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Abstract

Genetic determinants of EBV infection in Lymphoblastoid Cell Lines

EpsteinBarr Virus (EBV), a ubiquitous herpesvirus that infects over 95% of the adult human
population, has been implicated in the aetiology of a range of autoimmune diseases and
tumours. In some of these disorders such astpmssplant Bcell ymphomas, EBV acts as a
direct causal factor, in others, like Hodgkin's disease and nasopharyngeal carcinoma, it is an
important cefactor. Additionally, EBV infection has been linked severalother diseases,

most notablyMultiple Sclerosis through positive correlation with the occurrence of Infectious
Mononucleosisi a benign lymphoproliferative disease caused by primary EBV infection.
The key feature of most EBWlisease associations tise ability of the virus to infect and
transform human BT- NK- and epithelial cells using a set of transcripts and proteins, some
of which act as oncogenes. While it is evident that EBV viral load and gene expression may
be correlated with the course disease or even directly contributing to its pathology, the
genetic determinants of EBV uptakexpressionand its proliferative capacity remain

unresolved.

This project aimed to investigate the genetic determinants of EBV copy number and EBV
latency gere expression for human-&lls immortalised by EBVn vitro and transformed

into permanently growing lymphoblastoid cell lines (LCLs), as a model for-statye EBV
infection in naive Bcells. LCL samples studied have been sourced from several different
populations, the HapMap Project, the 1000 Genomes Project as well as BritishkAMRC
family cohort. Methods used encompass quantification of viral expression and copy number
using TagMan and SybrGreen PCR techniques, followed by statistical association tests
conducted using Plink, Merlin and MatrixEQTL. EBV QTLs identified by the assays were
next subjected to a me#malysis in GWAMA. Two most significant eQTLs were also
selected for a replication experiment in an independent panel of newly generated LCLs and

validated in peripheral blood-8ells sourced from the same donors.

Multiple significant and suggestive expression and copy number QTLs were identified.
However, most of these associations have not been replicated in more than a single cohort.

The relatively small sample size of most cohorts tested as well as population structure posed



a limitation. Some findings merit attention, particularly the presence of statistically
significant viral eQTLs within or close t6SMD1locus in two different cohorts, arithding

of a significant EBV eQTL in a SNP associated with type 1 diabetes risk and located close to
IL2ZRA an immuneesponse gene harbouring multiple autoimmune disease risk loci.
Sugpgestive associations were also identified in the 1000 Genomes Prajaptes by the

copy number assay which resulted in thest robustestconducted. These encompassed an
association to th€RDM9locus as well as to a gene involvedTiGFb s ecr et i on.
particularly interesting since TG s i gn al preplcationtindEB\Vinfegtdd iBaells

and a consistent significant correlation between EBV lytic expression and increased viral

copy number has been identified.

In conclusion, although no significant association has been consistently replicated, the project
provided several suggestive EBV QTL candidates with plausible biological links to EBV

infection and replication, which could be studied further in independent experiments.
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1. Introduction

1.1 Overview

There is growing evidence supporting the role of EpdBeairr Virus (EBV) as an aetiological

factor contributing to human cancer and autoimmune disease. Current literature has provided
detailed information on viral biology higlginting strong, often causal, relationships between
EBV latency proteins, copy number and human disease (Crawford 2001, Hiraki et al. 2001,
Hsu and Glaser 2000, Hohaus et al. 2011, Hadinoto et al. 2008). There is also evidence of
genetically determined heteneity in EBV latent infection, and EBV related disease
(Caliskan et al. 2011, Rubicz et al. 2013). This emphasises the importance of genetic factors
that may alter viral latent expression and persistence and, consequently, be relevant to EBV
associatedlisease. This introduction gives a broad background to EBV biology, aiming to
review mechanisms for viral infection with a particular focus on latency transcripts and copy
number in the context of human cellular pathways and disease association. Evidence
implicating viral transcripts and proteins in pathogenesis is presesmeldknown human
genetic regulatory effects on EBV expression and copy number described. A discussion of
methods for mapping genetic determinants of transcript expression and the aftili
lymphoblastoid cell lines (LCLs) for modelling EBV infection follows. Finally, the rationale,

the hypothesis as well as specific aims of the thesis are presented.

1.2 EBV Biology, genome and latency

Since its discovery in 196&BV is a member of tle Herpesvirus family antias been linked
to several different human diseases, particular a range ofymphoma and carcinoma

tumours, but also certaautoimmune diseases lil&ystemic lupus erythematosuLE) and



Multiple Sclerosis (MS) Kliraki et al. D01Crawford 200IYoung and Rickinson 2004
Herpesvirusescharacteristically establist lifelong latent infection irtheir host Crawford

2001), a process involving viral latency transcripts and their productsase of EBVmost
notably the oncogeniprotein LMP1. Latency proteins hatteusa direct role in the process

of cellular transformation and immortalisation. Their molecular properties enable them, under

specific circumstances, to contribute to tumour cell survival and growth.

membrane
glycoproteins

protein of the
tegument

Packaged RNAs
in EBV virions

viral DNA genome
capsid

Figure 11 Diagrammatic representation of EBV structure (reprodulmzhum et al. 2012). EBV virions consist

of three main elements. The lipid envelope membrane, with its glycoproteins which {mell l8ceptors,

merges with Bcell membrane and passes the capsidnd vral DNA into the cytoplasm along with tegument

RNAs and proteins that disable intrinsic cellular defences (Tsai et al. 2011). The capsid then travels to nuclear
pores and passes the naked EBV DNA into the nucleus.

The EBV genome is 184kb in length congimg 89 genes that are divided into 43 core genes,
common to all herpesviras and 46 nofcore genes of which 28 are EByecific (Crawford
2001,Straus et al. 199Kieff et al. 201Q0Calderwood et al. 2007). The viral genome is
contained within an icosatlml nucleocapsid containing linear double stranded DNA

molecule and surrounded by an envel@ggure 1)(Hiraki et al. 2001,Hsu and Glaser 2000).

EBV, which pimarily infects Blymphocytes, hijaks a natural B-cell maturaion and
differentiation pathwaylt thus entes the immunesystend ongterm memory pooWithin
infectedmemory Bcells It can achievehis via 9 key latencyproteinsand over 11 latency

2



transcripts Throughout infection, latency transcripts are expressed according to three key
latencymodes which dramatically alter cellular transcriptibfirgki et al. 200IDimmock et

al. 2007 Kieff et al. 2010. The latency transcripts include six nuclgaotein precursors,
EBNA-1, -2, -3A, -3B, -3C andEBNA leader protein (0EBNA-LP), three latenmembrane
proteins, LMP1;2A, -2B, and two types of nemanslated RNAgalled EBV-encoded small

RNA 1 and 2(or EBER-1 and EBERR2) (schematic arrangement of latency genes, Figure 2

3) (Hiraki et al. 200)Crawford 200).

EBER.y Egg

= ':3;& .

I
/
t/ coer Wp

EBNAT

EBNAIC
EBMNAZE
EBNAZA

Figure 27 Circular schematidiagram of EBV Genome (reproduced from Young and Rickinson 2004). Within
theBcel |l 6s nucleus EBV genome for ms ci riagnarkedingreypn s o me s
the diagram), and expresses a limited set of latency transcripts, whitle cgouped into EBV nuclear antigens
(EBNAS), latency membrane proteins (LMPs) and E&\¢odedsmall RNAs (EBERs). Most EBNAs are
expressed from a common polycystronic transcript originating near the Wp or Cp promoter. This transcript
contains a highlyapetitive leader sequence (which is translated into the EBNA Leader Protein or-EBBNA

Because each repeat contains a Wp promotor, the length of the leader sequence may vary. EBNA1 can
additionally be expressed from its own Qp promoter. LMP and EBERsthair own independent promoters.

In addition, up to 20 netranslated transcripts from the BamHi region, located between the
EBNA and LMP open reading frames (OfREre usually expresseHiéff et al. 2010. These
are microRNAs of 224 nucleotides anlikely form part of the RISC complex modulating

3



both host and viral mRNA degradatioBwWaminathan 20)0Latency proteinsare essential
for the virus to transform Hells into continuosly proliferating lymphoblasten vivo, or
LCLs in vitro (Crawford 200} EBV was first isolated from lmphoma tumour cells

highlightingthis potentially oncogenic propert¢€fawford 200

EBNA LMP1
3a 3b 3¢ 1 D
LMP2A2B

BARTSs

|‘>
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— =
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Figure 317 Schematic EBV linear genome (adapted fidaulson and Speck 1998BV is approximately 184

kb long, starting with the TRra origin of plasmid (OriP, necessary for circularisation). Latency transcript
ORFs and intronic sequences are indicated by grey rectangles and arrows. Viral promoters (Cp, Wp and Qp,
LMP1p and LMP2p) are indicated by black arrows. The ability of each geaynto initiate transcription of a
particular set of latency genes is marked by lines joining the introns.

The EBV genome contains repetitive elements and indels, which are the main source of its
genetic variation [zellos andFarrell 2012. The most fequent type of difference is the

number ofmultiple terminal repeats (TR{Figure 4) which are important foherpesvirus

epi someds circulari sat i onRepagedal 20b0yGolling et@ale s s ar

2002.

Figure 4 - EBV terminal repat variability (reproduced from Takacs et al. 2009). Number of terminal repeats
(marked by vertical bars on the figure) is the most frequent source of genomic diversity in EBV. WWiglin B
nucleus TRs are bound by EBNA1 and fuse together to form apnepi€BVclonality in infected Bcells is
determined by the size of the BamHI fragment containing the variable number of TRs.



There are two main strains of the virus, distinguished mainly by the sequence of the key viral
latency transactivator, EBNA2, atermed EBV A and B, or EBV | and IK{eff et al. 2010).

EBV B or Il is found frequently in Africa, but is otherwise rare, while most Western EBV
isolates belong to type A. EBV A is characterised by a more efficiesellBnfection and
transformation in iro (Kieff et al. 2010. The EBV isolateB95-8, which has been fully
sequenced and used to establish efficient Iytic replication in etgramarin $aguinus
Oedipus)lymphocytes for subsequent humasc@l transfection, belongs to strain Ka(rell

etal. 1997. Sequence differences in viral strains can also occur in other lageneg like
EBNAL, LMPsas well as lytic genes independently of EBNA2 polymorphisms though no

phenotypic odisease associations have been reported to these vari#tliefise( al. 2010).

1.3 Mechanism of EBV Infection

1.3.1 Introduction

During primary infection EBV utilises a limited set of transcripts to establish permanent
latent infection.They can be divided into nemanslated RNAs, EBV nuclear antigen family
proteins(EBNASs) and latency membrane proteins (LMP€) latency genes play a role inB

cell immortalisation and maintenance of LCLs, however only two, EBNghd LMP1 often
termed EBV oncogeneappear to be absolutely essential fowitno immortalisation Kiraki

et al. 2001Young and Rickinson 20Q4although eme authors claithe EBNA-3 family and
EBNA-LP are also essential Dawson et al. 2012Kieff et al. 2010 White et al. 2010
McClellan et al. 2012 Depending on the environment, EBV infectioan be tvided into 3

stages characterisdxy distinctpatterns of expression called the latency typégure 5)



Each stage corresponds to a particular event of the natwell Biaturation pathway that the

virus interferes with, and exploits to establish pament latency. It is important to
differentiate between these stages and expression modes since each has a different aim and is
characterised by a unique network of vinalman interactions anthus can give rise to

distinct kinds of tumours. The key metties of viral infection are the EBNA and LMP
proteins that interact with multiple human TFs and target several core signalling pathways
within the Bcell. These pathways, normally controlling cellular growth and differentiation,

are central to viral transfmation.

:Q Oropharynx

(Tansif)

e

)
1. Latency Il 4. Lytic k\/ /

-

2. Latency Il 3. Latency 1 or O

Germinal Centre Circulatory System

Figure 517 EBV Life cycle (adapted from Odumade et al. 2011).

i) EBV virion particles transmitted in saliva penetrate the porous epithelium of the tonsilar crypts within
oropharynx and infect naive-&Ills expressing the full set of latencwrscripts (corresponding to stage 1
ALatency | 1120)

i) Activated B-cells travel to lymph nodes within tonsils and form germirgitresin which expression is
changed to Latency type |1 allowing for survival and

iii) Mature resting memory B cells exist the germinal centre and enter circulation expressing no or a limited set
of |l atency transcripts (stage 3 AlLatency | or 00)

iv) Memory B-cells persist throughout the lifetime of the hostemtering the lymph node and dividiror
differentiating into plasma cells at which stage the virdaatévated and switches to lytic expression/replication
mode (stage )4 ALytic modebo



1.3.2Viral entry

It has been difficult to establish the exact site of viral replicatiovivo during hitial stages

of the diseaseQrawford 2001Dimmock et al. 200 There has been debate over which type
of cells constitute the primary target of the EBV infecti@rawford 2001 Dimmock et al.
2007). Current evidence suggests that the virus, transniittedliva, travels to the tonsillar
crypts in the oropharynx where it infects naivdyBiphocytes either directlywhere the
epithelial lining becomes discontinuous, after an initialround of replication within the

epithelium(Hiraki et al. 200]Crawfard 2001Straus et al. 1993Figure 6)

Buccal cavity ! Oropharyngeal ' Lymph node germinal centre : Peripheral circulation
: mucosa b :
EBNA1/LMP2
£ BARF1

o |

Proliferation ¢ Differentiation : Persistence

Figure 61 EBV Infection (adapted from Bollard et al. 2012 et al). Stag&/ital Entry. EBV is transmitted in
saliva. The onset of infection occurs in the oropharynx, in the epithelium of tonsillar crypteorataely,
directly at the site of tonsils within a layer of naive@ls termed follicular mantle.

EBV can infect botB-lymphocytesand epithelial cellsn vitro, though theefficiency and

the outcome differdbetween these tissueblifaki et al. 20Q,Crawford 200lyoung and

\‘



Rickinson 2004 The infection is mediated by the EBV envelodgcgproteins, gp350,
which bindto the CD21 receptor on the-dll surface Kliraki et al. 200) and gp42 which
binds to the HLA class Il coeceptors Young and Rickaison 2004 Epithelial cells lack
these EBV receptors arldereforeit is very difficult to infect themn vitro (Tsao et al. 201)2
However,EBYV is able to infect and replicates lytically in epithelial cells in acute infectious
mononucleosis (IM) and inasopharyngeal carcinoma (NPC), sasitpossible thatunder
certain specific conditions it can utilise other receptofsa¢ et al. 2012Young and

Rickinson 2004Buettner et al. 2012

Viral particles bind host surface receptarsd protective capsidgach harbouring a linear
copy of the EBV genome travel through the membrane into the cytopladihroughan
interaction between the capsid and celtlearpores, the viraDNA is transferrednto the
nucleus There, viral proteins derivedfrom the tegumenffacilitate circularisation and

chromatinisatiorof EBV episomgLieberman 2018

1.3.3Latency IIl expression

This stage takes place at the beginnofgthe infection and it emulatesatural Bcell

activation bya cognate antigerpresentedby an antigenpresenting ell (for instance a
macrophage withira primary follicle),subsequent migration to T/&Il zone interface and

helper Fcell costimulation(Figure7). The aim is to drive proliferation of-Blads, just as it

occursprior to or shortly aftethe migration of activated -Bells into a germinal centre

(GC) (Pereira et al. 2030 Such proliferation might however under special circumstances
evade t he i mmune systembs contr ol and tur
eventually a malignant monwrphic lymphona. Increased number of cellular divisions

could also increase the chances of oncogenic mutat@yasv{ord 200),
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Figure 71 Latency type Il expressiomimicsthe events which occur naturally at the lymph nba@mely the
activation ofnaive Blymphocytes by their cognate antigen is replaced by the prolifersigoaldelivered by
EBNA2, and the early prgerminal centre Tell help is replaced by the survivaignal from the LMP1
oncogene(McHeyzerWilliams et al. 2012).

To drive prdiferation EBV uses Latency Ill modef expression Shortly after the viral
episome enterimto the nucleusthe host RNA poymerase typél initiates transcription ofa
common EBNA2/EBNA-LP bi-cistronic transcript from th&BV Wp promoter(Ling 201Q
Tierney et al. 1994Ling et al. 1994Price et al. 2012Tempera et al. 20)0Wp is present in
multiple copies within each repeat of thajor internal repeatalledIR-1 (also called Bam

HI W repeaty which also encodes the repetitive and variable intle®BNA-LP protein

(Figure 8)(Elliott et al. 20043.
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Figure 81 Early EBV latency transcriptding 2010. The diagram depicts the linear EBV genome and the
variablity of early transcript length. Early bicistronic transcripts are transcribed from the HBNand

EBNA2 ORF, and initiated from the Wp promoter. Their leader sequence therefore lacks the C1 C2 introns,
characteristic of Cp promoter transcripts. The \Wgmscript can be initiated from one of multiple Wp promoters
within the highly repetitive IR1 region, as each repeat carries a copy of a Wp promoter. Consequently the size of

early transcripts varies, although each carries a cof

EBNA-2 is the main viral transactivatand isfunctionally related to NotchY(oung and
Rickinson 2004 It is expressed together with EBNAP during the earliest stage of infection
(Figure 8)and interacts with theJkapparecombinabn-binding protein (BP-Jkappa also
known as CBF}, found inthe Notch signdling pathway(Kato et al. 2011Kempkes 2010
Rooney et al. 1989Together with RBRkappa, EBNA2 acts by decreasirtganscriptional
repression and activatéhe expression of eascade ofellulargenes plustherviral latency
genes These include th&BNA3 family, which actas EBNA2competitors and repressors,
EBNAl1 as well asthe viral membraneproteins LMPs. This occursby shifting viral
expression fromthe Wp to the Cp promoter The shift isdirectly mediated by ecumulating

EBNA-2, which acts in concert with CBF1 and CBF2 to bind and stimulaée€Cp promoter
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(Kempkes 2010Chau et al. 2006 Following the promoter switch, a long polycystronic

MRNA templatds producedcontaining all EBNAs

Alternative splicing allowsall EBNA family proteinsto be synthesizedfrom this single
transcript(Lieberman 2013Evans et al. 1996Santak 2004 The Wp promoter activity is
decreased most likely due socombination of CpG methylation and competitionnfr the

more efficient Cp promoterE{liott et al. 2004. The Cp promoter islso proposed tbe
modulatel by otherTFs,such as SPEgr-1 and NFY (Kempkes 201)) and binding sites for
these factors are found further from the promotecording to some wthors, the EBNA3

family and EBNA1 can also be expressed from the Wp promoter at the same time and in
addition to the Cp transcrip(&igure 9)(Elliott et al. 2004, Kelly et al. 2006, Young and

Rickinson 2004).
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Figure 91 EBV latency promoters and mespondingranscripts(Paulson and Speck 199%t the very early

stageof infection EBNA2 and EBNA-LP arethe first latencytranscriptsto be expressedTheir expressions

initiated from the Wp promoter and once EBNA2 accumulatesand transcactivateshe Cp promoter,
transcriptionof all EBNAs is initiated from Cp promoter.A singlepolcystronictranscriptis produced.Thereis

howeverevidencethat suchpolycystronictranscriptsarealsoinitiated from the Wp promoter(questionmarks)

andpresentalongwith Cp-initiated mRNAsin LCLs. Thereis alsoevidencehat EBNAL canbe independently
expressedrom its own Qp promoter,this explainsthe occurrenceof EBNAL in Burkitt lymphomacells and

othercelltypes,in whichit is theonly EBV latencyprotein/tanscriptpresent.
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EBNA-2 also transactivates LMPLMP2B and LMP2A transcription via RB# from
additional independergromoters, LMP1Ap (or EEL1) and LMP2Ap (or TP1), which are
located near the TR regioR¢pic et al. 201,0/Nu et al. 200@:t al 2000,Takacs et al. 2009
LMP1 can also be expressed irrespective of EBNAZ2: either whehlEB bound by cellular
TFs like STATs, IRF7 and activating transcription factor 4 (ATF4), or figehanother
promoter located within the TR, called IR, which is actie in nasopharyngeal carcinoma

and Hodgkin's lymphoma cellRépic et al. 2010

Some authors propose that in order to enabl@tbmoter shif{Tablel) and full latency IlI
expressiorn{Fgure 10) the linear genome must form a covalently closed episoraetsiTRs

and therefore EBNAL, which mediates the process, has to be expresse&aaidk (2004
Repic et al. 201A.ieberman 2013 In this case EBNAL would be initially expressed from its
own independen@Qp promoter, before the production of the long t@nscript Lieberman
2013. EBNAL expression is characteristic of all modes, latent or Ifragpier 201D This
DNA-binding protein binds two elements within the viral origin of replication (OriP) called
the family of repeats (FR) and the dyad synmnéDS) element, circularising the viral DNA
into an episome Rrappier 2010 Grcularisation of viral DNA may behe crucial pre
condition allowing for its replication in both Iytic (rolling circle replication) and latent
(bidirectional replication) stat tethering to human chromosomes, packaging and
maintenance into daughter host céfsappier 201] Circularisation is mediated by EBNA1
bound to OriP which acts as a platform for recruiting additional host cellular machinery
including the origin of rejpcation complex (ORC), the minichromosome maintenance
complex (MCM), shelterin components and polymeraseYbufig and Rickinson 2004

McFadden and Luftig 2033
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Figure 107 Full latency Il expressionKieff et al. 2010) Untranslated RNAs are markég hollow rectangles.

There are 12 latency transcripts expressed at Latency lll.. These include two EBER small RNAs, seven EBNASs,
and three LMPs-LMP1, LMP2A and LMP2B. LMP2 function is conferred by the LMP2A protein. There is
also LMP2B whose function igoorly understood andthich may act to inhibit LMP2A. Both have their own
independent promoters and are translated from different transcripts, however their ORFs overlap and differ only
by one intron which is unique to LMP2A. Additionally a variable stup to twenty BART miRNAs is
expressed in Latency Il

In the model proposed abovEBNAL together withCTCF mediate the promoter shift by
forming DNA loops which join Cgpromoterto viral OriP on one sideand OriP tothe LMP
promoter on the otheAn enhancer sequence called FR withinP acts theras a universal
enhancefor all latency transcriptéLieberman 2013Kempkes 2010 EBNA1 cannot only
enable the promoter shift and ttnanscription of other EBV latency genésit alsoacsas an
indepenlent global transcripinal activatorfor all latency genesvhen bound to the FR
enhancer sequence within oriP. dould also regulate latent transcription through its

interaction withnucleosome assembly protein 1 (Frappier 2010
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Table-1(adapted fronTakacs et al. 2009) depicts the activity of promote(listed in the top panel) in different

types of latency (listed in the side panel). EBV promoters can be broadly grouped into two catetimées
controlling the expressionof the EBNA family of proteins and those controlling the expression of LMP
transmembrane proteins as well as untranslated viral RNAs, namely EBERs (EBER1 and EBER2) and BARTs
(BARFO and BARF1). Latency types can also be grouped depending on promoter usage. Particularly latency
type Il differs from others since it relies on the Gprpoter for the transcription of all EBNAs.

Once within the cellEBV forms a circular episome, whids likely to subvertellular double
stranded damage response mechanism and evade degrdtetimmman 2013, McFadden
and Luftig 2013. Still, only a mnority of genomes manage to undergo successful
circularisation, which requires DNA processing, homologous recombination atidiigéhe
majority of infectionsare halted by the ceflefensamechanisms, and only 1% of infected B
cells progress into virdatency Lieberman 2018 Once cicularised, the viral genome may
continue into an intermittent stage of rolling circle replication, typical of Iytic proliferation,
before key early latency transcripts are expressed, overgroccasionally integrate iatthe
cellular genome Lieberman 201B If this occurs, EBV frequently loses its virulence
(Lieberman 2018 Within the nucleus the viral tegument proteBNRF1 mediates

recruitment of histones and chromatinisation of the EBV episome by interacting with
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promyelocytic leukaemia nuclear bodiemd preventing epigenetic silencing of viral

repetitive elements and transcription repressiosberman 2018

EBNA1 may also have other functions and could modulate specific host gene and protein
activity directly, ncluding elements of the p53 pathwilnat leads to speculation about its
function in tumorigenesisHappier 2010 However, it is difficult to prove the regulatory
effects of EBNAL in isolation from its general enhancer effect on the other latency grotein
(Frappier 201 EBNAL expression has been implicataedytic infection of epithelial cells
through displacement of promyelocytic leukemia (PML) nuclear boegiesteins responsible

for preventing viral replicationRrappier 2010Frappier201], Frapper 2012 McFadden and

Luftig 2013.

Once the promotor shift occura full set of 12 latency transcripts is expressed. This type of
latent expression is called latency IlIl and is also characteristic of circulatoelBin IM
(Calderwood et al. 20071t causes an antigdike activation and rapid proliferation of-B
cells. Normally, naive B cells are activated by antigen bindirgglBreceptor (BCRwith
helper T cell cestimulation and themigrate toproliferatewithin germinal centresuppers
2009. In viral infection, the activation step is replaced by latency Il expressioose

components target multiple signalling pathwélsorley-Lawson 2001

1.3.4Transformation, growth and latent viral replication

Latency Ill expression aims to stimulatel ce 6 s  (figueewd). Awo cellular pathways

play crucial role in Bcell immortalsation: the Notch pathway amd--a fpathway.
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\Latent Membrane Proteins (LMPs) |  |EB Nuclear Antigens (EBNAs) |
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Figure - 11 (Liu et al 2006)- Viral proteins in Bcell transformation process. The two families of EBV latency
proteins, with the central function of EBNA2 and LMP1, target intrinsic cellular pathways in the cytoplasm
(intracellular signalling of LMPs). They affect gene exgsien in the nucleus either directly (EBNABPJIR

or indirectly through downstream components ofttiea pathway like p50 and p65 heir ultimate aim is to
upregulate Becell proliferation and maturation.

