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Preface

Epstein-Barr virus (EBV) is one of the most common human viruses and the cause
of pathologies such as infectious mononucleosis (IM) and certain cancers, namely
immunodeficiency-related B cell lymphomas, Burkitt and Hodgkin, nasopharyngeal,
and gastric carcinomas. Over the past two decades, the possibility of an association
between EBV and other cancers and other chronic pathologies (i.e., multiple sclerosis
(MS)) has also been put forward. One of the challenges facing researchers is the
complicated life cycle of EBV, which goes through a phase of latent infection during
which the virus induces the activation, proliferation, and differentiation of primary
B cells into memory B cells. Additionally, EBV, like other human herpesviruses
(HHV1-8), has co-evolved through a persistent viral infection in the host, and is then
spread efficiently to others, generally without causing serious diseases. Symptoms

of EBV infection vary widely based on the age and immune status of the patient.
Most infections in younger children are benign and are often subclinical. EBV is

also associated with autoimmune diseases, including rheumatoid arthritis, Sjogren’s
syndrome, systemic lupus erythematosus, and MS.

Classified as a herpesvirus (type IV), EBV encodes more than 80 genes. The core
set of genes (minority) are involved in the latency phase. The other set comprises
the genes of the lytic cycle. In addition to these gene-encoding proteins, there are
gene-encoding microRNAs (regulatory RNAs), the functions of which are still
poorly understood. For many years, researchers argued that only the products

of the latency genes (i.e., LMP1 oncoprotein and EBNAs) were responsible for
oncogenesis. It has recently been demonstrated that the proteins of the lytic cycle
have also a role not only in cell transformation (the initial stage of the tumor
process) but also in tumor progression. Certain viral proteins act as “transcription
factors” capable of activating cellular genes involved in the regulation of cell
survival or even in immunomodulation.

EBV-associated lymphomas are classically described as malignant proliferations

of the lymphoid type but nonetheless group together a wide variety of histological
and immunological types. In addition, this association with EBV, considered to be

a group 1 carcinogen according to the International Agency for Research on Cancer
(IARC) 20009, is highly variable for the type of lymphoma considered. For example, in
Burkitt’s ymphoma (BL), which was the first cancer associated with an infection and
observed in Ugandan children thanks to the work of Denis Burkitt in 1958, we find it
is the B lymphoma associated with EBV (discovered eight years later) that is present
in more than 90% of cases. In contrast, in the same type of lymphoma but observed
in a European subject, the association is only around 20%. This demonstrates that,

in addition to the virus, there are environmental co-factors linked to each form of
lymphoma, (regardless of whether it is type B or type T) or even a specific lymphoma,
such as lymphoma by Hodgkin. The immune state is one of these cofactors linked to
the host, and this explains the appearance of severe lymphoproliferative diseases in
immunocompromised subjects (e.g., transplant recipients). In these patients, these
lymphomas are called post-transplantation lymphoproliferative syndromes (PTLDs),
bringing together several types of lymphomas (B lymphomas most often associated
with EBV, but also T lymphomas, BLs, or Hodgkin’s disease).



The chance of developing a lymphoma hangs over the heads of humans much like
the sword of Damocles. Fortunately, we all have an internal immunosurveillance
network capable of monitoring every cell infected with EBV. Over the long course
of evolution spanning millions of years, a balance has been established between the
virus and its host (primates and humans) so that we can live within this complex
equilibrium. After initial exposure and infection with EBV (this frequently occurs
in children and is asymptomatic), the virus persists in a form of latency with
reactivations (periodic resumption of the activity of the virus, i.e., lytic cycle)

that may go unnoticed. Under certain circumstances, the virus exerts uncontrolled
oncogenic activity, which can sequentially (multi-step) lead to symptomatic tumors
and cancer, such as lymphomas, stomach cancer (see Chapter 3), nasopharyngeal
carcinoma (NPC), and leiomyosarcoma (LMS). For some of these tumors, EBV
coinfection with malaria (African LB), ethnic and diet factors (NPC), and immune
status (post-transplant lymphomas and lymphomas of the HIV-positive subject)
are conducive to their development.

Recent studies have revealed a seamlessness between latent and lytic proteins

and the types of infections to which they contribute. Some lytic proteins can be
expressed in the context of latent infections as seen in some cancers and in pre-
latent infection of B lymphocytes. This raises the possibility that these lytic antigens
(specifically the ZEBRA protein encoded by the EBV BZLF1 gene) might be useful
therapeutic or vaccine targets for the prevention of EBV-induced cancers. In addi-
tion, advances in high-throughput next-generation DNA sequencing have made

it possible to analyze a growing number of EBV isolates (see Chapters 1 and 2). It
appears that different isolates of EBV vary in their ability to infect lymphocytes

and epithelial cells. It can thus be suggested that certain specific variants of EBV
are more oncogenic than others, and we can therefore establish a clear link between
EBV-induced oncogenesis and that of human papillomavirus (HPV). It is also
plausible that a particular variant is more prone to reactivate towards the lytic cycle,
causing an increased viral load or an increase in the circulating ZEBRA antigen.
This protein could act as a tumor progression factor and increase the occurrence of
EBV-induced cancers. Recent clinical studies demonstrate a causal role of EBV in
MS and in myasthenia gravis (an autoimmune disease characterized by intrathy-
mic B-cell activation; see Chapter 5). Once again, it is not yet clear why MS only
develops in a small fraction of people infected with EBV. The role of gene variants

is worth investigating in future studies.

Usually, the diagnosis of an EBV primary infection is established through serological
testing (detection of antibodies specific to EBV). This is particularly so regarding
EBV whose symptoms are found in adolescents suffering from IM. In certain

cases (e.g., NPC), this serology can also be applied to consolidate a diagnosis or a
follow-up therapy. In contrast, in the case of lymphomas, clinicians have chosen
molecular biology techniques (viral load by quantification of circulating EBV DNA
in the blood). This technique (exploring the virus in its latency form) is routinely
used to monitor transplant patients and to intervene at an early stage with drugs
(rituximab, an anti-B lymphocyte monoclonal antibody) to prevent the onset of
PTLD. Unfortunately, this technique (Rituximab or its derivatives) has many side
effects (among them, hypogammaglobulinemia) and therefore lacks specificity as
a potential treatment. However, techniques based on the detection of the lytic cycle
have been developed to improve the specificity of the diagnosis of PTLD and will
soon be available to everyone.
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Despite the discovery of EBV more than 50 years ago, immune control of the virus
is not very well understood and there is still no vaccine available. This knowledge
gap is due, in part, to the lack of a preclinical small animal model that can realisti-
cally recapitulate EBV infection and immune control and therefore allows testing
of EBV-specific vaccine candidates (see Chapter 6). With the advent of mice with
reconstituted human immune system compartments during the past decade, this is
now changing. The complex interplay between host and virus has also made it diffi-
cult to elaborate useful vaccine strategies to protect against EBV-associated diseases
(including chronic diseases like MS) or to find efficient drugs that specifically target
EBV malignancies. Recently, the incorporation of immunotherapeutic strategies

as first-line therapy has provided a better long-term outcome for patients. On the
other hand, new predictive biomarkers have been found for patient follow-ups.

EBV is present in many pathologies, thus there is a need to encourage further
research in this domain, which could lead to the discovery and development of new
specific therapies.

Emmanuel Drouet, PharmD, Ph.D.

Full Professor,

Institut de Biologie Structurale,

(Complement, Antibodies and Infectious Diseases Group),
Université de Grenoble-Alpes,

Grenoble, France
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Chapter1

Genome-Wide Profiling of

Epstein-Barr Virus (EBV) Isolated
from EBV-Related Malignancies

Ying Liu, Zheming Lu and Hongying Huang

Abstract

Epstein-Barr virus (EBV) is the cause of certain cancers, such as Burkitt
lymphoma, Hodgkin lymphoma, NK/T cell lymphoma, nasopharyngeal carci-
noma, and a subset of gastric carcinomas. The genome-wide characteristics of
EBYV are essential to understand the diversity of strains isolated from EBV-related
malignancies, provide the first opportunity to test the general validity of the EBV
genetic map and explore recombination, geographic variation, and the major
features of variation in this virus. Moreover, understanding more about EBV
sequence variations isolated from EBV-related malignancies might give important
implications for the development of effective prophylactic and therapeutic vaccine
approaches targeting the personalized or geographic-specific EBV antigens in these
aggressive diseases. In this chapter, we will mainly focus on the EBV genome-wide
profiling in three common EBV-related cancers in Asia, including nasopharyngeal
carcinoma, EBV-associated gastric carcinoma, and NK/T-cell lymphoma.

Keywords: Epstein-Barr virus (EBV), next-generation sequencing (NGS),
nasopharyngeal carcinoma (NPC), EBV-associated gastric carcinoma (EBVaGC),
NK/T-cell lymphoma (NKTCL)

1. Introduction

Epstein-Barr virus (EBV), a ubiquitous human herpesvirus discovered in
1964 is classified as a group I carcinogen by the International Agency for Research
on Cancer (IARC), since the latent infection by EBV has been estimated to be
responsible for 200,000 cancer cases worldwide [1], including Burkitt lymphoma,
Hodgkin lymphoma, NK/T cell lymphoma (NKTCL), nasopharyngeal carcinoma
(NPC), and a subset of gastric carcinomas. It has been shown that viruses can
contribute to the biology of multistep oncogenesis and are implicated in many of
the hallmarks of cancer [2]. Notably, the discovery of links between viral infection
and cancer types has provided actionable opportunities, such as the use of human
papilloma virus (HPV) vaccines as a preventive measure, to reduce the global
impact of cancer. However, until now, approved vaccines for EBV have not been
available.

EBV has a double stranded DNA genome comprised of approximately 172
kilobases. The expression products cover at least 86 proteins and 46 functional
small-untranslated RNAs [3-5]. EBV has two distinct life cycles: latency and lytic
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replication. During latency, viral genomes only express a limited number of latent
proteins (EBV-determined nuclear antigen 1 (EBNA1), 2, 3A, 3B, and 3C and EBNA
leader protein (EBNA-LP); latent membrane protein 1 (LMP1) and LMP2 (which
encodes two isoforms, LMP2A and LMP2B)), noncoding EBV-encoded RNAs
(EBER1 and EBER2), and viral miRNAs (BHRF1-miRNA and BART-miRNA). EBV
latency is categorized as three latency types (latency I-III). EBV genomes in type-I
latency are known to express EBNA1 and EBER. EBV genomes in type-II latency
are known to express more genes such as EBNA-LP, LMP1, LMP2A, and LMP2B.
EBV genomes in type-III latency are known to express most restricted latent genes
including EBNA2, EBNA3A, EBNA3B, and EBNA3C. Lytic genes encode viral tran-
scription factors (e.g., BZLF1), a viral DNA polymerase (BALF5) and associated
factors, and viral glycoproteins (e.g., gp350/220 and gp110) and structural proteins
(capsid and tegument proteins).

Southern blot of restriction fragment length polymorphisms was first used to
detect EBV strain variation, and Sanger sequencing of certain specific viral genes
(e.g., EBNA1 and LMP1) was later developed to detect sequence diversity. Now,
on the basis of high-throughput sequencing, genome-wide analysis is becoming
possible.

Prior to 2013, EBV whole genome sequences available from GenBank were
limited to less than 10 strains (B95-8, EBV-WT, GD1, AG876, GD2, HKNPC1, Akata,
and Mutu). The prototypic type 1 EBV strain B95-8 was the first complete genome
sequenced from an individual with infectious mononucleosis using a conventional
strategy (i.e., subcloning followed by Sanger sequencing) [6]. Subsequently, a
more representative type 1 EBV reference genome, human herpesvirus 4 complete
wild type genome, was constructed by using B95-8 as the backbone with an 11-kb
deletion segment provided by the Raji sequences (named EBV-WT) [7]. AG876 was
the unique complete type 2 EBV sequence from a Ghanaian case of Burkitt lym-
phoma [8]. Akata and Mutu were sequenced from Burkitt lymphoma cell lines from
a Japanese patient and a Kenyan patient, respectively [9]. GD1 [10], GD2 [11] and
HKNPCI1 [12] were isolated from NPC patients.

Since 2014, a new technology named Hybrid Capture (Figure 1), has marked a
new era of EBV genome sequencing. Using the method of target enrichment of EBV
DNA by hybridization, followed by next-generation sequencing, de novo assembly,
and joining of contigs can yield complete EBV genomes. The development of high-
throughput sequencing technologies enabled sequencing of EBV genomes derived
from a wide variety of clinical samples, such as tumor biopsy samples [13]. The
number of available EBV sequences is increasing exponentially and up to now, more
than 500 EBV genomes have been sequenced from a variety of human malignancies,
including NPC, lymphoma, gastric cancer, and lung cancer, as well as from healthy
carriers [14-25]. Progress has made it possible that the population-based case—control
studies of EBV strain variation in EBV-related cancer patients as compared with the
healthy population and a comprehensive survey of EBV integration in a variety of
human malignancies can be effectively conducted [20, 25-27]. These developments
have revealed that various EBV strains are differentially distributed throughout the
world, and that the behavior of cancer-derived EBV strains is different from that of
the prototype EBV strain of noncancerous origin.

Hence, the genome-wide characteristics of EBV are essential to assess the diversity
of strains isolated from EBV-related malignancies. Meanwhile, understanding the
pattern of EBV sequence variation is important for knowing whether there is a disease-
related strain-specific or geographic regional variation of EBV strain, and might
provide important implications for the development of effective prophylactic and
therapeutic vaccine approaches targeting the personalized or geographic-specific EBV
antigens in these aggressive diseases.
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Sample DNA preparation

Sample quality control

Prepare DNA whaole-genomic library

Library quality control

Target enrichment of EBV DNA by hyhridization with EBV probes designed

according to available EBV reference genomes

l Data quality control

Next-Generation Sequencing

l

Bioinformatics Analysis

l

De novo assembly of EBV genomes

Figure 1.
Complete workflow for EBV DNA capture and sequencing.

EBV strain Origin Disease Year Refs
GD1 Guangdong, China NPC 2005 [10]
GD2 Guangdong, China NPC 2011 [11]
HKNPC1 Hong Kong, China NPC 2012 [12]
HKNPC2-HKNPC9 Hong Kong, China NPC 2014 [14]
EBVaGC1-EBVaGC9 Beijing, China EBVaGC 2016 [17]
GDGC1-GDGC2 Guangdong, China EBVaGC 2018 [21]
NKTCL-EBV1-NKTCL-EBVS8 Beijing, China NKTCL 2019 [23]
NKTCL-SC01-NKTCL-SC15 15 from Southern China, NKTCL 2019 [24]

NKTCL-SG01-NKTCL-SG12 12 from Singapore

Table 1.
EBV genomes reviewed in this chapter

In this chapter, EBV genomes reviewed are from three common EBV-related
cancers in Asia, including NPC, EBV-associated gastric carcinoma (EBVaGC),
and NKTCL. The EBV strains include GD1 [10], GD2 [11], HKNPC1 [12],
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HKNPC2-HKNPC9 [14], EBVaGC1-EBVaGC9 [17], GDGC1-GDGC2 [21], NKTCL-
EBV1-NKTCL-EBVS [23], NKTCL-SC01-NKTCL-SC15 and NKTCL-SGO1-
NKTCL-SG12 [24] (Table1).

2. Genomic diversity of EBV-related malignances
2.1NPC

NPC, an EBV-associated epithelial carcinoma, has a unique geographical
distribution [28]. A recent World Health Organization (WHO) report estimated
that there were around 130,000 new NPC cases worldwide in 2018 [29]. Rare in
most of the world, NPC is particularly prevalent in South China and Southeast
Asia [30]. In Hong Kong and Guangdong in South China, NPC incidence is as high
as 12.8-25.0/100,000 per year [28, 29]. The cause of NPC endemicity remains
unknown.

Many studies have shown that EBV genome is present in almost all endemic NPC
tumors with a unique pattern of virus latent gene expression, suggesting that EBV
plays an important role in the tumorigenesis of NPC [31]. Whole genome sequencing
is useful for us to understand genomic characterization and divergence. Here, we
mainly focus on 11 mostly available full-length genomes of NPC.

2.1.1GD1

GD1 (Guangdong strain 1), the first NPC-derived EBV strain with full-length
sequences determined using PCR amplification and sub-cloning followed by con-
ventional Sanger sequencing technology, was analyzed from established a lympho-
blastoid cell line (LCL) from umbilical cord blood mononuclear cells transformed
by saliva virus from a Cantonese NPC patient in 2005 [10]. The entire GD1 sequence
is 171,656 bp in length and GD1 belongs to type 1 strain. Many sequence variations
in GD1 compared to prototypical strain B95-8 were detected, including 43 deletion
sites, 44 insertion sites, and 1413 point mutations. Furthermore, the frequency of
some GD1 mutations in Cantonese NPC patients was evaluated, such as a 30-bp
deletion in the C terminus of LMP1, and the V-Val subtypes of EBNA1. The results
suggested that GD1 is highly representative of the EBV strains isolated from NPC
patients in Guangdong, China, an area with the highest incidence of NPC in the
world.

2.1.2GD2

With the invention of next-generation sequencing (NGS) systems, it is possible
to determine genome-wide sequences and the viral clonality of EBV strains by
direct sequencing of EBV genomes in clinical tumors in a time- and cost-effective
manner. GD2 with 164,701 bp long was directly sequenced using the Illumina
(Solexa) platform, and successfully assembled from an NPC tumor of a patient in
Guangdong province, a region in China by the same group who determined GD1
[11]. GD2 was closely related to GD1 by sequence and phylogenetic analyses. The
sequence similarities between GD2 and GD1 were 98.76%. GD2 and GD1 shared 505
common single-nucleotide variations (SN'Vs), including most SN'Vs in the coding
regions (348 [68.91%] SNVs) and seven insertion and deletions (indels). From
a comparison with the EBV-WT reference genome, a total of 927 SN'Vs and 160
indels with genome-wide distribution were found in the GD2 genome. The results
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revealed that NGS allows the characterization of genome-wide variations of EBV in
clinical tumors and provides evidence of monoclonal expansion of EBV in vivo.

2.1.3 HKNPC1

Because of the relatively small quantity of viral DNA present in the tumor sample,
next-generation sequencing total cellular and viral DNA in a sample is costly and
inefficient, and may limit the generation of the high read depth necessary to make
high confident base calls of the viral genome. Using target enrichment technology
could increase the relative amount of viral DNA. Kwok et al. reported an approach
of PCR enrichment (Amplicon Sequencing) followed by sequencing the amplified
products on the [llumina Genome Analyzer IIx platform to determine the genome
sequence of an EBV isolate from NPC tumor of a Chinese patient in Hong Kong,
designated as HKNPC1 [12]. HKNPC1 is approximately 171,549 bp, and contains
1589 SNVs and 132 indels in comparison to the reference EBV-WT sequence. Non-
synonymous SNVs were mainly found in the latent, tegument and glycoprotein
genes. The same point mutations were found in glycoprotein (BLLF1 and BALF4)
genes of GD1, GD2 and HKNPC1 strains and might affect cell type specific binding.
The results showed that whole genome sequencing of EBV in NPC may facilitate
discovery of previously unknown variations of pathogenic significance.

2.1.4 HKNPC2-9

The group of Kwok and colleagues established a complete sequencing workflow
comprising target enrichment of EBV DNA by hybridization, followed by next-
generation sequencing, de novo assembly, and joining of contigs by Sanger sequencing
to yield whole EBV genomes. The sequences of eight NPC biopsy specimen-derived
EBV (NPC-EBV) genomes, designated HKNPC2 to HKNPC9, were then determined
in the same geographic location in order to reveal their sequence diversity [14]. The
eight NPC-EBV genome sizes estimated based on the reference EBV-WT sequence
ranged from 170,062 bp (HKNPC2) to 171,556 bp (HKNPC3 and -6). A total of 1736
variations were found, including 1601 substitutions, 64 insertions, and 71 deletions,
compared to the reference EBV-WT genome. Furthermore, genes encoding latent,
early lytic, and tegument proteins and glycoproteins were found to contain nonsyn-
onymous mutations of potential biological significance. Thus, much greater sequence
diversity among EBV isolates derived from NPC biopsy specimens is demonstrated on
awhole-genome level through a complete sequencing workflow.

Obtaining whole-genome sequence information for more clinical EBV isolates,
with good representation of the EBV repertoire in tumors, could help to address that
hypothesis and uncover the pathogenic subtypes of EBV in NPC tumorigenesis. A
case—control (62 NPC patients and 142 population carriers) study of NPC in Hong
Kong has identified high-risk EBV subtypes with polymorphisms in the EBV-
encoded small RNA (EBER) locus [26]. A recent study published in Nature Genetics
entitled ‘Genome sequencing analysis identifies high-risk Epstein-Barr virus sub-
types for nasopharyngeal carcinoma’ by Xu et al. used large-scale EBV whole-genome
sequencing to examine EBV subtypes in an attempt to explain the unique NPC
endemicity in South China [25]. Through EBV genomes from 156 NPC cases and
47 controls and two-stage association study, they identified two non-synonymous
EBV variants within the BALF2 gene (BamHIA leftward reading frame 2 encoding a
single strand DNA binding protein associated with EBV replication) strongly asso-
ciated with the risk of NPC (odds ratio [OR] = 8.69 for SNP162476_C and OR = 6.14
for SNP163364_T). The cumulative effects of these variants contribute to 83% of
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the overall risk of NPC in southern China. These studies confirmed the critical role
of EBV infection in the pathogenesis of NPC and provided an explanation for the
striking epidemiological distribution of this tumor in South China.

2.2 EBVaGC

EBVaGC has been recognized as a distinct subset of gastric carcinoma, accounting
for about 10% of total gastric carcinomas [32-35]. The monoclonal presence of the
virus was uniformly distributed in malignant cells of EBV-positive tumors but not
observed in the surrounding normal epithelial cells, providing strong evidence to
support the role of EBV as an etiologic agent [32, 33]. However, the exact role of
EBV in the development and progression of this specific type of gastric carcinoma is
not yet clear.

Progress has been made in understanding the full spectrum of diversity existent
within the EBV genome from EBVaGC clinical tumor samples, since the NGS
technology has been developed. Here, 11 EBV strains from primary EBVaGC biopsy
samples were included.

2.2.1 EBVaGC1-EBVaGC9

Our group reported the first genome-wide view of sequence variation of
EBV isolated from primary EBVaGC biopsy specimens in 2016 [17]. We used
the method of target enrichment of EBV DNA by hybridization, followed by
next-generation sequencing. EBV probes were designed according to full-length
genome of six available EBV strains, including EBV-WT, B95-8, AG876, GD1, GD2,
and HKNPC1. According to the value of coverage of the target region, all DNA
sequence generated from GC-EBV strains most resembled GD1. Thus, GD1 was
used as the reference EBV genome in our study. De novo assembly was performed
for nine sequenced GC-EBV strains. Finally, nine EBVaGC genomes were success-
fully sequenced, designated EBVaGC1 to EBVaGC9. The genome sizes, estimated
based on the reference GD1 sequence, ranged from 171,612 bp (EBVaGC6) to
171,957 bp (EBVaGC1).

Whole-genome sequencing of EBV enabled the comparison and thus the
determination of EBV variations at the genome level. In our study, 961 variations
were observed in the EBVaGC1 to 9 genomes in comparison to the reference GD1,
including 919 substitutions, 23 insertions, and 19 deletions. Both latent genes and
genes encoding tegument proteins in nine GC-EBV genomes were found to harbor
the majority of nonsynonymous mutations, accounting for 58.4% (EBVaGC8) to
84.3% (EBVaGC3) of all nonsynonymous mutations detected for each genome.

EBNAL1 is essential for maintenance of the EBV episome in latently infected
cells and is the only EBV antigen that is consistently expressed in all EBV associ-
ated malignancies [36]. Based on the amino acid changes at position 487 in the
COOH-terminal region in EBNAI1 relative to B95-8 (P-ala), V-val was the most
common subtype, accounting for 77.7% of nine GC-EBV strains, followed by
P-thrV, accounting for 22.3%. Multiple results showed that V-val is the dominant
subtype in Asian regions studies, not only in EBVaGC but also in NPC and healthy
donors, while V-val subtype was rarely found in Africa, Europe, and America
irrespective of source (lymphoma, NPC, EBVaGC, or healthy donors) [37-39],
indicating that polymorphism of EBNA1 subtypes has geographic differences but is
not tumor-specific. Apart from changes in the C-terminus, EBNA1 has variations
in the N-terminus. Interestingly, we identified two interstrain recombinants at the
EBNAL1 locus, which provided a further mechanism for the generation of diversity.
EBNA1 N-terminus changes have revealed additional variants that were not simply
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classified based on the signature amino acid residue 487 in the C-terminus as
widely used previously. The N-terminus changes reinforce the need to evaluate the
EBV genome more comprehensively in order to characterize the full extent of EBV
genetic diversity. A comprehensive investigation into the functional and immuno-
logical impact of the naturally occurred EBNA1 sequence variations and interstrain
recombinants is required to evaluate their possible significance, which may also be
helpful for clarifying the association of EBNA1 subtypes and EBVaGC.

2.2.2 GDGC1 and GDGC2

In 2018, NGS was employed to determine the EBV genomes from two EBVaGC
specimens, designated as GDGC1 and GDGC2, from Guangdong, China, an
endemic area of NPC [21]. Due to the presence of the much more abundant cellular
genomic DNA in the DNA preparations, the number of reads belonging to EBV was
low, accounting for only 0.02-0.23% of the total reads. However, since the origi-
nal data were sufficient, the average sequencing depth for genomes GDGC1 and
GDGC2 was ~73x and ~24x, respectively, which was sufficient for further analysis.
The genome sizes, estimated based on the reference EBV-WT genome sequence,
were as follows: GDGC1 (169,611 bp) and GDGC2 (171,299 bp).

