B cell lymphomas occur with increased frequency following iatrogenic
immunosuppression, particularly following solid organ transplantation, but also less
commonly after treatment of inflammatory disorders with immunosuppressive agents. An
increased incidence of EBV-driven lymphoid proliferations is also seen in HIV infection as well
as in several congenital immune deficiency syndromes (Swerdlow et al. 2008). Even in the
absence of clinically symptomatic disease, immunosuppressed individuals have an expansion
of latently infected B cells in the peripheral blood, as well as a higher EBV DNA viral load, as a

result of viral replication, compared to immunocompetent carriers (Babcock et al. 1999).

There is increasing evidence that NK cells are important in the immune response to EBV
[reviewed in (Chijioke et al. 2013)]. In vitro, NK cells can limit the transformation of B cells by
EBV in the first few days after infection, due to production of interferon-gamma (IFNy), with

tonsillar NK cells producing significant amounts of IFN (Strowig et al. 2008).

1.1.4 Establishment of latent infection: in vivo and in vitro

As well as B cells, EBV can infect epithelial cells and rarely other cell types, although the
efficiency of infection is greatest for B cells. The virus initially enters B cells by binding of its
envelope protein gp350 to complement receptor 2 (CR2), also known as CD21, on the B cell
surface. In vivo, EBV persists long-term within the population of resting memory B cells
(Thorley-Lawson 2001). In this latent phase a limited set of nine viral proteins is expressed,
including six EBV nuclear antigens (EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C and EBNA-LP)
and three latent membrane proteins (LMP1, LMP2A and LMP2B). Expression of these nine

viral genes is known as latency lll expression or the growth programme.
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EBV is spread between human hosts by oral transmission through saliva. Most new cases of
EBV infection are acquired from an individual with an established persistent infection rather
than during acute infection (Longnecker et al. 2013). Although the mechanism is not fully
understood, it is thought that transmitted virus initially infects epithelial cells in the
oropharynx, replicating within them and releasing virus particles locally. Although epithelial
cells in the tonsil, but not in other parts of the body, express CD21 mRNA (Jiang et al. 2008),
they are not thought to express CD21 protein and thus it is not clear how epithelial infection
occurs (Shannon-Lowe and Rowe 2011). Local epithelial replicative infection can then infect
naive resting B cells as they circulate through the oropharynx, within tonsillar mucosa-

associated lymphoid tissue (MALT).

To establish persistent infection in vivo, David Thorley-Lawson has proposed the ‘Germinal
Centre model’ in which EBV utilises the normal B cell differentiation pathway in order to gain
access to the population of memory B cells (Thorley-Lawson 2001, Hawkins et al. 2013,
Thorley-Lawson et al. 2013) (see section 1.2 for further details of B cell differentiation
pathways including the germinal centre). In this model, EBV initially infects naive B cells and
drives these to proliferate as activated B cell blasts, with differentiation within germinal
centres to become centroblasts, centrocytes and finally resting memory B cells. This series of
events involves silencing of EBV gene expression from latency Il (in which the full set of nine
latent proteins is expressed), via latency Il and latency | to latency 0 in which no EBV proteins
can be detected (fig. 1.1) (Thorley-Lawson and Gross 2004). The proteins expressed in each

latency stage are also shown (fig. 1.1).
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EBV
Naive B-cell B-cell blast GC B-cell Post-GC B-cell
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/EBV *- @ EBNA\{ C @
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Figure 1.1: EBV persistence

Thorley-Lawson has proposed a model in which EBV initially infects naive B cells and drives them to
differentiate into B cell blasts, which are rapidly proliferating. At this stage the full set of nine latency proteins
is expressed (latency Il or the growth programme). The infected cell then goes to a germinal centre (GC)
where it differentiates into a GC B cell. By the time it leaves the GC as a post-GC B cell, it has down-regulated
expression of EBNA2, the EBNA3 proteins and EBNA-LP, expressing a more limited set of proteins (latency Il). It
then differentiates further into a memory B cell, at which stage no viral proteins are expressed, except when
the cell divides, when EBNA1 is expressed to ensure viral replication. The memory B cell can subsequently
differentiate into a plasma cell, becoming lytic in the process, releasing new EBV virions which can then infect

further B cells or be secreted in saliva and infect a new host. Adapted from (Thorley-Lawson and Gross 2004).

Once the EBV-infected cells differentiate into memory B cells and leave the GC, some cells
differentiate further to become plasma cells. This differentiation leads to activation of the
BZLF1 promoter (see section 1.1.8 on lytic replication for details), resulting in lytic EBV
replication (Laichalk and Thorley-Lawson 2005), hence free virus particles are released into
the blood. It is also thought that infected memory B cells, which circulate through blood and
lymphoid organs, can differentiate into plasma cells in the oropharynx, undergoing lytic
replication there. The released virus particles can then infect oropharyngeal epithelial cells or

be shed as virus directly into the saliva, thus transmitting the virus to a new host (Longnecker
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et al. 2013). In asymptomatic carriers, virus is shed in saliva continuously, although the level
of virus shedding varies over time within an individual. However, as the level of shedding is
too great to be explained merely by tonsillar B cell infection, it has been proposed that
repeated, short-lived exponential infection of tonsillar epithelial cells, initiated by lytic
replication in an infected plasma cell, leads to continuous salivary viral shedding (Hadinoto et
al. 2009). In addition, concurrent oropharyngeal infection, for instance with group A
streptococcus, a common cause of pharyngitis, can lead to increased viral lytic replication

and hence increased salivary viral shedding (Ueda et al. 2014).