Through interacting with RBBkappa EBNA-2 upregulateghe downstream targets of the
Notch-signalling pathwayCD21 CD23 and -ecnyc promotersthusdriving proliferationand
preventingdifferentiation(Hiraki et al. 200]Straus et al. 1993In normal Bcells Notch acts
as a tumour suppressor and inhibits-d8ll maturation Kempkes 2010 However, the
response to Notch varies depending on the signahsityy and developmental stage of the
cell, and activeaNotch mayact synergistically with CD40 and BCR signalling delivered by
LMP1 and LMP2 to stimulat@roliferation Kempkes 201pduring the initial stage of the
infection, but it has to be finally reded in order to enable-Bell differentiation and latency
(Hardie 2010. This is likelyto be why EBNA-2 expression is switched oféter, at the

germinal centre maturation stagenprley-Lawson 2001Young and Rickinson 2004
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Cells with active Notch andc-myc are normally prone to apoptosis, but this likely
prevented by the EBNA3 family which silences the expression of thagwptotic Bcl2like
protein 11 by recruitinghromatinsilencing histone deacetylase comp{ed¥dAC) (Thorley-
Lawson and Allday2008 Ocheni et al. 2000 EBNA-LP upregulates EBNA driven
expressionvia chromatin modifiers, mainly by relocalisng transcription repressors like
HDACA4/5 awayfrom EBNA-2 targetpromoters but also bydisplacing Sp10®\, a cellular
cofactorassociated wh chromatin activationfrom PML nuclear body protein®ML nuclear
body proteinsareresponsible foan intrinsic defence mechanism against viral infecteomd
normally silenceviral expressionLing 2010. In contrastto EBNA-LP, EBNA3 proteins
reducethe EBNA2 driven activation bycompeting with and displacing EBNA2 from RBP
Jkappa(Sims et al. 2010 EBNA-3 proteins and EBNA.P are crucial foithe fine-tuning of
viral expressionYoung and Rickinson 2004EBNA3C is also involved in abrogation tfe
innate DNA damage responbg interacting with host TFs, which would otherwiep the

growth of EBV infected Bells by cell cycle arresMcFadden and Luftig 2033

LMPs are the other group of proteins produced at full latenciRdtombinant EBV, gerie
and biochemical experiments indicate thistP-1 is akey viral mcogeneessential for Bell
transformation(Kieff et al. 2010, Izumi 2010(Figures12 and 13). This transmembrane
protein is present in all EBYositive malignancies and has oncogeniea$ on cultured
rodent fibroblasts and human epithelial celBagson et al. 2012lzumi 201Q. This is
becausd_MP-1 mimics a constitutivelyactivatedtumour necrosis factor receptor (TNFR)
eliciting pleiotropic survival effects (Izumi 201Q. In particdar, it interactswith tumour
necrosis factoreceptorassociated facto(I RAFs)acting as CD40 andrives nuclear facter

8 (RF-kB) canonical and nenanonical signalling pathway (Izumi 2018iraki et al. 2001
Young and Rickinson 2004It also activées, tlough its CTAR/TES intracellular domain,

mitogenactivated protein kinase (MAPK)and the downstreamcascade of cytokines
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including extracellulafsregulated protein kinase (ERK);Jon NH2terminal kinase(JNK)
and p38(Hiraki et al. 2001 Thorley-Lawson 2001Young and Rickinson 2004Thirdly, the
CTAR/TES residues, activatenterferonregulatory transcription factor 7IRF7)and
stimulate the JAK/STAT signalling pathway through interfebatasecretion izumi 2010.
The overall effect of LMPL on @llular expression is similar to that of ahTe | per c el

signalling, and ensures survival gérminal centreB-cells carrying EBV (ThorleyLawson

2001).
NFKB2 Uby NFKB2 . Rel8 Non-
IKKo.-p—y / NIKblKKab p100 ? p52 | c-Rel canonical
TRAFG/IRAK proteasome NF-xB
TABA/TAK1
MAP3K -1,-5,-8,-14
T p50/p65 Ub
v v v IKKa—5—y > IBa p50/p65
JNK p3s IRFT 26 NFKB1/RelA
ark MAPK * \ proteasome Canonical
_I__l_ IFN MNF-xB
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Figure 12 - LMP-1 target pathwayslZumi 201Q. LMP1 mimics CD40 and its CTAR/TES1 intracellular
domain associates with TRAFs but also engages TRADDs and RIP to acéidatécaland norcanonicalNF-

kB, the main target pathway, as well as JNK and p38. Additionally, LMP1 also activates JAK/STAT pathway
through induction of interferon regulatory fact7 (IRF7).
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Figure 137 HumanEBV molecular interactions (Adapted froKieff et al. 201Q. The diagram shows the
molecular interactions of the key EBV proteins. LMP1 binds TRAFs and TRADD:s it sfibstitutes CD40
function in NF-a bsignalling. It al® activates €JUN and IRF7. LMP2A substitutes BCR signalling and
modulates RasMAPK signalling. EBNA2 substitutes intrauclear Notch and upegulates anyc as well as
CD21 and CD23.

The action of LMP-2 resemblesBCR signallingand enablesnfected Bcels to evade
immune systentheck points(Kieff et al. 2010. LMP-2 blocks BCR-associatedyrosine
kinase activation preventingapoptosis andiral re-activation (Bieging et al. 201@ohen
200Q Dawson et al. 2012 The action ofLMP-2 elicits an intact BCR receptorsignal
activatingthe Raspathway angoromoting surviva(Thorley-Lawson 200L EBERRNAs are

likely to alsohave a role in preventing apoptofawford 2003Swaminathan 2030

In combination, the latendyanscripts mimiantigendriven stimuétion and Fcell help The

latengy modes are summarised in Tablés@urceHiraki et al. 200
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Mode/Transcript | BART | EBER | EBNA- | EBNA- | EBNA- | EBNA- | LMP1 LMP2 Typical of EBV-
1 2 3 LP infected cells in:
LATENCY | + + + - - - - -+ BL
LATENCY Il + + + - - - + + HD, NPC*, GC*, TINK
cell*
LATENCY Il + + + + + + + + IM, LPD
LATENCY 0O + + - - - - - _

Table-2: EBV Latency modes (information from Hiraki et al. 2001, Crawford 200the table summarises

variations in transcript expression at three key sta§&8V infection. Each combination corresponds to one of

| atency modes discussed

n

t he

mai n

text . Pr efis. e

The last field lists diseases or conditions which a particular type of latertggiésl of. *In some diseases,

LMP-1 and LMP2 expression can vary or be heterogenic.

1.3.5Germinal centre maturation, differentiation and latency II

nce or

This is thestage of viral infection in which EBV changes its expression to a different type in

order tosecure its longerm survival To achieve this it must guide thedgll through the

maturation process thaormally takes place within a germinal cenéveading all security

checkpoints. This means that EBV can rescue faulty and crippledel®s that wald

otherwise undergo apoptosiSpender and Inman 20Rimon and Farrell 200Mancao et al.

2005. This may be of significance as some igrant tumours cells display a germinal centre

B-cell phenotype and EBV expression pattéRezk andWeiss 2007, Brink et al. 1997.

EBV might thus rescue B el | s

harbouri

ng

oncogenic

latency Ill or 1l stage and cannot compléte maturationprocesgThorley-Lawson 200L
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Activated Bcells migrate into folliees where they multiplyand form germinal centres
Within the germinal centréhey would normally undergo rounds of clonal expansaass
switch recombinationselection and affinity maturationOther cells such asfollicular
dendritic cells macrophages and helper T ceNsuld provide coestimulatory signals and

regulate Bcell maturation Kuppers 200%

B-cells proliferate m thedark zoneof the follicle wheresomatichypermutatios take place.
Somatic hypermutatiorenables the diversification dahe variable (V) region genes of
immunoglobulin (Ig) heavy and light chains generating different BCR affinityo(ley
Lawson 2001 Kuppers 200% The cells then undergo a chedutoreactive and inefficient
B-cells die through apoptosis or are eliminated by macrophages, whilaffiigty cellsare
positively selected by estimulation from dendritic and helper T cells in anotfalicular
compartment called the light zonéuppers 200 Each cell normally undergoesseries of
replication and selection before maturing iatmemoryB-cell (Kuppers 200R Here in the
lymph nodesthe viral expression pattern changes to Latency I, likely in response to signals
present within the follicle (Thorley-Lawsa 2001) EBNA-2 -3 and-LP expressions shut
downand proliferation stopwhile LMP1 and LMP2 deliver signals necessary for survival of
the Bcells and their differentiation into memory cel[§horley-Lawson 2001 EBNA-2
expressiorshut down is obligatgrsincethe protein is the main factdrehind EB\(driven
proliferation preventing the Bell from acquiing a germinal centre phenotype because of the
constitutive activation othe Notch pathwayThorley-Lawson and Allday2008. The exact
cause of the lancy switch is unknowr{Thorley-Lawson 2001 There is evidence that
through interacting with RBRBkappa they recruiDACs andthe C-terminatbinding protein

1 (CtBP) complex to the Cp promoter facilitating transcriptional repression by histone
modifications which repress transcription and silentee main viral latacy promoter

(Thorley-Lawson and Allday2008 Sims et al. 2010 As a result, EBNA3 proteinsswitch
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EBNA-2 expression off altogethatopping proliferation and enablifycells to differentia

out into memory cellsThorley-Lawson and Allday2008, Sims et al. 20)0Consequently,
EBV-directed growthmay bedirected by a negative feedback laopdiated by EBNA?2 and
EBNA-3 expression. It is likely thaadditional signals present in thgmphoid tissue are
necessary to tilt the balance between EBRAnd EBNA3 (ThorleyLawson and Allday
2008. In the germinal centrepresence of interleuk{iiL)-4, IL-10 andIL-21 is likely to

activate LMP1 and LMP2 expression in the absence of EBNA2r(ey-Lawson and Allday

2008.

1.3.6Viral entry in the immune memory pool and latency land 0

This is the final stage of EBV latent infectitimatends with the virus drastically reducing its

activity so that it can evade the immune system. At this stage edfd&tells cannot be

detected by CTLs and the virus persists undisturligthphoid umours showing the
restricted EBV expression typical of | atenc:

HIV -associateglasmablastic lymphom@rezk andNVeiss 2007.

The mature Rell exits the germinal centreand lymph node and entes the circulation
escaping fromnterleukin stimulation and o¢h intranodal signals. fie cell responds to the
change byexpressingeBNA-1 andviral RNAs (latency type)lor untranslatel RNA only
(Latency 0)(Crawford 200]Straus et al. 1993Thorley-Lawson and Allday2008. At this
stage the Cp promoter becomes methylategressing transcriptiofeBNA-1 expressions
directed fronthe Qp promoter Lieberman 2018 EBNAL can be interittently expresseéas
it elicits a weak immune responge contrast to other EBV antigessnceit is inefficiently
degraded and presented by the MHC class | receptors on cell sutfiegie €t al. 2001

Crawford 2001 Frappier 201} Its presence is reqed when the carrier 8ell occasionally
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divides (ThorleyLawson 2001 Some memory Rells thatre-enterthetonsils canthenre-
expresdatency type Il which is likelyto beimportant forcell division andtheir longterm
survival (Thorley-Lawson 2001 Occasionallymemory Bcells travel back to the lymph
nodes andif activated by arantigen,differentiate terminally into plasma cell$his most
likely causeghe virusto enter lytic phasandaccouns for low-level viral lytic proliferation

in theoropharyngeaépitheliumand shedding into sali&rawford 200}

1.3.7 Global expression reprogramming during EBV infection

Viral infection and establishment of latency induces significant global changes in gene
expressionn both host and viral genomeélhese changes are induced by CpG methylation,
histone and higher order chromatin difcations Each latencytype can be characterised by

a distinct epigenotype.ieberman 2018 By modulatinglevels of key chromatin modifiers

like H4K20me3, H3K27me3, H3KWme3, H4K20me3 andH3K9me3 EBV decreases
chromatin silencing and increases promoter accessibility eliciting global activation of
thousands of genes, includibtPX and ZNF (Hernando et al. 20}4There is evidence that

this effectis EBV-specific and distict from growth-promotingCD40L/IL-4 stimulation and

thatit is largely independent of EBNA2 actionlérnando et al. 20}4
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1.4. EBV-associated disease

1.4.1. Background

Properties of the viral latency transcripts can, under certainfgpeanditions, cause disease
(Crawford 200). Since its discoveryEBV has been linked to a range difeaseshat can
broadly be grouped into autoinume diseases and tumoukdaeda et al. 200§ Tables3 and
4). The latter can be ftlhver grouped into lymphomas, Iyhoproliferative disorders,

mesenchymal anepithelial malignancies.

Disease

Prevalence of EBV / disease tissue

Cofactors

X-linked lymphoproliferatie
disease

Nearly 100%

XLPS mutations

Infectious Mononucleosis

Nearly 100%

B-cell lymphoproliferative
disease

90% postransplant
50% HIvassociated peripheral lymphoma

~100% HRPNAssociated primary CNS lymphoma

Immunosuppression

. dzNJ Ad G Qa f @ Y| 96100% in Malaria endemic arsa Immunosuppression
c-mycderegulation
109%70% in sporadic cases malaria
HIV
30%40% in AIDS
| 2RITAY QA f & Y| 40%80% IM

(60%in children,

80%in young adult}

T/NK cell lymphoma

10%

Immunosuppression,
chronic IM

Primary effusion lymphoma

70%80%

Nasopharyngeal carcinoma

~100% norkeratinizing

30%100% Keratinizinghfgher in endemic areas)

Genetic factors
Environment (diet)

Gastric carcinoma

100% undifferentiated lymphoadenocarcinoma
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5%15% adenocarcinoma

Oral hairy leukoplakia 100%

Table-3 1 EBV-associated disorders summary (Crawford 2001, Macsween and @ia2@03)i diseases in
which EBV has been proven to play a role of a causal factor otffactar are listed below in the first field;
second field quotes the prevalence of EBV in disedfexted tissues; third field outlines any additional co

factors pronoting the disease.

Disease EBV association

SLE Aberrant Fcell response againEBYV, Increased seroprevalence, Elevated-BBi/
antibodies (also predating disease onset), Increased EBV load

RA Aberrant Fcell response againEBV, Elevated artEBV artibodies, Increased EB\
load
MS Aberrant Fcell response againEBV, Increased seroprevalence, Elevated-BBYV

antibodies (also predating disease onset), positive association with IM, Increase
EBV load (partial evidence)

Table-4 1 EBV-associated daimmune diseaséstable delineates the evidence and nature of EBV association
with the three autoimmune diseageSystemic Lupus Erythomatosus (SLE), Rheumatoid Arthritis (RA) and

Multiple Sclerosis (MS).

In most of these conditions the virus acts msnaportantco-factor. Of particular importance
are the multiple interactions and effects of viral oncogene proteins aimed to ensure long term

viral persistence and survival; these becdomaouigenic in abnormal conditionsAs the
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viral proteins are depeéent on cellular pathways, determining their regulation may indicate

potential therapeutitargets.

1.4.2 Disorders of the lymphatic tissue

1.4.2.1Introduction

BecauseEBYV takes advantage of naturaldBll development in order to infect and perdist
is not surprising that the main and moséduent type ofEBV-associated diseases are
lymphomas and lymphoprolifative disorders. In some, EBM the direct causeThis is
supported by the finding that many patients with or at risk of fB%itive lymphonas have
higher aniEBV antibody levels, and in all EBYositive tumours the infection occurs prior

to cancer developmerKieff et al. 2010.

1.4.2.2Primary Infection and Infectious Mononucleosis

Exposure to EBV is ubiquitous and over®® % wo r It gbgukatiorabgaomes infected

in their lifetime Crawford 200]Straus et al. 199Bhorley-Lawson 200MHopwood and
Crawford 2000. Many individuals will become infected by multiple herpes viruses in their
lifetime, and can also be infected by multiple EBWains Crawford 200). During primary
infection, EBV stimulates &ell proliferation and replicates with the host cell by
bidirectional replication, if latent. It also replicates lytically (by rolling circle replication) in a
subset of 0.10.0001% B cel, which accounts for its presence in the saliva of the infected

individuals Crawford 200IDimmock et al. 200 The number of transformed&lls varies
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from individual to individual, but falls within the range of 1 to 50 cells per millidmaki et

al. 2001,Crawford 200

Most infections, particularly in developing countries, occur-glifically in early childhood

(by the age of & years), however in developed countries up to 50% individuals may remain
uninfected into adolescence and 30% to 50% otliese individuals, upon primary infection,
will develop Infectious Mononucleosis (IM) with glandular fever, pharyngitis and
adenopathy (&cherio and Munger 200Crawford 200IDimmock et al. 200,Btraus et al.
1993Rubicz et al. 201)3 These symptoms acaused by strong humoral and cellular immune
responses with substantial CD8+ cytotoxic T lymphocytes (CTLs) activaGoawford
200)). In acute infection, viral BCRF1 (high homology to interleukBd) and BARF1
proteins help evade the immune responsenhipiting the synthesis of interferon gamma and

alpha, respectivelyHiraki et al. 200]Straus et al. 1993

EBV infection and Bcell proliferation is controlled by the ho€fTLs and between 0.1% to
3% of peripheral blood CD8+ and CD4+ T cells in evergividual who has undergone
infection in the pastare EBVtspecific (Kieff et al. 201D In healthy individuals, CTLs
eventually overcome the virus eliminating the replicatingeBs. Once this primary infection
is containeda state of equilibrium follows which the virus is mostly presemt a pool of
transformed resting memong-cells As the immune system eliminates replicating EBV
infected Bcells (which display lytic antigens easily detectable by CThgj¢ Ireplication
stops almost entirelgnd shdding of viral particles into saliva decrease®wever itdoes
not stop entirelybecause a small subset of Ef\fected peripheral memory-&ells re
ciruclate periodically back into lymph nodes where, in response to unknown factors, they
undero differentition into plasma cells which automatically elicits lytic replication (Therley

Lawson 2001, Straus et al. 1998)nlike other Herpesviruses, EBV does ncofotivate in
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healthy individuals and acute infection converts to asymptomatic persistent inf&itians(

et al. 1993.

In primary infection EBV cancausemild fever, andn approximately30-70% of adolescents
and young adultg can leado IM (Tattevin et al. 2008Hopwood and Crawford 2000 This
type of infection can be seen as a mild lymphopediitive disease and its characteristic
feature is a rapid increa in infected Bymphocytes Crawford 2001 The immune system
cannot control the infection at its early onset which leads to high levels of lytic replication
and subsequent 4efection (Thorley-Lawson 200Hadinoto et al. 2008 A positive
feedback loop is established allowiB8V to infect up to 25% of memory-Bells (Thorley
Lawson 2001Hadinoto et al. 2008 This may be caused byhggher vird dose at inoculation
or an inital nonspedic and cresreactive Icell responséCrawford 2001) As more Bcells
are transformedand morecytotoxic T cells arecommited to fight the virus, a massive
inflammatory and polyclonal immune responsakes place eliciting characteristic disease
symptomsof IM (Tattevin et al. 2006 Older patientsin particularare at risk of severe IM
that may require hospitalisation gnd extreme case®venresult in deathTattevin et al.
20069. The caurse of IM is partly determined by the ability thie virus to eter different cell
types, includingalready differentiatednemory Bcells which once transformedcannot

further differentiate and edinue to proliferatéenstead Thorley-Lawson 200}

Occasionally IM also manifests in persistent fever, severe hepatosmgaly, severe
cytopenia, coagulopathgentral nervous systefCNS) abnormality, vascular dysfunction

and histiocytic erythrophagocytosis and is recognised clinically as -&R4Jciated
hemophagocytic lymphonhistiocytosis (EBVLH) (Kasahara et al. 2001 This type of
extreme primary EBV infection can often result in premature death. Infection plus activation
of T cells observed in this disorder is considered to be the underlying cause of abnormal

regulation of cytotoxid -lymphocyte (CTL)respons¢Kasahaa et al. 2001
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In rare cases, primary acute EBV infection in children is accompanietktoyatosis with
confluent papules or papulovesicles present symmetrically on the face and hudtotks
sometimesalso with fever, hepatosplenomegaly or lymphadenbpa(Gianotti-Crosti

syndromé (Chisholmand Lopez 2011 lanora et al. 201

1.4.2.3 Chronic active EBV infection

Normally, viral proliferation is overcome by the immune system and the positiveoloop
proliferation and renfection is broken, howevewery rarely the symptoms persist for 6
months or longer and lead to other complications involvirgiomorgansincluding acute
renal failure,hepatic failure, gastrointestinal or pulmon&@aemorrhagéMaeda et al. 2006
Tsai et al. 2011 This happens in onrimmunocompomised patientsvhose Tand NKcells
become infected by EBYh chronic infection, but caalsooccasionally occur during normal,
acute primary EBV infectiofKasahara et al. 200Tsai et al. 2011 In chronicactive EBV
infection (CAEBYV), the mechanism through which EB¥Wanages to establish infection of T

or NK cells(or T cells in EBVHLH) is unknown(Kasahara et al. 20p.1

1.4.2.4Lymphoproliferative disorders

Any factor altering the balance between the vilusen low-level lytic replicationand the
level of cytotoxicT-cells that control infectiopcanresult inuncontrolled Bcell proliferation
This in turn leadgo benign hyperplasia omalignancy(Maeda et al. 20Q6Muti et al.
2003Muti et al. 200%. This often happens in immumompromised patients and leads to
cellular hyperproliferation anda range of EBV-positive lymphoproliferative disorders

(Dojcinov et al. 2011Hsu and Glaser 200@immock et al. 200/Crawford 2001 Straus et

29



al. 1993. This may also explaiwhy higher EBVload isseen in immunoblastic lymphomas
of immunecompromised patientsThorley-Lawson and Allday2008. EBV positive
lymphoproliferative disorders can be classified into several subt{ypesipo et al. 2011
Shroff and Rees 2004Benign forms includdéesons present mostly in tonsils, adenoids or
lymph nodes and not affecting othiéssues (Ibrahim and Naresh 2012These lesions are
typically found inIM-like hyperplag (Shroff and Rees 2004Polymorphic (as all types of
B-cell morphology and differeiation stage are present) lymphoproliferative disordéfiects
extranodal tissueswith destructionof tissue structure andinfiltrations of T-cells and
macrophage (Ibrahmi, Shroff and Rees 2004B-cells in polymorphic lymphoproliferative
disorder may be derived from a single clongwith specific immunoglobulin gene
rearrangementpr less typically they maybe polyclonal thoughalwaysmonoclonal for IgH
and the EBV genomg (Ibrahim and Naresh 201Zhadburn 2013 Early lesions and
polymorphic lymphopoliferative disorderare characterised by latency type Il and Il

expression, andan regress upon alleviation of immunosuppressstmgff and Rees 2004

World Health Organization Classification of Post-transplant
Lymphoproliferative Disorder (PTLD)

Category Subtype
Early lesions Plasmacytic hyperplasia

Infectious mononucleosis—like lesion
Polymorphic PTLD B-cell neoplasms
Monomorphic PTLD — Diffuse large B-cell lymphoma
(classify according to lymphoma — Burkitt lymphoma
they resemble) — Plasma cell myeloma

— Plasmacytoma-like lesion

— Other®

T-cell neoplasms

— Peripheral T-cell lymphoma NOS
— Hepatosplenic T-cell lymphoma
— Other

Table 57 Norrmalignant lymphoid tumours. Subtypes of PTLD (WTHO classification after Jascobson and
Lacasce 2010).
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EBV-positive benign lymphoproliferative disordersencompass primary nd acquired
immunodeficiency lymphoproliferative disondesenile lymphoproliferative disorder, some
AlIDS-associatedlymphoproliferative diseaseB-cell posttransplant lymphoproliferative
diseasdPTLD, Table 5, lymphoproliferative disordetaused byreatment with methotrexate
or tumaur necrosis factet)(TNF-U jntagonistsand Xlinked lymphoproliferative syndrome
(Rivat et al. 2013 Hopwood and Crawford 200(Mojcinov et al. 2011 In all these
conditions the disease is a direct result of viral transformation left uncheOkégin X-
linked lymphoproliferative syndrome, a genetic fault disables successful immune response
against the virus.Typically, earlyonset lesions are polymorphic and polyclonal expressing
latency Il growth programmetypical of uncontrollably proliferating Bells Key viral
oncogenes EBNA2 and LMP1 are the main cause of outgrdwdpwood and Crawford
2000. However,additional oncogenic mutians will leadto malignant monoclonal tumosir
where frequently a more restricted pattern of viral expression iswaaséHopwood and
Crawford 2000 Tattevin et al. 2006 This tumorigenesis mape enhancedy increased

proliferation that increases the chances of mutgt@yawford 200

1.4.2.5Monomorphic lymphomas

If untreated, polymorphicforms of diseases like TRD, AIDS-associated or senile
lymphoproliferative disorder, may eventually conveyta monomorphicancer usually a
diffuse large Bcell lymphoma (Montanariet al. 201). Monomorphic disoders are
malignant and aggressive, and unlike early lesions aigmprphic lymphoproliferative
disorders, usually do not respond to reduction of immunosuppredbramitn and Naresh

2012. If unchecked, ypically the disorder progresses through the full spectrum from an early
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hyperplastic lesion to a malignant monopiuc lymphoma Chadburn 20183 Most
monomorphic lymphomas fall, according tiee World Health Organizatigninto Hodgkin
lymphomas and norHodgkin lymphomasthat include diffuse large Bcell lymphomaand
Burkitt lymphoma- the most common typeslowever BBV DNA and expression has been
associated with other rare typeklymphatic cancefike pyothoraxassociated lymphomas,
CNS Ilymphomas in nofimmunocompromised patients as well as lymphomatoid

granulomatosis (@therrare type ohon-Hodgkin B-cell lymphona) (Cohen 2000

There are also other typesrmain-Hodgkin'sEBV-positive lymphomas, bwtvhich affect other
immune cells. These fall within thé- and NK-cell lymphomacategory(Montanariet al.

2010).