The authors reported that a total of 1815 SNPs (146 indels) and 1519 SNPs
(106 indels) were found in GDGC1 and GDGC2, respectively, compared with the
reference EBV-WT genome. Among these, 1229 SNPs (66 indels) and 1076 SNPs (54
indels) were located in the coding regions for GDGC1 and GDGC2, respectively,
while the remaining variations were found in the non-coding regions. Consistent
with previous reports [17], there is clear evidence for a higher frequency of SNPs
in latent genes, followed by the genes encoding tegument and membrane glyco-
proteins. In contrast to the frequent mutations that occurred in latent genes, the
sequences of promoters and ncRNAs were investigated to be strictly conserved.

A few point mutations were found in the sequences of Cp, Qp, Fp and LMP2Ap,
and only scattered mutations could be identified in certain ncRNA sequences.
Promoters and EBV-generated ncRNAs play important roles in regulating viral
processes and in mediating host-virus interactions. Thus, a detailed EBV genome-
wide analysis of EBVaGC from Guangdong was performed, which would be helpful
for further understanding of the relationship between EBV genomic variation and
EBVaGC carcinogenesis.

The features of the disease and geographically associated EBV genetic variation
as well as the roles that the variation plays in carcinogenesis and evolution remain
unclear. A recent study sequenced 95 geographically distinct EBV isolates from
EBVaGC biopsies (n = 41) and saliva of healthy donors (n = 54) to detect variants
and genes associated with gastric carcinoma from a genome-wide spectrum [20].
BRLF1, BBRF3, and BBLF2/BBLF3 genes had significant associations with gastric
carcinoma. LMP1 and BNLF2a genes were strongly geographically associated genes
in EBV. The results provided insights into the genetic basis of oncogenic EBV for
gastric carcinoma, and the genetic variants associated with gastric carcinoma could
serve as biomarkers for oncogenic EBV.

2.3NKTCL

Extranodal NKTCL, a rare type of non-Hodgkin lymphoma, is characterized by
the presence of EBV in virtually all cases, irrespective of their ethnicity or geo-
graphical origin. NKTCL is an aggressive malignancy, predominantly occurs in the
nasal, paranasal, and oropharyngeal sites, and is much more prevalent in East Asia
and Latin America than in Western countries [40].
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Although the association of this B lymphotropic virus with malignancies of
T and NK cell origin was quite unexpected, both the presence of virus sequences
in tumor cells and the virus’s oncogenic potency have led to the hypothesis that
whether particular EBV strains are preferentially selected in NKTCL. Pathogenesis
and genotype analyses of NKTCL have mainly focused on genetic variations in
a small fraction of EBV genes before, which is limited to define the spectrum of
diversity within the whole genome of EBV. The genome-wide characteristics of EBV
are essential to understand the diversity of strains isolated from NKTCL. In 2019,
for the first time, 35 NKTCL-derived EBV genomic landscapes at genome-wide
level were simultaneously systematically characterized by two groups.

2.3.1 NKTCL-EBV1-NKTCL-EBV8

Our group directly sequenced EBV-captured DNA from eight primary NKTCL
biopsy samples from China using Illumina HiSeq 2500 sequencer platform and
presented the eight EBV sequences, designated NKTCL-EBV1-NKTCL-EBV8
[23]. Aiming at knowing the detail of subtype, the obtained DNA sequences were
compared with six mostly referenced sequences, including AG876, B95-8, EBV WT,
GD1, GD2, and HKNPC1. The GD1 coverage percentages are higher than the rest.
The genome sizes, estimated based on the reference GD1 sequence, ranged from
171,590 bp (NKTCL-EBVS) to 172,059 bp (NKTCL-EBV1).

Whole-genome sequence alignments revealed extensive nucleotide variation in
the eight NKTCL-EBV genomes. In comparison with the most similar GD1 strain,
the NKTCL-EBV1 to NKTCL-EBVS8 harbored 2072 variations in total, including
1938 substitutions, 58 insertions, and 76 deletions. Among them, 1218 substitu-
tions, 15 insertions, and 26 deletions were located in the coding regions. The
number of the nonsynonymous mutations is highest in the gene regions encoding
latent proteins in each of the NKTCL-EBV genomes, followed by genes encoding
the tegument protein and membrane glycoproteins.

EBNA1 and LMP1 are the most frequently studied regions to date. Based on the
amino acid changes in certain residues of LMP1 and EBNA1, eight NKTCL-EBVs
were sorted to China 1 and V-val subtype, respectively. Of interest, EBNA1 of
NKTCL-EBV3 sequence showed clustered away from the other seven NKTCL-
EBV strains. Analysis of amino acid sequences of EBNA1 supported that EBNA1
of NKTCL-EBV3 may arise from recombination of GD1 and B95-8. Other two
commonly classification systems for LMP-1 gene polymorphisms include a 30-bp
deletion in the C terminus and the loss of restriction site Xho I in the N terminus
of the gene. LMP1 is a key latent protein with abilities to promote cell proliferation
and inhibit cell apoptosis in NKTCL. In our study, the LMP1 strain in NKTCL-
EBV1-NKTCL-EBV7, but not NKTCL-EBVS, harbored the 30-bp deletion. The
variant of 30-bp deletion of LMP1 has been demonstrated that it is associated with
poor prognosis of patients with NKTCL, which might serve as a potential marker to
monitor treatment [41]. In addition, eight NKTCL-EBV strains had Xho I restric-
tion site loss at exon 1 of the LMP1 gene.

2.3.2 NKTCL-SC01-NKTCL-SC15 and NKTCL-SG01-NKTCL-SG12

The other group assembled 27 NKTCL-derived EBV genome sequences retrieved
from whole-genome sequencing data using the Hiseq sequencer (Illumina), including
15 EBV-positive NKTCL tumor samples from Southern China and 12 samples from
Singapore [24]. The average percentage of EBV sequences in WGS data is 0.45%
(0.03-1.06%), and the coverage depth is 222.2X in average (26.7X-612.8X). As
~34 kb of 172 kb of EBV genome are repeat regions, which could not be properly
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assembled with short-reads sequencing technology, the groups assigned “N” for
these regions and subsequently joined the scaffolds, resulting in EBV genomes with
~172 kb in length.

The authors reported that among the 27 NKTCL samples, in average 1152 EBV
SNVs for each sample were determined by aligning the viral reads against the
reference EBV-WT genome. The most frequent tumor-specific non-synonymous
mutations in NKTCL-derived EBV were located at BPLF1 gene (position
49,790-59,239 bp). An average of 44.8 small indels (<50 bp) of EBV were found
in each NKTCL sample, and the 30-bp deletion of LMP1 was commonly found in
the samples (21/27), with a frequency consistent with the previous study revealed
by using Sanger sequencing [42]. Large deletions of EBV (>1 kb) were found in 10
of 27 NKTCL samples, without any sequencing coverage in the deleted regions.
The findings provided insights into the understanding of EBV’s role the etiology
of NKTCL.

A genome-wide association study of 189 patients with extranodal NKTCL,
nasal type and 957 controls from Guangdong province, Southern China was
performed to identify common genetic variants affecting individual risk of
NKTCL [43]. All cases were genotyped with [llumina Human OmniExpress
ZhongHua-8 BeadChip, and population controls were scanned by Illumina
OmniHumanExpress-24 V1.0 (both Illumina, San Diego, CA, USA). The findings
were validated in four independent case—control series. The SNP with the strongest
association was rs9277378 (OR 2.65 [95% CI 2.08-3.37]) located with HLA-DPBI1,
indicating the importance of HLA-DP antigen presentation in the pathogenesis
of NKTCL. The pathogenic subtypes of EBV in NKTCL tumorigenesis should be
further explored.

3. Phylogenetic analysis of the EBV genomes

Phylogenetic analysis of EBV genomes could demonstrate detailed overall
genomic differences in EBV genome within or beyond subtypes of EBV-associated
diseases, thus, EBV genomic similarity is likely to better infer the phylogenetic
relatedness among EBV genomes.

Traditionally, EBV has two distinct subtypes, type 1 and type 2. Type 1 EBV
(e.g., B95-8, GD1 and Akata) is the main EBV strain prevalent worldwide, while
type 2 EBV (e.g., AG876) is abundant only in parts of Africa and New Guinea.

Type 1 and type 2 EBV encode different EBNA2 genes, with only 54% amino acid
sequence identity. A recent whole genome sequencing study confirmed that EBNA2
and EBNAS3 are the only genes that can distinguish type 1 and type 2 EBV strains
[16]. Technologies for genome sequencing were currently developed with tools for
genome analysis. High-throughput sequencing technology such as illumine dye
sequencing was introduced to successfully sequence viral genomes. As exemplary
tools for genome analysis, Molecular Evolutionary Genetics Analysis (MEGA) is
used for both conducting statistical analysis of molecular evolution and construct-
ing phylogenetic trees [44].

The NPC genomes from Asian EBV strains, including GD1, GD2, and HKNPC1-
HKNPCD9, are type 1 viruses and were clustered in a branch distant to the non-
Asian strains AG876, B95-8 [14]. Analysis of LMP1 and -2 showed a phylogenetic
relationship corresponding to the geographical origin of the viral genomes instead
of the type 1 and 2 dichotomy, indicating that LMP1 and -2 genes can serve as geo-
graphical markers. GD1 seemed to harbor many mutations that were not present
in the other Chinese strains. HKNPC6 and -7 genomes, which were isolated from
tumor biopsy specimens of advanced metastatic NPC cases, were distinct from the
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other NPC-EBV genomes. Future work should investigate the relationship between
the distinct lineage of EBV and the clinical stages of NPC.

GC-EBV strains, EBVaGC1-EBVaGC9 and GDGC1-GDGC2 involved here, were
closely related to all Asian-derived EBV strains, distant to the non-Asian strains, and
also showed that the EBV sequences generally clustered in a manner consistent with
geographical location [17, 21]. Neighbor-joining trees derived from the sequences of
EBNA2 gene showed that all the GC-EBV genomes are type 1 viruses, clustered ina
branch with other type 1 EBV strains, distant to the only type 2 EBV strain, AG876.
Phylogenetic trees based on the LMP1 gene and whole EBV genomes indicated
that the nine EBVaGC strains were closely related to all Asian-derived EBV strains
and distant to the non-Asian strains, suggesting that the LMP1 gene can serve asa
geographical marker [17]. This is in line with the previous results from the NPC-EBV
genomes [14]. In addition, phylogenetic analyses on GDGC1 and GDGC2 derived
from specific EBV-encoded gene suggested the presence of at least two parental
lineages of EBV, as GDGC1 and GD2 clustered closely, while GDGC2 and GD1
clustered closely [21].

In our recent study, the phylogenetic trees were conducted based on alignment
of eight full-length NKTCL-EBVs and previously published 28 strains [23]. Of
note, eight NKTCL-EBVs genomes clearly sort into type 1, based on differences in
whole genome and especially EBNA?2. Eight NKTCL-EBVs were related to other
Asian EBV strains, including EBVaGC1-9, HKNPC1-9, GD1, and GD2 obtained
from China, and Akata from Japan, whereas none of the specimens was clustered
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Figure 2.

Phylogenetic trees of EBV genomes. Phylogenetic analyses were conducted using the neighbor-joining (NJ)
algorithm implemented in MEGA software (version 6). Bootstrap analysis of 1000 replicates was performed to
determine the confidence.
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in a branch of non-Asian strains AG876, B95-8, and Mutu. Other group compared
the sequences between 27 NKTCL-derived EBV and 164 EBV genome sequences
from public database to determine the sequence diversity of EBV [24]. Phylogenetic
analysis revealed clear clustering of EBV isolates firstly according to their respective
geographic origin; moreover, EBV isolates derived from NKTCL samples tend to
cluster closely, apart from clusters by other diseases, supporting the hypothesis of
the existence of disease-specific EBV. However, whether the unique EBV has been
driving the development of NKTCL or simply adapted to the niche of NKTCL as
bystander await further investigations.

In this chapter, phylogenetic analysis was conducted on full-length EBV
genomes, including 11 NPC-EBV strains (GD1, GD2, HKNPC1-HKNPC9), 11
GC-EBV strains (EBVaGC1-EBVaGC9, GDGC1-GDGC2), 35 NKTCL-EBV strains
(NKTCL-EBV1-NKTCL-EBV8, NKTCL-SC01-NKTCL-SC15, NKTCL-SGO1-
NKTCL-SG12), B95-8, EBV-WT, Mutu, Akata, and AG876 (Figure 2). The result
of phylogenetic tree supports the conclusion that EBV infections are more likely
affected by different geographic regions rather than particular EBV-associated
malignancies.

4. Amino acid changes in CD4" and CD8* T-cell epitopes

Sequence variations of EBV genes also result in amino acid epitope exchanges,
which should have a significant impact on EBV-specific T-cell immunity.

Among the shared non-synonymous SNVs of the Chinese derived GD1, GD2
and HKNPC1 isolates, 34 are associated with known EBV-specific epitopes; 19 and
15 are found in CD8" and CD4" epitopes, respectively [12]. HKNPC2-9 genomes
harbored nonsynonymous mutations in epitopes specific for both CD4" and CD8*
T cells [14]. Amino acid changes were found in seven CD8* epitopes of LMP2, five
epitopes of EBNA3A, and three or fewer in other proteins. Thirteen CD4" epitopes
of EBNA1, six in LMP1, six in LMP2, five in EBNA2, and three or fewer in other
proteins contained amino acid changes. Some of the nonsynonymous mutations
were affecting multiple epitopes.

EBVaGC shows EBV type I latency neoplasm, in which EBNA1 is expressed in
100% and LMP2A in about half of EBVaGC cases, respectively [45]. Recent stud-
ies show that EBNA1, as well as LMP2A, can be presented to both CD4* and CD8*
T cells, highlighting its potential importance in the development of therapeutic
strategies against EBV-associated malignancies [46, 47]. There is some clear evi-
dence for sequence variation affecting immune recognition of EBNA1 and potential
epitope selection for vaccine development [46]. So far, most research on the EBNA1
protein has been focused exclusively on the B95-8 strain alone [46, 47]. Sequence
analysis of the gene encoding EBNA1 in EBV isolates from nine EBVaGC specimens
has revealed considerable EBNA1 sequence divergence from the B95-8 strain [17].
Importantly, T cell recognition of EBNA1 epitope might be greatly influenced by
this sequence polymorphism as adoptive transfer of EBNA1-targeted T cells hasa
potential use in immunotherapy of EBV associated carcinomas.

NKTCL is associated with type II EBV latency, in which only restricted
EBV antigens, namely EBNA1, and LMP1 and 2, are expressed [48]. These EBV
encoded proteins might be the targets of immune recognition during its persistent
infection, and their nonsynonymous variations in CD4" and CD8" T-cell epit-
opes may affect the efficacy for a cytotoxic T lymphocyte (CTL)-based therapy.
Many epitopes were defined and were mapped in EBV antigens and correlated
with major histocompatibility complex type in previous studies. In our study, we
mainly investigated the amino acid changes in CD4" and CD8" T-cell epitopes of
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EBNA1, LMP1, and LMP2A. Compared with B95-8, amino acids changes were
found in 3 CD8" epitopes of EBNAL1, 8 epitopes of LMP1, and 12 epitopes of
LMP2A. Eleven CD4" epitopes of EBNA1, 13 in LMP1, and 9 in LMP2A contained
amino acids. Some of the nonsynonymous mutations were affecting multiple
epitopes [23]. In another study, alterations of the known T-cell epitopes were
examined in EBV sequences derived from NKTCL [24]. Alterations of T-cell
epitopes were detected in EBV derived from NKTCL samples. Notably, 21 of
these epitopes with significant enrichment in NKTCL samples were restricted to
six EBV genes, including EBNA3A (G373D, F325L, 1333K, L406P, S412R, H464R,
M466R, T585I, and A588P), EBNA3B (A399S, V400L, V417L, K424T, Y662D, and
K663E), EBNA3C (P916S), BARF1 (V29A), BCRF1 (V6M), and BNRF1 (G456R,
S497G, and A1289T).

Therefore, these data have implications for the development of effective prophy-
lactic and therapeutic vaccine approaches targeting the personalized EBV antigens
in these aggressive diseases. Adoptive transfer of cytotoxic T cells (CTLs) specific
for EBV antigens has proved safe and effective as prophylaxis and treatment for
EBV-associated lymphoproliferative disease. Some patients with advanced stage
or relapsed EBV-associated malignancies achieved complete remission after treat-
ment with autologous LMP1/2- and EBNA1-specific CTLs or activated by peptides
derived from LMP1/2 [49, 50]. Nonetheless, some cases still did not respond to
LMP-CTL therapy, and this failure was usually attributed to immune escapes by
antigen loss. It is worth noting that all these previous studies used prototype EBV
sequence, B95-8, to design full-length LMP epitopes. Therefore, recent work gives
an alternative explanation for the lack of tumor response. Whether changes in such
epitopes confer immune evasion of the tumor cells may constitute another hypoth-
esis for future testing.

5. Genomic integration of viral sequences

Viral integration into the host genome has been shown to be a causal mechanism
that can lead to the development of cancer [51]. Not surprisingly, known tumor-
associated viruses, such as EBV, HBV, HPV16 and HPV18, were among the most
frequently detected targets [52]. Notably, the approach of WGS is sensitive to detect
viruses. This is particularly true for the common integration verified for HBV,
HPV16 and HPV18 in a variety of studies [53-55]. The known causal role of HPV16
and HPV18 in several tumor entities, which triggered one of the largest measures in
cancer prevention, has been the motivation for extensive elucidation of the patho-
genetic processes involved. Integration events with high confidence were demon-
strated for HBV (liver cancer), HPV16 and HPV18 (in both cervical and head-and
neck carcinoma), however, low-confidence integration events were detected for
EBV (gastric cancer and malignant lymphoma) [56].

Comprehensive analyses of WGS datasets may reveal some novel findings
on EBV integration. Recently, a comprehensive survey of EBV integration in
a variety of human malignancies, including NPC, EBVaGC, and NKTCL was
conducted, using EBV genome capture combined with ultra-deep sequencing,
which could efficiently detect integrated EBV sequences from background
“noise” introduced by nuclear EBV episomes [27]. The EBV integration rates
were 25.6% (10/39), 16.0% (4/25), 9.6% (17/177) in the EBVaGC, NKTCL, and
NPC tumors, respectively, which were lower than HPV integration in cervi-
cal cancer (76.3%) and head and neck squamous cell carcinoma (60.7%), and
HBV in hepatocellular carcinoma (92.6%) [54, 57-59]. They found that EBV
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integrations into the introns could decrease the expression of the inflammation-
related genes, TNFAIP3, PARK2, and CDK15, in NPC tumors [27]. The EBV
integration breakpoints were frequently at oriP or terminal repeats, and were
surrounded by microhomology sequences, consistent with a mechanism for
integration involving viral genome replication and microhomology-mediated
recombination, which has an important role in the integration of other tumori-
genic viruses, HBV and HPV [54, 59]. Meanwhile, researchers also observed
integrations of short EBV fragments into human chromosomes, coincident with
episomal EBV genomes in NKTCL, and showed that 31 EBV-host integration sites
were detected from eight NKTCL samples, and enriched in the repeat regions of
human genome, such as SINE, LINE, and satellite [24].

However, there are still few studies on EBV integration based on WGS tech-
nology. In addition, authors only selected some potential breakpoints to perform
PCR and Sanger sequencing for validating. For example, Xu et al. randomly
select 12 integrations from 197 breakpoints identified from NPC and other EBV-
associated malignancies, and only 10 breakpoints were successfully validated
[27]. As integration of EBV sequence into the host genome and the consequent
disruption of the important host genes might represent a novel tumorigenesis
mechanism in EBV associated malignancies, all the potential EBV integration
breakpoints should be validated and biological function of host genes involved
should be further conducted.

6. Summary

In conclusion, full-length EBV genomes isolated from primary NPC, EBVaGC,
and NKTCL biopsy specimens have been successfully sequenced and the sequence
diversity on a whole-genome level has been analyzed, although their pathogenesis
remains to be clarified. Phylogenetic analysis has shown that all aforementioned
NPC, GC, and NKTCL-EBV strains are type 1 EBV and close to other Asian subtypes,
leading to the conclusion that EBV infections are more likely affected by different
geographic regions rather than particular EBV-associated malignancies. In addi-
tion, sequence variations of EBV genes also result in amino acid epitope exchanges,
which should have a significant impact on EBV-specific T-cell immunity. Recent data
have provided optimization proposal for selecting EBV genome for treatment from
individual patients or at least predominant strains prevalent in geographical regions
instead of commonly used B95-8 genome. We acknowledge that further charac-
terizations of the molecular events would provide more information on the exact
mechanisms underlying their pathogenic potentials and clinical significance.
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Chapter2

EBV Genome Mutations and
Malignant Proliferations

Sylvie Ranger-Rogez

Abstract

The Epstein-Barr virus (EBV) is a DNA virus with a relatively stable genome.
Indeed, genomic variability is reported to be around 0.002%. However, some
regions are more variable such as those carrying latency genes and specially
EBNAI1, -2, -LP, and LMP1. Tegument genes, particularly BNRF1, BPLF1, and
BKRF3, are also quite mutated. For a long time, it has been considered for this
ubiquitous virus, which infects a very large part of the population, that particular
strains could be the cause of certain diseases. However, the mutations found, in
some cases, are more geographically restricted rather than associated with prolif-
eration. In other cases, they appear to be involved in oncogenesis. The objective of
this chapter is to provide an update on changes in viral genome sequences in malig-
nancies associated with EBV. We focused on describing the structure and function
of the proteins corresponding to the genes mentioned above in order to understand
how certain mutations of these proteins could increase the tumorigenic character
of this virus. Mutations described in the literature for these proteins were identified
by reporting viral and/or cellular functional changes as they were described.

Keywords: Epstein-Barr virus, lymphoma, carcinoma, mutation, sequence, next
generation sequencing

1. Introduction

Epstein-Barr virus (EBV), a ubiquitous gamma-herpesvirus, infects the vast
majority of the worldwide human population. This virus was initially discovered in
cultured lymphoma cells from patients with Burkitt’s lymphoma (BL) in 1964 [1].
During the primary infection, EBV infects epithelial cells of the oropharynx where it
actively replicates and also infects B cells where it establishes a life-long latency in the
form of an episome located in the host cell nucleus. During latency, EBV may produce
nine viral latency proteins, including six so-called “Epstein-Barr Nuclear Antigens”
(EBNAL, -2, -3A, -3B, -3C, and -LP), involved in transcriptional regulation, and three
“Latent Membrane Proteins” (LMP1, -2A, and -2B), mimicking signals needed for
B cell maturation, as well as two small noncoding RNAs (EBER-1 and EBER-2),
BamHI-A rightward transcripts (BARTs), and miRNAs. Four different latency
programs can be identified, based on the proteins that are expressed (Table1). EBV
primary infection, which occurs more often in childhood, is usually asymptomatic
in children, whereas it may be responsible for infectious mononucleosis (IM) in
teenagers or young adults in western countries. In addition to this nonmalignant
disease, EBV can also be associated with diverse malignant pathologies. In par-
ticular, EBV is involved in the development of several malignancies of lymphoid
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Program EBV expressed proteins Active promoters Bcell type
Latency III Growth EBNA-1, -2, -3A, -3B, -3C, -LP Initially Wp Naive B cells
LMP-1, -2A-, -2B Then Cp
LMP promoters

EBER-1and -2p

Latency II Default EBNA-1 Qp, EBER-1and -2p
LMP-1, -2A, -2B LMP promoters
Latency I Latency EBNA-1 Qp, EBER-1and -2p Resting B cells
Latency 0 No protein or LMP-2A LMP-2Ap Memory B
cells
Table 1.

Proteins expressed during the different latency programs.

origin including endemic Burkitt’s lymphoma [2], nasal NK/T lymphoma [3],

some Hodgkin’s lymphoma [4], and B- or T-cell lymphoproliferations in immuno-
compromised patients [5]. It is also implicated in epithelial malignancies such as
undifferentiated nasopharyngeal carcinoma (NPC) [6] and 10% of cases of gastric
carcinoma [7]. Although populations from all geographic areas are infected by

the virus, the incidence of the pathologies in which it occurs varies significantly
depending on the region [8]. For example, BL occurs mainly in children living in
sub-Saharan Africa [9], and the prevalence of NPC is particularly high in adults
living in Southern China, Southeast Asia, and Northern Africa [10]. The differences
observed in the geographic distribution of these pathologies suggest that there
could be various genetic variants of EBV, of different global distributions, and with
different levels of transforming capacity. This question of a specific disease variant
is raised by many authors and is still being debated. In this chapter, we wish to take
inventory of the state of knowledge concerning the variability observed on the
most mutated genes among all EBV genes and the possible implications in human
pathology.

2. Evolving knowledge of the EBV genome

The fact that the viral genome is relatively large (175 kb), that it is made up of
DNA, therefore less variable than if it was an RNA genome, and that it carries repet-
itive regions, limited its sequencing for a long time. The first published sequences
were small fragments of the B95-8 genome; then, the entire B95-8 genome was
sequenced in 1984 [11]. The B95-8 strain was the first cultured EBV cell line able to
secrete large amounts of viral particles into the culture medium. It was originally
obtained from a spontaneous human lymphoblastoid cell line (LCL) established
from a North American case of infectious mononucleosis, the 883L cell line, whose
virus was used to transform lymphocytes from a cotton top marmoset. Since it was
the first strain with a fully published genome, B95-8 has been extensively studied
and mapped for transcripts, promoters, and open reading frames.