In vitro, EBV can transform B cells to produce lymphoblastoid cell lines (LCLs), which express
latency Ill EBV gene products. It is thought that EBV drives B cells to proliferate as
lymphoblasts but they are unable to differentiate further in vitro and hence full latency llI
expression remains. More recently it has been shown that EBV infection in vitro leads to an
initial hyper-proliferative phase in the first few days after infection, possibly equivalent to
the hyper-proliferation seen within germinal centres (see section 1.2 on B cell development),
with induction of cellular genes involved in proliferation, such as MYC. Cellular genes
responsible for limiting DNA damage are also activated. This phase is then followed by a

phase of slower proliferation resulting in establishment of LCLs (Nikitin et al. 2010).

Infection of epithelial cells by EBV in vitro is more difficult to achieve, although has been
successfully demonstrated by Shannon-Lowe et al using direct transfer of virus from the
surface of recently infected B cells (Shannon-Lowe et al. 2009). Although the epithelial cells
were infected by this method, infection was not maintained, and in fact the EBV genome was
gradually lost from the initially infected cells during successive cellular replications,
suggesting that EBV infection does not provide a growth advantage in epithelial cells

(Shannon-Lowe et al. 2009).

There is also recent evidence that one of the earliest viral products of lytic infection, BZLF1
(see section 1.1.8 on lytic replication), is also transiently expressed early after infection of
naive B cells and helps to drive the initial proliferation of B cells, without inducing lytic viral
replication at this stage; in addition other lytic genes are transiently expressed early after

infection (Kalla et al. 2010, Kalla and Hammerschmidt 2012).
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1.1.5 Classification and structure of EBV

EBV is a member of the Herpesviridae, of which there are eight viruses infecting humans,
designated Human herpesviruses (HHV) 1-8; EBV is also known as human herpesvirus 4
(HHV-4). Herpesviruses are generally found ubiquitously, with a high seroprevalence in
adults. They are mostly acquired in childhood and result in persistent infection for the
lifetime of the host. These infections are usually asymptomatic in immunocompetent hosts

but can cause severe disease in immune-compromised hosts.

The Herpesviridae are subdivided into three subfamilies, the alpha, beta and gamma
herpesvirinae, based on their biological properties. EBV is a gamma-herpesvirus; these are
characterised by latency in lymphocytes and the ability to induce lympho-proliferation.
There are four genera within the gamma-herpesvirinae, of which only two contain members
that infect humans: the gamma-1 or Lymphocryptovirus genus, which includes EBV, and the

gamma-2 or Rhadinovirus genus, which includes KSHV (HHV-8) (Pellett and Roizman 2013).

Like other herpesviruses, the EBV particle consists of a linear, double-stranded DNA core,
enclosed within a nucleocapsid (containing viral capsid antigen, VCA), which is in turn
surrounded by a protein tegument and then an outer envelope studded with glycoproteins
(Longnecker et al. 2013). These glycoproteins are important for binding to and fusion with
host cellular membranes, for example gp350 which binds to CR2 on B cells and gp42 which

is needed for fusion between the virus envelope and the host cell membrane.

1.1.6 The EBV genome

The EBV genome is approximately 172 kilobase pairs (kbp) in size (see fig. 1.2). The genome
is linear within the virus particle but becomes circularised within the host cell as an
extrachromosomal episome. There is a single repeated sequence found at both terminal
regions of the linear genome, the terminal repeat (TR), and also a 3 kbp tandemly repeated
sequence within the genome, the internal repeat (IR1). There are usually 6-12 repeats of

IR1; this is of significance as it contains the W promoter (Wp).

By 16-20 hours post-infection in B cells, the viral genome becomes circularised and then

transcription of viral genes commences. The first transcripts, initiated at Wp, are EBNA2 and
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EBNA-LP; these are followed by EBNA1. Transcription then switches to the C promoter (Cp)
and gives rise to transcripts coding for EBNA-LP, 2, 3A, 3B, 3C and 1 (see fig. 1.2). LMP1 and
LMP2 are subsequently transcribed from a promoter responding to EBNA2 (Bornkamm and
Hammerschmidt 2001). The Cp and Wp promoters drive transcription of the six EBNA genes,
and their function is mutually exclusive (Woisetschlaeger et al. 1989); after infection of B
cells by EBV, Wp is used initially and then Cp is up-regulated.

Cp
EBERL/2 [ __
AN / —

EBV

~172kB

EBNA3C ._ -

EBNA3B
EBNA3A

Figure 1.2: Schematic diagram of the circularised EBV episome

The location of the latent genes and their promoters, as well as immediate early lytic genes, are shown. OriP =
origin of plasmid replication, oriLyt = origin of lytic replication. IR1 = internal repeat region. Wp, Cp and Qp are
alternative promoters. The immediate early genes, BZLF1 and BHRF1, are shown in yellow. Adapted from (Kalla

and Hammerschmidt 2012).

1.1.7 EBV latent gene products
The latency-associated viral gene products and their functions will now be described in

more detail; not all are absolutely required for B cell transformation.
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1.1.7.1 EBV nuclear antigens

EBNA1

EBNA1 is expressed in all forms of latency, as well as all EBV-associated tumours, and
maintains the viral genome in its episomal state through sequence-specific binding to the
plasmid origin of viral replication (OriP). It enhances transcription from Cp and also inhibits
transcription from Qp, hence contributing to transcriptional regulation of the EBNAs
(in