In contrast to polymorphic lymphoproliferativdisorcer, in which EBV onceproteins
directly drive Blymphocyte proliferation, in malignant monomorphic lymphomas EBV is
instead a cdactor and additional somatic mutation are critical for the malignancy to arise
(Ibrahim and Naresh 2012Zhadburn 2013 Thorley-Lawson 2001 Uncontrolled viral
infection in immunecompromised people might promote the outgrowth of monomorphic
lymphoma through increased rate ot@éll division and limited ability of the immune system

to eliminate faulty cells harbouring oncogemaitations. Evidence for this is seen in tumour
progression from hyperplasia, through benign polymorghsorderinto malignancy, as
previously discussed. Oncogenic alterations may be sufficient to cause the disease on their
own and consequently not all hggant lymphomas are EBV positive lforley-Lawson

2001).
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1.4.2.6 Posttransplant, HIV -associated and senile lymphoproliferative disorder

Following a transplant, immune suppression is necessary to avoid graft rejection. Under these
conditions, PTLD can occur. Early symptoms usually manifest as IM-like benign
lymphoproliferative illness characteristic of vitareactivation which occursin 1-10%
transplantpatients particularly thosevho werepreviously unexposed to the vir(idopwood

and Crawford 200). A similar mechanism occarin a subgroup of Bell lymphomas
affecting HIV carriers.HIV -associated lymphoproliferative disorders are caused by HIV
induced i mmunosuppression, whi ch abrogates
EBV-infected Blymphocytes Carbone et al. 2008 This causes an INMke disease which

can however convert t@an aggressive Bcell lymphoma the second most common
malignancy in AIDS patients after Kaposi sarcoma caused by the very closely related Kaposi
sarcoma virugRoland and Stock 2003Rezk andWeiss 200J. Latency Ill expression is

typical of of PTLD and HI\tfassociated lymphpyoliferative disorder@arbone et al. 2008

Senile lymphoproliferative disordevith a prevalence of-&€1% in individuals aged 60 and
over,was identifiedn 2003 (Schiozawat al. 2007. As previouslydiscussedthe phenotype
varies between polymorphic polyclonal disease (proposed to be typical oforady
disease) anthonomorphic disease wher®P1 or both LMP1 ancEBNAZ2 arepresent (type
Il or type Il latency)(Shmioyamaet al. 2006 Oyama et al. 20Q3Gibson and Hsi 20091t
occurs in patients with no apparent immunodeficiency althoughedgied impaired T cell
immunity and immune system tiioration has been proposed as amderlyirg cause

(Mueller et al. 200/Schiozawaet al. 2007Dojcinov et al. 2011

33



1.4.2.7 Xlinked lymphoproliferative disorder (XLP)

X-linked lymphoproliferative disease (XLP) is genetic heritable diséfastemanifests in
uncontrolled  primary EpsteiBarr virus (EBV) infection, lymphoma or
dysgammaglobulinaemiaRézaei et al. 20)1 The onset of the disease most often ensues
upon primary EBV infection by the age of 2.5 years and patients appear healthy beforehand
(Rezaei et al. 20)1Rapid expansion of T and-cells mostoccurslikely caused by Tand
natural killer(NK)-cell dysfunction with 100% mortality by the age of (@ffey et al. 1998
Engel et al. 2003Rezaei et al. 20)1 Fatal IM with EBVi associated hemophagocytic
lymphohistiocytosiss the caus of death in approximately0-60% cases of XLP, while 26%
cases are caused by malignant monoclonal Ilymphomasd over 30% by
dysgammaglobulinaemi@Marsh et al. 201,0Coffey et al. 1998 Most cases of the disorder
are caused bgermlinemutations toSH2DLA, encoding SLAMassociated protein (or SAP

an intracellular adaptor and immunomodulator of NK and T ctibs)is expressed in T and
NK cells (Rezaei et al. 2031 Mutant SAP, controlling the transduction of signals mediated
by the SLAM receptor famyl and antigerdriven NK and T cell activation, impairs NK and
CD8" T-cell cytotoxicity towards EBMransformed Bcells (Filipovich et al. 2010Rezaei et

al. 2011 Rivat et al. 2018 A similar but less frequent form of XLP is caused by mutations of
XBIRC4encoding apptosis inhibitor XIAP(Schmid et al. 203,Marsh et al. 2010 XIAP
mutations ardikely causingelevated levels of apoptosis among cytotoxic T cells controlling
EBV primary infection leading to a hyperproliferation of transformedc@ls and EBVi
associated hemophagocytic 90% of cases Marsh et al. 2010 In XIAP XLP, EBV
association maype slighty weaker than irthe firsttype (Marsh et al. 2010Rezaei et al.
2011, howeverrecent studies suggest over 80% of XIAP XLP cases are-fiitive

(Schmid et al. 2011
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1.4.2.8Burkitt 6 ymphoma

EBV itself was first discovered and (BLsol at ec

(Thorley-Lawson and Allday2008. BL is a tumour mosprevalent in sutsaharan Africa
andcoincides strongly wit malaria distributionThorley-Lawson and Allday2008. Almost

100% of African BL cases afeBV-positive, however this association is not consistentimnd
other parts of the worldasescan fall below 25%Thorley-Lawson and Allday2008. A
critical featre of BL is thetranslocationof the c-myc protoconcogene into one of the
immunoglobulin loci(Figure 14) which leads toconstitutively activemyc expressiorand
tumouigenesis.lt is also frequently accompanied by p53 and other mutations (Crawford
2001) The translocation most likely occurs in germinal centres as the result of faulty somatic
hypermutation and involves transfer oimyc from chromosome 8 at band g24 to one of

immunoglobulin loci at 14932, 22qll or 2pll (Veronese et al. 1995, Crawford)2E0dure

15).

IgH locus with

IgH3'RR

Figure 14 1 C-myc translocationvisualised by FISH. Image courtesy ®&fonica Gostissa, PhD, PhD,
PCMM/IDI, Children's Hospital Boston. Oncogenienyc translocatiorinto the IgH locus is shown in green.
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Other factors also increase thskriof the diseaseCfawford 200). In the regions of Africa

and New Guinea where BL tumours are frequent and consistently EBV positive, BL is known
as fende(Rgure 158Mabyneux et al. 201R In these Bkendemic and malara
endemic regions, high @valence of the malaria parasite is associated with higher incidence
of EBV-positive BL, and antibody levels against EBV in African children increase the risk of
developing BL later in life Dethe et al. 1978iriou et al. 201X horleyLawson and Allday

2008). This suggests a causative role of EBV in areas of endemitBlyrjeux et al2012).

' Pq;\ua\

New Guinea

Figure 157 Comparisonof endemic BL distribution (upper panel) with global malaria parasite distribution
(bottom panel). SourceB.r  Ri ¢ har GNCOGENKV h R U S B I8tp://pathimicro.med.sc.edu/

However,in EBV-positive BL, viral expression igestricted andypical of latencymode |

normally associated witdifferentiaed resting memory Rells therefore thepossibility of
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EBV as causal factor remains controvergighorley-Lawson and Allday2008 Rezk and
Weiss 2007. It has been proposed that in #hdemic regions malaria increases BL risk
through immunosuppression of T cells and by promoting viral reaictivegsulting in higher
EBV replication and load. As more-&lIs are transformed and germinal centres are formed,
the likelihoodincreaseof one of them gaining a malignant mutation (Thosleyvson and
Allday 2008 Crawford 200). Malaria might thus in&ase the viral load, and also promote
myctranslocation by repetitive infection and antigen activation -@eBs (ThorleyLawson

and Allday2008 Rasti et al. 2004 There is evidence that the viral contribution towards BL
pathogenesis lies in the aajpoptotic activity of the EBNA3 proteirtkatpromote epigenetic
silencing of proapoptotiBcl2-like protein 11 expressian cells with activec-myc(Thorley
Lawson and Allday2008. By this repressive mechanism, ERVected Bcells do not
undergo apopts in response to EBN2 drivenc-mycactivation. However, this also means
that they can survive with mutations such as the BL characteostgc translocation
(Thorley-Lawson and Allday2008. Once they leave the lymph node, they stop the
expression omost of latency genes, however unlike in normal EBV primary infection, the
aberranttranslocatedmyc enforces continuous proliferation (ThoHegwson and Allday
2008. Malaria could also promote translocation @myc independently, by inducing the

enzyne cytidinedeaminase (AID)Nlolyneux et al. 2012Rasti et al. 2004

A similar effect to malaria parasite maesting in higher Bell proliferation and viral load
may be caused by HAhduced immunosuppressioR{f andWagner et al2013 Hartman
Johnsoret al. 2013 or, alternatively, HIV might contribute to oncogenesis direc@yogg et
al. 2007. However, aly 40% of EuropeahilV -relatedBL cases are EBYositive andhere
is no comlusive evidence as tohether HIV infection increasahe riskof BL additionallyin
endemic BL regionsMolyneux et al. 201Mutalima et al. 2008 This may implicatemore

than oneunderlying mechanism# HIV-relatedBL cases, which, unlike in endemic BL, can
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be characterised by high levels of CD4cé&lls and lower EBV eropositivity, it has been
proposed that chronic viraemia results in chronic mass activation of nadetlsBand
induction of AID (Molyneux et al. 2012 HIV-associated immunosuppression may then
rescue cells witle-myctranslocationin the absence of EBVRecently, a study of Kenyan
children born to HIVinfected mothers demonstrated they acquired EBV earlier and had
higher viral loadswhich may indicate that the virus can be a contributing f4&igker etal.

2013).

1.4.2.9Hodgkin's disease

Ho d g klymphoma(HL) is one of the most common lymphomas ihe world with an
incidence of 3 per 100,000 each yddugpers 2009 This type of lymphoma is specifically
characterised by the loievel presence of abnormal-lifimphocytes called Hodgkin and
Reed Sternberg (HRS) cellsor lymphocytic and histiocytic (L&H) cells, depending on the
morphological subvariety of HLKuppers 2008 Theseabnormal lymphocytesriginate
from B-cells losing the typical B-cell phenotype and expressi@nd underging extensive
reprogrammingwvhich altersglobal expressiofKuppers 200 This is a unique feature of
HL distinguishing it from other (neiodgkin) lymphomasAs a result HRS cellgetain only
receptors involved in helperdell costimulation necessary for their sukdl in the germinal
centre, and express markers of different haemategio cells including CD30 (tumour
necrosis factor receptor superfamily member 8) and SC{BUppers 2009 This might be
essential in cellular interactions with rtumour cells that fon the majority ofthet u mour 6 s
tissue Kuppers 2002 Theyhave elevated expression of TtRatinhibit B-cell development
such asNotch 1 and GATA Kuppers 2002 Most importantly HRS cellkavederegulated

andactive JakStat and NF:B pathways The majority ofgenetic lesions typical dfiL affect
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both of thesepathway, demonstratingheir significance forHL tumouigenesis(Kuppers
2009. At the same tira HRS cellsare characterisetty downregulated PAX5 a TF
responsible for Bell lineage commitmenKuppers 200R The role of EBV in HL aeblogy

is uncleay however about 40%ases otlassic HL are EBYpositive growingto 90%EBV-
positivein paediatrc HL and nearly 100% in HIV HLwith all cases invariably expressing
the latency Il programméKuppers 2003 It is thought that the viral proteins can substitute
the effects ofthe pathogenic dinction of some mutant genes suchT&FAIP3 and also
contribue to Bcell survival in the germinal centr&ppers 2009 Interestingly, virtually all
cases of HL in which HRS cells lack the receptors necessary for hetygdr do-stimulation
and survival are EB\positive Kuppers 2009 This suggestshat the expession of viral
proteins, LMP1 and LMP2, which substitute the survival signals in the germinal,caighs
contribute totumouirgenesisLMP1 is of particular interésas it constitutively activatethe
NF-kB pathway, whose essential role in HL has bleighlighted by many authorCfawford
2001, Hsu and Glaser 2000A mechanism must existhat prevens B-cellsin the germinal
centre from switching off LMP1 oncogene expressioaven upon their exit into the
circulatory systemThis is possiblycrucial b HL as constitutive abnormal activation of
cellular pathways, mainlyJakSTAT and NF-kB is a central feature in contrast ther
malignantlymphomas Kuppers 2002 Nonethelessit is still unclear what constitutes the
critical step of HL outgrowttand whether reprogramming is involved or if itassideeffect

(Kuppers 2009
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1.4.3 Non B-cell tumours

1.4.3.1 Introduction

For specific genetic backgrougtEBV can infectother cell types. This has beeocasionally
seen in IMand frequently inCAEBV in which the virus can also infect T amatural killer

(NK) cells (Rezk andWeiss 2007 Kimuraet al. 200). NK/T cell lymphomasjust as Bcell
lymphomas, can range frompolymorphicto monoclonal malignant linesvith the latter
arising froma pool of polyclmal EBV infected cells(Kimura et al. 2001 Young and
Rickinson 2003 EBV infection has been found cases oNPCs and gastric carcinomas, in
which genetic predispositigmossibly accompanied by early mutations might permit the virus

to infect the epitheum (Young and Rickinson 2004

1.4.3.2 NK/T cell lymphoma

ExtranodalNK/T cell lymphoma(or Angiocentric lymphoma of the nadsgpe) is another
type oftumouralmost exclusively associatedth EBV andpredominant in East and South
East Asia, Centralral Southern America, but rare in Western counti@ehinitt et al. 2011
Suzuki et al. 2008Kuo et al. 2004Motsch et al. 2013 It most often arises frora single
clone ofanNK cell, or less frequently14% casesJ cells in extranodal sites within thasal
cavity, maxillary sinuses and palater in skin, testis, lungs anthe gastrointestinal tract
(Schmitt et al. 201,1George et al. 20)2The tumour has a tendency for dissemination and
relapses, and is characterised thgh mortality anda 5-year sirvival rate of below 50%
(Schmitt et al. 201,1Takahashi et al. 2002EBV genome copy number in serum or whole

blood is indicative of treatment outcomewith high levelsof virus associated withpoor
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disease outcomésgorge et al. 2015chmitt et al. 201, Jaccard et al. 2009EBV positive
NK/T cell lymphomasnormally express genes characteristic tgfe | latercy or, less
frequently, type Il latency similar to Reeebternberg cells irHL (George et al. 2032
Although the precise pathogenic mechanisnunknown it is thought thathe virus
contributes to the early stagestomouigenesis Fox et al. 2011Huang et al. 2010George

et al. 2012 Oncogenicproperties of LMP1 and its potential role in promoting survival of
tumour cells might be ddritical importance as blockingxpressiorof LMP1 causes growth
suppression of EBV positive NK cel{Murata et al. 2014 However it shouldbe notedhat
theexpression of LMP1 in EBV positive NK/T cell lymphomas is not univerGalofge et al.
2012. Most importantly it is stillunknown how the virus manages to infect mature T and NK
cells, which lak the crucial CD21 coeceptor George et al. 2032 Such cells are observed
in tonsils of patients undergoing primaBBV infection (George et al. 20)2The factthat
high prevalence is restrictetb certain populations indicatethat genetic andlocal
environmental factors contribute tiomouigeresis George et al. 20)2EBV-positive T and
NK cell malignancies also include other, rare disorders likeangioimmundlastic
lymphadenopathy (a peripheral T-cell Ilymphoma and NK/T-cell granular
lymphoproliferative disorder GQohen 2000 Hiraki et al. 2001 Hsu and Glaser 2000
Delecluse et al. 2007 which hasrecently reclassified as a separate entity in lymphoma

classification Gattazzo et al. 20}3

1.4.3.3 Nasopharyngeal carcinoma (NPC)

The ronkeratinizing undifferentiatedultype of NPC (WHO type Il) represents85% of
NPC in high risk regionandis associated in virtually all cases with EBY Chinaand other

NPC endemic regionthe EBV-assaiation is highfor both non-keratinizingNPC subtypes
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WHO typesll and lll, as well as keratinizing NP(Yoshizakiet al. 2012 Shair et al. 2009
Shah andYoung 2009 Young and Rickinson 2004Vildeman et al. 2012 The \rus,
expressing latency Il gendsas been proposed play a critical role in cancetevelopment
however additional genetic and environmental factors are also thought to contlibuaed
Qin 2012 Hildesheim and Wang 2012ouis et al. 201 This isbecause NPC follows an
unusudly restricted and highly localised distributiobeing generally rare woraide (with
anincidenceof 1 case per 100,0pQMarquitz and Raafiraub 2012, howevermuch more
frequent in SoutiEast Asia withanincidence of 6.5ases per 100,000 his rises to 231
per 100,000n certain Chinese citiemndother places in SoutBast Asia, particularly among

the Cantonese ethnic grogpa and Qin 20X Figure16).
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Figure 16 - NPC distribution in China. (reproduced from Tao and Chan 2007)

Family history of cancer, especially NP{Dcreases the risk 4 to 10 timelaand Qin 2012
Studies of risk in migrant gaulatiors indicate both regional environmental factors and
genetic pedispositions are important NPC developmentJ{a and Qin 2012 In the past
decadevariants inHLA Class | genesand several other pdidates:RAD51L1 MDM2,
MMP2 and TP53 were idernified asassociated with NPC, howev#re modest sizeof the

discovery cohortsand no replication studies undermine the significance of the findings
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(Hildesheim and Wang 20)12The HLA locus has been the most consisterdifigacross all
studiesand the &rgest GWAS study also identifiesther potential associations including
TNFRSF19 (Hildesheim and Wang 20)2 A model has been proposed in which
environmentalfactors induce EBV reactivation and DNA damagand act together with
genetic predispositions ®nableEBV to infect epithelial cells wheré& cannot differentiate
and whereconstitutive expressionf @ MP1 induces carcinogenesigectly (Thorley-Lawson
2001, Jia and Qin 201,2Dawson et al. 2092Thus, in contrast to Bell lymphomas, EBV is
thougtt to be the direct cause of the diseaSaah 2009, Young anRickinson 2003 A
treatment with EBVspecific cytotoxic T cells has been proposed, whiclildidgarget viral

proteins involved in tumougenesisncludingEBNAL, LMP 1 and LMP2I(ouis et al. 200).

1.4.3.4 Gastric carcinoma

5 to 10% of aden@arcinomasand 90% of lymphoepithelial carcinoas of the stomachre
characterised bgBYV infection ofthe epitheliumin which latency tyg | or typell genes are
expressedLMP1 expressionis present inconstently andat low levels or,in the case of
adenocarcinomaabsent altogther (Shah andYoung 2004 Delecluse et al. 2007 LMP2
expression can also labsent(Fukayamaet al. 1994 The dsence of LMP1 and EBNA2
expression (both known to be the key orexggs)in latency type | tumours has led to a
hypothesis that other factors, most likely somatic mutations, are the direct cause of cancer
(Fukuyamaet al. 1994. Virtually all cases of GQGare characterised by monoclonal EBV
genomes and thus the virus isotight to epigenetically drive thelteration of global

expression including inactivatiasf tumour suppressoffukuyameet al. 1994.
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1.4.4 Other EBV-associateddisorders

EBV DNA and latency proteins may also play a role in pathogenessmobthmuscle
tumouss in transplant recipien{$liraki et al. 2001 Cohen 2000Delecluse et al. 2007The
virus is also a direct cause dafral hairy leukoplakia in patients withacquired
immunodeficiency syndrome (AIDSpanifesting inbenign lesions of the tongue cad by
Iytic viral infection of thedifferentiatedsquamouspithelial cells(Crawford 2001 Delecluse

et al. 2007.

1.4.5 EBV-related autoimmune diseases

EBV has also been intipated in autoimmune diseasasotably Multiple Sclerosis(MS),
Systemic Lups ErythomatosuéSLE) and Rheumatoid Artiitis (RA). The body of evidence
indicatingan association between EBV amS includes almost universal seropositivity for
the virus in MS patientssimilar latitudinal distributions of IM and MS and strong evidence
that people with MS are more likely to have undergonerilthe past Ramagopalan et al.
201Q Lossius et al. 2002 Some studies suggestattreased MS risk in association with
higher levels of antibodies against tHEBNAs (Ramagopalan et al. 20L0Higher
seropositivity and arMEBV antibodies arealso associatedvith increased risk of SLE
(Lossius et al. 2002 Additionally, theepitope-specificity of theantrEBV anibodies diffes
between balthy individuals and SLE patits (Lossius et al. 2012 Elevated antEBNA
titres are also a feature of RAut do not predate the diseagkossius et al. 2092 Some
studieshavesuggestd that EBV DNA load in peripheral blood mononuclear cells (PBMC)
may be higher in patients withdinically isolated syndromé¢CIS) or relapsingremitting
MS (Ramagopalan et al. 20L¢Higher EBV load has also been demonstrated in RA and SLE

patients(Lossius et al. 2012
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Several theories have been propose@xplain thee associationsRender2011, Ascherio
and Munger 2007 For examplepne asserts thautoimmune response tausedoy cross
reactivity of some 7cells to both EBV antigens arileh o s ¢elfular peptidedor instance
myelin-derived (Pender2011, Yasui et al. 2008van Noort et al. 2000 According to a

variar  of this hypothesi s, | ow e x gnystalirswhiohn

is normally absent in most human tissues leads to its low immune tolerance and can result in

aut oi mmune r e agdtalliroderived gr@m oligedendrodgtes ademyelination

afterCNSinflammation (ucas et al. 2011

Another suggestion is th&BV might promote survivalof autoreactive Bcells that in
immunecompromised patients witppropriate genetic predispositionzovide survival

signals for auteeactve T cells driving autoimmune reactiorfPender2011). Subsequent

epitope spreading in which the immune systam becomes sensitized to myelin and other

CNS antigens released as a result of tissue damage dhemgitial autoreactiverespamse,

hasalsobeenproposed as a possible explanafioncertain features of MS arekperimental

of

autoimmune encephalomyelitis (autoimmune disease induced experimentally in animal

models by exposure to myelin antigefBender 201,1Vanderlugt and Miller 2002Pender
arnd Greer2007, Pender and/olfe 2002). Genetic variation of EBV receptor geng&imon
et al. 2007 or EBV straingBrennan et al. 20)@ndco-infection with EBV and a retrorvirus
in genetically susceptible individualslunch et al. 1998have alsdeen spculated tacause
or increase the risk of MS but no specific mechanism was propasddno evidence

provided

Anothermechanism has been proposed whereby fB&tted Bcells present in activehite
matter MS lesionsecrete EBER transcripts whibimd tol-like receptor 3 (TLR3) displayed
on the surface of dendritic cell$his elicits interferonalpha secretion whicktimulates and

propagats immune responsesxacerbating the inflammatiofbuenemann 2012Tzartos et
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al. 2012 Meier et al. 201p This thewoy does not explain the direct cause of MS however it
suggests how the virus migattivateandmaintainneuroinflammationn MS lesionghat are

already activgTzartos et a012).

A strong epidemiological correlation between IM and MS was the reasoiMvhgs been
proposed as a causal factor for MBh@cker et al. 20Q6_ucas et al. 2011 Because the
number of CD8+ T cells normally declines ageincreasesthe primay CD8+ T cell
deficiency will increaseas each atient ages. This could explaithe agedependen
accumulation of disabilitgeen in MS patient$rolonged high EBV load could lead to €lc
exhaustion, aggravating tf@D8+ T cell deficiency furthe(Pender2011). Alternatively,
inflammation and polyspecific Bell activation acompanyingthe autoimmune response
could themselvebe responsible for features like heghEBV loadin patients This however
does not explaiigh antibodytitres prior to the occurrence @fnautoimmune disease tire

link between IM and MS.

There is evidence #t it isthe IM rather than th&BV infectionalone, whichis asseiated
with malignancies like Hland MS(Hadinoto et al. 2008 Past history of IM increases the
risk of MS twofold (Ramagopalan et al. 200®inceup to 25% of memory B cells can be
wiped out within a weekthis means am extensive commitmeot the immunesystend s
memoryto cellular and viral antigendadinoto et al. 2008 This action could be what is
responsible for thderegulation othe immune system anbe predisposing factor forehM -
associated diseaseSBV would thus be a cefactor rather tharthe primary causeof the

diseasdHadinoto et al. 2008
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1.5 Host geneticsand EBV Infection

There is inherent heterogeneity in EBV infections manifestmogt importantlyin different
levels of viral load in Bcells andthe total number of infected-&ells (Hiraki et al. 2001
Crawford 2001 Straus et al. 199®Dimmock et al. 200/Hsu and Glaser 200@andman
Goddard et al. 20Q9LCLs can vary substantially in the number of viral iegper cel(from

1-2 up to 800 and possibly mor@nd genetic determinants have been suggested as the
underlying causé€Caliskan et al. 201Sugden et al. 1979 However, factors like EBV copy
number can i n turn si gniChayet al.r200B Yher@dpdnsat t host
the hostto EBV infectioncan vary substantially froran asymptomatic subclinical infection

to persistent chronic infectious anonucleosis 10 lymphoproliferative diseaseC¢awford

2001, Straus et al. 199Rubicz et al. @13. This ould be to some extemetermined by
environmental factors such as viral dose, presencthemmalaria parasite or temporary
immuncsuppressionhowever the gayme of the hosalsoplaysa vital role in modulating

the susceptibility and theouse of infection(Rubicz et al. 201)3 Genetic detaninants are
responsible fopredispositions to certalBBV-related diseasgtike NPC, endemic to South

East Asia populationy or EBV-immunity, as seen in individuals Brut on 6 s
agammaglobulinemia, wher® cells do not expresthe CD21 receptor{Goldman 1999
Various risk loci have been identified feiL, NPC,IM and MS Rubicz et al. 2013 Some

of them also affect EBV biology. For instance, genetic variantisedfumaniL-10 gene have
been reported to adulate virushost interactions as they are positively correlated with earlier
oncset of primary EBV infection in childreiCalderwood et al. 20070ther polymorphisms
proximal tolL-10 haveat the same timéeen associated with higher SLE risk in African
Americans alsocertain HLA class | alleleare significantly associated with IM rather than
anasymptomatic infectiomand at the same time HLAmarkers (D6S265 and D6S510) were

associated with EB\positive lymphomasn patients versus contro{(§Villiams et al. 2004
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Cameron et al. 2006Hochberg et al. 2004Hadinoto et al. 2008 There is also some
evidence that heterogeneity inresponstMa s det er mi ned by the host
immune responsdut could also be associated wikte viral dse (Niens et al. 200/Skibola

et al. 2007. The T-cell depletion hypothesis links higher viral dose with a more severe
disease phenotyp@ender2011), consequently iis likely that EBV copy numbeand the
level of expression of key transforming and ogeaic viral transcripts affectellular
phenotype and disease courfhesecouldthemselvede pre-determineddy geneticvariants

that independently appear afisease riskoci for EBV diseasesSome studies of viral
expression in animal models supporisthypothesis(Kieff et al. 2010. In this context, a
global survey of viralcopy number andatency eQTLs integrated with GWAS risk loci
determinedfor EBV-related conditions could proveery informative. Recently, a study
attempting to carry out such amalysisidentified an EBV-specific antrEBNA1 antibody
level QTL in the HLA class Il locugin HLA-DRBl1andHLA-DQBJ) in a panel of over 1300
Mexican American family member&fk(bicz et al. 2013 As previously discussed, higher
EBNA-1 antibody levels ara feature of MS, SLEN addition toNPC and BL(Rubicz et al.
2013. Interestingly HLA-DRB1 expression levetorrelated with artEBNAL expression
leveland theeQTLs overlapped with risk loci for NP@ndHL. One of the top EBNAL1 QTL
SNPs turned out asto be a top significantly associated locus in a Spanish SLE cohort, while
anotherhad been previously associated with NFubicz et al. 2013 Additional human
eQTLs were linked to the ariBNA1 QTL SNPs. Author®of the studyspeculated that
EBNA-1 proteinlevels could be seen as a proxy for EBV viral loadichis regulated byhe
as®ciated genetic determinants responsible for higiek of autoimmune diseases and

tumours(Rubicz et al. 2013

There has been much speculation in the literature oegudbsibility of dferent EBV strains

(not just the two main types distinguished by EBNA2 polymorphisms, but more specific
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substrains with other polymorphismsEBNAL, EBNA2, and LMP1 and some certain lytic
genes, sometimes more restricted geographjcghigtentially exploiing the genetic
susceptibilities inhemt in their host populations apdomotingEBV-associated diseasder
instance chronic lymphocytic leukaemia (polymorphisms in matrix metalloproteinase 9) or
NPC (Hjalgrim et al. 2010Da Silvaet al. 2007 Ikegaya et al. 20Q8hang et al. 2009
However only a few underpowered studies have addressed this issue with inconclusive
evidence so far Studying viral transcripts and proteins offers the key #&o better
understanding of their functions vivo, and thus their relevanceviral biologyand dsease.