This first EBV whole genome sequencing was followed by others, and complete
viral genome sequences of the cell lines AG876, originating from a Ghanaian case
of African BL [12] and GD1, obtained from cord B cells infected with EBV from
saliva of an NPC patient in Guangzhou, China [13] were published. Sequences of
some genes, mainly latency genes, were also studied, especially in lines established
from patients [14, 15]. B95-8, GD1, and AG876 were sequenced by conventional
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shotgun sequencing (Sanger’s method). The comparison of sequences obtained for
various cell lines revealed the existence of two types of EBV: type 1 or A, of which
B95-8 can be considered as the prototype, and type 2 or B, exemplified by AG876.
The main difference between the two types concerns the EBNA2 gene, with only
70% identity at the nucleotide level and 54% identity in the protein sequence [16].
Additional variations have also been observed in the EBNA3 genes, but to a lesser
extent: 10, 12, and 19% of base pair differences for EBNA3A, 3B, and 3C, respec-
tively [17]. The comparison of viral sequences also highlighted that the B95-8 cell
line has a significant 11.8 kb deletion (positions 139,724-151,554) corresponding to
some of the BART miRNA genes, one of the origins of lytic replication [11], the LF2
and LF3 genes, and a part of the LF1 gene. More complete sequence comprising the
B95-8 sequence supplemented with a Raji fragment at the level of deletion has been
constructed. It was annotated in 2010 as RefSeq HHV4 (EBV) sequence NC_007605
and is now used as a wild-type strain reference [18].

As adaptation of the virus to in vitro culture is possible, thus generating a bias
in the results, some authors have preferred to sequence the viral genome directly
in samples from patients. Therefore, the sequences GD2, from a Guangzhou NPC
biopsy, and HKNPCI1, from a Hong Kong NPC biopsy, were published [19, 20], both
using a more recent sequencing technique, “next generation sequencing” (NGS).
This technology can be used directly on samples or after enrichment, which avoids
artifacts due to cellular DNA. Enrichment can be achieved by PCR or cloning into
F-factor plasmids, but most frequently, it is carried out using target DNA capture
by hybridization. NGS delivers a wealth of information and requires extensive
bioinformatic analysis. This technology has made it possible to rapidly increase
the number of fully sequenced viral genomes originating from healthy subjects or
patients and thus obtain more information.

3. The most variable regions of the genome

Authors who sequenced the entire viral genome and analyzed the genomic
variations came to the conclusion that the latent genes harbored the highest
numbers of nonsynonymous mutations [20-24]. For example, Liu et al. [25]
compared the sequences of nine strains of EBV to GD1, of which they were most
closely related, and showed that latency genes were the most mutated. In this study,
latent and tegument genes were found to harbor 58.4 to 84.3% of all nonsynony-
mous mutations detected for each genome. Santpere et al. [26] found that latent
genes were twice as mutated as lytic genes. The observation that the latent genes
harbor more nucleotide diversity than lytic genes was made regardless of the type
of pathology: nasopharyngeal carcinoma [20, 21], NK/T lymphoma [27], endemic
Burkitt’s lymphoma [22], Hodgkin’s lymphoma [22], posttransplant lymphoprolif-
erative disease [22], gastric carcinoma [25], lung carcinoma [23], and also strains
originating from infectious mononucleosis [22] or healthy subjects [26]. Why latent
genes are the most variable is not clear today. By analyzing their data according to
the Yang model [28], Santpere et al. [26] showed that the lytic genes had an evolu-
tionary constraint close to that of the host: a strong purifying selection was objecti-
fied for 11 lytic genes. However, signatures of accelerated protein evolution rates
were found in coding regions related to virus attachment and entry into host cells.
The latency genes, on the other hand, show a positive selection, perhaps in relation
to the MHC, which can be the cause of their large diversity. Changes in amino acids
(aa) often occur in immune epitopes. Amino acid changes in CD8+ epitopes were
described in all latent proteins, while changes in CD4+ epitopes were shown only
for EBNA1 and -2 and LMP1 and -2 [20]. However, most codons of the EBNA3 gene
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under positive selection are not cytotoxic T-lymphocyte epitopes: either there are
epitopes not described to date or the selection relates to other functionalities. The
selection of mutants may depend on a difference in immunity in relation to the
geography and/or capacity of a strain to infect and persist.

4. Variability of main latency proteins

After the virus enters a host cell, the genome circularizes through recombination
of the terminal repeats (TRs) located at each end of the genome to form an episome
that will be chromatinized and methylated in the same way as the human genome.
Latent transcription programs in B cells are due to the differential activity of epige-
netically regulated promoters and take place in three successive waves. The EBNA2
and EBNA-LP, as well as BHRF1, a bcl2 homolog, are the first viral proteins to be
expressed, under the dependence of Wp promoter. The two expressed EBNAs and
the cellular factor recombination signal-binding protein for immunoglobulin Kappa
J region (RBP-Jk) activate then the Cp promoter, which drives the expression of all of
the EBNA proteins, while Wp becomes progressively hypermethylated; the transcrip-
tion will gradually be under Cp control. Subsequently, LMP1, LMP2A, and LMP2B
proteins are expressed due to activation of their respective promoters. During latency
I or II, Qp promoter controls EBNA1 expression, and Cp methylation is responsible
for the five other EBNA silencing. Methylation does not control the Qp promoter,
which is switched off by binding to a repressor protein.

As previously developed, latency proteins show the most sequence variations,
and among them, EBNA1, EBNA2, EBNA-LP, and LMP1 are the most mutated. The
main properties of these proteins are reported in Table 2.

4.1 EBNA1

EBNAL, expressed in both latent and lytic EBV infections, was the first EBV pro-
tein detected. EBNA1, whose structure (Figure 1) and functions have largely been
studied [29, 30], is a 641 aa protein. However, EBNA1 proteins frequently exhibit
size variations due to differing numbers of gly-ala repeats (aa 89-325). During
latency, EBNAL1 is the only protein expressed in all forms of latency in proliferating
cells and also in all EBV associated malignancies. EBNA1, which acts as a homodi-
mer, is essential for initiating EBV episome replication before mitosis, once per cell
cycle, and mitotic segregation of EBV episomes, thus for the maintenance of EBV
episome in latently infected cells [31]. The EBNA1 DNA-binding domain is essential
but not sufficient for the replication function, and the N-terminal half of EBNA1
is also required. Two EBNA1 regions (aa 8-67 and aa 325-376) are particularly
important for this activity, and the point mutations G81 or G425 enhance EBNA1-
dependent DNA replication. Inversely, the EBNA1 aa 395-450 region mediates an
interaction with the human ubiquitin-specific protease, USP7, which may negatively
regulate replication. The partitioning of EBV episomes in two dividing cells requires
two viral components: the ori P FR element and EBNA1, mainly the central Gly-Arg
region aa 325-376 and secondarily the aa 8-67 sequence. EBNA1 also activates the
expression of other latency genes participating in immortalization: the regions
involved are the central Gly-Arg sequence and the 61-89 region. Interaction with
the recognition sites located on FR, DS of ori P, and Bam-HI-Q takes place through
binding sites located in the C-terminal of EBNA1 (aa 459-607), sequence which also
mediates the dimerization of EBNA1 (aa 504-604). Through its interaction with
both human casein kinase CK2 (aa 383-395) and cellular ubiquitin-specific protease
USP7 (aa 442-448), EBNA1 is also able to disrupt promyelocytic leukemia protein
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Protein Role/ Main properties
localization
EBNA1 Latency Initiation of viral episome replication before mitosis

Mitotic segregation of EBV episomes
Transcription of other latency genes (Cp and LMPp enhancer)
Degradation of promyelocytic leukemia protein (PML) bodies

Cellular transcription regulation

EBNA2 Latency Viral and cellular transcription factor
Initiation and maintenance of B cell immortalization

Blocking of methylation sites for BZLF-1 binding

EBNA-LP Latency Coactivator of the transcriptional activator EBNA2

LMP1 Latency Similarity to constitutively activated CD40
Constitutive activation of cell pathways

Maintenance of EBV latency and control of cell migration

BNRF1 Tegument Establishment of latency and cell immortalization

Increase in the number of cellular centrioles

BPLF1 Tegument Downregulation of viral ribonucleotide reductase (RR)
Disruption of damaged DNA repair

Decreasing of innate immunity

BKRF3 Tegument DNA replication and repair—viral DNA mutagenesis prevention

Table 2.
Main properties of proteins developed in this chapter.

487
Polymorphism

Gg Gazs Tsas
383 442-448
F 6167 | 89 325 376 395 450 459 | 504 604 607

1” e\ Gly-Ala & user | DO el |
Figure 1.

Schematic vepresentation of basic structure of EBNA1 protein with the different motifs and their position.
Gly-Arg: region vich in Gly-Arg; Gly-Ala: Gly-Ala repeats; CK2: interaction with human casein kinase, CK2;
USPy: interaction with the human ubiquitin specific protease, USP7; DNA binding: DNA-binding domain;
Dimerization: region that mediates the dimevization of EBNA1. The different mutations discussed ave noted.

(PML) bodies and degrade PML. In addition to its role in latent infection, EBNA1
can therefore participate in lytic infection by overcoming suppression by PML
proteins [32]. Indeed, PML proteins and nuclear bodies were found to suppress lytic
infection by EBV. Recently [33], organization in an oligomeric hexameric ring form
was described for the EBNA1 DNA-binding domain, the oligomeric interface pivot-
ing around residue T585. Mutations occurring on this residue had both positive and
negative effects on EBNA1-dependent DNA replication and episome maintenance.
Based on polymorphisms observed at 15 codons, Bhatia et al. [14] reported two
strains named P (prototype) and V (variant), each having two subtypes defined
by the aa at position 487 (P-ala, P-thr, V-pro, and V-leu). They detected mostly the
P-thr and the V-leu variants, respectively, in African and American BL tumors,
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but these findings were not confirmed by another group who reported different
spectra of EBNA1 subtypes according to different geographical areas in both
healthy patients and BL tumors [34]. A fifth subtype, V-val, was later recognized
in South-East Asia and was found to be prevalent in NPC samples by numerous
authors [20, 35-37]. These findings suggest that the V-val variant might adapt
particularly well to the nasopharyngeal epithelium or that this strain possesses
an increased oncogenic potential. Indeed, most of the variant codons, localized
in the DNA-binding domain, may have an impact on the EBV phenotype result-
ing in impaired ability to transform B-lymphocytes [30]. However, other reports
observed that this subtype had no tumor-specific expression [38], and it is likely
that it probably represents a dominant EBNA1 subtype in Asian regions, not found
in other areas of the world [8, 23, 25]. The P-thr subtype is the most commonly
observed in peripheral blood of American and African subjects as well as in
African tumors. In our experience, P-thr is also the most prevalent in France and
particularly in the course of lymphoproliferative diseases.

Apart from these mutations, others have been reported. For example, Borozan
etal. [39] looked at gastric carcinomas and mainly found two mutations already
described in NPC, H418L and A439T, located outside the DNA-binding domain and
common in both NPC and GC but uncommon in other EBV isolates, from lympho-
mas or healthy subjects. They also described a new mutation, T85A, positioned in
the region required for transcriptional activation of other latency genes and thus
able to modify this function. Wang et al. [23] described the substitution T585I.
T585 is subject to substitutions, and T585 polymorphism is found frequently in
NPC tumors and Burkitt’s lymphoma. T585I was previously found, and this strain
was defective in replication and maintenance of the viral episome [40], as well as
deficient in suppressing lytic cycle gene transcription and lytic DNA replication.

In summary, EBNA1 V-val variant seems to be a geographic variant almost exclu-
sively present in South-East Asia. Conversely, mutations T85 and T585, which occur
in functional regions of the protein, could have biological consequences and espe-
cially the substitution T585I, which promotes lytic replication and is found in NPC.

4.2 EBNA2

EBNA2, a 487 aa protein, is expressed in vivo during latency III shortly after
infection of B cells or in lymphomas occurring in immunocompromised patients and
in LCL. As mentioned above, the variations in EBNA2 make it possible to classify
EBV astypes1and 2 (or A and B) since only 70% identity at the nucleotide level and
54% homology in the protein sequence were observed. The overall structure of the
EBNA2 protein (Figure 2) is characterized by poly-P and poly-RG areas, this last
one being a protein-protein and protein-nucleic acid interaction domain important
for efficient cell growth transformation, and nine regions conserved throughout
the gene [41]. EBNA2 acts principally as a transcription factor and contains three
categories of domains critical for its transcription regulation function: transactiva-
tion domains (TAD), self-association domains (SAD), and nuclear localization
signals (NLS). EBNA?2 does not bind directly to DNA. It uses cell proteins as adapt-
ers to access viral or cellular enhancer and promoter sites. The C-terminal TAD
(aa 448-471) is able to recruit components of basic transcriptional machinery as
well as chromatin modifiers and can bind to the viral coactivator EBNA-LP, while
the N-terminal TAD (aa 1-58) cannot bind EBNA-LP, although its activity can be
enhanced by this protein. Two SADs (aa 1-58 and 97-121), separated by the poly-
proline stretch, were identified in the N-terminal region [42]. An additional third one
has been reported, localized in a nonconserved region, and flanked by the second
SAD and the adapter region [43]. EBNA2 contributes to B-cell immortalization, and
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Figure 2.

Schematic representation of basic structure of EBNA2 protein with the different motifs and their position.
The two transactivation domains (TADs), the three self-association domains (SADs), and the two nuclear
localization signals (NLSs) ave mentioned. Poly P: area rich in P; PolyRG: area rich in RG; CR5: conserved
region 5, which intevacts with SKIP (Ski-interacting protein); CR6: conserved region 6, which interacts with
CBF1 (C promoter-binding factor 1). The different mutations discussed are mentioned.

it has been demonstrated that type 1 EBV, which is predominantly found in EBV-
associated diseases, immortalizes B cells iz vitro much more efficiently than type 2
[44], which is predominantly determined by sequence variation in the C-terminus
of EBNA?2 [45]. During the early events of EBV infection in resting B cells, EBNA2
initiates the transcription of a cascade of primary and secondary viral and cellular
target genes and therefore is responsible for the initiation of immortalization by
reprogramming the resting state into a proliferative state. For this, EBNA2 interacts
with chromatin remodelers and as a transcription factor cofactor [46]. Miihe et al.
[47] demonstrated that the first 150 N-terminal aa of EBNA?2 are important for the
initiation of immortalization. EBNA?2 is also involved in immortalization mainte-
nance; the region implicated here (aa 295-378) includes the conserved regions CR5
(aa295-307) and CR6 (aa 320-326), particularly important for this function. CR5
mediates the contact between EBNA2 and SKIP (Ski-interacting protein), and CR6 is
the CBF1 (C promoter-binding factor 1) or RBP-Jk targeting domain. Mechanisms to
initiate and maintain B cell immortalization are not completely understood today.

Wang et al. [41], working on 25 EBV-associated GCs, 56 NPCs, and 32 throat
washings from healthy donors in Northern China, described 4 EBNA2 subtypes
according to the presence of a deletion, namely subtypes E2-A (no aa deletion), E2-B
(aa294Q deletion), E2-C (aa 357K and 358G deletion), and E2-D (aa 357K, 358G, and
294Q deletion). The E2-A subtype exhibited six nonsilent mutations, P291T, R413G,
[438L, E476G, P484H, and 1486T; the substitution P291T was present in six NPC
E2-D and six NPC E2-C. The substitution R413G was detected in E2-C for one patient.
They found that E2-A and E2-C were dominant in the samples they analyzed and that
the E2-D pattern was detected only in the NPC specimens. The mutation R163M was
detected in all samples. This mutation has previously been described worldwide and
in different diseases.

Mutations 357 and 358 occurred in the RG domain (aa 335-362), a downregu-
lator of EBNA?2 activation of the LMP1 promoter [48]. Moreover, aa 357-363
(KGKSRDK) constitutes the PKC phosphorylation site, which can reduce the
amounts of EBNA2/CBF1 complex formed. EBNA2 is suspected to be involved in
the development of malignancies as a result of sequence variations most frequently
affecting its regulation function.

Interestingly, EBNA2 entire-gene deletion has been shown in some endemic BL
cell lines such as P3HR1, Daudi, Sav, Oku, and Ava [49]; it remains to determine if
this deletion occurs classically in vivo in African BL.

In short, geographic variants were not formally demonstrated for EBNA2.
Among the described mutations, the most interesting are those occurring in the
PKC phosphorylation site because they can activate the Cp and/or LMP1p and thus
increase the production of latency proteins.
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4.3 EBNA-LP (EBNA-leader protein)

EBNA-LP, like EBNA2 and concomitantly with EBNA2, is expressed shortly after
the infection of B cells in healthy individuals as well as in EBV-related malignant
diseases in immunodeficient patients and LCLs. EBNA-LP acts mostly as a coactivator
of the transcriptional activator EBNA?2, thus inducing the expression of some cellular
genes, including cyclin D2 [50], or viral genes, that is, LMP1 [51], LMP2b, and Cp
and therefore having an important role in B cell immortalization. EBNA-LP also
can directly interact with several cell proteins such as tumor suppressors or proteins
involved in apoptosis or cell cycle regulation.

EBNA-LP is comprised of a variable number of 66 aa repetitive units, corre-
sponding to the variable number of W1 and W2 exons located in the EBV internal
repeat IR1, followed by a unique 45 aa domain, encoded by two unique 3’ exons Y1
and Y2 (Figure 3). Therefore, EBNA-LP protein may vary in size according to the
number of W1-W?2 repeats contained in each EBV isolate. By convention, the pro-
tein annotation is based on a single W repeat isoform (Figure 4). In this configura-
tion, the protein has 110 aa. Conserved regions were identified in the N extremity
of the protein (CR1 to CR3, respectively, aa 11-33, 45-52, and 55-62, implicated
in EBNA2 binding), and in the C-terminal region (CR4 and CR5, respectively, aa
76-82 and 101-110). CR3 and a serine within W2 (S35) were demonstrated to be
important for EBNA2 coactivation. EBV-mediated B cell immortalization maps to
the WIW?2 repeated domains and requires at least two IR1 repetitions to be effec-
tive, but a number greater than or equal to 5 is optimal [53]. Some interactions
with cell proteins are mediated by the repeated WIW2 N-terminus [54]. EBNA-LP
gene transcription initiates from the W promoter (Wp) residing in each IR1 repeat
during the early stages of infection, and multiple EBNA-LP protein isoforms are
produced. During the later stages of infection and in LCLs, transcription initiates
from the C promotor (Cp) [55]. The level of transcription initiated by Cp compared
to Wp varies according to different circumstances [56].

About 15% of BL tumors host a virus, which uses exclusively the W promoter,
expressing an EBV atypical latency program [49], harboring EBNA1, EBNA3A, 3B,
3C, and a truncated form of EBNA-LP. In these cases, EBV genome lacks the EBNA2
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Figure 3.
Schematic vepresentation of the IR1 region of EBV genome (according to Ref. [52]). The promoters Wp, Cp,
and Qp are represented, as well as the different proteins expressed according to the stage of infection.
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gene and the unique Y1Y2 exons of EBNA-LP. This was firstly described in P3HR1
and Daudi BL cell lines [57]. Subsequently, these cells were shown to be more
resistant to apoptosis than cells infected by wild-type virus, what would be related
to the truncated shape of EBNA-LP.

Given the difficulty of sequencing repetitive regions, only few authors have
sequenced the IR1 region, including the EBNA-LP coding region. Previous studies
identified two EBNA-LP distinct isoforms, type 1 and type 2 variants, based on
the presence of G8/T12 or V8/A12 in exon W1 [58]. The Q54R substitution was
also described in exon W2 from an African type 2 spontaneous lymphoblastoid
cell line LCL [59]. Despite this, a high degree of conservation was reported for the
Wp promoter and the W1-W2 intron, while the most diversity was observed for
the BWRF1 OREF, which only shows 80% homology between various strains, and
for Y exons [60]. The sequence variations in the Y exons, and especially the Y2
exon, made it possible to define four main subgroups, called A, B, C, and Z. The
Akata strain belongs to subgroup A and B95-8 to subgroup B. Subgroup Z is found
in type 2 EBVs, and the C subtype is characterized by VO5E and V102I. Finally, it
has been reported that tumor-derived strains are more prone to interstrain genetic
exchange in IR1 [60].

4.4LMP1

LMP1 is considered to be the main oncogenic protein in EBV. LMP1 is a multi-
functional self-aggregating protein essential for the transformation of human B
cells and rodent fibroblasts [61]. It is a 386 aa protein comprising a 24 aa cytosolic
N-terminal (NT) segment, a 162 aa portion consisting of six transmembrane (TM)
domains, and a 200 aa cytosolic C-terminal (CT) domain (Figure5) [62]. The NT
domain plays an important role in the orientation and anchoring of LMP1 to the
membrane and its constitutive aggregation, thus contributing to the transform-
ing function of LMP1 [63]. The TM region is involved in the localization of LMP1
at the level of lipid rafts in the membrane, thus inducing its clustering to activate
signaling from the CT tail. It is remarkable that the F3sLWY,; pattern in the first
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Figure 4.

Sequence of EBNA-LP protein, with the position of the corresponding exons opposite. Conserved regions are
represented as well as the key positions. Phosphorylated serins are mentioned by an asterisk.
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Schematic vepresentation of basic structure of LMP1 protein with the different motifs and their position.
TMz-6: transmembrane domains 1—6. The FWLY pattern in TM1 and W98 in TM3 ave essential for the
association of TM1-2 with TM3—6 and oligomerization signaling. CTAR1-3: carboxyl-terminal activating
regions 1-3. PQQAT pattern is necessary for the attachment of TRAF adapters. YYD pattern is essential for
binding the TNF receptor-associated death domain (TRADD) adapter.
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transmembrane fragment (TM1) and a second pattern consisting of aa W98 in
TM3 are essential for the association of TM domains (1-2) with TM domains

(3-6) as well as for the oligomerization and signaling of LMP1 [64]. The CT part is
involved in the activation of LMP1-induced cell signaling pathways, including two
important regions, CTAR1/TES1 and CTAR2/TES2 (Carboxyl-Terminal Activating
Region/Transformation Effector Site) critical for EBV-mediated B-cell growth
transformation [65]. Together, these regions mimic CD40, a member of the tumor
necrosis factor (TNF) receptor family and key B-cell costimulatory receptor, thus
enabling the recruitment of cell adapters associated with the TNF receptor family,
TNF receptor-associated factors (TRAFs). The CTAR1 region includes the Py4-
X-Qy06-X-T0g consensus pattern necessary for the attachment of TRAF adapters,
specifically TRAF1, TRAF2, TRAF3, and TRAFS5 [66]. Within the CTAR2 region,
the Y334-Y3g5-Dsge pattern is essential for binding the TNF receptor-associated death
domain (TRADD) adapter. There is a third region, CTAR3 (aa 232-350), that is
not essential for in vitro B cell immortalization and is less well known [67]. In this
region located between CTAR1 and CTAR?2 (aa 253-302), a variable number of
repeat 11 aa elements (4 repeats for B95-8) exist.

LMP1 acts principally as a viral pseudoreceptor, which regulates host cell signal
transduction by constitutive activation of cell pathways as mitogen-activated
protein kinase (MAPK) pathways and principally the extracellular regulated kinases
1and 2 (ERK1/2), c-Jun amino-terminal kinases 1-3 (JNK1-3), and p38 isoform
pathways. LMP1 also induces the phosphatidylinositol 3-kinase (PI3K) pathway,
which contributes to survival signals [68] and transcription of activator protein 1
(AP1) [69], PI3K, and AP1 pathways, therefore playing a major role in proliferation
and cell cycle control. LMP1 is also responsible for the activation of JAK/STAT and
interferon regulatory factor 7 (IRF7) pathways and for aberrant constitutive NF-kB
activation. Indeed, the CTAR1 PXQXT pattern is able to engage TRAFs, leading
finally to the activation of noncanonical NF-kB pathway that controls processing of
the NF-kB2/p100 precursor [70]. The CTAR2 YYD pattern is in turn implicated in
the activation of the canonical NF-kB pathway [71] after binding of tumor necrosis
factor receptor superfamily member 1A (TNFRSF1A)-associated via TRADD and
receptor-inter-acting protein 1 (RIP1). A wider region of LMP1 seems to be respon-
sible for binding RIP1 (aa 351-386), compared to TRADD (aa 375-386) [72]. NF-kB
is considered to be the principal factor by which LMP1 regulates gene expression
and modifies cell behavior [73]. Activation of NF-kB is associated with upregula-
tion of anti-apoptotic genes [32, 74] and downregulation of pro-apoptotic factors,
as well as induction of tumorigenesis-associated B-cell activation markers [75, 76].
CTARS3, less well defined, seems to activate SUMOylation pathways and participate
in the maintenance of EBV latency and control of cell migration, a hallmark of
oncogenesis [77, 78].

Besides its ability to transform B cells, during the latency state, LMP1 seems also
to be able to facilitate the release of virions from B cells during lytic replication [32].