So far, evidence suggestisat examining the association betwe#re hostgeneticvariation

and differential viral load or viral protein expressiewel could yield new insights into the
mechaisms of EBV infection bysuggesting thenolecular links betweenellular and viral
pathways.It is now clear that latency genes play important aetiological role ifEBV-
relateddiseasesinddifferentdiseaseutcomesre likely tobe mediated by differd levels of

EBV expression and viral load€Consequently, it would bbeneficialto fully describe the
genetic regulatory effects thatfluencethe hostresponse to infection and determine viral

uptake and activity

1.6 Genetic determinants of gene expsion

1.6.1 Transcript level as mediatorof genetic effects on the phenotype

There is significant variation in transcript expression between individuals and populations
across cell and tissue typ@ooksonet al. 2009Gilad et al. 2008 This includes LCs where

analysis of cell lines established from family trios and monozygotic twins demonstrated
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significant heritability (Cheung et al. 2030 Stranger et al.(2012 investigatedglobal
expressionn 30 Caucasian and 30 Yoruban trios as well as 45 uedel@hinese rad 45
unrelated Japanese and found th@®b6 of expressed transcripts Caucasians and 13% in
Yorubans to have heritability of over Q&nhd between 17% to 29% transcripésisignificant
expression differences between any two populati@tenger et al. 2012 Coding DNA
sequencevariants are transcribedo produce functional RNA such asRNA which is
translated into proteins, rRNA which constitutes part of ribospmesnicroRNAswhich
regulate mRNA degradatiai@ilad et al. 2008Freedman eal. 201). Coding variantslter
the molecular structure of the gene product direethich may influence transcription
efficiency, transcript stability and, ithe variant isnonsynonymous,also affect protein
structureand functionality(Freedman et al2011) This canin turn affectthe expression of
other genes if the altered protein acts as-eepoessor or activatoFor instance mutations to
p53 a master TE caused variation in binding efficiency amchnsactivationof its target
response element(Resnick and Inga 2003 Non-coding variantsaffect DNA elements
controlling genetranscription like promotergnhamrers and other TF binding sites azick
mostly responsible for differences iene expressionlevels Although not altering the
molecular structuredirectly, by altering the levebf transcript and the amount of protein
producedhon-coding variants castill affect the phenotype, for instance through protein level
thresholddependent effect§Gilad et al. 200§reedman et al. 201.1Some ofthe most
striking examples arerovided bythe numeroushaplainsufficiency syndromesike Holt-
Oram syndrome, lymphedendlstichiasis syndrome or Waardenburg syndrome, in which
deleteriousmutations toTFs reduce their expression by approximately 5@ result in

disorder often with pleiotropic effects on the phenotfpeidmanrand Seidmann 2002
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1.6.2 Mapping gene expression as a quantitative trait

Searching for associatidmetweentranscript abundancand genetic variation offe@means

to discove the regulatory effectshatthe genome exerts dhetranscriptomeStudiesof the
geneticof transcriptionadopt the levebf transcript expression as the gtitative phenotype
of interest. @netic variants that are found to influence this phenotgpe hence termed
expression quanttive trait loci (eQTLS. (Damerval et al1994) The regulatory effects of
eQTLs can be broadly grouped into two categories depending on the distance/arighe
from the gene whose transcription it contr@Blad et & 2008. An alternative classification
i's based oabilitythafectth@dxpréssion of singleallele versus bottparental
alleles(Gilad et al. 2008 Cis eQTLs which account for most variability in expressicare
typically located withinl00-500kb of the transcription start site (TSlthough there is no
single consensus on what constitutes a local versus distant intergioksonet al. 2009
Freedman et al. 20L1The majority of cis eQTs are locatedess than 100kb from the target
gen®@s transcribed sequence and (with3@¥ctokas sy mme
eQTLs located within 10kb from TSSyvhile the more distant retpuory loci are fewer and
have a smaller effe¢Cooksonet al. 2009Q/eyrieras et al. 2008A similar cluster of strong
regulatory SNPs is also present immediately betbeetranscription end site (TES) and
decreases rapidly beyond(Weyrieras et al. 2008 Cis eQTLsoften reflectthe effects of
promotes and proximal enhanceend insulatorseQTLs locatd further from the TS$
sometimes on different chromosomes, are termeds-8@7Ls. These may be caused by
polymarphisms affectingranscription factor geneand are thought tbe more frequent yet
less effective than cisQTLs Cooksonret al. 2009 Freednan et al. 2011l However they can
also be located in enhans@nd other regulatory sequences who can act at distance with help
of CTCF and or DNAooping and structuraltering proteins Watson et al. 20Q&hillips

and Corces 2009
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Transcript levels @& mostly determined by the efficiency of transcription, which itgelf
regulated byspecific combinations of TFs and cofactanrsd their affinity to bind specific
motifs within regulatory sequences likeroximal and distal promoterand enhancers
(Veyrieras et al. 2008 Posttranscriptional modifications such a&plicing and transcript
stability play a secondary rolélowever most eQTLsvithin an ORF are locateith exonic
rather than intronic sequences, whiolicatesthat some of thermight alsobe influencing
the stability and degradation rate of mRNAeyrieras et al. 2008 The epigenetic
modifications of histones and CpG methylat@so influence transcriptiothrough altering
the quaternary structure and conformation of the D&l areparticularly important in
control oftissuespecific expressiorMeyrieras et al. 2008 ooksoret al. 2009Wang 2013
Most eQTLs are founth regions of open active chromatin, accessible for TFs and detectable
with DNaseseq and Formaldehyde Assisted IsolationRa&fgulatory Elements technique
(FAIRE) (Wang2013. Thus eQTLs, THinding sites and regions of activate chromatin are
often @-localised (Wang 2013). €ll typespecific regulatory sequences, subjected to
epigenetic silencing, are usually located away ftbm TSS where the DNA modifications

may vary more between the cell tyg®@gang 2013).

1.6.3 Geneticmapping and GWAS

Initially eQTL (and other phenotypitudies were based on linkage aetransmissia of
trait-associated chromosomségments fronparents to offspringand cesegregation of the
trait and transmitted fragment in pedigreaad conducted without the use of genemide
genotypic datgGilad et al. 2008Mackay et al. 2009 This method reliesn the principle of
meiotic recombingon andindependent assortmemthereby closely located genes should be

more fequently cetransmittedand resultin correlation betweera transmitted chromosome
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segment and a phenotyg&ilad et al. 2008)Linkage studieswhile powerful to detect
solitary stronegeffect risk loci causing monogenic Mendelian disordiask the sensitivity to
detect small effects of ewmansmitted risk loci since they cannot separate them from the
Abackground noi seo0 (sharédiisktli amdanvimrengntalefileds ot her
without greatly increasing the required numbers of studied famgeasicularly if the small
effect risk locus iscommon and its transmission difficult to trace in pedigréasidlyak
1997, Hirschhornand Daly 200% Linkage studies havalso seriouslimitations in mappig
resolution(because of large Liblocks shared by related individuakshd as a result have
beenlargelyreplaced bya populationbasedassociatiorepproachthat studiesssociations in
unrelatedindividuals (Gilad et al. 2008. This approachenables tanvestigatecommon risk

loci andis more powerful given he same sample sif8tewat and Cerise2013. It can be
subdivided into &inary casecontrol andquantitativedesign (Bushand Moore 201R The
underlyingargument is that germtype/allele doseorresponds to trait quantityr that the
genotype/allele frequency differenbetween cases and contraisrrespond to the disease
incidence which should provideevidence for statistical associatjamhereas the quantitative
approach (Cardon and Bell 2001Bush and Moore 201 Such studies collect large
unrelated samples from a populatiand havegreaterpower to detect smaéffect common
variantsat higher resolution, particularly when combined witholeegenomeassociation
tesing. Whole genome expression studies can be coupled with gewaeeassays of
genetic variation to give an overall global picture of regulatory effects, improving the
understanding of genend protein function, angathways(Gilad et al. 2008Mackay et al.
2009. By replacing transcript expression as the phenotype of interest with disease status or
some other diseagelated characteristicjt is possible to gain insight into genetic
determinants influencing disease susceptibility and clinical outc&ueh studies, termed

genomewide association studies (GWA8&ave been at the forefront of medical genetics in
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the past decadendidentified novel disease risk loci responsible for a varying fraction of the
disease heritabilitySuch risk loci provide candidzd for further functional investigaticand
might help to understand the causes of the dis&esearch on Inflammatory Bowel Disease
provides a good example of progression from multiple GWAS risk(fagnbering over 100

in 2011)to underlying causal méanism(Dubinsky et al. 2011Khor et al. 2011 This
condition, whichis usually subdivided intohronic Crohn's disease and ulcerative coliis
partly heritable and its risk loci overlap not only between the two types of the disease
mentioned above, Ut also for certain other diseases like RA susceptibility to
Mycobacterium lepraenfection. Pathway analysiglentified that many of genes harbouring
risk loci share a common functionackgroundconverging on cellular pathways responsible
for epithelal barrier and transportfunction, epithelial restitutiongmicrobial defenceand
several othergKhor et al. 2011 Functional studies conducted using cell lines and mouse
modelsindicated that in several casesestigatednutant alleledeador may lea to, among
others, abnormal barrier permeabilgpablingmicrobial incursion,an imbalance between
pro-inflammatory and andinflammatory cytokinesind abrogation of microbial homeostasis
in the intestineresulting in inflammation (Khor et al. 201)L Identification of potential
molecular targets turn lead to the proposal obw anticytokine trerapies for the treatment

of the diseasefor instance withanttTNF antibodies oLactobacilli that produce TNF
specific nanobodieswhich are currently under investigatidkaser et al. 2010 Neurath
2019). Global eQTL scans, when integrated with data provided by GWAS studies, provide
more information on themolecular basis antiology of disease susceptibility linking risk
loci to genes and pathway€ooksonet al. 2009 Freedman et al. 20)11This is particularly
relevant for complex diseases for whithiltiple smalteffect loci causinglifferences in gene
expression could actsahe predisposing factors, rather ttsmgle, highly significant SNPs

directly altering protein structure and functi¢€hoy et al. 2008)Indeed for most complex
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diseaseshe associated variants fadlrgely into noncoding sequenceand consequently a
significant proportionof them should also be expected to influence gene expression
(Freedman et al. 20111t is apparenthat for multifactorial diseases many risk loci are likely
rare variants, which are challenging to detect without large fully seqdeswhortsTo date

1738 GWAS publicationkavediscovered 11,751 SNPs associated with a specific disease or
condition, however most of the findings ladke subsequent functional investigation
necessary to detmine causality andature(GWAS catalogat www.genome.goy accessed

on27.112013.

1.6.4eQTLs in post GWAS analysis

The ultimate aim of establishing causality poses a methodological obstacle as there are no
clear criteria for variants located in ronding sequences, however one of the proposed
initial steps in functionahnnotationof suchdisease risk locio considereQTLsto identify

their potential regulatory effec{greedman et al. 20)1.1Distribution and overlap of potential
eQTLs and risk loci shdd then help to prioritise the lattefor further functional
investigation.n this way a candidate disease risk lo@as be quickly linked to a molecular
phenotype Gilad et al. 2008 Other stepsauld include resequencing and finmapping of
associate@NPs andanalysis ofsurroundingdinkage disequilibrium (LD)locks Combined
studies of methylation, histone modifications and-ablendancecan also help to narrow
down likely functional variantFreedman et al. 20L1There is a body of evidence
suggeting thatmethylation levels of CpG islands are to an extent genetically determined and
such methylation QTLs are associated with histone/chromatin modifications and gene
expressior{may overlap with eQTLs)and also with changes in disease risk (Banogichl

2014). A simple followrup assayould correlate allele genotypes at risk loci wékpression
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levels of corresponding candidate transcsipin heterozygous individualsllele-specific
expression assaysould also be conductelboking at potential dference in expression
betweerthetwo copies of the geng@ilad et al. 2008Freedman et al. 20).1The study could

then be expanded toinclude functional assays for TFbinding, chromatin
immunoprecipitatior(ChlP), electrophoretic mobility shift assgiZMSA) andanimal knock

out models Freedman et al. 201L1Since genes coperate and interact at the protein level
and transcript abundance is sometimes a polygenic trait itself, expréssiorcandidate
eQTL loci could bentegrated withglobalexpressia and protein interaction data in pathway
analysisto identify biologically related networks of genes participatingammoncellular
pathwaysmportant for the disease of interé&lilad et al. 2008Freedman et al. 20L1This

type of analysis has beeione by Cookson et.g[2009)who conducted a cas®ntrol asthma
GWAS in a total sample of over 2000 individuals, and investigated global gene expression in
400 asthmatic children and their healthy siblings. They found a significant asthma risk locus,
whaose genotype, after global expression profiling, correlated with expression levels of a
nearbygene encoding a transmembrane endoplasmic reticulum pré@apmucoid like 3
(ORMDL3). The finding has been since replicatedsaveralother cohortdKnight 2009),

and ORMDL3 became subsequent subject of functional stusliese of which proposed
mechanistic models explaining the disease associatisn and Turvey 201Bliller et al.

2014 CarrerasSureda et al. 201&antereRecasens et al. 20110

1.6.5 Studiesof human and model organism eQTLs

The ability to detect eQTLs is dependent on the strength of their effect and samples size, and
the extent they tend to cluster togethidla¢kay et al. 2000 Oveasll, eQTL studies in both

humans and animal models indieathat trans eQTLs with strong effects on multiple
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transcripts are much less frequent in humans than in other model orgattidaus €t al.
2008 Mackay et al. 2009 Studiesof model organisms, such asabidopsisor yeast
indicate that oftermany loci wth small effectscan cluster together If the eQTLs have
opposite effectsthis can make them difficultto map, especially with lowesolution
genotyping methodsMackay et al. 20009 Typically, transcript expression is correlated and
multiple transcriptswill form co-expression networkslependent on common factors
controlling their levels, which reflecttheir related function angbarticipation in similar

cellularfunctions(Mackay et al. 2009

1.7.LCLs as a modelof EBV-infection

The transforming propeies of EBV have provided a useful tool to study human genetics.

EBV undergoes very efficient Iytic replication in cottbno p t a mdymphocgtéss
(causing lethal lymphoma in vivo). HumaB-cells inoculated with viriorcontaining
tamarine cell culturdB95-8) supernatantonvert toimmortalisedLCLs and grow stably in
suspensiorwith a relatively lowmutation rate of 0.3% offering a reliable means of DNA
storagereadily available for genetic screeni(i@iehl et al. 1978 This advantage has made
LCLs a popular platform in a wde range of molecular experimentircluding many
expression studies. As a resource theycheaper than any primary tissues and are readily
available from a number of cell repositories and biobakksst notably, Coriell Institted s
Cell Repositorieprovided LA.s sourced from multiple wonlgide populationsused in large
scale analysis of genomic variation e HapMap consortiupHapgviap 3 project, and 1000
GenomedProject The InternationaHap Map project was launched as ateinational effort
to provide geomewide maps of at least one millidBNP resolution from different human

populations which could be used in GWASTIHMP 2003). The project genotyped 1,6

57

B



million common SNPsat 5% MAFin 1,184 individuals from 11 populatis (Althschuler
2010).The 1000 Genomes projeaimsto sequencenore thanl000 individualdrom several
distinct populations tsurveyhuman genetic variatioworld-wide, including rare variants

with minor allele frequency{MAF) of down to 0.1% LCLs usedin HapMap and 1000
Genomes projects have subsequently been usexpiessionRNA-seq andGWAS studies

as well as functional studies conducted under the auspictte &NCyclopedia Of DNA
Elements (ENCODE) Proje¢bunham et al. 2012). ENCODE & intenational consortium

of scientists working to identify all functional elements in the human gen@amstiding

genes, promoters, enhancers, repressors/silencers, exons, origins of replication, sites of
replication termination, transcription factor bindingites, methylation sites,
deoxyribonuclease | (DNase 1) hypersensitive sites, chromatin modifications and multispecies
conservedsequences)sing high throughput molecular technigBsinham et al. 201,2The

ENCODE Project Consortiun

Studies in LCLs areanetheless prone to a number of important limitations and confounders.
Primarily, B-lymphocytes do niofaithfully reflect the biology of other tissue types and
therefore might not be an adequate modeltigsuespecific expressionn many complex
disease®f nonlymphatic origin Moreover, because they are derived frorsells and due

to EBVOs pl ei ot r otheegpressiengpuofile of €0CLy doesfndt alwdys ,
ideally reflect that of other lymphocytesee Figurel7 (reproduced fromCaliskan etal.

2011)
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PCA of Gene Expression Profiles
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This is why recent projects, such @enotypeTissue Expression rubhy the US National
Institutes of Health Common Fund, focus on multiple prinwal linesto take into account
tissuespecific expressior{Lonsdale et al. 2013)Additionally, after a certain period of
culture growth, LCLs reach a stagewhichthey become highly prone to aneuploidies and
somatic mutations. Therefopgimary stocks must routinely be subjected to crycergatio
after each thaw or passage; the céléxzome discordant upon reachid@-50 or more
passageéViohr 2010) Other nongenetic factors and camiinders like baseline growteBV
titre used for inoculationEBV copy number andhdividual response to BV infection are

also likely to affect the LCLs and should be taken into acc(imby et al. 2008)

Paradoxically sone of these limitations become an advantage when LCLs are used
specifically to model naive B-cells activatedby EBV. Although their ¢pbal expression
profile may differ from many other tissues dueEBV infection, for the very same reason it

should faithfully reflecthe earliest stages of infection avidal latency Ill in naive Bcells
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1.8. Previous work and rationale for the thesis

1.8.1 LMP1 effects on human expression in hypoxia study

As previously discussed, EBV interacts with host genome and proteome altering cellular
pathways and gene expression in multiple waksstudy ofglobal hypoxia response eQTLs

in a panel of Yoruban Hapap LCLs measured the levels thfe viral LMP1 oncayene in

order to regress out itffect as a potential confound@ohr 2010) This is becauseMP1
affectsgene expressioglobally andhas been reported tgo-regulate the levels of pppxia
inducible facor l-alpha (HIF-1a) in lymphoblastoidas well as nasopharyngeal epithelial
(EBV negative) cell linesn vitro, consequenthactivating HIFresponsive gene@Vakisaka

et al. 2004Mohr 2010. HIF is a master TEhatregulates glycolytic enzymes responsifae

ATP production undetow oxygen conditions an@ global regulator of monocyte and
neutrophil immune response in hypoxic inflammatory environmé&nkérnagel et al. 2007

It has been proposed that LMBlassociated with increasétlF-1 expressiorasit prevents

its degradation(Zinkernagel et al. 200Benders et al. 200Ritagawa et al2013. This in

vitro effect was however not replicated in NPC tissaled has been recently questioned
(Bedners 200Chiang et al. 2003 butat the samea similar sabilising effect of EBNAs has
been reportedMorinet et al. 2013 If the LMP1 effect igeal, it could potentially become a
serious confounding factor altering global expression and therefore it had to be adopted as a

covariatein the hypoxia study

The dudy showed thattMP1 levels affect transcription in58 HapMap LCLs from the
Yoruban panelMohr 2010) Covariate regression (usirap additive linear modeklith 5
known covariates includingMP1 transcriptlevel), indicated tht 6% of probesunder

hypoxig and 7% under normoxi@llumina HumanWG6 Expression BeadChips (v3.0)
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were associated withMP1 levels(Mohr 2010) These probes corresponded to 154 genes
(1.7% total).However, it als became evident that the level of the viral oncoprotein, crucial
to the course of viral infection, could itself be affecteyl hostgenetic determinantsin
associationclose tothe nominal genomavide significance of 5*18, was foundunder
normoxic conditionsbetween theLMP1 transcriptand aspecific host SNRrs191323,
chromosome 3located in an intergenic region betwe@MYA1(cardiomyopathy associated
1) andCX3CR1(chemokine ©X3-X motif receptor 1YMohr 2010) TheSNPis in linkage
disequilibrium(LD) with other neighbouringNPs, some of which could becatedwithin

cis regulatory elemenisnd affecttranscription loelly. Expression levels of proximgenes
were not investigated, however the reported SNP was shown to be associatetRiN#h
abundance ofPPPDE1 (chromosome 1)i an indication of a possiblérans effect
Additionally, a GWA test for the difference in LMPL1 levels between hypoxia and normoxia,
yielded a significant R-value of 8.6*10'% candidateon chromosome 19 (rs2866464),
proximal to C19orf27 a gene reported to be involved in response to thep8 virus X
protein(Mohr 2010) In summary, he Mohr study confirmed some of the theories on human
EBV interactions found in the literature. dtearly suggested thaenetic determinants can
affect theabundance ofiral latency genesnd identified putative regulatory variants for

further investigation

1.8.2Rationale

EBV biology is complex and tightly intertwined with humancé&ll development and
multiple cellular signalling pathwayd§.here isconsistentevidence that viral copy number
and viraltranscript levels can exert a quantitative effect on gene expression in infected B

cells (Choyet al. 2008viohr 201QCaliskan et al. 20)10n the other hand, human genetic
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variation may affect the course of EBV latent infection through moderation opta&e and
survival of the virus. This is reflected inthe variable percentage of infectedc8lls in
different individuals(Thorely-Lawson2001) and by differing viral copy number or the level

of viral transcripts and protein€éliskan et al. 201Rubiz et al. 2013Viohr 201QChoyet

al. 2009. The numerous interactions of viral proteins with human reguldibgthat exert
pleiotropic effects on gene expression, point to the possibility that transcription of viral genes
and EBV persistence in-8ells @s represented by the viral copy number per cell) is subjected
to the regulatory influence of humagenetic variation Genetic variants may affect the
expression, transcript stability, or functionality and structure of the cellular machiredry

the virusutilises to its own advantage. There is direct evidence to support this claim, and
previous work conducted at the Wellcome Trust Centre for Human Genetics provided
preliminary data that justified a larger study by revealing associations between expression

levels of a key viral oncogenic transcript and human genetic vari&extion 1.8.1

To date, studies in this fieldave investigated only a single correlation or a single viral
guantitative trait at a time. Consequentlyresearchstudy that would further address the
issue of genetic detminants of EBV infection andxplore the findings of th&lohr study
would be a valuable contribution to the literature. This is especially im thebroader
context of EBV latencyvhich would encompagse latencytranscripts as well as global host
expressionDue to the numerous contributions of EBV latency proteins to human disease,
suchwork could prove informative, reveabrel regulatory mechanisms, shed more ligit

viral-host interactionand potentially idicate risk loci that increase disease susceptibility.

Therefore theaim of this projectis to investigatethe consequences d¢fuman genetic

diversityfor the activity of EBVin LCLs.
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1.8.3Hypothesis

The undelying assumption of this thesis that SNPdifferences can, through multiple
regulatory mechanisms, affect viral gene expression and copy number retention just as they
affect the expression of human genes and contribute teimterdual and intepopulation
phenotypic differences. Such effecte aneasurable through mRNA and DNantification
methods and the currestudywill aim to validate this hypothesis using a cohort of LCLs
from several hundred individuals and investigating all the EB®ncytranscriptsand copy

number in search of patgal regulatory loci which could then be subject to further research.

The current study will quantify the viral phenotypes of interest acrosdspaineuman LCLs

and identify and map their genetic determinants through association tests. Candidate
assocations obtained from this analysis will be subsequently prioritised by the strength of
association, funabin and relevance to EBV biolog¥hen, the results will bategrated with
human expression data to search for SNPs that show regulatory effecfgessmn of both

EBV and human transcripts and as such, mighicate viral-host interactions and their
function. The topeQTLs for both human and viral expression, will be subjected to a
replication followup in naiveand stimulated EBells as well asewly transformed LCLs

derived from the same individuals

EBV has been linked to multiple human disorders due to oncogenic, gpoartioting
properties of its latency proteins which hijack innate pathways responsible -éeil B
maturation and modify them tnsure long term viral persestce and replicatiorCfawford

2001 Hiraki et al. 200). It therefore follows that any genetic variant influencing
transcription and transcript levels of EBV latency proteins, particularly its key oncoproteins,
might potentidly be a risk factor in EBWelated diseases and thus provides a subject for

further investigation.
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19.Pr oj eimst 6 s a

Aim 1: To validate the association o MP1 with rs1913243

The first aim of the project ® validate thd.MP1 eQTL (rs1913243from the Mohr study
by investigating possible regubry effect that the candidate eQTL, or any of the
neighbouring SNPs in high LD, could exerttte transcription levels afeighbouring genes
This will encompass assaying the sapamel of Yoruban HapMap LCL®r expression of
chosen transcripts by gPCRJlowed by regional association tegj. Candidate transcripts
will be seled¢ed on their proximity angbotential to interact with noteins of EBV or other

viruses

Aim 2: To mapthe expression ofEBV Latency genes as quantitative traits

Beyond the analysis of LMPAQTL, all the viral genes expressed in fatencymodes will

be quantified.eQTL mappingfor each of thdatency transcriptsvill be carriedout using
cDNA from two different set®f LCLs. the 58 Youban HapMap cell lines from the hypoxia
study, and352 British cell lines from a global eQTL studRC-A) (Moffat et al. 2007
Appendix Table A3} In the latter, dferences in viral gene expression will lzssociged with
human genetic markers andettutcome will be subsequently compatedhegenomewide
humanexpressionn the same LCL sample3he aim of this comparison will de identify
pairwise associations linking one SNP to both EBV latency transcripts and human transcripts
The same comparisowill also be made for eQTLs from public databas&CAN, Genevar

and GTEx.Candidate eQTLswill then be prioritised depending on the strengththe

associationpresence of a distinct, continuoassociation peak and the overlagh human
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transcripteQTLs. If successful, specific interactiofetween the viral and host proteind|

subsequentlpereplicated in an independent experiment

As an extension of the latency eQTL asghg, same method will be applied to public EBV
expression dataEBV trarscript expression data will be sourced from onliR&NA-seq
experiment databasesd used for GWA testSpecifically, 5 RNA-seq studies in which
EBV transcripts have been quantifiadl provide the phenotype datar the purpose of the
current projec{Arvey et al. 201p All of these RNAseq experiments @ve conducted using

HapMap LCLs.

Aim 3: To map EBV copy number as a quantitative trait

The next aim of the project will be to quantify ERdpy numbercrossa laige panebf over
four hundred_CLs from the 1000 Genomes projeé target EBV geamic sequence wilbe
amplified by gPCRand copy number wilthen be determined using a standard curve
calibrated with serial dilutions of genomic DNA from a lphodastoid cell line such as
Namalwa or Raji, which contain a fixed number of integrated viral copies per cell
(MacMahon et al. 199Dehee et al. 2001 The relative copy number withen be used as a

phenotypic trait ira genomevide association test.

An extension of the experiment will involve mappingavicopy number QTLs across a panel
of HapMap cell linesor whichtherelativeEBV copy numbehas already been quantified by

gPCR(Choy et al. 2008)

Aim 4: To perform an integrated analysis in order to determine the significance of

results acrossall cohorts

In order to understand the significance tbhé observed eQT& and their relationship to

reported disease associatiomQTL findings will be integratedwith literature data and
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reported GWAS associations (especially EBNated) and prioritised base& on their

statistical and biological significan@es well ageplication in more than one cohort.

Viral expression and copy number experimetwsducted using different cohongll be
subjected tca metaanalysis using GWAMA, a statistical tool develdpat the Wellcome
Trust Centre for Human Geneti@gagi and Morris 2010)The aim of the metanalysis will
be to compare the strength and the directionidéntified regulatory effects across all

available cohorts.

Additionally, correlation tests betwedfBV transcript expression levels and copy number
will be conducted fom subset of HapMap LCLs for which boffhenotypesare available.
The same correlation test will also be conducted to check whether EBV transcript levels

correlate with human transcrilgtvelsin the MRC-A cohort

Aim 5: To follow up and validate the most significant identified eQTL

The final aim will be to follow up and replicatkee top associations from tHdRC-A cohort
in primary human B cedland to generate LCLs from the samaividuals in order to define

functional effects of specific genetic variants.
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2. Materials and Methods

2.1 Samples

This thesis studied a numbédrdifferent LCL samples (Table)6

Cohort ID Source/Population  Aim of study  Publication Individuals Available
for test
HapMap / YRI Latency eQTLs Mohr 2010 58 58
HapMap / YRI, CEP} Latency eQTLs Arvey et al. 2012 67 YRI 134 (67 +
67)

Cheung et al. 2010 67 CEPH
Pickerell et al. 2010

Montgomery et al. 2010

Public data
British nuclear Latency eQTLs Moffat et al. 2007 352 277
families (asthma
probands and sibs)
1000 Genomes / Copy number Abecasis et al. 2012 414 287
British, Finnish,
Iberian, Italian
HapMap / YRI, CEPt Copy number Choy et al. 2008 87 CEPH 172 (87 +
85
Public data 85 YRI )

(45 JPTmeta-analysis
only)

Table6i Summary of the LCL cohorts and populations teste
alternate name of each cohort adopted f oorigintohtee pur pos
samples and the ethnicity oévious btediesdcondurtedsusing fiefevabt! i cat i o
sampleset The t ot al number of samplhdviualdon fa egidveM heoliomtal

the actual nmber of samples available for testig@ter QQ in the current study.
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The LCLs were used to generate genomic DNA RN for analysis. In addition to the data
provided by the current work, previously generaggeshe expressiorfdr both human and

EBV) and EBV copy number data was usedthe study. This is specified separatéy
different cohortsas follows LCLs were generated by the HapMap and 1000 Genomes
Projects (cell lines and purified genomic DNA sourced from the Coriell Institute Cell
Repository) and the MREA study (kindly provided by Professor William Cookson) (Moffatt
2007). EBV expression and copy number data from experiments by Choy et al. (2008)
(indicated inTable6 by @ Ch o yand RNAbeq studieslbypGheung et al. 2012 et al.
(2010), Pickerell et al. (2010) and Montgomery et al. (2010) was also used in the project

(indicated by RNAseq ID inTable6).

2.1.1. Hypoxia study HapMap samples

cDNA and RNAderived fromYorubanLCLs grown for theMohr study(Mohr 2010)was

used for LMPlcandidateeQTL validation and initial EBV latency eQTL mappinbhese

LCLs had been grown twice, in two independent experimdiis.LCLs were sourced from

58 unrelated Yoruban individuals (HapMap Consortium) provide@loyr i e | | l nstitu

Repositoris andrepresented", 39 and 4" passagesf culture

2.1.2. MRCGA

RNA was sourced froB52 LCLs derived fromsib pairgMoffat et al. 2003. TheMRGCA cohort
consisted of nudar families of British origiwith at least one child diagnes with asthna in each
family (Moffat et al. 2007Liang et al. 2013 All sibshad been genotyped usinglumina Sentrix

HumanHap300 BeadChip (ILMN300K) or lllumina Sentrix Hurrlasenotyping BeadChip
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(ILMN100K), or both anda subset wasubsequently imputed for Hapap Phase 3 genotypes
(Liang et al. 201)3Globalgene expression (approximatehdk transcriptshad been assayed across
the whole cohortusing Affymetrix HGU133 Plus 2.0 chipsL{ang et al. 2018 HapMap
Phase 3MACH-imputed genotypesiad beenkindly provided togetherwith the global

expression dathy Professor CooksoMRC-A samples were used to map viral eQTLs.

2.1.3 1000 Genomes

Genomic DNA was sourced from 414 LClshippedf r om t he Cori el |
Repositories. The samples belonged to 1080 Genomes Project Human Variation Panel
and included 100 Finnish (Catalog IDIGP00003), 100 British from Bgland and Scotland
(MGP0O0003, 114 ltalians from Toscany (MGP00007) and 100 Iberian individuals
(MGPO00010) The gDNA has been quantitated and normalised to a otvatien of 100ng/ul
using Qubit® 2.0 Fluoromete (Life Technologies) It was subsequently used in a copy

number assay aimed to determihe EBV load in each individual LCL.

2.1.4 Namalwa LCL

Genomic DNA fromaBur ki t t & scelllligerwgthh2antegratedcopies ofthe EBV
genome per cellvasobtaired from Public Health England (Catalog numt&#060801) The
gDNA concentrationhad been normalised to 100ng{iNanodrop) The NamalwagDNA
serial dilutions weraused toconstruct a standard curve for the EBMative copy number

assay.
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2.1.5 Oxford Bidbank

Healthy volunteers of European ancestry were recalledplegific genotype from Oxford

BioBank for tre two most significant SNPs which showeddence of both EBV and Human

eQTL. Individuals were selected to includetlo major and minor allele homygotes and
heterozygotes for the informative SNPs. In total 39 volunteers with specific genotypes were
recruited. These individuals provided blood ftre purification of B cells andthe
establishment of LCLs (methods detailed in section 2.8). Whole blaxgles from each

indi vidual were shipped in ACD tubes to Pu
Genetic Support Services in Porton Down, Wiltshik€) to be transformed with EBV and

grown into LCLs. FrozenLCL culture samples were taken at 4 differdimhe points

throughout the outgrowtland cell pellets shipped back for RNA extraction andHTIR.

This was done to compare gene expression at different time points.

2.2 RNAwork (Oxford Biobank and MRC-A samples)

2.2.1 RNA Isolation

Qiagen RNeasy kits eve used for RNA extractiofrom the purified B-cells from the

Biobank sampleaccordingtdthema nuf act ur er 6 s g ui dsespandeés . Fro
RNA buffer were thawe@nd homogenised on ice by pipetting repeatedly. Lysate was then
applied to Reasy mini columns in 2 ml collection tubes and subjected to RNA extraction.
Briefly, ethanol was applied to allow binding of RNA to the columns and three washes were
carried out befor&NA was eluted into Eppendorf collection tubes walul of RNasdree

waterandquantified with NanoDrop 1000 Spectrophotometer (Thermo 8gn
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2.2.2 Reverse TranscriptionRT) PCR

The Oxford Biobank and tHdRC-A RNA samples were converted into cDNA for quantitative
PCR. The Invitrogen Superscript Il Reverse Transasg reaction kit (Catalog number
18080085 was used for cDNA synthesis together with random hexani¢8980127
Invitrogen) and Ribonuclease H fronk. coli (AM2293 Invitrogen. Briefly, the initial
reaction mixture of 1ul of RNA, 1ul of 50uM random hexaspdul 10mMof dNTP mix, and

10ul of RNAse free water was heated at@%or 5 minutes (to denature RNA), centrifuged
and, after inclusion of 4uf 5X First Strand Buffer, 1ul of 0.1 M DTT, 1ul of RNAse OUT (40
U/ul) and 1ul of Superscript Il RT (200 W}, incubated at 5@ for 50 minutes to achieve

first comgementary cDNA strand synthesithen at 83C for 5 minutes(to stop the RT
enzyme@. Finally, the RNA strand was degraded by adding 1ul of Rnase H (2U/ul) and heating
the mixture for 20 minutes 87°C. An MJ Research PTC240 Tetrad 2 thermal cycler was used
for cDNA amplification Reactions were performed in -@&ll plates, and all reaction
components werbandled on ice. RNA and Superscript Il enzyme were added at the end of
each reaction. cDNAasnples obtained were subsequeritezed andstored at-25°C as
stocks Additionally, 10ul of each sample was removed and dildt@dimes with RNasé&ee

water to provide working solutions ready fePGR amplification.

2.3 Quantitative PCR (gPCR)

Prime pairs targeting eleven EBV latency transcripts were sourced from the literature, from
previously conducted experimer{2an et al. 2006 Lindsey et al. 2009 Bell et al. 2006 Kelly
et al. 2006)Primer specificity was subsequently tested across a raraggnehling/extension

temperatures (530°C) using atMJ Research PTC240 Tetrad 2 thermal cycler.
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2.3.1. SYBR Green Quantitative Real Time PCR

SYBR Green gPCR method was used to quantify the latency gene transcripts in the sibling
panelfrom the MRC-A cohort It relies on a chemical dye that emits fluorescent green light
when bound to doublstranded nucleic acids. Levels of fluorescence are proportional to the
levels of the target transcript amplified by the primers. As recommended by the
manuf act watiens, 6.85ul bfiE $YBR Green Supermix (2x concentration, which
includesTaq polymerase, SYBR fluorescent dye, fluorescein, MgCI2, dNTPs and stabilisers;
Catalog number 178880) was mixed with 1ul of primers, 1ul of cDNA template and 4.25ul
of RNAse fee water to make up 12.5utal volumereactions, which were then run on the
CFX BioRad cyclerReactions were performed in-9&ll plates, and all reaction components
were handled on ice. BiBad adhesive transparent seals (Microseal B, adhesive, loptica
Catalog number MSB001) were applied and the plates centrifuge80®rpm for 1 minute
before eachrun. The cycler was set to SYBR Green | ,d¢8ul reaction volumeand the
cycling conditions were: 9& for 8 minutes to activate the polymerase enzyoimwed by 40
cycles at 95C for 10 seconds (to denature the strands) and 20 secondaff@Oannealing

and strand extensignjollowed by 20 seconds at M2 Melting curve analysis was also
performed at the end of each plate run to check forspegific amplification. The conditions
were 10 seconds at 95, 5 seconds at 8& and 5 seconds 86°C. For all latency transcripts
reactionswere conducted in duplicates. Raw Ct values were calculatedkdathedusing
Bio-Rad CFX software (v2.0). Werever the standard deviation (SD) exceeded répeat
reactions were conducted in triplicates. The two most similar replicate values were retained (if
SD was below 1). All Ct values were then averaged and normadiseardingto two
riboproteinhousekeeperamnes adopted for the assay (whichrenalso run in duplicates on each

same plate).
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2.3.2 TagMan Quantitative Real Time PCR

TagMan gPCR assays were performed using the Applied Biosystems ABI7900 machine in
the &tandard mode. Prelesigned assays were useith Applied Biosystems TAMRA
fluorescentprobes. To determine EBV copy number in the 1000 Genomes Human Variation
panel samples, a relative copy number quantification was performed usingREBYene
(Applied Biosystems catalog number: 4331182, assag ¢aD3453399 sl1) and RNase P
(Applied Biosystems, Catalog number 4316831) TagMan assays. 20ul reactions were
prepared including 1ul of gerspecific 20x TagMan Gene Expression assay, 1ul of sample
gDNA solution, 10ubf 2xTagMan Universal PCR Master Mix @8ul of RNAse free water.

The cycling conditions were set to 50f@ 2 minutes, 95°Gor 10 mnutes, followed by 40
cycles at95°Cfor 15 seconds and 6096Gr 1 minute. Also the Namalwa cell line was used to
estimate the absate concentration / copy ndrar of EBV. Since the Namalwa gDNA has
been normalised to a uniform concentration of 100 ng/ul and each Namalwa cell contains 2
copies of EBVhaploid genomantegrated into thecellular genome, it wa possible to
ascertain the unknown DNA concentration amgby number in ta 1000 Genomes Project
samples Whose concentration has also been normalised to 100).ng/boké required
information was estimated from a standard curve constructed using serial dilutiotise of
Namalwa DNA. Copy number concentratimasinferred by dividng the weight of DNA by

6.6 pg (vhich is the weight of a diploid cellular genomReactions were set using Applied
BiosystemsMicroAmp® Fast Optical 98Vell Reaction Plate (Catalog number 4346906)
sealed with Applied Biosystem#licroAmp® Optical Adhesive film Catalog number

4360954) Plates and all reaction components were handled on ice.

Expression of the following geneflanking the previously identified LMP1 eQTL (Mohr

2010 was quantified using custom TagMan prob€d1YAL (XIRP1) (ABI assay code
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Hs01589203 _m1) CX3CR1 (ABI code Hs01922583 s1) WDR48 (ABI code
Hs00368247 _m1andCCR8(ABI code Hs00174764 _m1). Retvere normalised tQAZ1
(ABI code Hs00427923_m1), the housekeeping gehieh wasused in the original study.
TagMan Rst Universal PCR Mastévlix (Catalog number 4352042yas used, and the

ABI7900 machine run in thé&asbmode with reaction volumes reduced to 10ul.

2.4 Housekeeper Assay

Transcript quantification has to overcome the caveat of differing starting awioRMA that

in turn affects the levels of measured transcript, differential polymerase efficiency as well as
inter-individual or tissuespecific variability in gene expression. Accurate normalisation is
therefore necessary to compare expression in differdividuals (Vandersompe002 Pfaffl

2004. The amount of transcript can be standardised to the number of cells the RNA was
extracted from, or the total RNA mass, however internal control genes are the most frequent
method applied in expression normation (Vandersompe002. These are genes thought to

be stably expressed across different individuals, tissue types and conditions 2604ifl
However, evidence froniiterature indicates that there is certain inherent variation and
sometimes housek&per genesnay not be stably expressed, therefcnedking their stability

prior to anexperiment as well as normalisation to multiple housekeeper genes have both been
recommended to ensure a better quantification of target transcripts (Vanders@ofzle

Pfaffl 2004).

2.4.1 BestKeeper
In order to select stable housekeepers suitable for internal normalisation of the Ct values
obtained by assaying tihMRC-A samples for latent EBV expression, BestKeeper and geNorm

programmes have been used. BestKeepeMimsoft Office Excel based tool developed by
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Pfaffl et al (2004) and designed to investigate expression stability of multiple (up to ten)
housekeeper genes at one time and across independent technical and biological replicates. The
input for Bestkeepeis the threshold cyclesGt) or crossing point§CP) averaged for each
sample across all replicate€t units are usually normally distributed and usage of Ct units is
comparable with a logarithmic data transformation and enables parametric stagstedbt

be used (Pfafff004. From this data standard descriptive statistics are calculated including
SD and a coefficient of variance. Genes with high SD exceeding 1 are eliminated from
further analysisThe software then calculates and relies on atimcalled the BestKeeper

Index which is a geometric mean thie averageCt (or CP) valuesof all housekeeper gen

which are put to test, ansl given by the formula:

za CP1 xCP2 xCP3 x........ x CP2

Descriptive statistics for the BestKeeper inde& also calculated. The programme then takes

al | of the input housekeeper genesd average
between each two and between each gene and the combined BestKeeper index, calculating the
P-value and the Pearson calation coefficient ). The relation of each gene and its
contribution to the index is given by the correlation coefficieftand the coefficient of
determination1®). This determines which of the contributing genes correlate most strongly

with the irdex (and with each other). Genes whose expression is highly correlated (>0.9) and
which produce a consistent BestKeeper Index are then retained for the normalisation of other
target genes Ct values. Alternatively, the BestKeeper IlnideX can be used aa stable

standardising index.
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2.4.2 geNorm

A similar Excelbased tool developed Bjandesompelet al. (2002 also accepts Ct values

as input and assumes that ideal housekeepers have always the same stable ratio of expression
levels, regardless of othdactors. For each tested candidate gene, geNorm computes a
statistic called thenternal control gene stability measuid. First, pairwise variability is
calculated. For each twgene combination @ndk), an array of logarithmically transformed
expressin ratios & and ak) is established.Log-transformed ratios follow a normal
distribution canteredon zero and take on equal absolute values with opposite signs for any
specific ratio and its invers&é&ndesompele et al. 200X he length of the array depas on

the numberr) of samples or replicates:

\ ik

The stability measureM is calculated as the arithmetic mean of SDs of all arridmat
combinea particular gene with all other control genes. Genes with the Idweatues have

the most stable expressioThis ranks the genes according to the expression stability and
stepwise exclusionf housekeepers with highelst value is carried out until the two most

stable remain within the indeX¥&ndesompele et al. 2002

2.5. eQTL Mapping
eQTL analysis is a posvful approach to evaluate regulatory genetic variants by finding
correlations between gene expression and genotypes. With the advance-tbirdughput

technologies, large datasets make eQTL analysis technically challenging. Themeltgie
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approacheso eQTL studieshowever most involve multiplendependent association tefbs
each transcripBNP pair, using linear regression and ANOVA models (PLINK) and-hoear

methods such as mixed linear models and Bayessian regression (Sk@balin

2.51 Plink

PLINK (Purcellet al. 2007) was used to map EBWal copy number and latency eQTLs in all
cohorts composed of unrelated individuals. Plink is a C/C++ statistical GWAS tool set
designed to work with higthroughput data (such as genotype files aimimg hundreds of
thousands of genotyped markers in thousands of individaatstapable of finding SNPs that
correlate with the amount of transcriftrough association tests for quantitative traits
employing a standard linear regression of phenotypallete dosage. Plink relies on *.ped
files (containing information about individuals and their genotypes as well as phenotypes,
which can also be specified in a separate *.pheno file) and *.map files (with information on
the chromosomal location of allelgenotyped SNP$) formats widely employed in GWAS.

To comply with Plink input format specifications, expression and viral copy number
phenotypic values have been used in a separate *.pheno file, while genotypes for all individuals
from HapMap and 1000 Gemes panels have been downloaded as *.ped and *.map files, and
* vcf files respectively, from the HapMap and 1000 Genomes project weh&i&sools were
subsequently used to convert tleevantfiles into *.ped and *.map format. All files were
transforned into binary files in PLINKNn order toshorten the time necessdoy association

testing.

PLINK tests quantitative traits for association using linear regression and asymptotic
significanceP-values (Wald test) (Holmet al. 2010 Purcell et al. 200J. Wald test is a

popular estof linear restrictions on the coefficients of the standiaehr regression (Let al.
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1985. Originally, theW statistic had a quadratic form containing the estimatfamation
matrix and the linear restrictions (let al. 1989. The command-assoc was used to carry out
the association test twice, with 0.01 and 0.05 minor allele frequencythite=holdsto reduce
false positive findingsWhen presented with a quantitative phenotype like copy number or
transcript level(providedin a *.ped or *.pheno file)the --assoc command computes and
produces regression statistics and Wald test results and saves thenplintogassodile.

This is equivalento a2 degree®f freedom genotypic association test.

*.qassoc files were used to obtain global association Manhattan plots with a short script
written in R. The SNP and the-vRlue column data was also used to construct local
association plots for the @st significant association peaks obserusthg an online tool
LocusZoom. For the most interesting associations, relevant genotypes of all tested individuals
were sourced from the *.ped file to construct box plots showing changes in gene expression

andtheir direction dependent on the genotype

2.5.2 Merlin-offline

To test theMIRC-A family cohort composed mostly of sib pairs with HapMap PhaddGH-
imputed genotypes, a different approach was employ#CH is a Markov Chain based
haplotyper able to infemissing genotypes in samples of unrelated individuals created by
Yun Li and Goncalo Abecasidtfp://www.sph.umich.edu/csg/abecasis/MACH/index.html
Merlin-offline was used because of its ability to both work with imputed genotype files and
perform famiyy based association test$e current version is a prelease Merlin-offline is

an undocumented programme created Ymn Li and Goncalo Abecasiand distributed
together with the statistical computer softwdd&RLIN created by Yun Li et al. (2010)

Merlin-offline can work withMach/MiniMac and other imputed genotype files once they are
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converted to MERLIN *.ped, *.dat, *.fam and *.map format. Mewifline can work with

fully genotyped cohorts, however it can also estimate missing genotypespusivadlistic
LanderGreen or Elstoibtewart (for large pedigrees with over 15 individuals per family)
algorithms Chen and Abecasis 2006 Merlin-offline then evaluates genomade
associations for quantitative traits on the imputed dosage scores under are adddel
through a Mixed Linear Model score test that incorporates an expectpdespecified
identity-by-descent (IBD) kinship matrix@mpert 2011Benyamin et al. 20QMartin et al.

2011, Chen and Abecasis 2006The score test is normally specifitdy MERL-I NGO s
FastAssoc function. Alternatively, a likelihowodtio test {-assoc functioncan be applied,
however the authors recommend the score test
large numbersof maekr s 0 | i ke i n GyeSkelihootiratib test fora ma@e v i n
accurate analysis of smaller marker sets typical of regional association tests irujodl@md
replication experiments (MERLIN Tutorial website). Since the experimental cohort included
over 300 individuals in smalbedigrees and over 2 million markers, the two tests should,
according to authors, produce very similar results (MERLIN Tutorial website). Consequently,
the faster score test was applied. Télevant HapMap Phase 3 imputed genotypes and family
information files were obtained from collaborators in the MERdbimpatible format.
Association test results were saved imerlinfastassoahr*.tbl files with the following

fields: Marker / Allele / Effect / H2 / LOD P-value As with PLINK, the Marker an®-value

data was subsequently used to construct global and regional association plots.

2.5.3 Matrix eQTL
To analyse the expression data from the RI4 experiments that used Caucasian and
Yoruban HapMap samples, Matrix eQTL programme was used. Matrix eQfhke ifficial

statistical eQTL analysis software of the Genotyjmsue Expression project (GTEX) project

79



that aims to construct fia public atlas of ge
t i ssues 02012 Samsaldlezet alR013 GTExPorta). The reason for this was the large
phenotype set containing expression valiges33 EBV lytic and latency transcripts. Matrix

eQTL has an inbuilt feature allowing it to carry out a principal components analysis (PCA) of

the multiplephenotypes, ahthenapply a chosen number pifincipal components as covariates

in the association tegin order to control for confounding by population structure or technical
variation) The software performs linear regression (least squares) analysis using the specified

set of covariates and calculatasttest statistic for every transcript and SNP, and then, to
makethe analysis faster, computBsvalug only for the test statistics that exceed a certain

significance threshold, specified by the user (Shal24lik?).

2.6 eQTL data integration

In order to prioritise association findings and discover possible functional links to human
cellular pathways, public human eQTL databases were searched for those eQTLs that overlap
with EBV QTLs spatially within a 200kb windovBefore mining public study data and in

order to obtain additional SNPs remaining in high LD with those already genotyped and
tested, an LEbased proxysearch was carrieaut using an online tool, SNA&vailable at the
Broad I nstitut erbthreshold b.8, idistance (insitt5@0naddalo0d Genomes
Pilot 1 settings applied)eQTL databases sehaed included SCAN, Genevar, GTEkhe

eQTL Browser (Pickerell et al. 2018nhd seeQTL (Xia et al. 2011).

2.7 GWAMA
Metaanalysis combining identical phenpss across multiple cohorts used in the study was
conducted using GenorWide AssociatiorMeta-Analysis(GWAMA), a statistical software

developed at the Wellcome Trust Centre for Human Genéfiagi(@andMorris 2010. Fixed
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effect analysigwhich assumeshat alleles of a SNP have the same effect on a quantitative
trait in each tested populationsas performed for EBV transcriphenotypes and EBV copy
number. GWAMA accepts PUNK format output files using thesummary statisticsot
perform metanalysis. Ithecks the alignment dhe genotyped SNPs onto same reference
strand. Fixed effects metmalysis looks at each SNP effect by combining its allelic effects
weighted by the inverse of their variancéhe combined allelic effect of the jth SNP is

calculatedwith the equation:

By swy
E."=1""'f";ii

Wherebij is the stranebligned effect of the reference allele at the jth SNP in the ith study;
wij = [Var(bij)] * is the inverse of the variance of the estimated allelic effect in the ith study,
obtained from the standard error. GWAMA also checks the direction of each 8iRts in

all tested cohorteind reports the consisteneg well as checkthe summary statistics to
cortrol for population structurdy reporting the lambdgenomicinflation control factor
(Devlin and Roeder 1999This is a factogiven by the median of the test statistics, divided
by its expectation under the null hypothesis of no association, whigedsta multiply and
uniformly correct the test statistics inflated due to the population structure (Magi and Morris

2010).
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2.8. Oxford Biobank Whole Blood preparation

2.8.1 Sample processing

Whole blood samples were obtained from healthy voluntdespexific genotypes from the
Oxford Biobank in ACD and EDTA tubes. The ACD tubes were subsequently shipped on the
same day to Public Health England Cell Culture services for EBV transformation and LCL

outgrowth, while the EDTA tubes were aigted for Bcdl purification.

2.8.2. Bcell sorting

7 EDTA tubes per individual, containing approximately 60ml of whole blood were obtained
from the Oxford Biobank. The blood from each individual was pooled into two 50 ml Greiner
tubes containing 20 ml of HBSS buffer a total volume of approximately 50 ml per tube. The
HBSSdiluted blood samples were subsequently transferred from the first set of tubes into
another set for Ficoll extraction. For each two 50 ml Greiner tubes with {dB&8d blood

from a single indridual, three 50 ml Greiner tubes containing 12.5 ml of Ficoll were prepared.
The blood was then transferred carefully, by tilting the tube and gently pouring the blood down
the side of the Ficoll tube so that a layer of blood formed on top of Ficolisol@nce the
samples were transferred into the new set of tubes, they were centrifuged for 30 minutes at

400g and room temperature with no brake (in order not to disturb the blood layer).