Variations in the LMP1 sequence have been widely studied, particularly in the
context of its impact on clinical occurrence or evolution. A 30 bp deletion (del30),
resulting in a 10 aa loss in the C-terminal (aa 343-352), was first described in the
Cao cell isolate from a Chinese NPC [79]. In addition, this isolate harbored numer-
ous substitutions. A high prevalence of the same deletion, as reviewed by Chang
etal. [8], was found in Asian NPC biopsy tissues [80, 81], in lymphomas and
EBV-related gastric cancers from Eastern Asia [82] and in Asian nasal NK/T-cell
lymphomas [83, 84]. Del30 was shown to be often associated with the G335D muta-
tion in NPC, and such strains were reported to have a greater transforming activity
in vitro than the reference LMP1 [85, 86]. If the 30 bp deletion is partly localized to
CTAR2, it does not alter NF-kB activation [87] and finally does not modify signaling
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Region Mutation Consequence of the mutation References
concerned
E2D [86, 96]
H3R/L [86, 94, 96]
NTdomain R7S [86]
(24AA)
Mutation GS8A [86]
rate: 0.33
G118 [86]
P12A [86]
R13P [86,97]
R17L [86,97]
L25I/M [13, 86, 94,
96, 97]
TM1 (20AA) L33l (86]
Mutation V431 [86, 94, 96]
rate: 0.15
D46N [86, 94, 96, 97]
S57A [86, 94, 96]
TM2 (21AA) Mé61l [86,97]
Mutation 163 V/L [86, 94, 96, 97]
rate: 0.19
F70V [94]
A82G [86,97]
C84G/V [86, 971
TM3 (21AA) I85L Homo-oligomerization and/or interaction with other molecules  [86, 94, 96, 97]
in lipid rafts
Mutation To1l (86]
rate: 0.24
1958 [86]
F106V/Y [86, 96, 971
V110L [86]
F112Y Homo-oligomerization and/or interaction with other molecules  [94]
in lipid rafts
TM4 (21AA) GI115A [86]
Mutation W116C [86]
rate: 0.43
V119A (86]
L120F [86]
11221 [86, 94, 97]
1124G/V 1124V + [152L: increased NF-kB activation in vitro [94, 96, 98]
L126F [86, 94, 96, 97]
M1291 M129I: increased LMPI half-life in epithelial cells [86, 94, 96, 97]
II37L (86]
TMS5 (22AA) F1441/D FI441/D + D150A/L + L151I: increased NF-kB activationin vitro ~ [86, 97, 98]
Mutation
rate: 0.18
D150A D150A/L + F1441/D + LI511: increased NF-xB activationin vitro  [86, 97, 98]
L1511 L1511 + F1441/D + D150A/L: increased NF-xB activation in vitro ~ [86, 94, 96-98]
1152L 11521 + [124V: increased NF-kB activation in vitro [94, 96, 98]
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Region Mutation Consequence of the mutation References
concerned
TM6 (21AA) L178M [86, 971
Mutation Q189P [86, 97]
rate: 0.05
S192T [86,97]
G212ST G212S: Erk activation, thus c-Fos induction and binding to API  [86, 94, 96, 97]
site
SNQ pattern (212-214) + del30 in NK/T biopsies
CTAR1 H213N SNQ pattern (212-214) + del30 in NK/T biopsies [86, 94, 96]
(45AA)
Mutation E214Q SNQ pattern (212-214) + del30 in NK/T biopsies [86, 94, 96]
rate: 0.15
H225L (86]
S229T [94, 97]
P245H [86]
G248D [86]
D250N (86]
N251Y [23]
G252D [86]
del275-279 (86, 94]
D293G [94]
D298A [86, 971
H308Q [23]
CTAR3 S309N S309N + del30 + dell5 in NK/T biopsies [86, 94, 96, 97]
(56AA)
Mutation G318K [97]
rate: 0.20
Q322E/ [86, 94, 96, 97]
N/K
E325D [97]
V327L [97]
E328A [86]
K330A
G331Q (86]
D333N [94]
Q334R [86, 94, 96, 97]
G335D/S [86, 94, 971
del343- (23, 86, 94, 97]
352
1338S/P [86, 94, 96, 97]
G344A/D [86,97]
H348D [94]
CTAR2 H352R [94, 971
(35AA)
Mutation G353D [86]
rate: 0.23
G355A/1 [86]
D356M (86]
S366T/ S366T: Erk activation, thus c-Fos induction and binding to API  [86, 94, 96, 97]
Q/A site
Table 3.

LMP1 mutations described in the literature.
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properties [88]. However, it is clear that strains bearing del30 are selected over the
wt-LMP1 variants in NK/T-cell lymphomas [83] and NPC tumors [89]. Given that
del30 strains have been currently detected in normal carriers [90] or in various EBV-
associated diseases [91], and, because of a low prevalence of del30 strains in samples
from Africa, North America, and Europe [8, 92], it is generally admitted that LMP1
del30 may represent a geographic polymorphism rather than a disease-associated
polymorphism [93]. In a study, we carried out in France in patients with NK/T lym-
phoma, we found a del30 EBV in 4/4 biopsies studied and in 46.1% of total blood
samples analyzed, while in a control population, the deletion was present in 4.8%

of cases [94]. Other deletions were also described, such as the rare C terminal 69 bp
deletion reported to weakly activate the AP1 transcription factor [95], or the 15 bp
deletion (aa 275-279) frequently encountered in Western Europe [94].

Otherwise, numerous substitutions have been described in LMP1 (Table 3),
particularly in the N-terminal extremity. Some authors have made attempts to
classify viral strains by taking into account these substitutions with the aim of
highlighting a viral implication in certain pathologies [99]. Thus, Mainou and
Raab-Traub [88] classified EBV into seven variants, namely Alaskan, China 1, China
2, Med+, Med-, NC, and B95-8, all having the same iz vitro transforming potential
and signaling properties. Zuercher et al. [98] mentioned two polymorphisms,
1124V/1152L and F1441/D150A /L1511, which seem to be markers of increased NF-kB
activation in vitro. Lei et al. [96] distinguished four models according to the substi-
tutions occurring in both the LMP1 gene and its promoter. The patients suffering
from NPC that they studied all carried a strain belonging to pattern B, while the
BLs were distributed among the four patterns. Many authors recognize two evolu-
tionarily distinct clusters, Asian-derived EBV strains including GD2, HKNPC1, and
Akata strains and non-Asian and African/American strains including AG876, B95-8,
and Mutu strains, suggesting that the LMP1 gene could be used as a geographic
marker [25, 97].

Finally, it should be noted that LMP1 carries a molecular signature of acceler-
ated evolution rate probably due to positive selection as deduced from a significant
proportion of nonsignificant variations [26].

So, regarding LMP1, which is the most oncogenic latency protein, two geo-
graphic clusters appear to exist corresponding to an Asian variant and a non-Asiatic
variant. The described 30 bp deletion is mainly present on Asian strains, and it
shows an obvious tropism for nasopharynx. Although many substitutions have been
described, little work is done to analyze changes in LMP1 properties based on these
substitutions. NPC could be associated with a particular strain, but this remains to
be confirmed.

5. Variability of tegument proteins

After the latency proteins, the tegument proteins carry the most changes, and
among them, the most mutated are BNRF1, BPLF1, and BKRF3, which will be
detailed, as well as BBRF2. This latter protein appears to play an important role in
viral infectivity [100], but its structure and function are poorly known today. For
this reason, BBRF2 will not be developed here.

5.1 BNRF1
EBV major tegument protein BNRF1 contains 1318 aa, and its structure is shown
schematically in Figure 6. BNRF1 is a member of a protein family with homology

to the cellular purine biosynthesis enzyme FGARAT. BNRF1 is involved in the
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Figure 6.

Schematic representation of basic structure of BNRF1 protein with the different motifs and their position. H3.3
and Hy regions, vespectively, involved in binding to H3.3 and H4. DID: DAXX-interaction domain, domain
implicated in binding to DAXX (death-domain associated protein-6) histone chaperone. PurM-like domain
and GATase domain were noted, as well as the different mutations discussed.

establishment of latency and cell immortalization by hijacking the antiviral DAXX
(death domain-associated protein-6) histone chaperone [101]. BNRF1 seems to
have lost conventional purine biosynthesis activity. It forms a stable quaternary
complex with DAXX histone-binding domain (HBD), H3.3 and H4 [102], respon-
sible for BNRF1 localization to PML nuclear bodies involved in antiviral intrinsic
resistance and transcriptional repression of host cells. In the presence of BNFRI,
DAXX can no longer collaborate with ATRX to assemble histone variant H3.3 into
repressive chromatin at GC-rich repetitive DNA. Binding to DAXX, histone H3.3
and histone H4 occur, respectively, via the BNRF1 DAXX interaction domain (DID)
(aa 360-600) and BNRF1 residues 40-52 and 99-102. Huang et al. [102] demon-
strated that the quaternary complex formation is abrogated when dual mutations
V546D/L548D and D568A/D569A occurred on BRNF1 DID and is partially dimin-
ished in vitro in case of dual mutations Y390A/K461A and V546S/L548S on BNRF1
DID. BNRF1 mutations at K461A, Y390A/K461A, V546S/L548S or Y390A, V546A/
L548A, and D568A/569A moderately or severely reduced BNRF1 colocalization at
PML nuclear bodies, respectively. A PurM-like domain (610-976) and a GATase
domain (1037-1318) were defined. It has also recently been shown that BNRF1 can
cause an abnormal increase in the number of cellular centrioles [103]. This phenom-
enon can lead to aneuploidy or structural chromosome abnormalities and, possibly,
to carcinogenesis. The gene regions concerned have not been described.

BNRF1 is reported to be one of the most frequently mutated tegument proteins.
It is interesting to note that a nonsense mutation was described in C666-1, an EBV-
positive NPC cell line, with no major structural alterations in the BNRF1-deleted
virus [92].

So, the mutations described for BNRF1 do not appear to correspond to a particu-
lar geographical distribution. On the other hand, some mutations seem to be able to
modify DNA chromatinization, thus affecting the transcription, and therefore have
important consequences on cell functioning,.

5.2 BPLF1

BPLF1, the largest EBV protein (3149 aa), is a late lytic tegument protein. BPLF1
possesses a deubiquitinating (DUB) activity. BPLF1 is able to downregulate viral
ribonucleotide reductase (RR) activity, by deubiquitination of the large subunit
RR1 [104], and to specifically deubiquitinate proliferating cell nuclear antigen
(PCNA), a DNA polymerase processivity factor, thus disrupting the repair of dam-
aged DNA [105]. By triggering activation of repair pathways and co-opting DNA
repair and replication factors, the virus could create genomic instability. The DUB
activity is carried by the first 246 aa of the N-terminal region, and the C61 residue
of the catalytic triad (Cys-His-Asp) is essential for activity [104]. BPLF1 relocalizes

32



EBV Genome Mutations and Malignant Proliferations
DOI: http://dx.doi.org/10.5772/intechopen.93194

Pol 71 to nuclear sites of viral DNA production, thereby bypassing DNA damage
[106]. This mechanism contributes to efficient production of infectious virus.

BPLF1 is also able to deubiquinate cell factors, such as TRAF6, NEMO, and IkBa,
leading to TLR signaling inhibition through both MyD88- and TRIF-dependent
pathways, thus decreasing innate immune responses by reduced NF-kB activation
and proinflammatory cytokine production [107]. It is noteworthy that the same
catalytic active site also carries a deneddylating activity shown to target cullin ring
ligases, potentially affecting viral replication and infectivity [108]. The role of
BPLF1 to help drive human B-cell immortalization and lymphoma formation has
also been discussed [109].

Sequencing of various viral strains has shown that BPLF1 is one of the proteins
with the greatest number of changes [20, 24, 110]. Most of these mutations are not
analyzed in detail, but Kwok et al. [21], working on the sequences of eight NPC
biopsy specimens, reported two nonsynonymous mutations in the N-terminal
region of the protein that exhibit deubiquitinating activity. The same finding
was reported by Simbiri et al. [110], who also described 3 C-terminal mutations
(L2935P, P2987L, and R3005Q). A single-nucleotide deletion coupled with a single-
nucleotide insertion three nucleotides away was reported by Zeng et al. [13] ina
NPC strain. As a result, two aa substitutions (GA/EG) were predicted to occur. Tu
et al. [24] undertook phylogenetic analysis based on several reported EBV genome
sequences and some major genes as BPLF1. They observed that EBV Asian subtypes
clustered as a separate branch from the non-Asian ones.

So, as with other proteins, it seems that the Asian strains carry a protein dif-
ferent from the other strains. Substitutions occurring in the region carrying the
deubiquitinase activity could have biological consequences.

5.3 BKRF3

BKRF3 is a small protein (255 aa), which belongs to the early lytic gene family,
and encodes an uracil-DNA glycosylase (UDG), which removes inappropriate uracil
residues from DNA. BKRF3 excises uracil bases incorporated in double-stranded
DNA due to uracil misincorporation or more often cytosine deamination [111, 112].
BKRF3 participates in DNA replication and repair and prevents viral DNA muta-
genesis. BKRF3 shares substantial similarity in overall structure with the one
UDG family. Four of the five catalytic motifs are completely conserved (aa 90-94,
110-114, 146-149, 191-192), whereas the fifth domain (aa 213-229) carries a seven-
residue insertion in the leucine loop [113]. In addition, the 29 N-terminal aa carry
a nuclear localization signal (sequence KRKQ ). Only changes in BKRF3 that do not
severely affect viral replication can be retained, but it may be considered that these
mutations cause a change in virus-cell interrelations.

6. Conclusion

The aim of this chapter was to take stock of the most frequently observed varia-
tions in the EBV genome and more particularly to see if some of these variations are
considered to be involved in tumor pathology. The candidate viral genes concerned
are numerous; those developed here are the most affected, and the mutations
reported in the literature have been identified. Some mutations have been well
studied, in particular as regards their impact on the structure or functionality of the
protein or the cellular consequences of these modifications. However, most muta-
tions have only been described. If a tumorigenic impact of viral mutations is not yet
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certain, many authors agree that geographic variants exist, and it seems clear that
Asian strains have different characteristics from non-Asian strains. Further work is
necessary to complete the mass of information and analysis, not at the level of one
or several genes, but at the level of the entire genome.
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Abstract

Gastric cancer (GC) represents a major public health issue worldwide, being
the fifth most common cancer and one of the leading causes of death by cancer.
In 2014, The Cancer Genome Atlas (TCGA) established that tumors positive for
Epstein-Barr virus (EBV) are considered a specific subtype of GC (EBVaGC).
Several meta-analyses have shown that EBVaGC represents almost 10% of all gastric
cancer worldwide, with small differences in the geographic distribution. This tumor
subtype has a high potential of being clinically relevant and studies have shown that
it has specific features, a better prognosis, and increased overall survival. In this
review, we summarize some of the most frequent aspects of EBVaGC, including the
specific features of this GC subtype, data regarding the potential steps of EBVaGC
carcinogenesis, and perspectives on treatment opportunities.

Keywords: Epstein-Barr virus, gastric cancer, carcinogenesis, p53, PDL-1,
immunotherapy

1. Introduction (Gastric cancer)
1.1 Epidemiology

Gastric cancer (GC) represents a major public health issue worldwide, being the
fifth most common cancer and one of the leading causes of death by cancer [1, 2].
GC affects more than 1,000,000 people per year and leads to approximately 783,000
deaths each year, corresponding to 5.7% of new cases and 8.2% of all cancer related
deaths (Figure 1). Worldwide, GC incidence has a distinct geographic distribution
pattern [3, 4] (Figure 2). The highest incidence rates are registered in Eastern Asia
and Central/Eastern Europe, while Northern America and Africa have the lowest
incidence rates [1, 5].

There seems to exist some ethnic/racial disparities in the distribution of GC
[6, 7]; nevertheless studies showed that this may be the explained by the different
expositions to GC risk factors such as dietary, salt intake, and Helicobacter pylori
infection [5, 8]. Furthermore, despite the worrying high mortality associated with
GC, the incidence of GC globally has been declining since 1990. This trend is mostly
due to the falling rates of non-cardia GC, which is explained by the improvement of
hygienic conditions and early detection of cancer strategies [9].
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Figure 1.
Estimated number (a) of incident cases and deaths of gastric cancer worldwide and (b) age-standardized rates

(GLOBOCAN 2018).
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Figure 2.
Gastric cancer age-standardized rate incidence worldwide (GLOBOCAN 2018).

1.2 Classification
GC classification has been changing according to its anatomical, histological,

or molecular features without a consensus regarding the best system combining
prognosis and high practicality in clinical diagnosis [10-16]. For many years,
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the anatomical classification was used to distinguish cardia and non-cardia GC,
which have distinct etiological and epidemiological characteristics [3, 6, 11]. Two
classification systems that have been used for diagnosis and treatment decisions
are the Lauren classification and World Health Organization (WHO) classification;
nevertheless, the clinical impact is still limited [10, 17].

The Lauren classification divides gastric adenocarcinomas into diffuse, intestinal,
and intermediate type, which combines cancers with uncommon histology [10,

18, 19]. There are multiple evidences indicating that the two principal subtypes
may have distinct tumor development pathways [10, 18]. The intestinal type
presents specific characteristics such as well/moderate differentiation of cells, loss
of E-cadherin expression and is associated with H. pylori infection [7, 20]. The
carcinogenesis model of this subtype is characterized by a progressive model char-
acterized by chronic gastritis and gastric mucosa metaplasia [10]. The diffuse type
is characterized by poorly differentiated cells with cellular atypia and numerous
mitotic figures and poorly cohesive structure, and therefore it is more aggressive
and with worse prognosis [11, 18, 19]. The WHO classification divides GC accord-
ing to the histological features of each subtype: papillary, tubular and mucinous
adenocarcinomas, poorly cohesive (including signet-ring cell carcinomas), mixed
carcinomas (with two or more components), and uncommon variants [21, 22].

In 2014, The Cancer Genome Atlas (TCGA) consortium group proposed a clas-
sification of gastric adenocarcinomas into four distinct subtypes based on their
molecular features, which may have a higher clinical impact in treatment prediction
and prognosis: (1) microsatellite unstable tumors (MSI), (2) genomically stable
tumors (GS), (3) tumors with chromosomal instability (CIN), and (4) tumors posi-
tive for Epstein-Barr virus (EBVaGC) [17, 22, 23] (Figure 3). Later in 2018, Hinoue
et al. described another subtype of GC, characterized by hypermutated status with
single-nucleotide variants (hypermutated-SNV, HM-SNV) [24, 25]. This system
seems to have a higher clinical impact in treatment prediction and prognosis when
compared with previous classification systems [26, 27]. Later, the Asian Cancer
Research Group (ACRG) has proposed a new classification according to patterns of
molecular alterations, disease progression, and prognosis: (1) high microsatellite
instable (MSI-high) tumors, (2) microsatellite stable with epithelial-to-mesenchy-
mal transition (MSS/EMT) phenotype tumors, (3) microsatellite stable with TP53
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Figure 3.

Essential features of gastric cancer subtypes according to the Cancer genome atlas vesearch network.
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intact (MSS/TP53+), and (4) microsatellite stable with TP53 loss (MSS/TP53-) [16,
28]. It is possible to obtain a partial correspondence between the TCGA and ACRG
classifications, although EBV is not specifically included in the ACRG classification,
EBV infection was frequently observed in the MSS/TP53+ subtype [29].

Additional subtypes of GC have been described based on the TCGA and
ACRG classifications and specific analysis of different genetic features [29-31].
Nevertheless, independently of the classification system, EBV-positive GCs are
considered to be of better prognosis [26, 27].

1.3 Gastric carcinogenesis and risk factors

Gastric cells’ malignant transformation is a multistep process in which risk
factors, genetic or epigenetic alterations can be observed [32, 33]. The carcino-
genesis model for the other GC subtypes still remains a challenge for scientists due
to the different histological subtypes [18, 34, 35]. The most accepted hypothesis
of gastric carcinogenesis has been described for the intestinal subtype according
to the Lauren’s classification, and it is characterized by a cascade of progression
from normal gastric epithelium through chronic gastritis (CG), chronic atrophic
gastritis (CAG), and intestinal metaplasia (IM), ultimately leading to dysplasia and
carcinoma [36, 37].

There are common risk factors for GC that can be subdivided into modifi-
able and non-modifiable. The non-modifiable factors include age, male gender
and familiar history, and inherited syndromes, such as familial adenomatous
polyposis (FAP) and Peutz-Jeghers syndrome (PJS), hereditary diffuse gastric
cancer (HDGC) or Lynch syndrome [7, 38-40]. Host genetic polymorphisms
have also been described to contribute to an increased risk pattern for GC
development [41].

The modifiable risk factors can be divided in two major groups: dietary/lifestyle
influences and infectious agents [39]. Dietary and lifestyle risk factors for GC
include salt and salted preserved food, fruits and vegetables, tobacco, alcohol and
body mass index (BMI), and physical activity [38, 42]. Data suggest that high salt
consumption is responsible for a two-fold increase in the risk of GC development
when compared to low salt intake, mainly because it induces early atrophic gastritis
[39, 43]. Conversely, consumption of fresh fruits and vegetables, with vitamins C
and E, carotenoids, and selenium has been associated with a decreased risk of GC
in around 20-30% [7, 20]. As in other types of cancer, studies suggest that tobacco
smoking is responsible for a 1.5-fold increased relative risk of developing GC [7].
Despite no explicit association, alcohol consumption is also associated with increase
in risk of gastric cancer [7, 44]. A meta-analysis study has shown that high body
mass index (BMI) (>25) increases the risk to develop non-cardia gastric cancer,
which is 1.4-fold for overweight and two-fold in obese individuals. Conversely,
regular physical activity seems to be associated with lower risk of GC [39, 45].

H. pylori infection affects around 50% of world population and has been classi-
fied by World Health organization (WHO) as a class I carcinogen being responsible
for a two-fold increase in the risk of developing non-cardia gastric adenocarcinoma
[7, 46, 47]. H. pylori contributes to gastric carcinogenesis by inducing chronic
gastritis that over time may progress to severe atrophic gastritis, which in turn can
develop to cancer [20, 44]. Other risk factors have been described as contributing
to increase the risk of persistent H. pylori infection and therefore to GC develop-
ment [48]. The Epstein-Barr virus [49] is another infectious agent accepted as
associated with gastric carcinogenesis, however, the mechanism of action in gastric
carcinogenesis is still unknown [44, 50, 51].
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2. EBV-associated gastric cancer
2.1 Historical background

Epstein-Barr virus [49] is linear, double-stranded DNA virus member of her-
pesviridae family, with a high prevalence worldwide (>90% of adults) [52]. EBV is
recognized for establishing a latent infection with frequent reactivations and has
been associated with the development of multiple diseases from infectious mono-
nucleosis to different cancers [52-55]. EBV was the first virus to be recognized as the
etiological cause of a human cancer, and since 1997, it is included by the International
Agency for Research on Cancer in the Group-I carcinogen risk factors [56-58]. Indeed,
EBV has been associated with several human tumors, including Burkitt’s lymphoma,
Hodgkin’s disease, B cell lymphomas, and also some epithelial neoplasms such as
nasopharyngeal carcinoma (NPC) or more recently GC [52, 59, 60].

The association between EBV and gastric carcinoma was first described in
1990, when Burke et al. used a polymerase chain reaction (PCR) technique to
detect EBV in lymphoepithelioma-like gastric carcinomas, characterized by the
presence of cells morphologically similar to the undifferentiated nasopharyngeal
lymphoepithelioma [61]. Later, Shibata and colleagues have demonstrated by in situ
hybridization that EBV infection was present in gastric carcinoma cells resembling
lymphoepithelioma but not in reactive lymphoid infiltrate or normal mucosa [62].
Additionally, 1 year later, EBV infection was also detected in cases of typical gastric
adenocarcinoma [62]. Over the past 30 years, GC has been consistently associ-
ated with EBV infection [51, 61, 63, 64] and EBV-associated gastric carcinoma
(EBVaGC) which is now recognized as one specific subtype of GC [51, 65, 66].

2.2 Epidemiology and clinicopathological characteristics

Several meta-analyses have been attempting to summarize the association of
EBV with CG development, showing that EBVaGC may represent almost 10% of
all gastric cancer worldwide [66-74]. A recent meta-analysis with data from over
20,000 cancer patients within 26 different countries has shown that EBVaGC
prevalence ranges from 1.69 to 43.75%, with a pooled prevalence of 8.77% (95% CI:
7.73-9.92%) and a pooled odds ratio (OR) of 18.56 (95% CI: 15.68-21.97) for studies
with matched pairs and 3.31 (95% CI: 0.95-11.54) for studies with non-matched
pairs design [72].

In contrast to others EBV-associated malignancies, EBVaGC is a non-endemic
endemic disease distributed throughout the world. Data analysis showed no signifi-
cant variation within the different world regions (8.21% in Europe, 8.38% in Asia,
9.51% in America, and 11.9% in Africa); indeed, it is possible to observe similar
data in countries from Europe, including Portugal (8,4%) [75], Netherlands (7.8%)
[67], and Denmark (7.6%) [76], and also from Asiatic countries such as South Korea
(7.8%) [77] and Japan (8.0%) [78]. Nevertheless, it is still possible to observe differ-
ences among countries, and the differential expositions to risk factors are proposed
as the possible explanation for the variation of EBVaGC prevalence [68, 69]. Indeed,
some studies suggest that EBVaGC prevalence might be inversely correlated with
the background incidence of GC [70].

EBVaGC seems to be more prevalent in younger patients and in males than in
females (almost two-fold more prevalent), which has been a consistent association
found in several, suggesting a potential association with lifestyle or hormonal factors
[68, 69, 72, 79-84] (Figure 4). In addition, EBVaGC seems to be more frequently
found in the proximal stomach and has a moderate to poor degree of differentiation
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Figure 4.
Features of Epstein-Barr virus-associated gastric carcinomas.

[17, 58, 69, 72, 81, 82, 85-87]. These features are being suggested as potentially
impacting the overall survival and recurrence of EBVaGC [26, 66, 80, 88], and a study
with 4599 patients (pooled analysis) showed that EBVaGC has increased the overall
survival and this is still a controversial topic [80]. One study evaluated the clinical
significance of the different molecular subtypes of gastric cancer and concluded that
EBVaGC, independently of the classification system, is of better prognosis [26, 27].
EBV association with gastric cancer was first described in lymphoepithelioma-
like carcinoma also known as carcinoma with lymphoid stroma (GCLS) or medul-
lary carcinomas [61, 88-90]. Recently, it has been described that there are three
histological subtypes of EBVaGC based on the host cellular immune response status:
the carcinomas with lymphoid stroma (GCLS), the carcinoma with Crohn’s disease-
like lymphoid reaction (CLR), and the conventional-type adenocarcinoma (CA)
[91].GCLS is a rare histological subtype of gastric cancer, representing about 1-4%
of all gastric cancers, of which literature shows that more than 90% of these cases
are EBV-positive and characterized by poorly differentiated nests of neoplastic
epithelial cells intermingled with a dense lymphoid proliferation [61, 63, 66, 69,
90, 92-94]. Nevertheless, literature has been focusing on the characterization of
non-GCLs EBV-positive gastric cancers. This association remains controversial, and
while several studies demonstrated a strong EBV association with a diffuse subtype
[68, 95], others have reported a similar prevalence between intestinal and diffuse
subtypes [67, 88, 96, 97]. Indeed, one meta-analysis has shown association with a
diffuse subtype [66, 68], while two other meta-analyses did not find any association
within histological subtypes [69, 74].

2.3 Diagnosis

The identification of EBVaGC has been performed by the identification of EBV
transcripts in gastric tissues using in situ hybridization (ISH) by detecting EBV-
encoded small RNAs (EBERs), which are highly expressed in latently EBV-infected
cells [66, 91]. EBV-associated tumors are defined as monoclonal proliferations of
carcinoma cells with latent EBV infection, and studies have confirmed that every
cell from the cancer clone carries the clonal virus genome, suggesting that the virus
was acquired before the transformation, even though it seems that it is not detected
in precursor lesions [70, 86, 98].

The detection of EBV by PCR-based methods has been controversial since
it frequently provides false positive results due to the presence of EBV-positive
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lymphocytes in the surrounding tissue, ignoring that it might be absent in the
tumor epithelial cells [66]. Therefore, EBER-ISH is considered the gold-standard
method, and a positive EBV-associated case should be considered only if in the
presence of EBERs in tumor cells and in its absence in the normal surrounding
tissue [99].

2.4 Carcinogenesis mechanism

During the past decade, several authors have been discussing the mechanism of
EBV carcinogenesis in GC [68, 100]. EBV is known to enter cells in oropharyngeal
lymphoid tissue by the recognition/interaction with CR2/CD21 on the surface of
B-lymphocytes that interact with EBV envelope glycoprotein gp350 [101, 102]. How
and when EBV gets into gastric epithelial cells remains unclear, and it has been sug-
gested that it can be either by cell-to-cell with B-lymphocytes recruited in inflam-
matory processes of gastric mucosa or through direct entry into the gastric epithelia
[103]. This mechanism is not well understood and further studies should be made
to establish if the recruitment of EBV-infected lymphoid cells might be the explana-
tion for the infection and subsequent transformation of gastric epithelium.

Overall, literature suggests that EBV participates on gastric carcinogenesis
by both direct and indirect mechanisms: infecting epithelial cells and establish-
ing a latent program in which a restrict profile of latent proteins/transcripts are
expressed; and/or promoting a chronic inflammatory response contributing to
tissue damage and cancer progression [104, 105].

Previous studies regarding the detection of EBV in premalignant lesions of gas-
tric cancer are extremely controversial [106-109] and the majority report its pres-
ence mainly in dysplasia and atrophic gastritis adjacent to tumors [87, 105-114]. A
recent cross-sectional study from the North Region of Portugal showed no evidence
of EBV infection in both dysplasia and early gastric carcinomas [75]. The absence
of EBER transcripts in superficial gastric neoplastic lesions may suggest that EBV
infection is a late event in gastric carcinogenesis [75]. Hence, it is still important to
clarify the moment of EBV infection in gastric cells and if it acts as the initiator of
carcinogenesis or as a promoter after prior modifications of gastric cells.

EBVaGCs are EBV-associated epithelial malignancies and therefore the mecha-
nism of viral carcinogenesis might be similar to the observed in NPC. Two in vitro
studies demonstrated that nasopharyngeal cells need to have some genetic change
prior to be susceptible of EBV transformation [115, 116]. In fact, preexisting genetic
events, mainly cyclin D1 overexpression and pl6 mutations, seem to support the
establishment of stable EBV infection and transformation in NPC epithelium [115,
116]. A recent publication suggests that EBV coordinates with somatic gene muta-
tions in order to induce the carcinogenesis process in gastric epithelial cells [117].
This mechanism suggests that high-frequency mutations, such as in PIK3CA and
ARIDI1A, are essential for the transformation of normal gastric cells into susceptible
cells, which are more likely to be infected and transformed by EBV [117]. In addi-
tion, after infection, amplification of PD-L1 and PD-L2 are thought to increase the
progression and immune evasion of transformed cells [117].

Some studies have been suggesting a possible interaction between H. pylori
and EBV in gastric cancer development. Minoura-Etoh et al. observed a possible
antagonism effect between H. pylori and EBV, showing that reactive products from
H. pylori seem to induce EBV reactivation from latently in infected gastric epithe-
lial cells, which would avoid the EBV transformation of gastric cells in the same
areas of H. pylori colonization [118]. H. pylori seems to preferentially colonize the
antral region, while EBV is more frequently found in the upper third and middle of
stomach, suggesting a possible antagonism of EBV and H. pylori in gastric mucosa
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[119-121]. By contrast, two other studies have suggested that H. pylori may con-
tribute for EBV-associated gastric carcinogenesis by causing gastritis that perhaps
might recruit EBV-carrying lymphocytes to the stomach wall, where the virus
could be induced to replicate and infect gastric epithelial cells [122, 123]. Moreover,
the gastric inflammation may also promote a cytokine-rich microenvironment,
supporting a clonal growth of EBV-infected epithelial cells [110].

EBV establishes a latent infection allowing it to be maintained inside cells and to
use the host machinery to express their own genes, regulating the cell behavior and
escaping the immune system recognition [124, 125]. EBV latency is characterized
by the expression of different viral proteins such as EBV nuclear antigens (EBNAs
1, 2, 3A, 3B, 3C, and EBNA-LP), EBV-encoded small RNAs (EBERs) 1 and 2, latent
membrane protein (LMP 1, 2A, and 2B), and microRNAs from BamHI-A rightward
transcripts, known as BARTSs [58]. Depending on the infected cell type and differen-
tiation status, different proteins are expressed, originating different latency profiles
[124-126] (Table 1). Literature refers that the majority of EBVaGC cases show a
latency II-like pattern (44%), defined by expression of EBNA1, EBERs, BARF1, and
LMP2A genes, and latency I (42.9%) restricted to EBNA1, EBERs, and BARTSs expres-
sion [75, 127]. The fact that different latency states seem to be associated to different
malignancies explains the different mechanism of carcinogenesis on which EBV is
involved and is thought to be important for EBVaGC characterization [124-126].

The function of the different EBV latent proteins has been widely studied.

Each protein seems to have a significant role for the EBV cell cycle and transforma-
tion: EBNA1, expressed in every single infected cell, acts as a transcription factor
responsible for the episomal maintenance, DNA replication, and indirectly to cell
transformation [56, 65, 128, 129]; EBNA2 is early expressed in recently infected B
cells, playing a crucial role in these cells’ immortalization through the transcrip-

tion of both viral and host genes [56, 130]; the EBNA3 protein family activates

the transcription of cellular and viral genes, leading to the disruption of cell cycle
checkpoints on different levels [56, 130]; LMP1, the major EBV oncogene, is essen-
tial for B-lymphocytes transformations, induction of apoptotic genes, epithelial cells
transformations, and invasiveness and avoids cells apoptosis by different pathways
[56, 125, 129, 131]; LMP2 essentially avoids the activation of the EBV lytic cycle in
B-lymphocytes and modulates epithelial cell growth [56, 125, 129]; and EBER’s role is
not yet well understood but is thought to contribute to B cell transformation, acting
as signaling and transcription factor regulators [56, 130]. EBV also encodes around

EBNA1 EBNA2 EBNA3 LMP1 LMP2 EBERs Malignancies
Latency I X X Burkitt’s lymphoma
and gastric cancer
Latency I X X X X Nasopharyngeal

carcinoma, Hodgkin
lymphoma, and
T-cell non-Hodgkin
lymphoma

Latency X X X Gastric cancer

II-like

Latency III X X X X X X Post-transplant
lymphoma and
AIDS-associated

lymphoma

Table 1.
EBV-associated diseases’ latency profiles.
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40 miRNAs, which are known to bind and possibly participate in the regulation

of hundreds of cellular and viral transcripts, some of them being involved in cell
survival [56, 130]. These miRNAs can be referred as BHRF1 and BARTSs, depending
on its localization on the viral genome [130]. BHRF1 role is not very understood yet
but some results suggest that BHRF1 miRNAs and proteins cooperate to control cell
cycle initiation and apoptosis during primary infection [130]. Regarding BARTS,
they are described as contributing to EBV-induced carcinogenesis by downregulating
host genes, such as tumor suppressors and pro-apoptotic genes, including several cell
growth and cell cycle-related [129, 130]. Nevertheless, is still important to clarify the
coordination of virus and host cell in gastric cancer carcinogenesis.

2.5 Molecular features of EBVaGC

EBVaGC has some distinctive features in terms of genome alterations [17, 66, 132]
(Figure 4). EBVaGC has been reported to have the most extensive CpG island meth-
ylation (human and viral genomes) than in any other tumor. This is described as EBV-
CIMP (CpG island methylator phenotype) and includes genes related to cell cycle
regulation (p14ARF, p15, p16INK4A, and p73), DNA repair (h(MLH1, MGMT and
GSTP1), cell adhesion and metastases (CDH1, TIMP1, and TIMP3), apoptosis (DAPK
and bcl-2), and signal transduction (APC, PTEN, and RASSF1A) [17, 133-135].

EBVaGC is characterized by mutations in the PIK3CA gene and amplification of
9p24.1 locus containing JAK2, CD274, PDCD1LG2, and ERBB2 which contribute to
altered proliferation, deregulation of apoptosis, and immune suppression and eva-
sion [17, 136]. PIK3CA gene, which encodes phosphatidyl inositol-3-kinase (PIK3),
has been consistently shown to be mutated in EBVaGC [17]. This protein is an impor-
tant component of PI3K/Akt/mTOR signaling pathway and regulates several cellular
processes such as apoptosis escape, cell growth, and proliferation [137]. Mutations
in PIK3CA are common in several tumors, nevertheless in EBVaGC, about 80% are
non-silent mutations and the vast majority are not located in the hot-spot sites but
are dispersed in the gene sequence [17, 137]. EBVaGC has also been described as
having mutations in other genes such as ARID1A and BCOR [17, 66, 132]. Interesting,
TP53 mutations that occur in the majority of gastric tumors are rare in EBVaGC, nev-
ertheless a study has shown that these tumors seem to present a lower level of TP53
mRNA and a higher level of p53 protein when compared with EBV-negative cancers,
which increases the interest in studying the p53 pathway regulation [17, 138].

EBVaGC has also been described to have higher levels of programmed death
ligands 1 and 2 (PD-L1/2) enriched with CD8 + tumor-infiltrating lymphocytes
(TILs) and with high expression of immunogenic pathways [25, 139, 140].

Indeed, this is considered a highly immunogenic tumor with a great potential for
immunotherapy [24].

2.6 Treatment options for EBVaGC

The unique molecular features of EBVaGC have gained interest in the past years,
especially for the potential impact of targeted drugs since preclinical data have
shown that EBVaGC is resistant to current chemotherapy [141].

PD-L1 overexpression has been consistently considered a marker for EBVaGC
and MSI-high GC cases [142, 143]. Several PD-1 targeted drugs available on
the market are being studied for its use in several cancers, including GC [141].
Pembrolizumab, a PD-1 antibody, was the first to be approved by the Food and
Drug Administration (FDA) for use in recurrent MSI-high GC after a good rate
response in several clinical trials (NCT03257163, NCT02589496) [142, 144-146].
Pembrolizumab has also been used for the treatment of EBV-positive T cell
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lymphomas [147] and trials with EBVaGC are showing promising results [142].
Several clinical trials that include EBVaGC are testing other PD-1 target drugs, such
as nivolumab (NCT02951091) or avelumab (NCT01772004), or by using CRISPR-
Cas9-mediated PD-1 knockout EBV cytotoxic T cells (NCT03044743) [148-150].
Despite this, there are some controversial points regarding PD-L1 standardization
and cutoffs, and the results from these studies point for an important role as a
therapeutical target for GC, particularly in those with MSI-high or EBV. Indeed,
EBV is now considered a biomarker for GC and the clear identification of EBVaGC
in clinical series will contribute for the implement of better treatment strategies.

Literature shows that EBaGC has frequent PIK3CA mutations [17] and is
thought to impact negatively the outcome of disease; nevertheless, the impact
on the evolution of these cancers is still to understood [151-153]. PI3K/AKT/
mTOR pathway inhibitors have been used as new therapeutical options in cancer,
especially mTOR inhibitors such as everolimus, which are used in the phase III
GRANITE-1 study (NCT00879333) for advanced GC with potential interest. More
recently, PI3K inhibitors such as buparlisib (BKM120) have been tested for use in
solid tumors [154, 155], and alpelisib has been tested for use as a potential thera-
peutical agent for gastric cancer [156]. There are a lot of PI3K/AKT/mTOR pathway
inhibitors being used in GC clinical trials, and despite not being directed to EBVGC,
a potential impact in this specific subgroup is expected.

Another important feature with potential therapeutical interest is the epigenetic
changes of EBVaGC. It is known that epigenetic changes are reversible and therefore
many de-methylating agents are been studied in cancer treatment. A few studies
have reported on the impact of 5-azacitidine or trichostatin A in the activation of
EBV lytic phase in EBVaGC cell lines, leading to the lysis of tumor cells [157-160].
Despite the potential interest, it is important to clearly understand the mechanisms
of EBV lytic phase activation using de-methylating agents.

3. Conclusions

EBV has been consistently associated with GC development for almost 30 years
until in 2014, when The Cancer Genome Atlas Research Network recognized
EBVaGC as a specific subtype of GC. Overall, EBVaGC represents almost 10% of all
gastric cancer worldwide with a prevalence variation according to geographic and
risk factors exposition. EBVaGC is more prevalent in males and younger patients
and is frequently found in the proximal stomach. These tumors have a moder-
ate to poor degree of differentiation and are characterized by a high content of
CDS8 + tumor-infiltrating lymphocytes and high expression of PD-L1 and PD-L2
and are therefore of great potential for immunotherapy. Indeed, EBVaGC seems to
has a better prognosis and increased overall survival.

EBVaGC has distinctive molecular features: (1) extensive CpG island meth-
ylation (human and viral genomes) being described as EBV-CIMP (CpG island
methylator phenotype); (2) mutations in PIK3CA, ARID1A, and BCOR genes; (3)
amplification of 9p24.1 locus containing JAK2, CD274, PDCD1LG2, and ERBB2;
(4) absence of TP53 mutations; and (5) a microsatellite stable (MSs) phenotype.
The development of therapeutical approaches directed to these specific molecular
features (anti-PD1, PI3K/AKT/mTOR pathway inhibitors, or demethylating drugs)
is expected to impact the GC management significantly.

In sum, EBVaGC is a specific subtype of GC, presenting special clinical and
pathological characteristics that could be used for the development new potential
therapeutical approaches, making this an important topic for the future of gastroin-
testinal tumors.
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Chapter 4

Ocular Manifestations in Epstein
Barr Virus Infection

Andi Arus Victor

Abstract

The Epstein-Barr Virus (EBV), a member of the Herpesvirus family, occurs
commonly and infects more than 90% of people worldwide. Most of systemic
EBV infections throughout childhood and adulthood are typically asymptomatic
or paucisymptomatic. Even though ocular involvements in EBV infections are
infrequently reported, an increasing number of ocular manifestations have been
previously reported . Ocular manifestation caused by EBV infection involved
all segments of the eye, including oculoglandular syndrome, dry eye syndrome,
dacryoadenitis, conjunctivitis, episcleritis, keratitis, uveitis, choroiditis, retinitis,
retinal vasculitis, and papillitis. Previous reports found neurologic complications
such as papilledema, optic neuritis, ophthalmoplegia, impaired accommodation,
and facial nerve palsy. Any atypical ocular inflammatory process should be con-
sidered EBV infection in the differential diagnosis. The ocular manifestations of
systemic EBV infection are varied and have not been emphasized. And the role of
EBV infection in ocular manifestations should be fully described.

Keywords: Epstein-Barr virus, oculoglandular syndrome, dry eye syndrome,
dacryoadenitis, conjunctivitis, episcleritis, keratitis, uveitis, choroiditis, retinitis,
retinal vasculitis, papillitis, papilledema, optic neuritis, ophthalmoplegia, impaired
accommodation, facial nerve palsy

1. Introduction

The Epstein-Barr Virus (EBV) was first introduced in 1964 by Epstein,
Anchong, and Barr [1-3], from a tissue sample of Burkitt’s lymphoma and was
observed with an electron microscope. EBV has the same characteristic as herpes
viruses in tissue cultures from specimens of Burkitt’s lymphoma. EBV is included
in the family of Herpesviridae, which has a characteristic of the viral genome covered
inside a nucleocapsid bounded by the viral envelope. In 1968, 4 years right after its
first discovery, EBV was found to be the causal agent of the infectious mononucleosis
(also called glandular fever). On other studies that conducted after, EBV was
also found on tissue samples of nasopharyngeal carcinoma [3, 4], non-Hodgkin’s
lymphoma, T-cell lymphoma, as well as oral hairy leukoplakia that associated with
Acquired Immunodeficiency Syndrome (AIDS) [4, 5].

EBV DNA has a nature of double-strand and consists of guanosine and cytosine
as much as 58%. Due to the nature of the receptors on B-cell surfaces, EBV shows a
great permissivity toward B lymphocytes. When B lymphocytes are infected by EBV,
they will be “transformed” into lymphoblasts in vitro, this process known as immor-
talization. EBV occurs commonly and infects approximately 90% of human [1-3].
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EBV-specific antibodies are found in about 95% of adults and 50-85% of the children
[4, 5]. EBV infections are typically asymptomatic or have a subclinical infection, but
once infected, it can lead to a viral carrier state for a lifetime. In some cases, primary
EBV infection occurring during early adulthood could show clinical significance
that is known as glandular fever or infectious mononucleosis [2, 5, 6]. Fortunately,
most patients with infectious mononucleosis show a short recovery period since both
cellular and humoral immune responses play a prominent role during the infection.
Ocular manifestations caused by EBV infection have been previously described.
Previous studies showed that specific antibodies were detectable in 65% of tear and
87.5% of serum samples from 40 normal subjects [4]. EBV infection manifested in
the eye may involves all segments of the eye, including oculoglandular syndrome,
dry eye syndrome, dacryoadenitis, conjunctivitis, episcleritis, keratitis, uveitis,
choroiditis, retinitis, retinal vasculitis, and papillitis [3]. Follicular conjunctivitis
is the most common ocular disease during acute EBV infection. It is observed in
1-38% of cases and is usually unilateral. Bilateral stromal keratitis with coin-shaped
lesions noted on tapering of systemic steroid therapy has been reported [6]. Uveitis
occurred in 0.5% of patients with EBV infection [6].
The ocular manifestations of systemic EBV infection are numerous and have
not been emphasized. Therefore, the role of EBV infection in ocular manifestation
should be fully understood.

2. Pathophysiology infection of EBV

Usually, the first introduction to EBV in the period of childhood will cause
subclinical infection, however if this primary event happens during adolescence,
most of the time would trigger infectious mononucleosis. This syndrome consists in
an acute and self-limiting lymphoproliferation of infected B cells and, at the same
time, the development of virus-specific T cells that are triggered in order to tackle
viral dissemination.

EBV transmission occurs by the sharing of saliva and then cause infection of
mucosal surfaces and lymphoid tissues [3]. Almost most of seropositive individuals
shed virus in their saliva. It was proposed earlier that initial replication of the
virus happened also in the epithelial cells of the oropharynx, which causes the B
cell infection by the previously infected epithelial cells. However, newer studies
suggest that B cells located in the oropharynx could be infected first and act as the
primary site.

During the latent stage of the infection, the site in which EBV persists within
the body is the resting memory B cells. The viral replication in the oropharynx is
partially suppressed in patients taking acyclovir, in the other hand, the amount of B
cell EBV infected in the circulation remains the same.

Typical symptoms and signs are fever, pharyngitis, lymphadenopathy, and
splenomegaly. The basic lesion is a perivascular infiltration of both normal and
abnormal lymphocytes in all the tissues except bone marrow [7].

These cells are metaplastic noninvasive and to be formed ix situ from other cells
of the reticuloendothelial system. This lesion distributed throughout the body, and
in any individual patient may be most marked in the central nervous system, liver,
lungs, and other organs or systems.

Before the entry process into B cell, gp350, a major envelope glycoprotein, fixes
to the receptor of the virus, CD21 molecule, which is located on the surface of the B
cell. There are other factors besides CD21 that play a significant role, such as major
histocompatibility complex (MHC) class I molecules that acts as a cofactor during
B cells infection. EBV genome linear DNA molecules encode 100 viral proteins.
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These proteins are significant in the process of construction of virion as well as
carrying forward immune responses of the host.

EBV infection in vivo of the epithelial cells consequences in active replication
while simultaneously with lysis of the cells as well as production of virus. Meanwhile,
EBV infected B cells in vitro will become immortalized and causes latent infection.
Only a small portion of cases that viral replication is triggered immediately after the
infection of B cells.

Both cellular and humoral immunity plays an important role in the infection of
EBV in humans. Even though the presentation of antibodies designed against viral
structural proteins is critical, cellular immunity plays a higher role on the controller
of EBV infection. The control of proliferation of EBV infected B cells in the primary
infection is carried forward by CD4+, CD8+, and natural killer cells. During the
period of infectious mononucleosis, a proportion of 40% of CD8+ T cells are focused
on single replicative EBV protein sequence, meanwhile only 2% are focused to single
latent EBV protein sequence.

During acute infection, first [gM and then IgG antibodies to viral capsid antigens
(VCA) appear. Anti-VCA IgG may lead to virus carrier state and persist for a lifetime
[3, 7]. Antibodies to early antigens rise during the acute phases of the disease and
subsequently decrease to low or undetectable.

EBV can exist regardless of competent responses from the healthy immune system
that are targeted toward it. It would most probably suggest that EBV has developed
some tactics to evade the response from the immune system. EBV encrypts a cytokine
as well as cytokine receptors that have a crucial role in moderating capable immune
system therefore this allows tenacious infection. The 70% of amino acid sequence of
EBV BCRF1 has the same characteristics as interleukin-10.

The protein of BCRF1 imitates the behavior of interleukin-10 of inhibits
interferon-y synthesis by in vitro human peripheral-blood mononuclear. In addi-
tion to that, EBV BARF1 protein acts as a soluble receptor for colony-stimulating
factor 1. It is known that colony- stimulating factor 1 usually upregulates the
expression of interferon-a of monocytes, therefore BARF1 protein able to operate
as a decoy receptor to halt the action of cytokine. Since inhibition of the outgrowth
of EBV infected cells in vitro is done by interferon-y and interferon-a, BARF1
and BCRF1 proteins could aid the EBV to avoid the immune system of the host in
the period of both acute as well as latent infection. EBV also codes more than two
proteins that cause apoptosis inhibition. Protein of the EBV BHFR1 is similar to
the protein of human bcl-2 protein, this protein has the same function on blocking
apoptosis. In addition, EBV LMP-1 increases several cellular protein expressions
that hinders the process of apoptosis, i.e. bcl-2.

Antibodies to EBV nuclear antigens appear weeks to months later, providing
serologic evidence of past infection. Lesions of the special sense organs are some-
what rare, but there are few reports of eye lesions or manifestations [7].

Ocular manifestations have been reported to affect all segments of the eye and
most commonly associated with acute mononucleosis [3]. Manifestations in the
ocular may be the cause of direct involvement of the eye and its adnexa through
inflammatory syndrome similar to that of infectious mononucleosis, and those
affecting vision and the neuro-ophthalmologic apparatus owing to a more remote
occurrence of the lesion, most commonly involving the central nervous system [7].

3. Clinical manifestation

Ocular manifestations of acute EBV infection may affect the central nervous
system to the extent of disturbance in the visual or oculomotor pathways, in
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addition it could as well cause a disorder in the eye and adnexa of the eye [4, 8].
Further manifestations were observed due to the advancement of diagnostic tools
that could give much more sensitive and specific results [8].

Neurologic abnormalities caused by EBV could disturb the host vision.
Disorders that have been reported previously consisted of papilledema, conver-
gence deficiency, nerve palsies, retinal necrosis, central nervous system vasculitis,
retinochoroiditis, necrotizing retinitis with extensive hemorrhage that were
co-infected with human immunodeficiency virus and cytomegalovirus and optic
neuritis [9].

The appearance of yellowish, coalescing lesion in the macula as well as
edematous optic disk were seen in a patient with EBV infection by Kim et
al. [10]. From our previous case-report, it was examined from funduscopy a
peculiar finding of prominent presentation of white sheathing retinal phlebitis
covering all four retinal quadrants (Figure 1). Other reports had described this
finding as frosted branch angiitis. It was also well known that frosted branch
angiitis has been seen regularly in numerous disorders such as Crohn disease,
Behcet disease, and systemic lupus erythematosus. However, from our previous
case, the patient did not show any typical symptoms of Crohn disease, Behcet
disease, and systemic lupus erythematosus, also, PCR was done on the patient’s
serum and was positive for EBV.

EBV infects lymphoid tissues and also mucosal surfaces. In the cellular level,
EBV infects B cell and conforming virus-specific T cells, which will lead to symp-
toms such as lymphadenopathy and pharyngitis. Based on seroepidemiologic data,
it was reported that EBV infects all parts of the eye, though the most common
abnormality includes follicular conjunctivitis. After the availability of serologic
virus-specific tests, other disorders of the anterior segment that is associated with
EBV were detected more frequently, which includes keratitis, iritis, episcleritis, as
well as dacryoadenitis.

It was found by Plugfelder et al., [11], that some cases of primary Sjogren’s syn-
drome developed right after infectious mononucleosis. These authors [11] gathered
patients that have aqueous tear deficiency and evaluated them for a serologic find-
ing of EBV infection. A significant correlation was found between elevated early
antigen EBV titers and severe aqueous tear deficiency once the results were placed
in multivariate analysis. This suggests that EBV infection could be a risk factor in
developing aqueous tear deficiency [11, 12].