In the next step samples underwent washing in HBSS solutiorn. gyiening the topmost
plasma layer was removed usimgautomated pipette, and a steflasteupipette was used to
removethe PBMC layer, which was pooled for each individual in a new set of 50ml Greiner
tubes(single tube per individuafjlled with 30 ml HBSS precooled on ice. The samples were

centrifuged for 10 minutes at 300g, room temperature. Supernatant was discarded. Pellets were
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resuspended in 30 ml of HBSS and subjected to another spin, then, after removing the
supernatant, resuspended agaif0 ml DPBS solution (0.5% Fetal Bovine Serum). Cells were
counted and the samples pelleted. In the next step, supernatant was removed and, depending on
the cell count in each sample, the pellets were resuspended in an adequate volume (as given by
the Miltenyi Biotec CD19 MicroBead protocol) of PBS buffer (0.5% Fetal Bovine Serum; 80ul

per 10 million PBMCs) and magnetic CD19 Bead solution (20ul per 10 million PBMCs). The
solution was left to incubate for 15 minutes & 4nd was centrifuged for the folrtime.
Supernatant was discarded and pellets resuspended in 0.5% Fetal Bovine Serum PB$ solution
either 0.5 ml if sample counted up to 100 million PMBCs, or 1 ihhfimberednorecells

The solution was then fed into the Miltenyi AutoMACS machinej &cell counts were
obtained from a 10ul fraction of the 2ml effluent. Approximately one third of the effluent was
then transferred into a set of eppendorfs and frozen in 300ul of RLT buffer. The remaining
solution wascentrifugedin falcon tubes, resuspded in 20% Fetal Bovine Serum RPMI
solution (0.5ml if up to 1min EBells, or 1ml if more), split in two and transferred into two sets

(one to becytokinestimulated, and one control) Binl tubes ready for incubation.

2.8.3. Stimulation and harvesting oB cells

B-cells were left to recover at 32, 5% CQ overnight, after which one set of samples was
stimulated with CD40L (2ug/ml, 1ul in 500ul) CpG ODN (0.5uM, 1ul in 500ul) and IL
(20ng/ml, 5ul in 500ul) and incubated for 24 hodise other one wass incubated, but with
no stimulation The cells were then harvested by centrifugation at 3@@g°C for 5 minutes,

the supernatant was discarded and pellessispended in 300ul RLT and storedarC.
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Chapter 3. Mapping EBV transcript QTLs

3.1 Introduction

Previous work has shown that human genetic variation was associated with differeghees in
expression of the EBV latency gene LMP1 in LCLs (Mohr 2010). Thostrsignificant
association td.MP1 expression was rs191324B\(alue 5.8x10%). One hyothesis for the
mechanism driving this association is that rs191324&wervariants in strong LD act iais

to modulatethe closest genes and somehaffect the process of viral infection/activity such
that differences in expression of LMP1 occur. Eegsion levels of the two closest flanking
genes to rs1913248MYAland CX3CR1 were not quantified at the time of the original
study (Mohr 2010). This chapter describes work to test this hypothesis together with the
results ofeQTL mapping of EBV latencytranscripts in different LCL cohts (cohorts

detailed in Table @nd section 2.1).

3.2 Aims of the chapter

1. To test the hypo#sis that the candidate eQTassociated with EBV LMP1 transcript
level), rs1913243is also associated with expressiortled nearestlanking human gene@s
a potentialcis-actingeQTL) in the YRI HapMap LCLs used by Mohr and colleagues (Mohr

2010).

2. To extend the eQTL analysis in YRI HapMap LCLs by quantification and mapping of

other EBV latenceQTLs.

3. To quantify and mp EBV latency transcript eQTLs in a largérdependentohort of

LCLs from the MRCA panel established by Moffatt and colleagues (Moffatt 2007).
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4. To map EBV latency eQTLs using EBV transcript expression levelsaaiailrom RNA

seq experiments condect onHapMap LCLsand compiledy Avery and colleagues (Avery

2013).

5. To integrate MREA EBV latency eQTLs with MREA human eQTLs and prioritise

candidate SNPs showing association with bataland human gene expression.

Cohort ID Source/Population  Aim of study  Publication Individuals

HapMap / YRI Latency eQTLs Mohr 2010 58

HapMap / YRI, CEP} Latency eQTLs Arvey et al. 2012 67 YRI
Cheung et al. 2010 67 CIPH
Pickerell et al. 2010
Montgomery et al. 2010
Public data

British nuclear Latency eQTLs Moffat et al. 2007 352
families (asthma
probands and sibs)

1000 Genomes / Copy number Abecasis et al. 2012 414
British, Finnish,
Iberian, Italian

HapMap / YRI, CEPt Copy humber Choyet al. 2008 87 CEPH

Public data 85 YRI

(45 JPTmeta-analysis
only)

Table 7i Summary of cohorts and samples used in the current study.
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Available
for test

58

134 (67 +
67)

277

287

172 (87 +
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3.3 Characterisation ofcis effects of the candidate LMP1 eQTL, rs1913243

Haplotype analysis usingapMap Genome Browser release #2 showed that in the Yoruban
HapMap population, the region harbouring LM&kociated eQTL is split into two to three

major linkage disequilibrium blocks, with rs1913243 (the eQTL SNPated in the middle

E B H Entrez genes
HM_020839 NM_194293 NI_005201
WOR43: WD repeat domain 48 CM¥Al: carciomyopathy associated 1 CCR8: chemokine (C-C motif) receptor &
HM_031899 HM_017875
GORASPL: Golgi reassembly stacking protein 1 SLC25A35: solute carrier family
NM_145755 NM_002295
>
TTC21A: tetratricopeptide repezt domain 21A RPSA: ribosomal protein £
NM_033027 HM_001337 NH_16293%
o [0 e
AXUDL: AXINL up-regulsted 1 CR3CR1: chemokine (C-X3-C motif) receptor 1 MOBP: muye
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Figure 181 Genomic landscape and LD plot spanning rs1913234,naites and locations of the neighbouring
genes.Figure prepared using HapMap Genome Browser website (rs1913243 eQTL shown highlighted in
yel |l ow) . LOD<2, D6<1 plothlewe ;i nLODh>i2t eD6 <L1ODi<2 , s Dadd=€ls
LOD>2, D6=1 in bright red.

A more localisedanalysis of LD structure usinigcal LD-plots constructed with an online
tool, SNAP, revealed that rs1913243 tended to remain more closely in linkage with the SNPs

from the downstream LD block (Figure 19
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Figure 19 - LD Plot constructed using SNAP online tool showing rs1913243 eQTL (large green diamond at the
top) and the tested region. All 626 tested SNPs are displayed as smaller diamonds. LD betweer3r&l 91324
indicated on the Yaxis (Rsquared) as well as by the intensity of the shades of green and the size of the
diamonds. The locations and names of genes located within the tested region are shmvbottomn and
genomic loation in kilobases is indicatl by the Xaxis.

A number of candidate genes located within a 48%vkimlow (upper marigin extent ofis
effects, Cookson et al. 2009ere considered antbur genes (Figure20) selected for

transcript quantification and analysis for the following reason

-  CMYAL1(XIRPI): proximal to the putative eQTL, involved in cytoskeleton organization and

negative egulation of cell proliferation.

- CX3CR1 coreceptor of HI\V1, variants may increase susceptibility to HIV infectiGayre

et al. 2003Combadiere et al.an3).

- WDR48 mayplay a role in Herpesvirus saimiri and Human Papillomavirus HPV11 infection,
regulator of deubiquitinating complexefUlrich and Walden 201@viel et al. 2000Jang et

al. 2009, strong cisacting eQTL present (rs2056P2.8x10'%) (Lunemann et al2009.
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- CCR8 coreceptor of HIVV1; EBV, HHV8 and MCV expresSCR8agonists I ee et al. 2000

Efremov et al. 1999inno et al. 1998oruk et al. 1998RuibalAres et al. 2004 uttichau et

al. 2010.
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Figure 20 i HapMap Genome browser diagn showing the genes (marked by red circles) selected for
validation of the LMP1 eQTL (rs1913243, marked by a yellow HdapMap Genome Browser release #28
Phases 1, 2 & 3merged genotypes.

Potential cis regulatory effects of the LMP1 eQTL involvinigur genes in the flanking
regions were investigated using exgpanning TagMan Gene Expression probes run on the
7900HT Fast Realime PCR SystemcDNA from 58 LCLs from the Yoruba HapMap panel
(listed in Appendix , Table Al) prepared for the previous study (Mohr 2010) was used. The
cDNA samplesincluded material sourced from 58 LCLs grown twice under different
conditions: A)hypoxiastimulated LCls, B) cell lines grown in normoxic condition8oth
samplesets were assayeHor each set, for each cell line gP@ctions were conducted in
triplicates. Expression was normalised to a housekee@Z1 encoding ornithine
decarboxylase antizyme ®AZ1was the most stably expressed housekeeping across the 58
LCLs when tested by the SLQPCR R pack&geNorm)together with 6 other candidates
(Mohr 2010). Regional asociation testsvere conducted using PlinfMAF >5%, HWE

p<0.001, missingess 0.dyithin an approximately 500 kb fragment (bp 38,991,792 to
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39,477,047; fragment length was 485,255 bp in tptal)ghly 250kb on each side of the
candidateeQTL, which is an approximate extent of potenttad regulatory effectsThe
selected fragment contained 628F% HapMap Phase 3This yielded weak associations, all

of which were considered naignificant aftetthe Bonferronimultiple testcorrectionfor 626
independent tests (and 2*626 when correcting for each trait being tested twice in Normoxia
and Hypoxiasamples) The results were also insignificant when Bonferroni Steywn

(Holm) correction and FDR was considered instead. Even though the 4 tested traits may be
indpenedent no further correction was appliEue five most significant SNHsr each assay

are listed in Table 8

CCRB-Normoxia: CX3CR1 Normoxia:
SNP P-Value SNP P-Value
rs813670 0.05287 rs1917419 0.0007
rs784519 0.05287 rs6807342  0.00285
rs784510 0.05477 rs12497322  0.003797
CCRE - Hypoxia: CX3CR1 Hypoxia:
SNP P-Value SNP P-Value
rs813670  0.003344 rs11707681 0.000522
rs784519  0.003344 rs3755592 0.002687
rs784510  0.003437 rsd676627 0.01014
XIRF1l - MNormoxia: WDRA4E Normoxia:
SNP P-Value SNP P-Value
rsO809888  0.0005 red6 76483 0.002078
rs9837442 0.003597 rs7651447 0.0058
rsg9830167  0.005114 rs7621701 0.0122
XIRP1 - Hypoxia: WDR48 Hypoxia:
SNP P-Value SNP P-Value
rs9809888  0.006845 rs2088667  0.000313
rs9837442  0.01057 rs17038663  0.002845
rs17791786 0.01701 rsd676483  0.005117

Table 817 Summary of results. Thremost significantly associateéeNPs (out of the 626 tested) are listed for
each of the tested transcripts in both Normeaiad Hypoxiaderived samples.
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Local association plots are showconstructed using the SNAP tool BCR8 (Figure 21)
and other genes iippendix Figures AJA3. In conclusion, the LMP1 eQTL SNP rs1913243
was not associated with expression levels of the four flanking genes testedraguired

level of significance.
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Figure 217 Regional association plot of the tested sequencgaining LMP1 candidate eQTL, rs 191323

value of the rs1913243 association and the name of the tested transcript are indicated in bold within the plot.
Genomic location is shown by théaxis andP-valuedisplayed on the Yaxis. 626 tested SNPs are depicted as
squaresrs1913243 as the red diamond. SNPs in LD with rs1913243 are coloured in shades of red according to
the extent of LD given by-squaredscalein to top left corner. Localenes are displayed at the bottom and their

locations indicated by green lines. The plots shows association results obtained from the normoxia samples only

3.4EBV latencyeQTLs in the Hypoxia study LCLs

Since all EBV latency transcripts are important thoe in vivo immortalisation process, and
each family of latency proteins affects different molecular pathways and istevébt

variable sets of human proteins, latency transcript abundaragealso respond to different
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regulatory genetic effect®?olymaphisms in human TFs should thus affect viral gene
expressionQuantification of all latency transcripts was therefore the next aim of the study. It
was expected that the key viral oncogenes, LMP1 and EBNA2, with the highest number of

known molecular intexctions, would be most sensitive to genetic regulation

The first stage of the experiment was conducted using cDNA samples from the Mohr study.
This also enabled revalidation of the candidate LMP1 eQTL using genetic material from the
same cell lines thdtad been grown for the purpose of the hypoxia experiment. Consequently,
cDNA from the 58 Yoruba LCLs, grown in normoxic conditions, was assayedhéor
expression of 11 EBV latency transcripts using BioRad SybrGreen quantitative PCR with
primers that hadden validated in previous studi@®an et al. 200&indsey et al. 200®8ell

et al. 2006Kelly et al. 200¢. The housekeeping ger@AZ1 was used to normalise the
expression valuesReactions were conducted in duplicagnd, if SD ofthe replicates
exceededl, repeated in triplicage and averagedWhole genome association tests were
conductedusing Plink ¢-assoc functiopand HapMap phase 3 genotype data" @@y 2010
release, included,457,897 SNBsFilters included 10% for individual and SNP missiagger,

P-val HWE<0.001and MAF > 0.05.The associations for different EBV latency transcripts
are summarised belov*10®8, a standard genonwide significarce threshold adopted in
GWAS studies, was set as thevd#tue threshold for associationsin& viral latency
phenotypesare expected to be highly correlated (most transcripts are produced from a
common precursor transcrigt)ey cannot be treated as genuinely independent observations.
Consequently no further correction was applied particularlyBibv&erioni correction since

it would be inaccuratevhenmultiple phenotypéraits arecorrelated.
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3.41. BART

BARTSs are untranslated micRNAs from the viral BamHI region whose function has not
been established although they are expressed in all latency rmodesgppear essentiarf
viral persistenceYoung and Rickinson 20Q&Kieff et al. 2010. A suggestive(1E%< P-
value < 1E%) associatiorwasfound on chromosome 6, close to the centron(Eigure 22).

The SNPs aren a segmentvith no gene located with 250 kbon either side Another
suggestiveassociatiorio a single SNRvaslocated on the same chromosome, in an intergenic
region betweerSLC22A23(implicated h Cr o hn 6 s @GGorslé54Fsaeke etaaln d
2010. A single significantly associated SNi81380703was locatedn an intergenic region

on chromosome @P-value2.70E%).

12

10

Figure 22 7 Whole genome association plot for BART transcript. Chromosome displayed along the X axis; Chr
23 and 24 denote X and Y chromosomes respectivédg;o P-values displayed on the Y axis.

3.42 EBER1

EBER-1 and EBER2, together with cellular factorgssemble into a ribonucleoprotein and
inhibit kinase protein kinase Rhich medides the antiviral effects ahterferons EBER

mediated inhibition of protein kisg Rcould promoteviral persistenceKieff et al. 2010

92



Young and Rickinson 2004The SNPs most significantly associated with EBER1 expression
cluster in one major site on chromosome 17 approximately 500 kb Rwalue 8.59E*°,
Figure 2325). Three geas can be located within the site, includis§H2 FCABS5 and
CCDC55 as well asSLCA6A4 More distant genes, located within 250kb from the
association peak includ€AOK], GIT1, ANKRD13Band CORO6 BLMH, TMIGD1 and
CPD. The region contains a GWAS risk locuss3110496, which has recently been
associated with heightLango et al. 2010 Another association peak, falling within the
suggestive rangecorresponds to the one observed in BART asdocated between

SLC22A23ndC6orf145

Figure 231 Whole gemme association plot for EBER transcript. Chromosome displayed along the X axis;
Chr 23 and 24 denote X and Y chromosomes respectivielgio P-values displayed on the Y axis.
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Figure 24 7 Regional SNAP plot for SSH2 locus showing association witlERR expressionGenomic
location is shown by the -¥xis andP-valuedisplayed on the Yaxis. Tested genotyped HapMap Phase 3 SNPs
are depicted as squares. Most significaatigociate SNP is shown by the red diamond and SNPs in LD are
coloured in shadesf red according to the extent of LD given bgquared in to top left corner. Local genes are
displayed at the bottom and their locations indicated by green lines.
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Figure 25 - EBER-1 expression by rs38090Yenotypd boxplot. DeltaCt values displagd on Y axis. Values
below zero indicate transcript abundance levels higher than in the housekeeper gene used to normalise the data.
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3.43. EBER2 and EBNA1

EBNAL is a nuclear phosphoprotein which binds viral DNA circularising it into an episome
which isrequired for the replication dmaintenance of EBV genom¥édung and Rickinson
2004 Kieff et al. 2010. These transcripts failed to provide any evidence for gerwiche

significant eQTLYFigure26).

Figure 26 1 Whole genome association plot for EBERranscript. Chromosome displayed along the X axis;

Chr 23 and 24 denote X and Y chromosomes respectietys P-values displayed on the Y axis.

The only significant association for EBNAwas rs14538 on chromosome 13%{value

3.61E%) (Figure27).
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Figure 2717 Whole genome association plot for EBNAtranscript. Chromosome displayed along the X axis;
Chr 23 and 24 denote X and Y chromosomes respectivielyio P-values displayed on the Y axis.

3.44. EBNA2

ENAZ is a phosphoprotein atide main EBV transactivator for bt¢h cellular and viral genes
(Young and Rickinson 200Kieff et al. 201Q. By transactivating the viraCp promoterit

switches full latency gene expression observed eaB¢aell infection (latency ) Kieff et

al. 2010. Suggestive associations were found located on chromosome 2, within a gene desert

with no genes within approximately00 kb on either side (Figure -38). Significant
associations (rs11784988 and rs117858P6jalue 6.26E'%) were found located on
chromosome 8within ASAP1 harbouringan MS risk locus(Bahlo et al. 2009 which
however hasnot been replicatedSawcer et al. 20)1 There were other suggestive
associations on chromosome 8 witiHhEKHF2 and close to radiation response QTMsu
et al. 2010 and toatype 2 diabetessk locus(Voight et al. 201). Weaker associations point

to ACCN1locus on chromgome 17.
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Figure 281 Whole genome association plot for EBNA transcript. Chromosome displayed along the X axis;
Chr 23 and 24 denote X and Y chromwss respectively; logio P-values displayed on the Y axis.

The associatiofior ASAP1 consists ofthree SNPs (ncluding two in high LD,Figure 29,
however it is accompanied by a differentiation in levels of expression of EBK#Agure

30).

rs11784988 ( YRI)

rs11784988
’ P=6.257e-14

- 60

- 40

Observed (-logP)

- 20

[=-]
L
(QU/ND) 8les LoEUIgLIooEY

o o
o, o On -1

" 8 oo o o = S o
og O g% Ogm nnnﬂ ‘E‘Dn o oo o ua@'D£
D o Dnth mj
0 o B e nu.u:a.u.ll ..... E.‘E ..... D---U]-Elﬁ‘_\:-‘itﬁ WM&E‘% Bt B Lo
DOER
T T T
131400 131500 131800

Chromosome 8 position (hg18) (kb)

Figure 291 Regional SNAP plot for EBNA associated regiacanteredn rs11784988.
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Figure 307 EBNA-2 expression by rs11784988 genotydmxplot. DeltaCt Values displayed on Y axis.

3.4.5. EBNA3 family

EBNA3 proteins are transcriptional regulators whodmrol EBNA2 activity by repressing
EBNA2-mediated transactivationyoung and Rickinson 2004 EBNA2 and the EBNA3
cooperatively control RBBkappa activity regulating the expressioncedlular and viral
promoters Young and Rickinson 2004Associations wee found localising tdCLK1 on
chromosome 13 (Figurgl), a locus containingNPs associated with height, vertical €up
disc ratio and heart rate variabiliidiaye et al. 2010Ramdas et al. 2010lewtonChech et
al. 2007. Also another putative eQTL amsdated withTHSD4on chromosome 15, a gene
containing a marker implicated in pulmonary functi(Repapi et al. 2000 Two other

smaller peaks correspotathe twopreviouslyobserved in BART.
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Figure 317 Whole genome association plot for EBNBA transcript. Chromosome displayed along the X axis;
Chr 23 and 24 denote X and Y chromosomes respectivielgio P-values displayed on the Y axis.

Expression of EBNA3B was associated with SNPs on chromosome 5 (Bi@)unathin an
intergenic fragment containg SNPs implicated in Sudden Cardiac Arrgsbuizerat et al.

2011Bhatnagar et al. 20)1

Figure 327 Whole genome association plot for EBMN88 transcript. Chromosome displayed along the X axis;
Chr 23 and 24 denote X and Y chromosomes respectivielgio P-values displayed on the Y axis.

The associated region for EBNA3C encompas®gki2and the neighbouringFCAB5o0n

chromosome 17Rvalue 2.22E08) (Figure33-35). Another SNP associated with EBNA3C
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is located on chromosome X. Within 200kb of tB&IP there iISSPANXN1las well as

rs6627057, associated with bipolar disorder and schizophi&faiaget al. 2010.

Figure 3317 Whole genome association plot for EBMRE transcript. Chromosome displayed along the X axis;
Chr 23 and 24 denote X and Y ohnosomes respectivelyjogio P-values displayed on the Y axis
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Figure 341 Regional SNAP plot for SSH2 locus and associatith EBNA3C expression.
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Figure 357 EBNA-3C expression by rs4474741 genotypexplot. DeltaCt Values displayed on ¥xis.

33.4.6 LMP1

LMP1 resembles CD40 and can partially substitute for wivo providing both survival and
differentiation signals necessary for thec8ls to progress through the germinal centre and
differentiate into resting memory-&ells. Associabns found include SNPs localising to
SLIT1on chromosome 10 arfiSH2on chromosome 1{Figure 36-38). Other associations
include the region ofHSD (Chr 15) as well as an intergenic region on chromosome 12.
There was a number of solitargsaciations withone significant SNP encompaS&1T1,
AK3, PIK3CG, SLC1ABnd FBXO10 / TOMM5and NALCN The hypoxia study LMP1
eQTL (rs1913243 ) has not beewailable since it has not passed the @Gwever no

significant association were present at the locus.
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Figure 367 Whole genome association plot for LMPtranscript. Chromosome displayed along the X axis; Chr
23 and 24 denote Xnd Y chromosomes respectivelggio P-values displayed on the Y axis.
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Figure 381 LMP-1 expression by rs7222308 genotypeoxplot. DeltaCt Values displayed on Y axis.

3.47 LMP2

LMP2A is a transmembrane protein that contains immunoreceptor tyossse activation
motifs and thusmimics the actions of BCR receptor, delivering a rmoliferative signal
necessary for Bell maturation, resembling that of an intact BCRhd@rley-Lawson 2001
Young and Rickinson 2004The analysis yielded no significant association peaks for LMP2.

Four statistally significant singleSNP associations were located in different intergenic

regions with no evident functiofFigure 39.

10

Figure 391 Whole genome association plot for LMPtranscript. Chromosomes are displayed along the X axis;

Chr 23 and 24 denot¢ and Y chromosomes respectivelingio P-values displayed on the Y &
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3.48 EBNA-LP

Despite testing over a range of annealing temperatures, the primers for-BBNX&ed to
yield a specific product described Ban et al.(2005). Owing to the highlyrepetitive
structure of the transcript and its similarity to EBIAsuccessful amplification can be
challenging (personal correspondence with Dr Paul ,Liagner officer at the International
Association for Research on EBV and Associated Disg@as®es the reasons described,

EBNA-LP had to be excluded from the current and subsequent analysis.

3.5EBV latency eQTLsin the MRC-A panel

In order to improve the power of the association tests, the search for latency eQTL was
extended to a larger cohort MREfrom the asthma eQTL study (Moffat et al. 200This

cohort consisted 057 singletons, 108ib pairs 23 sib triosand 2 quadrupletdfom 180

British families (352 LCLs in total before cDNA conversion and Qe Appndix). To
account for the familpased character of the tested cohartstatistical tool Merlifaccepting

an externally provided kinship matrix as inpuds used which can implemefamily-based
association test¢Chen 2007).More specifically, merlid offline function was applied
becauseof its ability to work with imputed genotype data. This was neags because

HapMap Phase 3 MACHinputed genotypes were used for association tests.

Genotypes for theMRC-A panel were obtained for the Illumin&entrix Humarl
Genotyping BeadChifiL00k), lllumina Sentrix HumanHap300 BeadChgD0k) as wk as in

the HapMap Phase 3 MAGCihputed format. The transcripts were quantified using
SybrGreen gPCR method and the same primers as previously (section 3.4). As a new cohort

was used for the assay, and,ikmlin the hypoxia study panel, &lRC-A LCLs represented
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the F' passage of growth, it was decided to test a selection of housekeeping genes for

consistency of expression and choose the best gene(s) for results normalisation.

3.5.1 Housekeeper assay

Housekeeping genes are considered to have stable expression levels across different cells of
the same type and, in some instancéss) across different cell lines and tharg commonly

used as a yardstick by which the expression of the gene of interesh (way vary from cell

line to cellline) is measuredMandesompel2002, Hugett 2005, deJonge 2007). This allows

for comparison of the data from different reactions/individuals irrespective of the differences
in the inputRNA used in these reaction®faffl et al. 2004 de Brouwer et al. 2006
However, housekeeping gene stability may vary and it is essential to determinegesngsh
constitute the best candidates for a particular set of samples and expeRaeoni¢ et al.

2004 Dheda et al2004, Vande®mpele2002, Pfaffl et al 2004. Since OAZ1 had been
previously identified as the most stably expressed housekeeping gene in the hypoxia study
cohort(Mohr 2010) therefore it was retained for the EBV latency assays conducted using the
hypoxia study sampk. However, for the newlRC-A cohort another optimisation of

housekeeping genes was necessatry.

Six genesGAPDH, BACT OAZ1, HPRT1, RPL60, RPS®hmmonly used in R'PPCR and
described in the literatured¢ Brouwer et al. 20Q6Lord et al. 2010 de Jonge tal.

2007 ,were tested for stability across a random set of 50 HapMap LCLs. Two algorithms
were used, Bestkeeper and SLgPCR (a version of geNorm written in R) which are
independent statistical applicationghe best pairs with highest pairwise correlation
coefficient and lowest variation we@APDH+ HPRT1(selected with SLgPCR) arRIPL60

+ RPS6 (selected using Bestkeeper with correlation coefficient of over 0.9). However

105



Bestkeeper, which takes into account also the satogample variability in Ct vales,
indicated thaGAPDHandHPRThave much higher SDs and therefore are less suitable. This
was also evident from the raw data. Therefore it was decidedthibatwo ribosomal
housekeepers, which also appeared as sdwesidpair in geNormyould be retaied as the

best combination of stable reference genes for normalising expression of EBV transcripts

(Mohr 2010)

3.5.2 Latency éQTL assay results

RNA from 352 MRC-A LCLs wasreverse transcribed into cDNA aadsayed for expression
levels of 10 latency trescripts Primers for the 14 transcript ENBALP failed the spcificity

test (as stated before).