Inflammation of the conjunctiva has been seen and linked with keratitis, that
variate from mild hyperemia to mild follicular reaction in the inferior and superior

Figure 1.

Bilateral fundus photographs showing white sheathing of vetinal veins in four retinal quadrants (frosted
branch-like appearance) with macular edema. Reprinted from [1]. Copyright 2016 by Retinal Cases ¢ Brief
Reports.
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Figure 2.
Subepithelial infiltrates vesembling adenoviral infection-associated kevatitis in a patient with recent primary
EBV infection. Reprinted from [2]. Copyright 1990 by Surv Ophthalmol.

tarsal conjunctiva. A study by Matoba [4] has found stromal keratitis related to EBV
infection to infect all layers of stroma. Matoba [4] has also reported there were two
forms of EBV-related keratitis, the first type was a granular, multiple, well-defined,
ring, or circular-shaped opacities which was distributed all over the anterior as well
as mid-stroma. Another form is nonsuppurative, multifocal keratitis including deep
layers or full thickness of peripheral cornea and also related to various grades of
vascularization [4]. In another study by Chodosh ], stromal keratitis associated with
EBV infection presented three principal forms (Figure 2) [7].

Type I: multifocal subepithelial infiltrates that resemble adenoviral keratitis.

Type II: multifocal, blotchy, pleomorphic infiltrates with active inflammation or
granular ring-shaped opacities (inactive form) in anterior to midstroma.

Type III: multifocal deep or full thickness peripheral infiltrates, with or without
vascularization.

Matoba et al. [4] proposed a hypothesis about the pathophysiology of EBV
related keratitis onset being carried forward by infectious and immunologic
processes. Due to the quick response to the introduction of topical corticosteroid
and seeming resolution of the inflammation without involving the use of antiviral
therapy, it is more likely that immunologic processes were involved rather than viral
replication. If this is true, the cornea was affected could be due to native keratocyte
share a similar antigen with EBV, or it might be caused by EBV antigen develops
located within the tissue [4].

Other common symptoms affecting the ocular include periorbital edema, pain
when rotating the eyes, deep orbital pain, photophobia, as well as headache. It was
spotted by Tanner [8] that episcleritis, as well as uveitis as part of the ocular mani-
festation of EBV infection. Tanner [8] reported nongranulomatous uveitis taking
place at the end stage of clinical manifestation of infectious mononucleosis had
been noted in four cases. One specific exhibition is the disorder of the oculomotor
apparatus. Fledelius et al. [8] observed an exclusive inferior rectus paresis. Motto
and Ashworth [8] were the first to notice a bilateral papilledema case of infectious
mononucleosis with the nonappearance clinical manifestation of encephalitis nor
meningitis. Other studies observed ptosis, nystagmus, as well as diplopia in their
patients [8].

4. A diagnostic approach for detecting ocular disease by EBV infection

Most of the ocular manifestations linked to the EBV infection have been based
mostly on seroepidemiologic data. This claimed is supported by the fact that
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numerous patients with EBV infection that showed ocular manifestations have been
confirmed from in-situ hybridization of EBV genome from the biopsy of suspected
tissue specimens.

The diagnosis of EBV infection by serologically for quite sometimes has been
hinge on heterophile antibodies detection [4]. Heterophile antibodies are classified
in the IgM group and would typically reach its highest levels around the second to
third week since the first onset of the sickness and would exist and visible till 1 year
[4]. They are detectable in up to 90% of adults who suffered from primary EBV
infection [4].

Monospot test is a test that could be used in detecting EBV infection. This test is
a quick slide agglutination test for specific heterophile antibodies produced by the
human immune system in response to EBV infection. The sample will clump when
it exposes to equine erythrocytes if these specific antibodies present in the patient’s
blood specimen. The Monospot test is considered to be a very specific test. However,
its sensitivity falls in the range of 70-90% [13]. Patients with atypical clinical
features and patients and with suspected of chronic infection are better evaluated
with EBV specific serologic test that measure antibody levels against VCA, EBNA,
and EA [4].

5. Management

The overall goal of EBV treatment is mainly supportive since the disease is
usually self- limited [4]. Antiviral drugs have been used to inhibit the replication
cycle of the virus. The action of antiviral agents can be divided into: (1) disrupting
with cellular process which the virus uses for its replication; (2) inhibits the func-
tion of the virus by bind to the nucleic acid; (3) modifies the viral envelope which
is resulting in preventing the virus infecting new cells; (4) inhibits the formation
of new progeny by interfering with viral assembly; (5) interferes with the viral
enzyme and inhibits their function; (6) prevents the processing of viral precursor
polypeptide. The effect of some of the antiviral agents used in EBV infection is
uncertain, but some studies have reported good results of treating EBV infection
with systemic antiviral [4, 12].

Several antiviral drugs have been used to treat EBV infection and can be grouped
into three as nucleoside analogs such as ganciclovir, valganciclovir, acyclovir,
valaciclovir, acyclic nucleotide analog such as cidofovir and adefovir, and pyrophos-
phate analog such as foscarnet [12]. Acyclovir is recommended as the first-line drug
for treating EBV infection. Therefore, it has become the most commonly prescribed
antiviral regimen [14-16]. Anderson et al. [14] have found a significant reduction
of EBV-infected B-lymphocytes after acyclovir treatment. Accordingly, systemic
acyclovir therapy showed a good result of treating EBV-associated ocular involve-
ment and Acute retinal necrosis [15].

Acyclovir triphosphate inhibits viral replication by acting as a competitive
substrate for viral DNA polymerase, and its subsequent incorporation into the viral
DNA chain results in obligate chain termination. The recommended regime is intra-
venous acyclovir 10 mg/kg every 8 hours (or 1500 mg/m?®) per day for 5-10 days,
followed by oral acyclovir 400-800 mg 5 times daily for an additional 6-12 weeks.
Second eye involvement may occur within the first 6 weeks after EBV infection;
thus, the minimum duration of subsequent oral therapy was 6 weeks. Even though
some ophthalmic centers are switching to oral therapy alone, few studies found a
higher level of intravitreal acyclovir when given intravenously [15-17]. From the
limited data available, one may conclude that acyclovir given intravenously and
orally is the recommended regime [16, 17].
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The effectiveness of steroid along with antiviral drug in treating ocular manifes-
tations of EBV infection remains unclear. Some studies described that ophthalmic
steroids relieve the symptoms of ocular inflammation in the anterior segment of
the eye, including keratitis, anterior uveitis, and ocular allergies or injuries, yet its
effect on the posterior part is still not clear [2, 4, 17].

6. Conclusion

It can be concluded that distinctive characteristic pathologic clinical manifesta-
tion, as well as lesions of infectious mononucleosis, exists in the ocular area. The
ocular manifestations of systemic EBV infection are wide-ranging and have not
been highlighted. EBV infection is best diagnosed using heterophile antibody tests
to detect primary EBV infections and serology tests for asymptomatic patients.
Despite of the self-limiting nature of the disease, acyclovir still becomes the first
line of treatment with its attribute to reduce the viral replication. EBV infection
should be included in the differential diagnosis of most unusual inflammatory
course of the eye.
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Chapter 5

Epstein-Barr Virus in Myasthenia
Gravis: Key Contributing Factor
Linking Innate Immunity with
B-Cell-Mediated Autoimmunity

Federica Bortone, Letizia Scandiffio, Paola Cavalcante,
Renato Mantegazza and Pia Bernasconi

Abstract

Epstein-Barr virus (EBV), a common human herpes virus latently infecting most
of the world’s population with periodic reactivations, is the main environmental
factor suspected to trigger and/or sustain autoimmunity by its ability to disrupt
B-cell tolerance checkpoints. Myasthenia gravis (MG) is a prototypic autoimmune
disorder, mostly caused by autoantibodies to acetylcholine receptor (AChR) of
the neuromuscular junction, which cause muscle weakness and fatigability. Most
patients display hyperplastic thymus, characterized by ectopic germinal center
formation, chronic inflammation, exacerbated Toll-like receptor activation, and
abnormal B-cell activation. After an overview on MG clinical features and intra-
thymic pathogenesis, in the present chapter, we describe our main findings on
EBV presence in MG thymuses, including hyperplastic and thymoma thymuses,
in relationship with innate immunity activation and data from other autoimmune
conditions. Our overall data strongly indicate a critical contribution of EBV to
innate immune dysregulation and sustained B-cell-mediated autoimmune response
in the pathological thymus of MG patients.

Keywords: autoimmunity, Epstein-Barr virus, innate immunity, myasthenia gravis,
thymus, toll-like receptors

1. Introduction

Myasthenia gravis (MG) is a clinically heterogeneous, B-cell-mediated disorder
affecting the neuromuscular junction (NM]J) and is mostly caused by the abnormal
production of autoantibodies against the acetylcholine receptor (AChR) located in
the postsynaptic membrane [1]. MG is generally considered a prototypical autoim-
mune disease, since the main target of the autoimmune response in the affected
patients is well known. However, it is uniquely characterized by morphological
and functional thymic abnormalities (hyperplasia and thymoma), which make this
organ the main site of immunological alterations leading to the disease. Indeed, if
the muscle is the target organ in MG patients, the thymus is now widely accepted as
the main effector organ, in which B-cell expansion, anti-AChR autosensitization,
and autoimmune response arise and are perpetuated [2]. The exact mechanisms
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triggering and sustaining autoimmunity in MG thymus are still unknown. As with
many autoimmune conditions, considerable evidence indicates a multifactorial
MG pathogenesis based on complex interactions among multiple genetic and
environmental factors and their interplay with the immune system [3]. Among
environmental factors, viruses are the main suspects to play a role in autoimmune
diseases, mainly by their ability to induce persistent or aberrant Toll-like receptor
(TLR)-mediated innate immune responses, which are able to promote or favor
autoimmunity in genetically susceptible individuals. In our studies, we provided
evidence of dysregulated Epstein-Barr virus (EBV) infection in hyperplastic and
thymomatous MG thymuses in association with TLR overexpression, thus revealing
EBV as a key contributing factor to intra-thymic B-cell tolerance disruption and
sustained B-cell-mediated autoimmunity in MG patients [4].

2. Myasthenia gravis: autoantibodies and clinical features

MG is an autoimmune disorder of the NM]J, leading to fluctuating weakness and
fatigability of skeletal muscles, exacerbated by repetitive contraction and improved
on resting. Frequently, MG starts with ocular symptoms, as diplopia and ptosis,
but in 80-85% of cases, ocular disease progresses to a generalized form within the
first 2-5 years from onset, involving skeletal, bulbar, or respiratory muscles [5].
Respiratory failure (myasthenic crisis) occurs in 15-20% of patients and can be
observed in younger and older patients [6].

MG is a heterogeneous condition whose clinical variability allows classification
of patients in distinct disease subgroups, mainly based on autoantibodies, age at
onset, and thymic histology [1, 7, 8]. In more than 80% of patients, the autoim-
mune attack is mediated by autoantibodies against AChR, less frequently (1-5%)
against the muscle-specific kinase receptor (MuSK) or the low-density lipoprotein
receptor-related protein 4 (LRP4), two proteins involved in AChR clustering. In
addition, autoantibodies against other NMJ components, including cortactin,
agrin, titin, and ryanodine receptor (RyR), have been described, especially in
late-onset or thymoma-associated disease; their presence is concomitant to anti-
AChR autoantibodies and indicates more severe manifestations [7]. Around 10%
of generalized (non-ocular) patients results negative for anti-AChR, anti-MuSK,
or anti-LRP4 antibodies. Clinically, these seronegative patients are similar to
AChR-MG patients and can show thymic hyperplastic changes [9]. The triple
seronegative MG subgroup may be heterogeneous, including patients with antibod-
ies having affinities or concentrations too low to be detected with standard routine
assays, or patients with antibodies against relevant antigens not identified yet. The
introduction of cell-based assays (CBAs), having increased sensitivity compared
to the routine assays commonly used, has significantly increasing the chance to
identify autoantibodies to low-affinity clustered AChR, MuSK, and LRP4, thus
improving MG diagnosis [7, 10-12].

As mentioned above, AChR-MG is associated with thymic patho-histological
changes, including follicular hyperplasia and thymoma [13, 14]. Its severity is related
with the loss of AChRs on NM]J, but not with the titers of circulating autoantibodies
[15]. According with age at onset, AChR-MG follows a bimodal pattern, with the
first peak under 50 years (early-onset MG, EOMG), and a second peak >50 years
(late-onset MG, LOMG) [16, 17]. EOMG occurs most in young women and is gener-
ally associated with thymic hyperplasia. LOMG, which usually is generalized, mainly
affects men, who frequently present thymic involution. Thymoma-associated MG
that presents more severe symptoms can occur at any age, though it is more frequent
in the elderly myasthenic patients and is frequently associated with the presence of
antibodies against RyR and titin along with anti-AChR antibodies [14, 17].
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MuSK-MG patients are mainly young females and typically have severe clini-
cal symptoms [18]. An intra-thymic pathogenesis for MuSK-MG is not considered
relevant, although a recent study found hyperplasia in 23% of MG patients positive
for anti-MuSK antibodies by CBA [11]. LRP4-MG is less characterized but largely
overlaps with AChR-MG clinical features; typical thymic histopathology has
been recorded with a sparing of thymoma, at least in the European multinational
cooperative study by Zisimopoulou and colleagues [12]. Most of LRP4-MG patients
present ocular or generalized mild manifestations, and about 20% have only ocular
weakness for more than 2 years [12, 19].

In MG, degradation of the postsynaptic membrane results in decreased AChRs
and voltage-gated sodium channels, causing a significant reduction of endplate
potential and raising the firing threshold, which is required to generate an action
potential. Thus, during prolonged synaptic activity, as the quantal ACh content
normally runs down, the summation of endplate potentials falls below the thresh-
old, and they can no longer trigger the action potential of muscle fibers, leading to
typical muscle weakness [20]. Three mechanisms of action of anti-AChR autoan-
tibodies can explain NMJ impairment: (1) functional AChR block due to autoanti-
bodies binding to the ACh-binding sites; (2) cross-linking and subsequent AChR
internalization due to the ability of autoantibodies to target two antigen molecules
(antigenic modulation); and (3) complement pathway activation, which leads to
the generation of the membrane attack complex (MAC) and hence the destruction
of the postsynaptic membrane. Complement activation at NMJ is thought to be the
main pathogenic mechanism of anti-AChR antibodies, which are mainly of the IgG1
and IgG3 classes and therefore can bind and activate the complement system [20].

MuSK antibodies are generally IgG4, lacking complement-fixing, and are
considered functionally monovalent, being unable to induce antigenic modula-
tion. They affect MuSK ability to maintain the correct AChR cluster at the NM]J,
by inhibiting the formation of MuSK-LRP4 complex and the agrin-stimulated
MuSK phosphorylation [21, 22]. In addition, anti-MuSK antibodies are able to
block binding of ColQ to the NM]J, compromising agrin-mediated AChR clustering
[23]. Experimentally, animals receiving repeated daily injections of MuSK-positive
patients’ IgG, or actively immunized with MuSK, show impaired neuromuscular
transmission, with reductions in endplate AChRs [24].

Both AChR-MG and MuSK-MG fulfill Witebsky’s criteria for autoimmune
diseases [25]. LRP4-MG also seems to adhere to these criteria: mice immunized
with the LRP4 extracellular domain, or with IgGs purified from LRP4-immunized
rabbits, present anti-LRP4 antibodies, exhibit MG-associated symptoms and their
serum is able to decrease cell surface LRP4 levels [26, 27]. Anti-LRP4 autoantibodies
mainly belong to the IgG1 subclass, thus they can activate the complement system;
moreover, they prevent agrin-induced MuSK activation and AChR clustering [27].

Current therapeutic approaches for MG include symptomatic treatment with
cholinesterase inhibitors, non-specific immunosuppression with corticosteroids and
thymectomy in selected patients. Plasmapheresis or immunoglobulins are used for
acute management of severe muscular weakness [8]. New biological drugs targeting
molecules involved in the specific immune-pathological mechanisms, like eculizumab,
which blocks the C5 terminal complement component, and efgartigimod, a functional
IgG neonatal Fc receptor blocker, are promising for more specific and effective inter-
vention to reduce corticosteroids side effects and to treat refractory patients [8].

3. Role of the thymus in MG pathology

The thymus is a primary lymphoid organ that provides a complex environment
essential for T-cell differentiation and the establishment of central tolerance. It
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is composed of various cell types, mainly thymocytes and thymic epithelial cells
(TECs), but also myoid cells, dendritic cells (DCs), macrophages, and B-cellsina
limited number. By expressing tissue-specific antigens, mainly via the transcription
factor autoimmune regulator (AIRE), medullary TECs play a key role in negative
selection of thymocytes. Indeed, interactions between these cells and developing
thymocytes lead to the elimination of autoreactive T cells, whereas the self-tolerant
T cells continue their differentiation through the different thymus compartments,
to be exported to the periphery [28].

Structural and functional pathological alterations of the thymus are found in
approximately 80% of AChR-MG patients with generalized disease, including
thymic hyperplasia (about 70% of patients) and thymoma (10-15%); the remaining
patients (10-20%) present an atrophic or involuted thymus, mainly consisting of
adipose tissue with residual areas of thymic parenchyma, in some cases showing
hyperplastic changes (Figure 1) [13, 29, 30]. Hyperplasia is characterized by the
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Figure 1.

Pathological abnormalities of myasthenia gravis thymus. Immunohistochemistry stainings showing CD20-
positive B-cells in ectopic germinal centers (GCs) and lymphoid infiltrates of follicular hyperplastic (MG-FH)
and diffuse hypeplastic (MG-DH) thymuses. CD20-positive B-cells are also scatteved throughout the residual
thymic parenchima in involuted MG thymuses characterized by abundant interlobular fat (MG-INV). CD20-
positive B-cells, isolated or present as aggregates, can be detected in the cytokeratin (CK)-positive tumoral tissue
of MG thymomas (MG-T).
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presence of B-lymphocyte infiltrates invading the thymic medulla, or present in
expanded perivascular spaces fused with the thymic medulla. B-cell infiltrates can
be scattered throughout the medullary parenchyma (diffuse hyperplasia) or be
organized into ectopic B-cell germinal centers (GCs) which, together with DCs and
follicular helper T (Tfh) cells, form follicles (follicular hyperplasia) [30]. GCs are
microarchitectures specialized to produce high-affinity antibodies against antigens,
to establish the humoral immune response [31]. They are present in secondary lym-
phoid organs but rarely into the thymus, implying that GC development in the thy-
mus of MG patients is a pathological event related to autoimmunity development.
Ectopic GC formation is a characteristic feature of other organs target of chronic
inflammation and autoimmunity, including multiple sclerosis (MS) brain and
synovia of rheumatoid arthritis (RA) patients, indicating that lymphoid neogenesis
plays a relevant role in the immune-pathological process of inflammatory autoim-
mune conditions [31-33]. In MG, GC formation is associated with the production
of high endothelial venules expressing inflammatory chemokines, that abnormally
recruit peripheral immune cells into the thymus, including the chemokine ligand 21
(CCL21), a key molecule that orchestrates thymic hyperplastic changes by promot-
ing B-cell infiltration [34]. Uniquely, MG thymic GCs are surrounded by muscle-
like myoid cells expressing AChR and other muscle antigens, along with plasma
cells [35], thus supporting the idea that GCs may be the site of autosensitization and
autoantibody production in the thymus of MG patients.

A wealth of data indicates that MG thymus contains all the elements neces-
sary for developing and perpetuating an AChR-specific autoimmune response:
TECs and muscle-like myoid cells expressing the autoantigen, professional
antigen-presenting cells, AChR-specific autoreactive T cells and B-cells, and
plasma cells producing autoantibodies [30]. Indeed, transplantation of MG
thymic fragments to immunodeficient mice induces the formation of anti-AChR
antibodies and their deposition at the skeletal muscle endplates [36].

As regard to the autoantigen presentation, TECs express major histocompatibility
(MHC) class II complex and AChR subunits, including a, p, and y subunits [37].
Thymic myoid cells express not only AChR subunits but also a functional AChR,
whose fragments can be presented to T lymphocytes by cross-presentation via DCs,
since myoid cells do not express MHC class Il molecules [38, 39]. Cross-presentation
may be favored by a persistent autoantibody and complement-mediated attack to
myoid cells, which make the levels of autoantigen more available to DCs [40, 41].
Both TECs and myoid cells respond to pro-inflammatory cytokines by increasing
the expression of AChR components, mainly the a subunit, which contains the main
immunogenic region, thus suggesting that inflammation in the thymic microenvi-
ronment can results in enhanced autoantigen presentation and possible autosensiti-
zation against AChR [42]. Indeed, several lines of evidence indicate that MG thymus
is in a state of chronic inflammation, characterized by an overexpression of pro-
inflammatory cytokines and chemokines (IL-6, CCL19, CCL21, CXCL10, CXCL11,
CXCL13, and RANTES) [43]. Among cytokines, type I interferons (IFNs) and IFN-
induced genes are significantly up-regulated in hyperplastic MG thymuses and have
been critically involved in driving thymic events that can lead to follicular hyperplas-
tic changes, AChR overexpression and autosensitization. In particular, IFN-$ was
found to increase a-AChR-specific expression in TECs, along with the expression of
inflammatory chemokines (e.g., CXCL13 and CCL21), and was able to recruit T and
B-cells into the thymus, as well as B-cell activating factor (BAFF), which favors B-cell
survival [44]. In hyperplastic MG thymus, no changes in the frequency of CD4+
and CD8+ T cells exported to the periphery was observed, but functional defects of
regulatory T cells (Tregs) were demonstrated, along with resistance of conventional
T cells to the Treg immunosuppressive function, thus indicating dysregulation
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of immunoregulatory mechanisms [45]. Altered Treg/T effector cell balance was
associated with increased expression of pro-inflammatory cytokines by MG T cells,
mainly IL-17, IFN-y, IL-21, and tumor necrosis factor a (TNF-a) [45].

Thymoma is a rare thymic epithelial tumor, associated with autoimmune and
paraneoplastic syndromes. The most common thymoma-associated autoimmune dis-
order is MG: up to 50% of thymoma cases may develop MG, whereas 10-15% of MG
patients present thymoma [46]. Histologically, thymoma is a slow growing, locally
invasive tumor consisting of transformed epithelial cells surrounded by maturing
polyclonal T cells. The most recent World Health Organization (WHO) classification
identified five types, A, AB, B1, B2, and B3, based on the nature of the cortical or
medullary epithelial cells, and on the proportion of lymphocytes, with B2 and AB
being the WHO types most frequently associated with MG [47, 48]. MG associated
with thymoma usually has worse prognosis, showing generalized and maximum
severe symptoms [48]. Alterations typical of the thymoma microenvironment may
explain the development of AChR-specific autoimmunity in thymoma patients. They
include: the lack of a functional medulla expressing AIRE; the reduction, or absence,
of tolerogenic myoid cells; the reduced expression of HLA class II molecules; and
the failure of Treg generation, which ultimately leads to autosensitization to AChR,
and other locally expressed muscle antigens, and defective negative T-cell selection
[14, 49, 50]. Recently, a higher proportion of GCs was abnormally found in non-
neoplastic thymic tissue adjacent to thymoma in MG patients compared to thymoma
patients without MG, suggesting that B-cell dysregulation characterizes not only
thymic hyperplasia but also thymoma-associated MG, and that GCs may represent a
risk factor for the development of MG in thymoma patients [51].

An important evidence of the central contribution of the thymus in autoimmune
response development and maintenance in MG is the ability of thymectomy to
improve the disease course in non-thymomatous patients over a 2-year period after
the surgery, as demonstrated by the MGTX clinical trial, and its extension study
[29, 52]. Thymectomy is mandatory for thymoma patients. Its efficacy as treatment
option in non-thymomatous patients is plausibly due to eradication of the site of
autoimmunity, as indicated by the fact that AChR antibody titers usually fall after
thymectomy, and the magnitude of this fall correlates with the proportion of GC
B-cells in the removed thymus [53]. However, autoantibody titers do not always fall,
suggesting other possible sites of autoantibody production in some patients [54].

3.1Innate immunity and toll-like receptors: a pathogenic link with
autoimmunity

Innate immunity is the first line of defense against pathogen infections. Its
interplay with the adaptive-humoral immune system plays a key role in central
and peripheral tolerance maintenance, and strictly depends on a fine regulation
of TLRs. TLRs are a family of pattern recognition receptors (PRRs) able to rec-
ognize specific conserved microbial-derived molecular structures, thus sensing
danger signals. They are expressed by a variety of cell types, but mainly by innate
immune cells, such as DCs and macrophages [55]. The TLR family includes at
least 11 members in humans: TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10, which
are located on the cell surface and recognize microbial membrane-associated
molecules (e.g., LPS, lipoprotein, and peptidoglycan); TLR3, TLR7, TLRS, TLRY,
and TLR11, present on the intra-cellular endosome membranes and able to distin-
guish bacterial or viral nucleic acids, including ssRNA, dsRNA, and unmethylated
cytosine phosphate guanine (CpG)-containing DNA [55]. Upon its own specific
ligand binding, TLR dimerizes, internalizes, and interacts with the intracellular
adaptor myeloid differentiation primary response gene 88 (Myd88) or with the TIR
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domain-containing adapter-inducing IFN-p (TRIF), which activates nuclear factor
kB (NFkB) and IFN response factor transcription. The TLR signaling cascade
induces the expression of pro-inflammatory agents (e.g., IFN-I, IL-6, IL-12, IL-23,
and TNF-a), which in turn contribute to activate immune system cells [56]. In this
way, the first function of TLRs is to set up an innate immune response to protect
the organism from pathogens. However, TLRs have been implicated in several
autoimmune diseases, including systemic lupus erythematosus (SLE), RA, and MS,
by studies performed in humans and animal models [56, 57]. Specifically, dysregu-
lated or persistent TLR activation has been demonstrated to contribute to autoim-
munity by (i) abnormal stimulation of antigen-presenting cell maturation and
increased IFN-I and pro-inflammatory cytokine production; (ii) altered balance
between Treg and T helper 17 (Th17) cells; (iii) induction of co-stimulatory signals
for proliferation, maturation, and survival of B-cells, which compromise B-cell
tolerance; and (iv) promotion of GC formation [56-58].