Quality Control

MDS analysis was performed on lllumina 30MKRCA genotypes to check for possible
population outliers (according to MDS protocol given in #ppendix). The sampl es¢
genotypes were tested together with corresponding HapMap Phase 3 Yoruban CEPH and

Chinese genotypes usadreferenceNo individuals were excludeaks population outliers

Reactions were conducted in duplicates andth& SD of the replicates exceeded 1.5
repeated againn triplicates (up to two more timgs Samples whee SD exceeded 1.5
repeatedly were removed from further analy$iwo housekeeping gen&L30and RPS6

were usedfor data normalization (in order to obtain del@t values equivalent to leg
transformation) The two reference genes revealed almost identical expression levels with

very low SD(below 0.4)whosemagnitudewas the same dsetween technical replicates of
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eachof the housekeepinggenes on its own However in several reaction®PS6assay
repeatedly yielded no detectable expression and therefdyeRPL30wasretained for the
normalisation of Ct valuesSince the two genes scored high in tests of stability by two
algorithms, and their transcrigixpressionevels were highly simila(SD below 04), this

shouldnot have a significant impact on the quality of expression data.

DeltaCt values were thus calculated usiRg§L30reference replicates onlyDelta-Ct values
lower or higher thatwo timesstandard dviationfrom the mearof the whole cohortvere
considered as outlisrand removed from the analysi$his meant thabefore the tests were
implemented, between 5 to 15 outliers were removed for each phenotype #sted.
alternative approach would be #gply a conservative quantile normalisation to enforce
normal distribution.The deltaCt values represent lggansformed phenotypesd no other
transformation was applied before the first round of tdststhe end however, -Zcore
normalisation was applieto the tested EBV latency phenotyp&lke reason for this was that
nortnormalised delt&Ct phenotypes were still nemormally distributed even after removing
the most obvious outliergwo timesstandard deviatiofrom the mean)and this resulted in
numerous solitary associations (Table A4, Figure A5), particularly abundant for EBNA3B.
Quantile normalization was also considered, however it would likely leave no eQTL
candidates because of its high stringenéjters included 10% for individual and SNP

missing rateP-val HWE<0.00land MAF > 0.01.

PCA of the EBV expression data was conducted and the test was repeated multiple times
with a variable number of-B PCs adopted as covariates to control for jptesdiatch effects
and population structurer ayptic relatedness (merknoffline takes prespecified familial
relatedness into account when calculating kinship matxig)PC-covariate correlated with

RNA/cDNA conversion plate, gPCR plate or sex and family HBweversince a possible
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batch effect wa observed when correlating Ct values to the original boxes in which the RNA
was first shipped and provided from Professor Cookson lalusing 1-3PCsdid not alter

the main association resulesd using 3PCs seemed to result in most significant agsosiat
therefore data obtained withF8C-covariates was analysed and presentethinie9 (but not

in Table Adwhere deltaCt phenotype results with no PC correction are showapMap3
imputed genotypes were not available for 56 samples and 19 samptksiyinel expression,
which reduced the number of LCLs available for the association test (h@®eéver some
additional sample¢s to 15)had be to be removed in each test because their corresponding
phenotypes differed by more than 2 SDs from the mean

No QC has been conducted on the MRCA genomewide expression data provided by

Professor William Cookson except for an additional PCA (see section 5.5.3).

Results

The most significant associations are summarised in Bable

SNP Chr Solitary MAF TRAIT P-value Gene eQTL / disease association

rs17158616 10 + EBNAlL 1.06E08 RASGEF1A

rs17158630 10 + EBNA1 1.10E08 RASGEF1A eQTL for CD83- interacts with
EBV's LMP1

rs17339199 7 + + EBNA3A 2.12E08 FKBP6 eQTLfor IL12B - MS and
lymphoma associated

rs11867159 16 + + EBERI1 6.73208 RBFOX1

rs12660137 6 EBER1 6.77E08 eQTL for TNFRSF1B MS

SLE PTLD associated

Table 97 EBV latency eQTLcandidates. Onlthe most significant associationsRavalue< 1E° are listed

i) SNPI statistically significant associations are listed by SNP in the first column.

ii) Chri gives the genomic location of a significant association by chromosome

iii) Soltaryii+0 sign signifies that-07nwaspoesehtaithin@EBIP associ
iv) MAFiA+0 denotes whet her minor allele frequency
V) TRAIT 7 lists the EBV latency transcript associated with a relevant SNP

Vi) P-valuei reports theP-valueof the test statistic

Vii) Genei reports the genomic location thfe associated SNP by gene

viii) eQTL T lists human genes whose expression had been associated with a given SNP in previous
eQTL mapping experiments included in the SCAN, Genevar and GTEXx databases.
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The associations were prioritised on the basis of statisigaificance; MAF; number of
significantly/suggestively associated SNPs within a single 400kb window centered on the
SNP with lowest Rralue; genomic location of the candidate eQTL and its function (if within
or near a functional element); overlap betwé®n candidate viral eQTL and human eQTLs
obtained from the same MRA& cohort by a global gene expression assasgrlapbetween

the candidate viral eQTL artuman eQTLs sourced from public databases (SCAN, Genevar
and GTEXx); and functions and associatimfshuman geneseportedly affected by the
candidate viral eQTLOnNly three SNPseached the nominal genomede significance level,

and two of them were located in the same locus (within the ORRASGEF1A and
appeaed as solitary associations on the imtal association plot. The SCAN database
identified three of the most significantly associated SNPs as eQTLs for human transcripts.
SCAN's database includes eQTLs from 87 HapMap CEU and 89 YRI LCLs assayed with
Affymetrix Human Exon 1.0 ST Array (targegn 60 000 transcripts)
(http://www.scandb.org/). No overlap was observed with significant eQTLs from the Genevar
database sourced from an experiment conducted by Stranger et al. (20025 ldapMap

LCLs from 8 different human populations (http://www.sangeluk/). Interestingly, all three
human transcripts had a biological link either to EBV infection or E8M¥ted autoimmune

diseasedNo overlap with MRCA eQTLs was present.

No significant associations were present for BART small untranslated Rfiguwe40) and

the overall asociation was low and below 1*E
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Manhattan Plot: BART MRCA
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Figure 407 BART genomewide associatiorShromosomes are displayed along the X ajigho P-values
displayed on the Y axis.

For the EBER1 untranslated RNA, single association peakvith a significant eQTL
(rs118671596.7E%) was identified on chromosome 16 within the ORR&FOX1(Figure

41-42). Another solitary significant association was present on chromosome 6.

Manhattan Plot: EBER1 MRCA

~logio(p)

Chromosome

Figure 41 - EBER1 genomewide associatio@iromosomes are displayewmd) the X axis;logio P-values
displayed on the Y axis.
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Figure 4217 EBER 1 and rs11867159 (RBFOX1) regional association plot; rs11867159 indicated by a purple
diamond;Genomic location indicated by the-akis, P-valueby the Y-axis; r2 scaleshowingthe degree of LD
between the lowed®-value SNP other SNPs displayed in the upper left hand corner; ; only associations at p<
1E-% are shown.

No significant associations were found for the otBBW-encoded small RNA. A small peak
with a suggestive assation (rs7233241,1.60E06) was present on chromosome 18,
proximal to animmunoglobulin family transmembrane recep(Bigure 4344), Deleted in

Colorectal canceCC).
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Manhattan Plot: EBER2 MRCA
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Figure 43 - EBER2 genomewide associatio@iromosomes are displayed along the ¥;al0gio P-values
displayed on the Y axis
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Position on chr18 (Mb)

Figure 447 EBER2 and rs7233241 (DC@psociation to EBERegional association plot; rs72332ddicated
by a purple diamond; only associations atlg<"* are shown.

Two SNPs significantlyassociatedvith EBNAL levels were located on chromosome 10,
within the ORF ofRASGEF1Ahowever did not constitute a part of a continuous association

peak (Figure 4546). Suggestiveassociation peaks for the EBNAA&ere also located on

chromosome 3 and chromosome(Eyure47-48).
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Manhattan Plot: EBNA1 MRCA

~logia(p)

Chromosome

Figure 45 - EBNAL genomewide associatiorShromosomes are displayed along the X atg).o; P-values
displayed on the Y axis.
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Figure 46 - RASGEF1A and rs1715863fssociation (EBNA1)egionalplot; only associations at pkE-°* are
shown.
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Figure 4717 EBNA 1 and rs10470376 regional association plot. rs1047@8¥6ated by a purple diamond;
only associations at pkE-°* are shown
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Figure 48 - EBNALl and rs6121444 (CDH4) regional association plot; rs612iAdi¢ated by a purple
diamond;only associations at p< 1 are shown
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The peak on chromosome 20 fell witf@DH4, a member of the cadherin family of proteins
regulatingcell-cell adhesionwhich hasrecently been proposed to be a new putative tumor
suppressor gene epigenetically sded in NPC (Du et al. 2011)in contrast, weak

associatins were present for the EBNA2 (Figure 49)

Manhattan Plot: EBNA2 MRCA

~logio(p)

T T T T T T T T T T T T T T T T T T TT T
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 18 20 22

Chromosome

Figure 49 - EBNA2 genomewide associatior@hromosomes are displayed along the X ajago
P-values displayed on the Y axis.

A single significant assmation (s17339199within FKBP6) was identified by the EBNA3A

assay(Figure 50) The SNP however, was not a part of an association peak.

-log10 p-value
IS
1

1 2 3 4 5 & 7 B 9 10 11 12 13 14 15 16 17 18 10 20212
Chromosome

Figure 50 - EBNA3A genomewide associatiorShromosomesisplayed along the X axislpgio
P-values displayedn the Y axis.Significant SNP marked in green
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No significantassociationsor EBNA3B transcript levels wertound (Figure 51)

Manhattan Plot: EBNA3B MRCA

~logio(p)

T T T T 1T T T T 11 T
10 1 12 13 14 15 16 18 20 22

Chromosome

Figure 51 - EBNA3B genomewide associatiorShromosomes are displayed along the X ajigo
P-values displayed on the Y axis

No significant associations have been identified for the EBNA3C trangErgptre 52)

Manhattan Plot: EBNA3C MRCA

~loga(p)

T T T T T T 1711 T
10 1 12 13 14 15 16 18 20 22

Chromosome

Figure 52 - EBNA3C genomewide associatior@@hromosomes are displayed along the X a0
P-values displayed on the Y axis.
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The overall association levels bMP1 were higher with more random noise present, than in

the other latency transcripts, however no single association reached genomewide significance
(Figure 53)

Manhattan Plot: MRCA LMP1a

~log1a(p)

T T T T T T T 11

13 14 15 16 17 18 20 22
Chromosome

Figure 53 - LMP1 genomewide associatior@hromosomes are displayed along the X aXigo
P-values displayed on the Y axis.

No significant association results were obtained for the LMP2 expression (Exglse 54)

Manhattan Plot: LMP2

~logra(p)

T T T T T T T T 17T

12 13 14 15 16 18 20 22
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Figure 54 - LMP2 genomewide associatiorGhromosomes are displayed along the X akigho
P-values displayed on the Y axis

117



3.5.3eQTLsfor both EBV and human transcripts

The original study of global gene expression in the MR@anel LCLs measurethe
expression levels of 54,675 transcripts representing 20,599 @enem et al.2007). By
courtesy of Professor Cookson, thepeession datémeasured with the Affymetrix H&133

Plus 2.0 chipwas made available for the purpose of the current silialy.exprasion data

had already beesubjected to QQonducted by Professor Liang and Professor Cookson
First, all gene expressiomas normalized together using the robust maitay average
(RMA) packagein orderto removetechnical and spurious variation and bgrockind noise
(Irizarry et al. 2003Bolstad et al2003). A second inverse normal transformation step was
also appliedd each trait to avoid any outlieesxd enforce normal distributiofrinally the
expressiordata was subjected taCRA correction Sinceall microarray probes per individual

are subjected to identical experimental conditions, it is possible to summaristhtbagh a
principal components analysis which regresses out noise in the form of the top principal
components of gene expression that correlated with technical factors like RNA extraction and
cDNA synthesis dates, the date that the sample was fragmemddthe date of chip
hybridization.Human expression data used for this experiment has been subjected to a new
method for dimension reduction which accounts for nongenetic effects in estimates of
expression levels, developed by Liang et al. (2013). LikeBfyesian factor analysis model
used by Pickrell et al. (2010) this method models all the unobserved confounders explicitly
(Liang et al. 2013)And likewise, this methodelects such number of PCs that that results
largest number of eQTLs (Liang et aD1B). The expression data was then made available

for the current study.

Datafiles with array feature locations adl arraydesignannotation were downloaded using
accession numbefE-MTAB-1425) for the MRGA panel from the ArrayExpressonline

directory at European Molecular Biology LaboratoryEuropean Bioinformatics Institute,
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EMBL-EBI websiteand from the Affymetrix websiteProcessed expression data was then
tested agast HapMap 3 imputed genotypes multiple tsneach timeup to 50PCsused as
covariates to regress oahy potential residuaonfounding effectsAs predicted, sing 0 to 3
PCs as covariates yielded most associatibhss is because PCA correction had already been
conducted and applied previoughs discussed abov&onsequentlyesults obtained with 0
PG-covariates were used for the purpose of this stRegults are summarised Trable 10.

The results of the assay were contrasted with the list of candidate EBV eRad 1SINP
probe association turned out to cross the nominal gemadee significance threshold
althougha single suggestive associatimas presento an uncharacterised transcribed locus

(shownin boldin Table10).

SNP EBV P-value Locus Affymetrix P-value human transcript
transcript probe

rs17158616 | EBNAL 1.06E08 RASGEF1A

rs17158630 | EBNAL 1.10E08 RASGEF1A

rs17339199 | EBNA3A 2.12E08 FKBP6 1565565 _at 5.83E07 | Human transcribed locus. Represented by
2 ESTs from 1 cDNA libraries.

rs11867159 | EBER1 6.73E08 A2BP1

rs12660137 | EBER1 6.77E08

Table 107 Human MRC-A eQTLs. Significant EBV eQTL candidates (SNPs) and their respective EBV
transcripts are listed in the first two columns. The last three columns list the associated Affymetrix probe, P
value for the test statistic and the corresponding human tiginkcked to the same candidate EBV eQTL by

the association test.

3.6 EBV eQTLs from RNA-seq experiments

In 2013 a study by Arvey et a(2013)investigated EBV expression and interactions mining
RNA-seq expression data from previous experiments byeBRiat al., 2007; Cheung et al.,

2010; Kasowski et al., 2010; Montgomery et al., 2010; and Pickrell et al., 2010. The group
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mapped transcript sequences to the EBV genagnantified the expression of latency an

lytic genes,and investigated correlations eten human and viral expression identifying
groups of genes that are-egpressed. Associations between EBV transcript levels and
human genetic variation were beyond the scope of study and not discussed, however, EBV
expression data combining, 83 latencynda lytic transcripts, was made public

(http://ebv.wistar.upenn.edu/download.htrmihd available for further investigation. That data

became the subject of the next analysighe currensearch fopotential EBV eQTEk.

Quality Control

EBV expression for 67 individuals from the HapMap Yoruban panel was sourced from the
Pickrell et al. (2010) studfthe viral expression was quantified from raw read by Arvey et al.

2011 and uploaded tbttp://ebv.wistar.upenn.edu/download.himivhile viral expression

datafor 67 CEPH individualswas pooled from nooverlapping LCLs grown by Cheung et

al. (2010) and Montgomery et al. (2010Ylo further phenotyp transformation was
performed Genomic information was obtained from the HapMap Phase 3 download directory
at the HapMap website (28ay-2010) and data for both populations was analysed separately
using MatrixEQTL (with a MAF threshold of 5%SNP missingrate 10%, P-val
HWE<0.00) with PCA correction(between 0 to 3PCswas usedas covariates in the

associatiortes). The results discussed in the section below wetained using no PCs

3.6.1 RNA-seq EBYV latency and lytic eQTLs

Initial analysis yieldeda set of significantly associated SNPs which were prioritised

depending on the strength of the association, number of significantly or hiylbiue of
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1*10° and higher) associated SNPs in any 400kb region, their location, and whether they
have alreadybeen identified as eQTLs in eQTL databases (SC@&Bnevay GTEX). QQ

plots are shown for the YRInd CEPH cohorts (Figure b5

YORUBA Q-Q plot of all p-values CEPH Q-Q plot of all p~values

15

10
|

-log10(p-value), actual
-log10(p-value), actual

5
4

-log10(p-value), theoretical -log10(p-value), theoretical

Figure 55. Genome wide QQ plots for RNgeq EBV eQTL associations.

For YRI, the strongest eQBLwere found for EBNA1 involwng three different genomic
regions. These included rs1317158-value 1.9E%) in the region of CLSTN2 on
chromosome 3 (Figure %6 rs17276586 R-value 4.2E%) in region of CDH13 on
chromosome 16 (Figure b@nd rs1756481&¢value5.2E%) on chromosomé3 (Figure 58

(Results also summarised in Table 11).
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Figure 56 i Regional association plot for EBNA and rs1317155 (in CLSTN2) in YRI. Genomic location
indicated by the Xaxis, P-valueby the Y-axis SNP with lowesP-valueindicated by a purple diamdnr2 scale
showingthe degree of LD between the low&stalue SNP other SNPs displayed in the upper left hand corner;
only associations at p< 18 are shown.
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Figure 57 - Regional association plot for EBNAand rs17276586 (CDH13) in YRI. Only asstioias with p <
1E%% are shown.
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rs17564816 was locatedthin TNFSF13Bandshowed association to EBNA1L levatsYRI.

Also in CEPH samples threBNPs located immedely downstream of the gershowed

significant asociation but toEBNA2 transcriptvariation (Figure 58).
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Figure 581 Regional association plot f&fBBNA-1 and rs17564816 in YRI samples (left) &BNA-2 and

rs6492116 in CEPH sampléight). Only associations with p &= are shown.

YORUBA Panel LCLs

SNP Trait P-value Chr BP Gene Left Gene  Right Gene
rs16849795  EBNAL 8.84E%8 3 1.41E% CLSTN2 NMNAT3 TRIM42
rs1317155 EBNAL 1.92E% 3 1.41F8 CLSTN2 NMNAT3 TRIM42
rs16849869  EBNAL 6.51E% 3 1.41F8 CLSTN2 NMNAT3 TRIM42
rs17564816  EBNAL 5.23E%° 13 1.0828 TNFSF13f ABHD13 MYO16
rs17276586  EBNAL 4.22F%8 16 81370274 CDH13 MPHOSPH¢ HSBP1
rs17192152  EBNAL 7.40E% 16 81376617 CDH13 MPHOSPHt HSBP1
rs8051326 EBNAL 7.40E% 16 81380213 CDH13 MPHOSPH¢ HSBP1

Table 11- EBV eQTL results in the RNA&eq samples. Table presents nsighificant associations found at

p<1E'07. SNPs located no further away from each other than 200kb arecoaled.

i) SNPI statistically significant associations are listed by SNP in the first column.
i) Traiti lists the EBV latency transcript associateithva relevant SNP

iii) P-valuei reports thé>-valueof the test statistic for a relevant association test
iv) Chri gives the genomic location of a significant association by chromosome
V) BP1i gives the genomic location of a significant association by base pabeiu

Vi) Genei reports the genomic location of the associated SNP by gene

Vii) Left/Right Genei lists the two closest genes flanking a given SNP
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In the CEPH panel, a number of significant associations were faumdmarised in able
12), including for EBER1(Figure 5961), EBNA-LP (Fgure 6263) and EBNA2 Figure 64.

Some identified genomic loci showed association with more than one EBV transcript.
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CEPH Panel LCLs

SNP Trait P-Velue Chr BP Gene Left GeneRight Gene
rs6788120 EBNA-LP 3.97E-08 3 99711169 OR5K2 CLDND1
rs1675521 EBNA-LP 3.97E-08 3 99728322 LOC1001 GPR15
rs1350790 EBNA-1 6.02E-08 3 99738082 GPR15 CPOX
rs9784358 EBNA-1 2.76E-08 3 99744348 GPR15 CPOX
rs9784358 EBNA-LP 5.54E-09 3 99744348 GPR15 CPOX
rs6532035 EBNA-LP 2.07E-08 4 89086985 HSP90AE SPP1
rs1002976 EBNA-LP 2.07E-08 4 89087020 HSP90AE SPP1
1s796398 EBNA-1 8.24E-09 6 83113039 LOC1001 TPBG
rs796398 LMP-2A 9.28E-08 6 83113039 LOC1001 TPBG
rs770898 EBNA-1 2.71E-10 6 83122607 LOC1001 TPBG
rs770898 LMP-1 5.31E-08 6 83122607 LOC1001 TPBG
rs770898 LMP-2A 3.16E-08 6 83122607 LOC1001 TPBG
rs6930908 EBNA-1 2.71E-10 6 83123018 LOC1001 TPBG
rs6930908 LMP-1 5.31E-08 6 83123018 LOC1001 TPBG
rs6930908 LMP-2A 3.16E-08 6 83123018 LOC1001 TPBG
rs1570140 EBNA-1 2.71E-10 6 83129590TPBG LOC1001 TPBG
rs1570140 LMP-1 5.31E-08 6 83129590TPBG LOC1001 TPBG
rs1570140 LMP-2A 3.16E-08 6 83129590TPBG LOC1001 TPBG
rs9361923 EBNA-1 2.71E-10 6 83172329 TPBG UBE2CBP
rs9361923 LMP-1 5.31E-08 6 83172329 TPBG UBE2CBP
rs9361923 LMP-2A 3.16E-08 6 83172329 TPBG UBE2CBP
rs2208422 EBNA-1 6.47E-10 6 83175011 TPBG UBE2CBP
rs2208422 EBNA-LP 6.85E-08 6 83175011 TPBG UBE2CBP
rs3011889 EBNA-1 2.87E-10 6 83194997 TPBG UBE2CBP
rs3011889 LMP-1 5.98E-08 6 83194997 TPBG UBE2CBP
rs3011889 LMP-2A 3.74E-08 6 83194997 TPBG UBE2CBP
rs1095249 EBNA-1 6.89E-10 7 1.54E+08DPP6 FLJ16734DPP6
rs1095249 EBNA-LP 9.17E-11 7 1.54E+08DPP6 FLJ16734DPP6
rs1740467 EBER1 4.41E-08 8 3968021CSMD1 MYOM2 LOC78081
rs2680611 EBER1 6.06E-09 8 3972317CSMD1 MYOM2 LOC78081
rs1090571 EBER1 8.38E-08 10 6154862 IL2ZRA RBM17
rs1225130 EBER1 8.38E-08 10 6163501 ILZRA RBML17
rs7100400 EBER1 8.38E-08 10 6164086 IL2ZRA RBM17
rs1026894 EBER1 3.84E-08 12 50305426SCN8A  SLC4A8 LOC72852
rs1712592 EBER1 8.45E-08 12 50308163SCN8A  SLC4A8 LOC72852
rs1886195 EBNA-2 6.18E-08 13 1.08E+08 TNFSF13BR1YO16
rs1886197 EBNA-2 6.18E-08 13 1.08E+08 TNFSF13R1YO16
rs6492116 EBNA-2 1.58E-08 13 1.08E+08 TNFSF13®MYO16
Table 127 EBV latencyeQTLs in the RNAseq samplesaf p<1E07).

i) SNPI statistically significant associations are listed by SNP in the first column.

) Trait 7 lists the EBV latency transcript assdei with a relevant SNP

iii) P-valuei reports thé-valueof the test statistic for a relevant association test

iv) Chri gives the genomic location of a significant association by chromosome

V) BP1 gives the genomic location of a significant association by basaymraber

Vi) Genei reports the genomic location of the associated SNP by gene

Vii) Left/Right Genel lists the two closest genes flanking a given SNP
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3.7Discussion

3.7.1.LMP1A eQTL

The results of the experiment indicatedsngnificantgenetic regulatory effectsf the SNPs

within the tested region on the expression of 4 local genes. This was also the case with the
candidate LMP1 eQTL (rs191324&)nly for CCR8 in samples derived from bottormoxic

and hypoxic conditions, did the putative eQTL come up as weaklycaated with transcript
abundanceThe eQTLwas in LD with sone of the neighbouring SNHsowever all had
relatively low P-values. This might be indicative of association and worth further
investigation using a larger sample and a denser SNP map updatethé 1000 Genomes
project. Particularly that the association between changes in expression of some members of
the CCR and CXCR family and EBV infection in Bcell lymphomas has been already

observed (Nakayama 20ennedJensen et al. 201Deutsch etla2008.

3.7.2. Latency eQTLsin the hypoxia study panel

After quantifying 10 latency transcripts in the 58 YRI LCifsom the hypoxia studynd
testing for genomavide association, a single eQTL candidate veesntified significant for
multiple latency phenopes.The most consistent and statistically significant peak idedtif
waswithin the SSH2on chromosoma 17.The peak consisted of multiple SNPs most of which
were in high linkage diseqilibrium. Haplotype and LD structure analysis could be conducted
to inaease the power to detect potential causal allelerever the data may also need a more
stringent normalisation than by using deltivalues on their owrFigures 2425,3425 and

37-38 depict the associations as regional association @ots box plots Genotypes of
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multiple SNPs at this locus correlated with the EBER1, EBNA3C and LMP1 transcript

variability.

The SHH2 association can be explainbg comparisons of levels of expression of the three
genes grouped according to the genotype for the lowestlue SNP. The associated
sequence on chromosome 17 encompasses a broad fragitieseveral genes of interest

and markers implicated in height and platelgblume by recent GWAS studiekango et al.
2010Soranzo et al. 2009SSH2 located centrallypdongs to the fairly recently discovered
family of slingshot phosphatasé3ung et al. 2007 It is involved in dephosphorylation of
cofilin, which changes actin cytoskeleton during mitosididys et al. 2007. Slingshot
phosphatases may therefore playrdical role in animal cytokinesisK@ji et al. 2003.
CCDC55is a recently described novel mRNA splicing regulatéim( et al. 201). Like

SSH2, CCDC5%nd its neighbouEFCAB5have been recently annotated and their function
has still not been well desbad Cheung et al. 201Roehl et al. 2010 Their sequences
appear to be conserved across mammalian species and form an extended run of homozygosity
(Cheung et al. 201Roehl et al. 2010 GIT1 is an intracellular scaffolding protein that
interacts with aange of proteins including those involved in the MAP kinastway, such

as MEK1 and ERK1/Zand is involved in diverse processes, including agamspled
receptor endocytosis and focal adhesion assentaytford et al. 200p Consequently the
genes ofnterest are either poorly described or have broad functions and there seems to be no
specific functional background wth could link these proteins tearticular viral latency
transcripts. Association between EBNAand SNPs located proximal #mSAPlappears

interesting because of the MS contéhdawever lacks a discrete association peak

Among other functionsASAPlhas been implicated in remodelling of actin cytoskeleton

(Randazzo et al. 200Bharti et al. 200). This functional background is also sbd by genes
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associated with other candidate eQTLs, nar88iH2andGIT1 (Kligys et al. 2007 Turner et

al. 200).