In hyperplastic MG thymuses, overexpression of TLR3, TLR4, TLR7, and TLRY,
in association with chronic inflammation, has been demonstrated in different stud-
ies, thus supporting the existence of a critical cross talk between innate immunity
and autoimmunity in the intra-thymic MG pathogenesis [59-63].

Our group was the first to demonstrate a marked overexpression of TLR4
in involuted and hyperplastic MG thymuses, especially in TECs [59]. Later, we
revealed that TLR4 stimulation in MG TECs was able to increase the production of
Th17-related cytokines and the expression of CCL17 and CCL22, two chemokines
involved in peripheral immune system cell recruitment in inflamed organs, that
we found to be overexpressed in MG thymuses [60]. Moreover, by generating an in
vitro imaging model based on experimental autoimmune MG co-cultures of Th1/
Th17 AChR-specific T cells, naive Tregs, DCs, and TECs, we found that TLR4 stimu-
lation increased AChR-specific T-cell activation and impaired Treg function, thus
disclosing a contribution of dysregulated TLR4 signaling to the inflammatory and
autoimmune process in the MG thymic milieu [60].

Cufi and colleagues showed that also TLR3 is overexpressed in MG thymuses
and demonstrated that stimulation of this TLR with its ligand poly(I:C), a synthetic
analog of viral dsRNA, induced a specific up-regulation of a-AChR in TECs but not
of other AChR subunits or tissue-specific antigens, via IFN-p release [61]. Of inter-
est, another study of the same group disclosed that poly(I:C) injection in wild-type
mice, in combination with LPS, that stimulates TLR4 was able to increase a-AChR
thymic expression and induce thymic hyperplastic changes along with produc-
tion of serum anti-AChR antibodies [62]. These mice developed MG symptoms in
absence of any AChR immunization, thus supporting the idea that pathogen infec-
tions could contribute to anti-AChR sensitization and autoimmunity development
via persistent or abnormal TLR stimulation [62].

Along with TLR3 and TLR4, TLR7 and TLR9 have also been implicated in the
intra-thymic pathological events leading to MG. Indeed, we recently revealed a
significant TLR7 and TLR9 up-regulation in both involuted and hyperplastic MG
thymuses compared to normal thymuses, with the two receptors being mainly
expressed in B-cells, TECs, plasmacytoid DCs, and macrophages [63]. TLR7 was
also enhanced in thymic myeloid DCs and its transcriptional levels positively
correlated with those of IFN-f [63]. Interestingly, as described in the following
paragraphs, the two receptors were markedly expressed in B-cells and plasma cells
positive for EBV proteins, indicating EBV as contributing environmental factor
implicated in dysregulated TLR activation in MG thymuses.

Of interest, due to the key contribution of TLRs to chronic inflammation and
immune system dysregulation, their pathways are rapidly emerging as attractive tar-
gets for therapeutic strategies able to mitigate or inhibit autoimmune processes [64].
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4. EBV as contributing factor to autoimmunity

EBV is the main virus suspected to play a role in autoimmune diseases due to its
unique ability to infect, activate, and immortalize B-cells, allowing them to evade
immune surveillance, at the same time, promoting inflammatory state via TLR-
mediated innate immune responses [65, 66].

EBV is a DNA virus of the herpes virus family transmitted through saliva
exchange and infecting approximately 95% of the world’s population [65]. EBV
primary infection mostly occurs during childhood and shows mild symptoms or
more frequently none. However, in adolescence or adulthood, EBV causes infec-
tious mononucleosis in 30-70% of cases, with up to 20% of B-cells being infected
[67]. After resolution of primary infection, EBV persists lifelong in the host in
rare circulating memory B-cells. In the latent state, it is not detectable by immune
system and its genome circularizes and replicates together with the host’s chromo-
somal DNA, resulting in a restricted expression of a maximum of nine viral genes:
the EBV nuclear antigens (EBNA1, -2, —3A, -3B, and -3C), the leader protein (LP),
and the latent membrane proteins (LMP1, —2A, and -2B). Different expression
patterns of EBV latent genes determine the occurrence of EBV latency types I, II,
or III, each type being associated with distinct EBV-related diseases [65, 68-70].
EBV-encoded small nuclear RNA (EBER) 1 and 2 as well as EBNA1 are expressed
in all the latency types [65]. EBNA2 is expressed during latency type III (known
as growth program), typical of newly infected naive B-cells, lymphoproliferative
disorders, and mononucleosis [68-71]. LMP1 and LMP2A, key proteins that rescue
infected B-cells from apoptosis, act as functional homologs of CD40 and B-cell
receptor (BCR) and are expressed during latency Il and II (known as default pro-
gram), with type II being observed in memory B-cells and GC cells, Hodgkin and
non-Hodgkin lymphoma, and nasopharyngeal carcinoma [65, 68]. Finally, latency
I (known as true latency) is characterized by EBNA1 and EBER expression only; it
is typically observed in rare peripheral blood memory B-cells and is associated with
Burkitt’s lymphoma [65, 68].

The exact mechanism waking up lytic EBV activities is not clear, but it seems to
be the result of dynamic interactions between the host’s immune response and the
infection state. When infected B-cells differentiate into plasma cells, the promoter
of early lytic genes can be reactivated, driving expression of numerous proteins
involved in viral activities (i.e., BSLF1, BALF2, BBLF4, and BALF5) [65]. Two
genes, BZLF1 and BRLF1, which encode viral transcription factors, orchestrate
the transition from viral latency to lytic infection [69]. New virions primarily
infect B-cells, and the viral entry is mediated by viral gp350 protein binding to
CD21 [70].

Uniquely, EBV ensures early mechanisms of immune evasion, such as the inhibi-
tion of IFN pathways, through a viral IL-10 homolog, the suppression of cytotoxic
T-cell responses and the down-regulation of MHC class I and II expression.
Moreover, some of the viral proteins are anti-apoptotic, including the early antigen
restricted (EA/R), which is a Bcl2 viral homolog that protects infected B-cells
from apoptosis and immortalize them [71]. Several mature EBV miRNAs also
contribute to immune system alterations in the host by modulating expression of
genes involved in immune recognition, antigen presentation and cellular migration,
such as miR-BHRF1-3, which regulates IFN-inducible T-cell-attracting chemokine
CXCL-11 expression, or miR-BART20-5p and miR-BARTS, which affect the IFN-y
signal transduction pathway [72].

Despite it is innocuous in most cases, EBV has true pathogenic potential due to
persistent latent infection with periodic reactivations. Disruption of the virus-host
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balance in susceptible individuals can favor autoimmunity or the abovementioned
B-cell malignancies [68, 73]. Among autoimmune diseases, EBV has been associated
with MS, SLE, and RA by a number of sero-epidemiological and immunologi-
cal studies [65, 68, 73]. Moreover, EBV persistence and reactivation have been
demonstrated in ectopic B-cell follicles detected in MS brains [74], in the Sjogren’s
Syndrome salivary glands [75], and in synovia from RA patients [76], suggest-
ing that EBV might be a common pathogenic feature of autoimmune conditions
characterized by B-cell activation and lymphoid neogenesis.

Several mechanisms have been described to explain how viruses may rise
an autoimmune response, including molecular mimicry and immune system
general activation via TLRs. Molecular mimicry is due to T-cell Receptor (TCR)
and BCR recognition flexibility, so that a microbial peptides, structurally similar
to a self-peptide, may trigger the autoimmune response [77]. As regard to EBV,
EBV-encoded proteins, such as BZLF1, share regions with the host transcrip-
tion factors of the fos/jun family and host ankyrin proteins, which anchor the
cytoskeleton and regulate host transcription factors, including NF-kB, which
is critically involved in the immune response [78]. Quantitative and qualitative
differences in CD4+ T-cell response to EBNA1 have been described in MS patients
[79], and a small percentage of EBNA1-specific T-cell clones cross-recognize
myelin-derived epitopes [80]. A further well-characterized example of molecular
mimicry between EBV and host proteins is the similarity of regions of EBNA1 with
ribonuclear protein Smith (Sm) antigen or the Ro self-protein in SLE [81]. There
are also several examples of molecular mimicry relevant for RA, related to ami-
noacid motif sharing between HLA-DRB1 and EBV gp110, cytokeratin and type II
collagen, and citrullinated human fibrin and a citrullinated EBNA1 form [82].

Another hypothesis of virus-induced autoimmunity is bystander activation, in
which viruses act as super-antigens that promote general activation of the immune
system; in this context, specialized antigen presenting cells present self-antigens,
obtained by inflamed tissue destruction or by the uptake of local dying cells, to
autoreactive T cells [77]. In MS, bystander activation may result in central nervous
system damage by CD8+ T-cell cytotoxicity and EBER-induced IFN-a production
via innate immune response, both described in post-mortem brain tissue from MS
patients [74, 83]. EBV can promote inflammation in the infected organs by innate
immune system activation, through release of molecules able to activate diverse
TLRs and type I IFN production [66, 84]. The EBV envelope protein gp350 stimu-
lates TLR2, whereas EBERs bind TLR3; moreover, EBV RNA and DNA can activate
pathways mediated by TLR7 and TLR9 [66]. Thus, EBV ability to stimulate persis-
tent TLR signaling may also contribute to disrupt immune system balance, favoring
chronic inflammation and autoimmunity.

5. EBV in the intra-thymic MG pathogenesis

Evidence of chronic inflammation, GC formation, and TLR overexpression in
MG thymus, along with data demonstrating a role of TLRs in inducing anti-AChR
autoimmunity and MG symptoms in mice, pointed out the idea that MG pathogen-
esis could be associated with viral infections [43, 59-63].

Based on the hypothesis that active EBV infection may be a common pathogenic
event of organs site of autoimmunity, in our previous studies we searched for the
expression of EBV markers in the thymus of MG patients. Of interest, we provided
the first demonstration of EBV presence in both hyperplastic and thymoma MG
thymuses, but not in normal thymuses and non-MG thymomas, obtaining results
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indicative of a contribution of the virus to B-cell dysregulation, TLR overexpression
and B-cell-mediated autoimmunity in MG [4, 63, 85-87].

Earlier serological studies to associate MG with EBV produced contrasting
results. One of them underlined no significant difference in incidence or antibody
titers to EBV, cytomegalovirus, herpes simplex type 1 and other virus, in 104 MG
patients compared to age-matched healthy controls, weakening the virus hypothesis
in MG pathogenesis [88]. More recently, Bhibhatbhan and colleagues reported a case
of young woman with abrupt onset of both MuSK-MG and type I diabetes mellitus,
following infectious mononucleosis, bringing attention back to EBV in MG [89]. Few
years after, according with a possible association between MG and EBV, Csuka and
collaborators discovered a strong association between EOMG and high anti-EBNA1
IgG serum concentration in EOMG patients [90]. Despite these results were conflict-
ing, our recent pathological findings, which are deeply described below, allowed us
to include MG among the autoimmune diseases critically associated with EBV.

5.1 EBV in hyperplastic MG thymus

To our knowledge, the earliest study attesting EBV presence in MG thymuses
was performed by McGuire and colleagues, who found EBV DNA in thymuses of
2/4 MG patients with thymic hyperplasia, and 2/2 patients with thymoma [91].
Before that, several attempts were made for identifying or isolating viruses from
homogenates or cell suspensions of MG thymuses, but without success [92, 93].
However, these initial studies used techniques, and tissue storage methods, that
cannot be considered sufficiently sensitive or optimal today.

Based on data showing EBV reactivation in intra-meningeal B-cell follicles in
MS patients [74], our group decided to check for signs of EBV infection in MG
thymuses (n = 17), both hyperplastic (follicular and diffuse) and involuted thy-
muses by using a combination of techniques, including in situ hybridization (ISH)
to detect EBERs, immunohistochemistry (IHC) for latent and lytic EBV antigens,
real-time PCR for viral DNA (LMP1 gene), and nested PCR for viral transcripts. As
controls, normal thymuses (n = 6) from adult cardiopathic donors without autoim-
mune diseases were analyzed [85]. Interestingly, all MG, but not normal thymuses,
resulted positive for EBV latency and lytic markers, strongly indicating EBV persis-
tence and reactivation as a common feature of MG patients’ thymuses (Figure 2). In
details, by ISH, variable number of EBERs-positive cells was detected in medullary
infiltrates of all the MG thymuses analyzed, particularly in GCs of hyperplastic
MG thymuses. Accordingly, IHC results showed expression of EBV latency proteins
EBNA2, LMP1, and LMP2A in cells scattered throughout the thymic medulla and
in GCs. The early BFRF1 and BMRF1, and the late p160 and gp350/220 lytic phase
EBV proteins were also found in most MG thymuses, but not in control tissues,
indicating EBV reactivation. Double immunofluorescence and confocal microscopy
then revealed that latently infected cells were diffuse infiltrating and GC B-cells,
whereas plasma blasts, mainly located around GCs, were positive for the lytic mark-
ers [85]. By PCR approaches, latent EBNA1 and LMP2A transcripts, and the early
BZLF1 lytic transcript, along with EBV DNA, were detected in MG thymuses, but
not in normal thymuses, thus confirming the active EBV infection. Due to the EBV
properties to activate and immortalize B-cells, our findings thus suggested a critical
contribution of the virus to intra-thymic B-cell dysfunction and B-cell-mediated
autoimmunity in MG patients [85].

In a following study, we extended the analysis of EBV to additional MG thy-
muses (n = 19). Real-time PCR for EBV DNA (BamHI-W repeat region), latent
(EBER1, EBNA1, LMP1) and lytic (BZLF1) transcripts, and IHC for LMP1 and
BZLF1 proteins, confirmed an active EBV infection in the thymus of MG patients

84



Epstein-Barr Virus in Myasthenia Gravis: Key Contributing Factor Linking Innate Immunity...
DOI: http://dx.doi.org/10.5772/intechopen.93777

MG-FH MG-T
TR PR AR ' | TR
JBERs - - WA fgj EBNAL.
" § ‘gf‘a:_{‘;‘::. ) i J ¥ :
2L ITER 3 s N

Normal thymus

/ /

Figure 2.

Degection of EBV markers in follicular hyperplastic MG thymus (MG-FH), and MG thymoma (MG-T), but
not in non-MG thymoma (No MG-T) and normal thymus. Representative images of immunohistochemistry
and immunofluorescence stainings showing: EBER-positive cells and cells positive for latent LMP2A and lytic
BMRFi1 proteins in MG-FH; latent EBNA1-positive cells and CD20-positive B-cells expressing LMP1 in MG
thymomas; absence of EBNA1-positive and LMP2A-positive cells in No MG-T; absence of LMP1-positive cells
in normal thymuses.

but not in controls, thereby reinforcing the idea that the virus may significantly
contribute to autoimmunity development or maintenance in MG thymus [86].
Similar results were found in MG thymuses from corticosteroid-naive and -treated
patients, indicating that the EBV infection profile we observed in our MG thymuses
was not due to the immunosuppressive treatment [85, 86].

In contrast to our outcomes, Meyer and colleagues [94] and Kakalacheva and
colleagues [95] reported absence or very low presence of EBV in MG thymuses. The
first group performed ISH on formalin-fixed, paraffin-embedded MG thymic tissues
(n = 44) and did not observe EBER-positive cells, likewise on cases of Hashimoto
thyroiditis (n = 25), except for an isolate case in which rare EBER-positive lympho-
cytes were detected. Moreover, EBNA1 or BZLF1-positive cells were absent in MG
thymuses or Hashimoto thyroiditis by IHC, whereas in infectious mononucleosis
rare scattered positive cells were detected [94]. Kakalacheva et al. detected minimal
levels of viral DNA in 6 of 16 hyperplastic MG thymuses, indicating rarity of viral
copy numbers, confirmed by the observation of rare positivity for EBERs and viral
proteins in the thymic sections by ISH and IHC [95]. Discrepancies between our data
and data from these two studies may be due to sampling from patients with different
clinical features, or to the use of different methods and tools with different sensitiv-
ity. In the article of Meyer et al., the cohort is apparently not homogeneous, and no
description of treatment, nor clear indication of the patients’ disease status, is given.
Patients analyzed by Kakalacheva et al. did not require immunosuppression, so they
maybe had a mild phenotype. As regards to the methods for EBV marker detection,
tissue processing and procedures applied in these studies are different from ours,
and perhaps less sensitive, or not optimized for detection of EBV in non-malignant
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pathological conditions [96]. All these issues need to be solved, to confirm data on
EBV in MG thymus, and a correct approach could be to find an agreement on the
best procedures to analyze EBV infection in the thymus.

To better understand the EBV role in MG pathogenesis, we recently investigated
the potential cross talk between TLRs and EBV in rising or sustaining self-reactivity.
In details, since EBV molecules (EBERs, EBV DNA) are known to activate TLR7
and TLRY, and considering that these two receptors have super-addictive effects on
EBV-induced B-cell activation and transformation process [66, 97], we analyzed
their expression in EBV-positive MG and EBV-negative normal thymuses. We
revealed an increased percentage of proliferating B-cells positive for EBV markers,
and overexpressing TLR7 and TLRY, in EBV-positive hyperplastic MG thymuses
compared to controls [63]. Our overall data thus indicated for the first time that
aberrant EBV-driven TLR7 and TLR9 signaling in MG thymuses might contribute
to abnormal B-cell activation and proliferation, in turn promoting or perpetuating
B-cell-mediated autoimmunity in MG patients.

5.2 EBV in MG thymoma

Since the 1980s, the involvement of EBV in thymoma, associated or not with MG,
has long been investigated. However, data obtained by the different studies were con-
trasting: (i) McGuire et al. found EBV DNA in three thymomas, of which two were
from MG patients [91]; (ii) absence of EBV in thymic epithelial tumors was reported
by Inghirami et al. and Engel et al. [98, 99]; (iii) Chen et al. reported EBV DNA sig-
nals in eight out of 21 thymic carcinoma with lymphoepithelioma-like morphology,

a subtype not currently included in the WHO classification, but they did not specify
whether EBV-positive tumors were from MG patients [100]; and (iv) Takeuchi et al.
detected EBV-infected lymphocytes in one out of 11 thymomas not associated with
MG [101]. Recently, an antiviral gene signature was identified in MG thymomas by
Cufi and colleagues, consisting in a significant overexpression of type I IFNs and
components of the TLR3 signaling pathways [102], thus opening the hypothesis of
aviral etiology also for MG associated with thymoma. The same authors tried to
identify the presence of potential pathogens in the MG thymomas focusing on human
papillomavirus (HPV) and EBV, but no viral DNA was detected [102].

Recently, by combining ISH, IHC and molecular techniques, our group dem-
onstrated the presence of latency EBV markers in MG-associated thymomas, but
only rarely in thymomas from patients without MG [87]. Specifically, by real-time
PCR we showed a significantly higher frequency of EBV DNA and EBER1 detec-
tion in MG (53.8% and 84.6%) than non-MG (21.4%) thymomas, with the higher
viral load and EBER1 levels being mainly observed in B2 and B2-mixed tumors, the
WHO subtypes most frequently associated with MG. These data were in contrast
with data on EBV DNA from Cufi and colleagues [102], likely because of the differ-
ent sensitivity of the protocol used for the viral genome detection.

We then confirmed our molecular results by ISH, which showed the presence of
cells positive for EBERs in MG, but not in non-MG thymomas [87]. Latent EBNA2
and late gp350/220 lytic transcripts were undetectable in all thymomas, except one,
as well as the early lytic transcript BZLF1, thus revealing that early infection and EBV
reactivation are very rare event in thymomas. By IHC analysis, we confirmed EBV
persistence in MG thymomas, but not in thymomas without MG, and identified the
phenotype of EBV-positive cells, that were B-cells positive for the EBV latency proteins
EBNA1, LMP1, and LMP2, diffused throughout the MG neoplastic tissues (Figure 2).
Based on the EBV gene expression pattern, we suggested EBV latency type Il in MG
thymomas. Due to the absence of EBV in thymic epithelial cells, these results thus
revealed an association of EBV with B-cell-mediated autoimmunity in MG associated
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with thymoma, rather than with thymic neoplastic transformation [87]. We also found
higher TLR3 transcriptional levels in MG than non-MG thymomas. Transcriptional
levels of this receptor positively correlate with EBER1 levels, supporting a possible

role for EBER1 in inducing persistent TLR3 signaling pathways in thymoma from MG
patients [87]. Due to the previously described role of TLR3 in triggering an anti-AChR
autoimmune response [62], our findings strengthened the idea of a critical contribu-
tion of EBV to B-cell-mediated autoimmunity via TLR3 in these pathological tissues.
Indeed, the activation of EBV-driven TLR3 signaling may well contribute to create

an altered tumor microenvironment, which supports the recruitment of peripheral
B-cells, and thus B-cell dysregulation and tolerance disruption.

6. Conclusions

EBV has been associated with several autoimmune diseases by sero-epidemio-
logical and immunological data. Our findings revealed for the first time a contribu-
tion of EBV to the intra-thymic MG pathogenesis, thus allowing to include MG
among the autoimmune conditions associated with the virus. Based on our results
and literature data, we postulate that, in the context of a genetically susceptible
background, EBV persistence and reactivation into the thymus may favor B-cell
dysregulation, TLR over-stimulation, inflammation, and B-cell-mediated auto-
immune response to AChR, which can be perpetuated in the periphery. Further
advancement in the knowledge of the exact involvement of EBV and TLRs in MG
pathogenesis could set the basis for novel investigations aimed at developing inno-
vative therapeutic applications targeting EBV-positive cells, TLRs, or components
of their signaling pathways to counteract autoimmunity in MG and potentially
other EBV-associated autoimmune diseases.
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Chapter 6

Epstein-Barr Virus: Should We

Still Invest in Vaccines or Focus on
Predictive Tests?

Emmanuel Drouet

Abstract

The complex interplay between host and EBV has made it difficult to elaborate
useful vaccines protecting against EBV diseases. It is encouraging to see that EBV
vaccine programs have started to incorporate different arms of the immune system.
An array of argument calls for a realistic goal for vaccine strategies which should be
preventing EBV diseases, rather than EBV infection. EBV is the primary cause of
infectious mononucleosis and is associated with epithelial cell carcinomas, as well
as lymphoid malignancies. Parallel to this need, one could propose priorities for
future research: (i) identification of surrogate predictive markers for the develop-
ment of EBV diseases (ii) determination of immune correlates of protection in
animal models and humans.

Keywords: vaccine, early diagnosis, lymphomas, EBV diseases

1. Introduction

More than 95% of the world’s adult population is infected with the Epstein-Barr
Virus (EBV or HHV4), a virus belonging to the Herpesviridae family that mainly
infects B lymphocytes. Human Herpesviruses (HHV1-8) have co-evolved through
persistent infections in their hosts which are spread efficiently to others and gener-
ally do not cause serious disease (Table 1) [1]. EBV is transmitted by saliva, usually
infects its host during infancy and is largely asymptomatic. If the infection does
occur later, in adolescence or young adulthood, in about 40% of cases it leads to the
development of an acute condition called infectious mononucleosis (IM). In the
United States alone, 125,000 cases of IM are reported each year. EBV is also associ-
ated with the development of several malignancies derived either from lymphocytes
or from epithelial cells (Table 1). It is estimated that about 10% of cancers associ-
ated with a viral infection are associated with EBV and that each year, on average,
about 200,000 new cases of EBV-associated cancers are diagnosed worldwide [2].
Furthermore, EBV is also associated with the development of autoimmune diseases
such as multiple sclerosis [3]. The complex interplay between the Herpesviruses
and their hosts has made it difficult to elaborate useful vaccine strategies to protect
against HHV-associated diseases [4]. Over the years, the development of HHV
vaccines has been a story of mixed fortunes, especially for HSV-2 and HCMV
(Table 2). The frequent presence of EBV in many pathologies is an indicator of the
necessity of developing a vaccine against EBV. The argument was first put forward
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Subfamily Common Common name Common manifestations Antiviral
Herpesviridae abbreviation therapy
Alpha- HSV-1 Herpes Simplex Virus Cold sores, keratitis, .
typel encephalitis
Alpha- HSV-2 Herpes Simplex Virus Genital sores et
type2
Alpha- vzv Varicella Zoster Virus Chicken pox, shingles +H
Beta- HCMV Human Severe diseases in the +
Cytomegalovirus immunocompromised
host
Beta- HHV-6 Human Roseola infantum, rash —
Herpesvirus-6 & fever
Beta- HHV-7 Human Roseola infantum, rash —
Herpesvirus-7 & fever
Gamma- EBV Epstein-Barr Virus Infectious mononucleosis, +/—
lymphoid malignancies,
nasopharyngeal & gastric
carcinoma
Gamma- HHV-8 Human Kaposi sarcoma —

Herpesvirus-8

+++ widely used and successful, ++ widely used and quite successful, + occasionally used with limited success, —

ravely used with an uncertain outcome.

Table 1.

List of the major herpesviruses pathogenic for humans. Fivst the alpha- including neurotropic viruses, second

the beta- with the most salient virus, CMV. This virus infects a large number of cells and is responsible for a lot
of serious diseases in the immunocompromised hosts. HHV6 and HHV7 are lymphotropic viruses, vesponsible
of roseola, and rash and fever in adults. Finally, the gamma- which includes B lymphotropic viruses with
transforming activities.

more than 40 years ago by Sir Antony Epstein, the pathologist and expert electron
microscopist who discovered the EBV virus [5]. However, to date, despite sustained
efforts, the EBV vaccine has not been finalized, even though promising results have
been obtained [6, 7]. The main difficulty in developing an anti-EBV vaccine stems
from the patchy nature of our knowledge of the course of EBV infection iz vivo.