The Mohr study LMP1 eQTL SNP rs1913243 was naignificantly associated with

expression levels of tHatency transcripts tested

3.7.3 Latency eQrLs in the MRC-A panel

Out of the significant candidates with MAF exceeding 0.05, eQTL in the region of the
RASGEF1Aand FKBP6 genes appeared most interesting, especially as the SCAN database
identified the associated SNPs as eQTLgfmes with risk locio EBV-related autoimmune
diseases (SLEMS) or lymphomarelevant genesThis appeared unusual given the small

number of significant associations.

RASGEF1Aexpressed mostly in CN$, involved inG protein signalling and transcriptional
regulation and &s been reported to interact with-RAS, HRAS, and NRAS signal
transductionin vitro, which might indicate it upregulates the Ra§Pases (also modulated
by LMP2A) and thus influences cellular growth and survival. In vitro suppression of
RASGEF1A by smal interfering RNA (siRNA) slowed the develognt of
cholangiocarcinomalra et al. 2006 Gain of RASGEF1Aand its overexpression was also
reported in cases a@ésticular embryonal carcinomé&i(bert et al. 201l More importantly
one of the SNPs most sifjoantly associated with EBNAL levels, has previously been
identified as an eQTL for CD88&ell surface receptor and a member of the immunoglobulin
superfamilyknown to be involved in EBV transformation and upregulated by viral LMP1
oncogene in infected -Bells (lymphoblastsDudziak et al. 2003 CD83 is a marker of

mature dendritic cells but it is also expressedabivated lymphocytes, monoraar cells
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and neutrophil§Dudziak et al. 2003Pan et al. 20Q&hlers et al. 2023 It is thought to have
pleiotropic effects, includingctivation of naive Icells andhelper F cells naive B-cell
activation, and play important rolas one of immune response regulators, however its
precise functions, ligands and transcriptional regulation remain unkrieierg et al. 2013

Stein et al2013).

Another significant associations17339199waslocated withinFKBP6, and correlated with
EBNA3A transcript levels. FKB belongs to the family aimmunophilins involved in protein
folding and cell signaling, and homolmgs chromosome pairing in meiosis during
spermatogenesi€(ackower et al. 20Q3It is expressed imll tissuesbut present at highest
level in testis, liver, kidney, skeletal muscle and heddtations in this gene have been
associated with male infdity in humans Zhang et al. 2007 FKBP6 is one of 228 genes
deleted inWilliams syndrome. Its methylation has been reported to be higher in malignant
cases of cervical cancer and also to correlate with the stage of breast Eajikang et al.
201Q Brebi et al. 2018 SCAN indicated that the SNP is also eQTL fooinflammatorylL -

12B. IL-12B is produced by mmu n e sgng antigard pesenting cellsncodes a p40
sukunit common to IE12 and 1l-23 andstimulates the differentiation of T helpeglis and
secretion of interfercd (- FNby T and nat uYilmdz arddiYéntue r ( NK
2005. This gene has been associated with a wide range of diseagsofphisms in IL12B
causinglower expression have been reported to correlate with @sedasome in hepatitis C
virus infection Houldsworth et al. 2005 Variants within the gene were also associated

risk of breast cancer NPC and N)\&ei et al. 2009Kaarvatn et al. 2012/arade et al. 2012
Sawcer et al. 2031 Also variants withidL-12A were confirmed to be associated with higher
risk of MS Sawcer et al. 2031 Cytokine gene polymorphismgor instance IL10, are
associated witlsusceptibilityto, and reactivation dBV (Nakai et al. 200R Different levels

of IL-12 expression werknked to increased lytic replication in LCLs (Aryest al. 2012
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Higher IL-12 lewels were reported in the seratohsillar tissues of IM patientdNékai et al.
2002). Also EBV DNA load in serially collected PBMCs from patients with primary EBV
infection correlated with levels of IL12 in several cgsesich indicated that it might be
influencing the kinetics of EBV DNA load in IM patient&Nakai et al. 200 Significant
differences in IL12B expression were observed in Hodgkin lymphgma#entsand thér
healthy cetwins (Cozen et al. 2009 Overall, the joint EBNA3A and IL1-B eQTL appears
to be an interesting candidate particularly becadsairect links to EBV infectionB-cell
immune responsas well aspresence of risk loci foautoimmune and lynfwid disorders.

Unforturately, the association consistefda single solitary SNP.

The third candidate, rs12660137, was located approximateB5R0 in betweerC60rf52
and GCNT2 was faind to be associated with EBERtranscript levels. A search through
public eQTL databases indicated that the SNP has also been associatéloewitmour
necrosis factor receptor superfamily member 1B TBFRSF1B) expression levels. This
tumour necrosis factor receptor mediates the effects of TNigmaling by activating
intracellular NF-a Esimilarly to LMP1 signalling) and multiple inflammatory pathways
(Albagha 2002vledrano et al. 2004 Polymorphisms in this receptor may be affecting the
binding efficiency of TNF and affect its outcorfidedrano et al. 20)4Most interestinglya
polymorphism in this gene haseenassociated witlSLE risk in a cohort of81 Japanese
patients with SLE and 207 healthy individuddg candidategene study(Tsuchiya et al.
2001]). This association has not been replicated by a moreccae! candidatgene tudy
relying on Caucasian cohorts (Tsuchiya et al. 208hpther candidatgene case control
study conducted in 1006 White parients wi@toronary Artery tseaseand 183 healthy
controls found significant association for a TNFRSF1B marker-{akRie of 0.0000069)
conluding that genetic variation within the gene may predispose to the d{Beagafield et

al. 200). Finally, a similar study in42 parients withPolycystic rary syndromeand 36
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controls from Spain claimed an association witR&repeat miocosatellite polymorphism
within TNFRSF1B(P-value < 0.03;Peral et al. 2002 Additionally a studywhich applied
pathway analysis to SNPs derived from a publicly available MS GWAS dataset
(NCBI dbGap athttp:/Avww.ncbinim.nih.govigap by integrating linkage disequilibrium
(LD) analysis, functional SNP annotation and pathivaged analys (PBA), has proposed a
possiblelink to Multiple Sclerosis (Song et al. 2013Iso polymorphisms in TNFRSF1A
have been associated with MS riSlafvcer et al. 20)1and variation in another protein from

the same family, TNFRSF19, was liked to NPC (idkdesheim and Wang 2012).

Anothersuggestive association ftlne EBER1 transcript level was present on chromosome
16 and resulted in alear association peakithin the ORF ofthe RNA binding protein 1
RBFOX1i1 a protein moderating neuronal excitationnrammalian brain Gehman et al.
201]). The RNA binding proteins regulate alternatgsgdicing in the nervous system however
little is known about RBFOX1 interactiong/gynVanhentenryck et al. 2014Disruption of
Rbfox1 has been implicated in autismWdynVanhentenryck et al. 2014A suggestive
associationfor EBER2 was inDCC, a tumour suppressor gene deleted in colorectal and
gastric cancergKataoka et al. 20Q0Interestingly the most significant SNP within the peak
has been indicated by the eQTL datsds to be associated with transcription of over 10

human genes includinfgMCH participating inDNA break repai(GallegoPaez et al. 2034

3.7.4 Latency eQTLs in theRNA-segpanels

Analysis of the latency transcripts quantified by Arvey e{2012)in Caicasians fronUtah
(CEPH) and Yoruba Africangielded a number of significant associatiomkis number was

even higher than in case of MRCA panel, most likely because no normalisation had been
applied.For EBNA1, associations in YRI involved SNPs in thgioea of CLSTN2, CDH13
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and TNFSF13B Someregions harbowd significant associationsy both the Yoruban and
CEPH. These included SNPs located within or proximallyN#-SF13B as well asCSMD1

although in the lattecasea solitarylytic transcript assoctan was presenh YRI samples

CLSTNZ2encodes a synaptic protein called calsynteniwtdch ispredominantly expressed

in the CNS as components of the postsynaptic membrane and play a role in postsynaptic
signalling Preuschhof et al. 20),0while CDH13encodescadherinl3, a member of the

cadherin familyproteinswhich span thenembranesnablingcell adhesionNon-synonymous

mutations ofCLSTNZ2has been reported for cases of gastric carMajefvski et al. 2018

however there has been no causalolvement proposed The geneis predominantly

expressed n t he brain however also in bone marrc
Daudi cell line, and thus it has been suggested it might have an immunological function

(Mero et al. 201B

Methylation or dereased expression @DH13 was shownin cases ofsolid tissue cancer
including breast, lung, colorectal, cutaneous squamous cell carcinoma andSuWR@t(al.
2007 Takeuchi et al. 2002 oyooka et al. 2002 and ithas been suggested it may act as
tumour sippressor Toyooka et al. 2002 The gene is silenced by LMP1 signalling in NPC
cell lines through methyransferaseEDNMT1, DNMT3A and DNMT3B and a similar
phenomenon has been obserwvedendothelial cells infected with KSHYLeonard et al.
2014 Leonardet al. 2012 Paschos and Allday 2010However there is no direct link

betweenCDH13anddisorders of the lymphatic system or EBV infection.

Solitary associations wepresentwithin TNFSF13B a member of theumor necrosis factor
(TNF) superfamily. Thiggeneencodes ligand, promoting Broliferation and facilitates the
activation of immune response. It is involved in BCR signalling and therefore plays a role in

the vital pathway hijacked by LMP@ncogeneYockerodt et al. 20)3 TNFSF13Bacts as a
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ligand for threeTNF-like receptors which are preseoh B cells(Salzer et al. 2005 Its
polymorphisms have been associated with both autoimmune (RA anac&bEon variable
immunodeficiencyand lymphatic disorders (BellnonHo d g ki n 6 s Kawasgkieto ma )
al. 2002 Salzer et al2005). Transgenic mice models harboufliifSF13Bmutationshave
elevated levels of mature B and effector T cells, and develop symptoms resembling
autoimmunedisease Nlackay et al. 2000 Also, high levels of the ligand are asgated with
chronic lymphocytic Bcell leukemia and polymorphisms TTNFSF13Bpromoter Novak et

al. 2009. This makes ian interestingandidate since it is connected to the broad scope of
disorders in which EBV plays a role of a-faxtor. In additionjts function is utilised by the

virus during transformatiorfLatency Ill) and it is upregulated by the EBNA3C latency
protein (Zhao 2011). The associated SNPs clustered either in the middle intronic part of the
geneds ORF (in Yor ubogatatios @ BPNAE Isvels,0a (NdCERHe v e a |
samples)are located less than 200kb downstream of the ORF forming a peak of 3 SNPs
above the suggestive threshold of 1®10n CEPH they are correkd with the levels of

EBNA-2 (but alsaa lytic protein BHRFL

Association tests in the Caucasian LCLs resulted in 7 other significant associ@nenst

them involved SNPs correlated with EBERL1 levels, located wilvD1 CUB and Sushi
multiple domainsl, expressed in brain and epithelial tissues (Kraus et ab)2Ufis locus

also appeared to be significantly associated to a lytic transcript, BZLF1, in both the CEPH
and the Yoruban individualén addition to EBER1 in the latterOnly a solitary SNP,
downstream of CSMD1, appearedrsfgantly associated with BZ1 levels in the Yoruban
LCLs, while three SNPs associated with BZLF1 in CEPH sasnplere located within the
ORF of CSMD1 CSMD1, hasbeen linked to a range of disordersluting schizophrenia
(Rose et al. 201%teen et al. 201PDonhoe 2013) and MPBaranzini et al. 2009 Its link to

MS however has not been replicated in the more recent sBadycer et al. 20)1This is a
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recently described gene whose function is poorly understagdt is thought tgplay a role

in neurodevelopmental disorders eaffing cognition Roseet al. 2013) but has also been

linked to cancer hull et al. 2018 Only two studies investigated CSMD1 function,
suggesting it may act as tumour suppressor
complementcascaddyy tagging pathoges for elimination (Distler et al. 2012, Havik et al.

2011) It is worth noting thatCSMD1 and proximal sequences contain over significant 20

markers from multiple GWA studies.

In CEPH LCLs, an interesting significant association was found between EBEB®R1 a
rs12251307 (Falue 8.38ED8) (Figure 61). The same variant has been found to be
associated with the risk of type 1 diabetes in a-cas#rol study based ch514 cases and
9,045 controls (Ralue 1E13) and another one with561 cases, 4,646 contrdBarrett et

al. 2009 Cooper et al. 2008). The reported grBRA encodes interleukin 2 receptor alpha
displayed on the surface of immune cells. Interestingly variants of the gene have been
associated with increased risk of MS by the most recent GWA®J& et al. 2011) and
replicated in an independent study (Rubio et al. 2008). Very recently, another study reported
that variants inNL2RA increase the risk of MS even further when combined with Human
herpesvirus 6 (HH6) infection and specific HLA haplgpes (Rahal et al. 2014). One of the
MS-associated SNPs, rs7090512, is located approximately 10kb away and also downstream
of the gene. However it is more proximal to its ORF. The other is further upstnetmm

IL2RAO s ORF, <cl| ose tiatedavithhinereaseshask &f BA (Stahbes &. @04.0,
Orozco et al. 2014). The numerous associations highlight important role of the gene in
immune response. Interleukin 2 stimulates€ll proliferation, survival and differentiation

and its receptor is amportant marker of CD4+ CD25#gulatory T cellscharacterised by

FoxP3 expressiorhat ward the organism against autoimmuf(itgkahashi et al. 2002).
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In CEPH samplethe associatioriest revealed two candidate EBNA& eQTLs located close

to SPP1 (Figure 62) a protein known to upregulate the viral Cp/Wp promotors and
speculatedo bind EBNAL (Arvey et al 2032.u et al 2011).A potential EBNA1eQTL was
located close to GPRFigure 63) one of cereceptors which can be utilised by human and
simian immunodeficiency viruses for entry, along with other transmembrane receptors,
including CCR and CXCR family (Titti et al. 2003. Also SNPs inSCNB8A (Figure 60)
correlated with EBER1 levelSCN8AIs a gene expressed in the CNS and encodes a sodium
channel stratural protein whose mutant has been implicated in epileptic encephalopathy
(Burgess et al. 1995, Veeramah et al. 20AR)ong otherassociations found in CEPere
variants inDPP6 (Figure 64) Both EBNA-LP and EBNA2 transcripts were significantly
correlded with the genotype of a single SNPD#P6 DPP6is expressed in brain and its
product, Dipeptidyl aminopeptidadike protein 6 is responsible for modulating the
biophysical properties ofoltagegated potassium channelsf Es et al. 2008 Variantsin

the gene have been associated to susceptibility to amyotrophic lateral sclerosis, a

neurodegenerative disorder, in European populatias s et al. 2008

In CEPH samples, four transcripts EBNAL EBNLR LMP1 and LMP2A were correlated
with SNPs withn and proximal tarPBGon chromosome 6 (Appendix Figure AZPBG or
trophoblast glycoproteira{so known as 5T¢s a transmembrane protennose functions are
poorly understood, although it expressed at high levels in placenta and in most common
tumaurs including 80% kidney, breast, colon, prostate, and ovary carcinainias makes it

a gooddiagnostic markeZhaoand Wang 200y It has also been shown to be significantly

upregulated in LCLs (Baik et al. 2007).
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3.8Conclusion

In summary, the eQTlassays yielded no consistent genemige significant associatien

This suggests that the resultsgdod be i nterpreted with cautio
sample size is a serious limiting factor. Only the famiWBRC-A panel samples exceeded
100individuals Although family-based cohorts have been suggestedsastable method of

replication for the populatichased GWA studieshey provide comparatively less power to

detect significant associatiorBgnyamin et al. 2009

However severaMRC-A-derived associations appesuggestive, in particuld8NPs in the
region ofRASGEF1AandRBFOX] linked toEBNA1 and EBERXespectively however no
immediate relevancéo EBV infection and disease evident. The EBV expression data
sourced from the RNAeq studies provided interesting results. It is worth noting that the two
associations to the same loci (although not involving same SNPs) in both CEPH and YRI
samplescanteredon a geneimplicated in immune respons@NFSF13B and aother gene
previously considered to contain risk locus for d@BV-related autoimmune disease
(CSMDJ. The potentially most interesting finding is the significant association to a type 2
diabetes risk marker downstream IbRRA The significance of this finding is highlighted
particularly by the context of several MS and RA GWAS risk located downstream and within
IL2RAas well as its function in regulatingCell immune response and maturatilowever,

the significance of the findings obtained with the RBEY samples is undemaid by the

lack of normalisation which will be necessary in future reetalysis.
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Chapter 4. EBV copy number QTLs

4.1 Introduction

EBV copy number is an important factor correlated with severity and predicting the outcome
in many EBVpositive lymphomagHohhaus et al. 2011, Baldanti et al. 2000, Smets et al.
2002, Balandraud et al. 2003). Additionally viral copy humber may be directly responsible
for the severity of acute and chronic IM (Hadinoto et al. 2008, Maeda et al. 2006, Fhorley
Lawson 2001) andherefore may be influencing the course of other lymphoproliferative
disorders. Although direct causality for any disorder has not been established, there is
evidence that viral load in LCLs is partly genetically determined (Caliskan et al. 2011). A
studyof viral copy number QTLs and their overlap with known disease risk loci could shed

more light on the role of the virus in EBMositive disease aetiology.

Genetic determinants of EBV viral load were investigated using a publicly available dataset
of quantfied relative EBV copy number across a panel of 172 LCLs from the HapMap CEPH
and Yoruban collections (Choy et al. 2008). In the second part of the experiment, EBV load
was quantified across 414 LCLs from the four European Human Variation panels of the 100

Genomes Project and calibrated using serial dilutions of Namalwa cell line gDNA.

4.2 Aims of the chapter
1. To map EBV copy number as a quantitative trait using samples from the Choy et al. study.
2. To quantify and map EBV copy number using gDNA sedrfrom the British, Finnish,

Iberian and Italian 1000 Genomes LCLs.
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4.3 Mapping EBV copy number QTLs in HapMap LCLs

In late 2008 Choy et al. published a study on drug response in a set of Yoruban and
Caucasian LCLs from the International HapMap ProjBtiage 3 genotypes), in which EBV
copy number was quantified as a potential confounder of global gene expression results
(Choy et al. 2008). EBV load was determined usingtom TagMan assays targeting a
sequence from the viral DNA polymerase gene, anddlaive copy number data was made
publically availablg(Choy et al. 2008)The scope of the study did not encompass EBV QTL
identification and, consequentlthe public EBV expression database provided a means to

expand the current search for viral copynber QTLs onto independent cohorts.

Quality Control

EBV copy number data quantified by Choy et

website http://www.broad.mit.edu/mpa/pubs/hapmap cell line3/ The database includes two

datasets for the same set of LCLs, each containingrdogformed EBV relative copy values
measured at two different stages of the experiment (cell line expansion phase, and main
experiment condtted on mature cell lines) as well as a third, smaller dataset sourced from a
Areplicated batch of chosen mature LCLs. Th
Choy et al. (2008) by subtracting the Ct of an internal reference housekeeping gene (NRF1
locus targeted by &0 bp TagMan assayp obtain delteCt values (equivalent to leg
transformation)Both mature LCL datasets were used in the analysis. According to Choy et

al. (2008)the dataset was restricted to (nominally) unrelated individuals. ddwyfurther

phenotype data transformation was conducted. B*&0standard genonwide significance

threshold adopted in GWAS studies, was set as t@u® threshold for associations in the

current experiment.
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http://www.broad.mit.edu/mpg/pubs/hapmap_cell_lines/

Results

Relative EBV copy numbers were sourcét 73 CEPH Caucasian and 78 Yoruban
individuals from the Broad Instituteds websi
assoc function, MAF>5%4,0% for individual/SNP missing rate, HWEVRIue<1x10'9). The

results are displayed in the plots below (F&p 6568). Only a single SNP (rs10170606 on
Chromosome 2)eached the genonwide significance threshold with avRlue of 9.35E°%in

the Yoruban population (Figure 66)he SNP, however, was not part of a larger association

peak and is located withimantergenic region on chromosome 2, not immediately associated

with any gene (Figure 67). There is no known functionrsdf0170606 A clear, however
statistically not significant, peak was located on chromosome 5 and encom@&dstd a

type Il cadherir(Figure 68).

Figure 657 EBV copy number whole genome association (73 CEPH Caucasians); Chromosome displayed
along the X axis; Chr 23 and 24 denote X and Y chromosomes respeciivglyP-values displayed on the Y
axis.
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Figure 66 - EBV copynumber whole genome association (78 Yorubans) Chromosome displayed along the X
axis; Chr 23 and 24 denote X and Y chromosomes respectilagys P-values displayed on the Y axis.
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Figure 6717 EBV copy number whole genome associatioklaploView regonal plot of chromosome 2 (78
Yoruban cell lines).
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the upper right corner.

The EBYV relative copy results were not replicated in the second, smaller replicate dataset

from cell lines grown by Choy et al. (2008) for the purpose of 4ex@erimental copy

number variation assessment. No genewde signficant associations or suggestive

association peaks were found (data not shown). Pooling the samples together, although

technically not correct, did not provide significant associations either.

4.4 EBV copy number QTL analysis in 1000 Genomes LCLs

Genomt DNA sourced from 414 LCLs from the 1000 Genomes Project was obtained from

Corielll I nstitutebds Cel l

Repositories

and a-:¢

technique (Caliskan et al. 2011). Briefly, gtesigned TagMan probes targeting viral IR1

region were used to quantify viral DNA in LCL gDNA samples with concentration

normalised to 100ng/ul using Qubit. The relative copy number was then calibrated using a

143



standard curve prepared from serial dilutions of gDNA sourced from the BL Namalwa cell
line containing 2 integrated EBV copies per cell (two EBV genomes per single human diploid
genome). Namalwa gDNA stock solution was also normalised to a concentration of 100ng/ul
using Nanodrop. The tested cohort encompassed all of the European samplabefrom

Human Variation panel representing the Finnish, British, Italian and Iberian populations.

Quality Control

Related individuals including were removed from the analysis manually. The 1000G samples
used for the purpose of this study had been providéd tiwe information on cryptic and
unexpected relationships, antf 2s well as '8 order relations have been singled out in the
1000G sample spreadsheet available for download from the 1000G website. There were two
such pairs (one of d2order and onefd™ order) in the current experimental dataset and one
individual from each pair was removed from further analysis. Some 1000G genotypes were
not available for a subset of Iberian and British samples at the time of the experiment and
these samples had e excluded from the test as well. The gPCR assay had been conducted
in duplicate reactions, and whenever the resulting Ct value SD exceeded 1.5 a repeat
triplicate reaction was carried oubamples whose Ct SD exceeded 1.5 repeatedly were
removed from faher analysisAfter QC, 287 samples remained available for statistical tests
(over 100 had to be excluded due to missing genotypes at the time). Before the analysis, the
relative EBV copy number values were {ognsformed and tested for association gisin
PLINK Tassoc linear 2 degrees of freedomdooninant model (MAF > 0.010.1 missing

rate, Pval HWE<0.00). Other phenotype data transformations were also considered (Figure

69).
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Figure 6971 Distribution of the EBV copy number shown as (left to rjgbt values, logrelative copy number
(gDNA per cell read from the Namalwa gDNA calibration curve), Quantlenalised relative copy number,

deltaCt values.
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Figure 69AT Distribution of the EBV absolute copy number per cell obtained using the met@adiskan et
al. (2011) with Namalwa gDNA calibration curve aswhversion factor of 6.6 pg DNA per diploid genome

The logtransformation was chosen because it provided three interesting candidates, while
guantile normalisation generally reduced the allesignificance level of all associations to

below 1*E® and 1*E% genome wide, forcing the association peaks onto the same level as
background solitary fAnoi seo aPCAwascoadudtedns ( Fi
and the test repeated 10 timeach time with a set of 1 to 10 PCs used as covariates as

means to control for population structure and potential remaining cryptic relatedness as well

as batch effects. No PC correlated with any known variable (population, cDNA plate, g°PCR
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plate, sex) ad using no covariates gave the most significant results, which are summarised in
Table 13. As an additional control and to ensure the good quality and consistent levels of the

tested gDNA, TagMan RNase P Detection assay was run on each plate.

Results
Only a single SNP (rs190636588) on chromosome 14 was associated with viral copy number

at genomewide significance (Figure 70).

Figure 707 Chromosome 14 EBV copy number associatiomegjative logpf theP-valueindicated on the X
axis.

rs190636588 is lwated in a gene desert with the nearest geR&S29located 150kb
downstream. A number of other suggestive associations was noted, including two on
chromosome 17 and 19 (Figures74). The association peak on chromosome 17 was located
within an intergenicregion, approximately halfway between thmtassium channel
tetramerization domain containing 2KGTD2 ORF and solute carrier family 16

(monocarboxylate transporter) membeSRC16A% gene.
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Figure 71 1 Chromosome 17 EBV copy number associatioregdive log of theP-valueindicated on the X

axis.
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Figure 7271 Regional association plot showing EBV copy number association with rs4513132 and the
SLC16AS5 locus.

The association on chromosome 19 involved multiple SNPs located wiliBi®4 gene.

LTBP4encodes transforming growth factor beta (F&F bi ndi ng pr ot ei n
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Figure 73 Chromosome 19 EBV copy number associatiowgjative logpf theP-value indicated on the X

axis.
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Figure 747 Regional association plot showing EBV copy number associatidnraitl 668582 and the LTBP4
locus.

In addition, association was seen for a genomic region on chromosome 5 with 15 SNPs

associated with EBV copy number (Figure 7).
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Figure 7571 Plot showing chromosome 5 and EBV copy nhumber associations, with the PREdd6iation
peak;negative logof theP-valueindicated on the axis

The SNPs are upstream BRDM9 a gene that encodes a ziimger DNA-binding protein
expressed by germline cells and controlling meiotic recombination (Myers et al. 2010, Baudat

et al2010).

Figure 76 1 A regional association plot showing SNPs in the PRDM9 locus and EBV copy number
associations.
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