Below we review the history of the EBV vaccine development, and current
strategies involved. At the same time, one could propose priorities in terms of
future research, such as (i) a better definition of the goal for an EBV vaccine; and
(ii) the identification of costless surrogate markers that predict the development of
EBV-related malignancies.

2. The first challenge for EBV vaccines: the complexity of the biological
cycle of EBV

The EBV lifecycle is considerably complex and passes through a phase of
latent infection during which the virus induces the activation, proliferation, and
differentiation of primary B cells into memory B cells [8, 9]. During this phase,
the infection elicits a humoral and cellular immune response directed against the
proteins of the latent phase. During the terminal differentiation into plasma cells
of infected cells, the productive viral cycle is activated and virions are produced
which will be able to infect epithelial cells capable of producing a large number of
viral particles. The numerous viral proteins expressed during the production cycle
are also important targets of the cellular immune response [10]. The EBV encodes
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approximately 80 proteins, 15 of which possess at least 90 antigenic epitopes. A
large quantity of these proteins stimulates the T-cell receptors (TCRs), but a few
interact with the B-cell receptors (BCRs) [11]. Activation of B cells and subsequent
antibody production has not only been related to at least 3 envelope glycoproteins
(mostly gp350) but also to latency-associated membrane proteins (LMPs). The
majority of EBV epitopes inducing either cytotoxic and/or helper T lymphocytes
were located on non-structural and/or latency associated proteins. In acute IM
patients (approximately 40%), a considerable proportion of HLA B8 restricted CTL
reactivity is directed against a single peptide (RAKFKQLL) of the trans-activator
protein BZLF1/Zta/ZEBRA [10].

It must be noted that natural killer cells and anti-EBV cytotoxic T lymphocytes
(CTLs) are the main players in the immune response that effectively controls infec-
tion [12]. The primary role of anti-EBV CTLs would be to control the proliferation

Vaccine candidates EBV antigens used Results

Epitope vaccine EBNA3A Induced EBNA3A-specific T-cell responses
Did not protect against EBV infection. Lower incidence
of IM in vaccinated people

Antigen-antibody EBNA1 Targeting of DC enabled the induction of EBNA-

conjugates Several latent antigens 1spcefic CD4+ and CD8+ T cells
Vaccination of humanized mice generated EBNA1
specific T cells

Monomeric gp350 Induced neutralizing gp350-specific antibodies.
Reduced incidence of IM
Did not protect against EBV infection.

Multimeric Tetrameric gp350 Higher immunity (neutralizing antibodies) of
Trimeric gH/gL and tetrameric gp350 compared to that of monomeric one
trimeric gB (vaccinated rabbits).

Higher immunity (neutralizing antibodies) of trimeric
gH/gL and trimeric gB compared to that of monomeric
gp350 (vaccinated rabbits).

Nanoparticles gp350 Higher immunity (neutralizing antibodies) of
gp350-containing nanoparticles, compared to that of
monomeric gp350 (vaccinated mice and monkeys).

Chimeric NDV gp350 Higher immunity (neutralizing antibodies) of gp350-

VLPs gH/gL, gp42, LMP2 & containing NDV*-VLPs, compared to that of monomeric
EBNA1 gp350 (vaccinated mice).

Use of NDV*-VLP platform to combine EBV lytic and
latent antigens

EBV VLPs More than three dozen Similar antigenicity with wt EBV
structural proteins Increased protection against EBV infection (humanized
More than three dozen mice)
structural proteins &

EBNA1

Recombinant ZEBRA immediate- Prolonged survival from fatal EBV-LPD (humanized

adenovirus early protein mice)
(BZLF1 gene)

mRNA mRNA-1189 Antibody titers against viral proteins involved in
(gp350-gH/gL-gB) epithelial cell entry (gH/gLand gB) or B cell entry
Moderna Inc. platform (gp350, gH/gLand gB) were measured in peripheral

blood at day 57 (mice)
Table 3.

Summary of prophylactic EBV vaccine candidates that have been developed (from ref. [7]) * NDV Newcastle

disease.
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of latently infected B cells. EBV has the feature of implementing various latency
and lytic transcription programs, suggesting that it assumes distinct antigenic
states within infected individuals (Table 3) [7, 10]. Yet, despite the wide variety of
antigens that predominate throughout the EBV life cycle, EBV vaccine candidates
have traditionally only focused on a limited number of EBV antigens. For a sum-
mary on these vaccine candidates see a review by Cohen [13]. Thus, the EBV vac-
cines designed so far fall into two categories: those preventing any kind of infection
(including prophylaxis of EBV-associated malignancies) and those designed for
therapeutic purposes (to be used in subjects already infected) [13].

3. A second challenge: the lack of a true animal model

EBV is highly species-specific and only infects humans and primates. Initial
studies of EBV vaccines used cottontop tamarins (white-crested), a now endangered
species [14]. This model has several drawbacks including the very high doses of
EBV in the challenge inoculum required to cause tumors, a non-physiologic route of
infection (intraperitoneal injection of virus), and the fact that EBV is not a natural
pathogen in these animals. Moreover, EBV does not establish a latent infection in the
B cells of these monkeys which is the case with humans. EBV vaccine studies have
also been performed in common marmosets and EBV gp350 can protect against the
parenteral challenge of these animals [15]. The use of an animal virus such as Rhesus
lymphocryptovirus (LCV) is also a useful model for vaccination studies [16] as it
is close to EBV and reproduces the majority of EBV symptoms in its natural host
(the Rhesus macaque). Today, the humanized mouse model looks promising, as it is
possible to recreate different pathologies associated with EBV [17-19]. However, the
absence of infection in the epithelial cells of the animal does not allow the reconsti-
tution of all the pathologies associated with EBV in humans. Two types of vaccines
are currently being studied to control EBV: A prophylactic vaccine that aims to
neutralize the virus to block infection and a therapeutic vaccine that aims to induce
or improve the anti-EBV cellular response in some patients.

4. The prophylactic vaccines

In designing a prophylactic vaccine against a virus, induction of a neutralizing
antibody response is generally sought. Multiple alternative vaccine candidates
include targeting EBV-based glycoproteins, EBV lytic proteins, and EBV latent
proteins (Figure1).

4.1 Which antigens are used?

The glycoproteins of the viral envelope are therefore the preferred targets. EBV
carries several glycoproteins (gp350, gB, gH, gL, gp42, gM, gN, BMRF2, BDLF2,
BDLF3, BILF2, BILF1, BARF1) [20] on its surface. To date, the greatest strides
towards developing an EBV-based vaccine have been made by targeting gp350. This
type I glycoprotein is crucial for EBVs ability to enter the host B cells by binding
their CD21 or CD35 receptor. It is the most abundant glycoprotein on the surface of
virions and the most expressed by cells infected with EBV. In addition, gp350 is the
major target of antibodies capable of neutralizing infection of B cells [20]; it is also
an important antigen and target recognized by cellular immunity [10]. Other EBV
glycoproteins such as (i) gH/gL (member of the fusion complex); (ii) gp42 (deter-
mines the cellular tropism of EBV); and (iii) gB (a class III type of viral fusion protein
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Figure 1.

An EBV vaccination strategy: Whatever EBV vaccine candidates, they will not block infection. However, they
could prevent the onset of the symptoms of infection and reduce the risk of developing EBV-associated tumors or
EBV-associated pathology (i.e. MS).

also essential for maturation and egress) have also been tested in various vaccine trials
[7]. They are also able to induce the expression of neutralizing antibodies. They do,
however, appear to be less effective than those directed against gp350 (see Table 3).
For the various reasons cited above, most vaccination trials have been car-
ried out using recombinant gp350 [6, 7, 13]. The production of viral-like particles
(VLPs) which do not contain a genome and in which several viral proteins involved
in cell transformation have been inactivated or deleted has also been described.
The vaccination of mice with these VLPs induces the production of neutralizing
antibodies and cellular immune response [7, 21]. Although, while this approach is
promising, given the oncogenic properties of EBV, the acceptability of this type of
vaccine for use in human health remains uncertain.

4.2 The clinical trials

Several vaccines have been evaluated to prevent infection and protect against
the symptomatic episode of primary infection (IM) [13]. The first vaccine trial
in humans was undertaken by Gu and colleagues [22] using a live recombinant
vaccinia virus/major EBV envelope antigen BNLF-1 MA (gp220-340) construct.
The authors showed that for the first time it was possible to protect against and/or
delay EBV infection by the natural route. The most advanced study of the safety,
immunogenicity and efficacy of an EBV vaccine has been reported by Sokal and
colleagues [23]. In their study (NCT00430534), a group of 181 EBV seronegative
volunteers between the ages of 16 and 25 received three doses of a recombinant
gp350 vaccine or placebo. The authors claimed the vaccine had demonstrable
efficacy (mean efficacy rate, 78.0% [95% confidence interval: 1.0-96%]) and that
there were no concerns regarding safety or immunogenicity. Over an observation
period of 18 months, the vaccination of the young adults with recombinant gp350
reduced the risk of developing an IM of 10% in controls to only 2% in vaccinated
people. However, despite the production of neutralizing antibodies, vaccination
does not appear to prevent infection. This result suggests that the vaccine used may
reduce the risk of associated pathogenesis without necessarily preventing infection.
The same type of vaccine that was given to patients not infected with EBV, and who
were waiting for a kidney transplant, did not seem to give satisfactory results (only
30% produced neutralizing antibodies). The unsatisfactory results were probably
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because patients in this study suffered from both an immunosuppressed state and
renal impairment [24].

Alternative EBV vaccines such as, a virus-like particle EBV vaccine [21] and a
CD8+ T-cell peptide epitope-based vaccine [25]. have been evaluated in Phase 1
clinical trials. To date, several phases I and phase II clinical trials have been carried
out and have yielded rather encouraging results [7, 26].

In 10% of cases, IM is associated with quite severe symptoms (such as prolonged
asthenia, risk of Hodgkin’s lymphoma) [27-29] and in the most serious cases with
neurological involvement (1%) [3, 30]. Given the vast variability in these results
and the long period from an EBV infection to the onset of MS, such EBV vaccine tri-
als in MS populations are not feasible. With a 30 times greater rate of MS occurrence
in first-degree relatives when compared to unrelated populations, such intervention
may potentially decrease the overall MS incidence [31]. This explains the increasing
interest in developing EBV vaccines to prevent MS. Given the association of IM with
MS, there is a strong possibility of reducing this childhood infection by eradicating
MS. [32]. So far, however, there is no licensed EBV vaccine and to make progress
regarding its development, a greater understanding of the association of EBV with
MS is required [33]. Recent advances have pointed to the use of EBV vaccines to
control MS. Indeed, both asymptomatic EBV infection and IM have also been asso-
ciated with an increase in MS susceptibility [33, 34]. The imminent increase in MS
risk following an EBV seroconversion has been expertly shown through a study that
utilized serial blood samples derived from more than 8 million active-duty military
personnel [35].

Other potential targets for vaccine development include immediate and early
EBV proteins that are expressed during the first steps of the lytic cycle. Both Zta
and Rta immediate proteins (encoded by BZLF1 and BRLF1, respectively) are easily
recognizable due to an uninhibited CD8+ T-cell response [36]. On the other hand,
the early lytic proteins BMLF1 and BMRF1 can be detected by CD4+ T cells as
early as the first day of EBV infection [37]. Studies have examined the utility of the
BZLF1 vaccine in mice models of EBV-induced post-transplant lymphoprolifera-
tive disorder and shown successful T-cell immunity induction towards the infected
tumor cells [38]. Lastly, recent evidence also shows that the latent proteins (EBNA)
can be recognized by CD8+ and CD4+ T cells and prevent further expansion of
EBV-infected B cells [37]. As we now understand the importance of B cells in the
MS pathophysiology, we can conclude that this type of vaccine intervention would
potentially exert a therapeutic outcome [39]. In contrast, an effective EBV vaccine
that could prevent the 200,000 new EBV-associated malignancies occurring glob-
ally each year is not currently available despite the considerable efforts expended in
developing EBV gp350 vaccines [6]. Very recently, in 2020, the Moderna Company
(Cambridge, MA, USA) carried an innovative mRNA-based EBV vaccine (mRNA-
1189) (https://investors.modernatx.com/static-files/834b6509-553f-4ee5-84€0-
c198bbb850£0). Preclinical data demonstrated the ability to induce antibodies
against EBV antigens: Naive Balb/c mice were given two doses of a vaccine against
EBV antigens in combination approximately 4 weeks apart. Antibody titers against
viral proteins involved in epithelial cell entry (gH/gL and gB) or B cell entry
(gp350, gH/gL and gB) (Table 3) were measured in peripheral blood at day 57.
Their last results demonstrated high levels of anti-EBV neutralizing antibodies, and
at levels significantly higher than those observed in naturally-infected human sera.

4.3 Major drawbacks of the prophylactic EBV vaccine strategies

Contrary to Epstein’s initial idea, an EBV vaccination does not block infection.
However, it could prevent the onset of the symptoms of infection and reduce the
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risk of developing EBV-associated tumors. Moreover, the correlates of protection
against EBV infection and diseases (in animal models and humans) are not clearly
defined, so it is hard to reliably predict the ideal EBV vaccine targets and whether
humoral immunity or cellular immunity or both should be involved. Currently, the
definitions of a goal for an EBV vaccine and criteria for licensure to prevent diseases
rather than infections are not clear.

5. The therapeutic vaccines

In the case of a therapeutic vaccine, the induction of cellular immunity against
EBV in patients suffering from certain pathologies (NPC, HD, etc.) is the main
objective. One of the difficulties of this approach is that the number of viral pro-
teins expressed in cancer cells varies according to the pathology concerned. The
EBNA-1 protein is the only viral protein expressed in all cases of EBV-associated
cancers. It is also one of the main targets of CD4 T cells along with the membrane
proteins LMP1 and LMP2 which are also good targets for CD8 T cells. This makes
this type of approach possible. The relevance of designing a therapeutic anti-EBV
vaccine is based on clinical observations from tests of infusions of EBV-specific
T lymphocytes (CTLs directed against the viral proteins LMP1 and LMP2). In
patients with Hodgkin’s lymphoma, non-Hodgkin’s lymphoma or nasopharyngeal
carcinoma (NPC), the results of the first studies are encouraging - this specific EBV
cell therapy can markedly improve the survival of some of these patients [7, 40-42].
Therefore, a vaccine that induces T-cell responses to tumor-expressed EBV latency
proteins could improve patient survival.

In the context of cure therapy, the adoptive transfer of EBV-specific T cells
has been therapeutically explored for decades with clinical success [43]. To avoid
naturally occurring EBV-specific autologous T-cell selection from every patient, the
transgenic expression of latent and early lytic viral antigen-specific TCRs essen-
tial to redirect T cells and to target the respective tumors has been investigated.

The latest evidence suggests that not only TCRs against transforming latent EBV
antigens, but also against early lytic viral gene products, might be protective for

the control of EBV infection and associated oncogenesis [44]. At the same time,
these approaches might be more selective and cause less collateral damage rather
than targeting general B-cell markers with chimeric antigen receptors (CARs).
Thus, EBV-specific TCR transgenic T cells constitute a brilliant therapeutic strategy
against EBV-associated malignancies [45]. As an example, recent studies describ-
ing CD8"gp350CAR-T cells showed proof-of-concept preclinical efficacy against
impending EBV" lymphoproliferation and lymphomagenesis [46].

6. Uncertainties surrounding EBV vaccines

Despite the very encouraging results obtained in phase II clinical trials, to date,
no phase III trials have been implemented. The reason why no further development
of this vaccine has been done is not known. Given the large diversity of pathologies
associated with EBV, it is unlikely that a single vaccine applicable to all diseases
associated with EBV can be developed. Vaccination against EBV must take into
account various factors such as the geographic characteristics of certain pathologies
(NPC in South-East Asia, endemic Burkitt’s lymphoma (BL) in equatorial Africa),
the incubation period necessary between infection and development of the disease
pathology (IM: 4 to 6 weeks, NPC: > 30 years), and the initial age of infection. Such
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disparity complicates vaccination strategies which would need to be implemented.
Despite this and depending on the pathology involved, it is still worth consider-
ing further research on an anti-EBV vaccination program. According to a recent
US study among university students, 37% were EBV negative when they entered
university, but 3 years later 46% of them had experienced EBV seroconversion. Of
these, 77% went on to develop an NID. It is interesting to note that IM is the most
common cause of absenteeism among new recruits to the US military. In developed
countries, these epidemiological observations support the idea of administering
avaccine capable of preventing the disease when administered to children aged
between 11 and 12 who are EBV negative (in tandem with the administration of a
vaccine such as a papillomavirus). Such a vaccine would reduce the risk of develop-
ing IM and would also reduce the risk of developing Hodgkin lymphoma [47] or MS
[30], pathologies which are linked to EBV and which are most likely to be a conse-
quence of the EBV-induced immunological disorder in IM [48].

The value of an EBV vaccination to protect children against BL, especially in
Africa, is certainly significant. Nevertheless, in this region of the world, infection
with EBV generally occurs early (50% of children are infected by their 1st year),
and it is certainly not easy to vaccinate at this stage, especially if three injections
are required to achieve protective immunity. It is, however, not impossible and has
been implemented in some countries where children are given vaccinations which
include hepatitis B in early childhood.

EBV is associated with various lympho-proliferations in immunocompromised
people, especially following transplantation, or HIV infection. The risk of develop-
ing PTLD is 25 to 30 times higher in an EBV-negative person before the transplant
than in a person who was HIV-positive. Prophylactic vaccination against EBV
would not only reduce the risks associated with the primary infection but could also
decrease the risk of developing PTLD during transplantation; the latter hypothesis
has not yet been evaluated. Regarding NPC and gastric carcinoma, only retrospec-
tive studies after prophylactic vaccination could reveal its efficacy. It would then
be necessary to demonstrate the direct effects of a prophylactic vaccine aimed at
preventing these pathologies which develop more than 30 years after infection.
Nevertheless, this has already been achieved with the hepatitis B vaccination
program which is performed in children and protects against the development of
liver cancer 15 to 20 years later.

7. The EBV diagnostic tests as a predictor of diseases

Taking into account the above-mentioned points, it is undoubtedly time to turn
to predictive tests to prevent the appearance of the first signs of pathology both in
the context of cancers (lymphomas) and in the context of chronic pathologies.

71 What about conventional EBV diagnostic tests?

EBV serology was for a long time the only technique used for diagnosis. In
immunocompromised patients, serological tests (looking for IgG and IgM antibodies
directed against two types of viral antigens - capsid and EBNAs) are used to identify
the immune status to EBV in the donor/recipient (before transplantation) and in
HIV patients. They are not used for primary or hereditary immunodeficiencies.

With regards to EBV serology, the practice is relatively homogeneous with an assay
combining anti-VCA IgG, anti-VCA IgM and anti-EBNA IgG. The combined use of
these three markers is sufficient for most diagnoses, making it possible to distinguish
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the primary infection (+, +, —) from an old infection (+, —, +). Depending on the
manufacturers of diagnostic kits, the detection technique (ELISA or immunofluo-
rescence) and the nature of the antigen targets (recombinant proteins, infected cells,
peptides, etc.) of these antibodies may vary, but most of the techniques used are
validated for their diagnostic capacities by expert medical virology laboratories at
the time of marketing.

The ability to accurately determine viral load (DNA PCR) for HHV infections
post-transplantation [4] has become a mainstay for diagnostics especially in the
context of the beta and gamma herpesviruses. Most approaches use real-time
quantitative PCR-based assays [49]. PTLD (classified into six categories by WHO)
has become a deleterious complication of both solid-organ and hematopoietic
stem-cell transplantation. Data from large transplantation registries have shown
an increased incidence of PTLD and significant associations with morbidity and
mortality [50, 51]. EBV viral load monitoring is now routine and high viral loads
are often associated with concurrent PTLD. But data linking EBV kinetics to the
risk of developing PTLD remain controversial. Measurement of EBV viral load
by quantitative PCR is an essential test in the follow-up of children with solid
organ transplants. It is used: (i) to prevent the development of PTLD (by adapt-
ing immunosuppression and/or by initiating pre-emptive treatment); (ii) in the
monitoring of pre-emptive treatment; and (iii) in the follow-up of the curative
treatment of PTLD.

It should be emphasized that there is a difference between patients who have
had solid organ allografting and HSCT patients [50]. Immunosuppressive treat-
ments in solid organ allograft recipients are modest compared to HSCT recipients
who receive more severe immunosuppressive treatment. Correlations between
higher EBV loads and the development of PTLD are seen in solid organ allograft
recipients, but these correlations do not indicate high positive and negative
predictive values [52]. There is considerable overlap between the EBV loads in
patients with PTLD and those in patients without PTLD. Furthermore, solid
organ allograft recipients receive lifelong immunosuppression so that there is
along-term risk of EBV-PTLD. Therefore, routine surveillance for EBV-DNA
by quantitative PCR is not recommended in adult recipients [53]. Solid-organ
allograft recipients also sometimes carry chronic high EBV loads without symp-
toms consistent with PTLD [53, 54]. However, the significance of a high EBV
load in terms of long-term health is unknown. Conversely, in children at high risk
of primary EBV infection, routine surveillance is beneficial for the preemptive
identification of patients at high risk of PTLD [53]. Finally, a current article inves-
tigating both the EBV DNA load in whole blood and EBV serology in HIV-infected
patients with classical Hodgkin concluded that EBV DNA loads at diagnosis were
not prognostic [55].

Not unlike the situation with CMYV, the lack of an international genome standard
for quantification of EBV in molecular assays makes a comparison of thresholds for
impending PTLD difficult to interpret [4]. In contrast, EBV infection and in par-
ticular EBV-driven PTLD is a more difficult disease to manage with little evidence
that antiherpes drugs are effective especially once PTLD is manifest [4]. Anti-CD20
antibodies (Mabthera®) are not introduced until PTLD has been confirmed. In
contrast, for other types of transplants (intestines, lung, heart, kidneys), anti-CD20
antibodies can be used earlier and they are part of the pre-emptive treatment. There
is currently no consensus on the best preemptive strategy because the threshold,
or kinetics, of preemptive intervention is difficult to define. Typically, a one-log
increase in viral load is a warning sign. It should be noted that the therapeutic deci-
sion is based on a set of arguments which are virological, clinical (such as tonsillar

106



Epstein-Barr Virus: Should We Still Invest in Vaccines or Focus on Predictive Tests?
DOI: http://dx.doi.org/10.5772/intechopen.101094

hypertrophy for example) or biological (for example LDH, uric acid)), because the
EBV viral load is not the only predictive marker of PTLD.

7.2 New biomarkers and therapies exploring the lytic cycle

For decades, many articles have reported the presence of an EBV lytic cycle
in tumor cells from HL, NPC, in transplant patients, and breast tumors. Clinical
studies on EBV lytic proteins including ZEBRA in patients with PTLD or HIV-
associated non-Hodgkin lymphoma NHL are mostly related to the role of these
proteins in neoplastic tissues. Both high EBV copy number and strong BZLF1
mRNA expression in the peripheral blood lymphocytes (PBL) of patients are sensi-
tive markers of EBV-related PTLD. Soluble ZEBRA concentrations of >100 ng/mL
detected by an enzyme-linked immunosorbent assay (ELISA) in serum of patients
after solid organ or hematopoietic stem cell transplant were predictive of PTLD in
80% of the cases within 3 weeks [56] (for a review see ref. 57). Thus, ZEBRA test-
ing in serum could help identify patients likely to develop severe outcomes during
the critical post-transplant period and serve as a potential diagnostic/prognostic
marker for EBV follow-up in immunocompromised patients (Figure 2).

The relevance of the EBV lytic cycle to human pathology prompted researchers
to target certain lytic proteins with therapeutic aims [57]. As an example, adenovi-
rus vectors expressing BZLF1 or BRLF1 were used to treat EBV-positive tumors [58].
On the other hand, the Food and Drug Administration (FDA)-approved lefluno-
mide, which targets EBV replication, was shown to inhibit the earliest step of lytic
EBV reactivation (BZLF1 and BMRF1 expression) and prevented the development
of EBV-induced lymphomas in both a humanized mouse model and a xenograft
model [59]. More recently, duvelisib (a molecule inhibiting the PI3K/AKT signal-
ing pathway, and BCR signaling) was shown to reduce cell growth and expression
of EBV lytic genes BZLF1 and gp350/220 in EBV-positive cell lines [60]. The
histone deacetylase (HDAC) and DNA methyltransferase inhibitors are also pos-
sible avenues to suppress the ZEBRA expression and the entire lytic cascade [61].
To summarize, efforts should be made to improve the relevance of using ZEBRA
protein in future EBV vaccine settings [62].

p=0.022

- p=0.0001
. 4000
°
3000 3000
°
5 . 2000 —_—
S {
£ 5 p=048 "
E £ oo
] £ 1000
5 H
@ - E .
< 1000 M
3 i s em
u g ow = a
™ J— -
LLLL]
s
& L) "'-'-l" L SaGaas reshar
——assss——
B - —— - - - aTEE—————- - -
Y
0
Nortio PTL0 NePTLD  PTLD NePTLD  PTLD
o PTL —_—
Kidney/Lung HSC
Figure 2.

ZEBRA as a specific marker measuring early activation of replication of the oncogenic EBV, providing more
precise monitoring of posttransplant lymphoproliferative disorder development in transplant patients. (from
Habib et al. [56] with permission) (HSC = hematopoietic stem cells).
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8. Conclusion

The issue of an EBV vaccine is a very actual topics since there is more and more
evidence for an association between EBV primary infection (IM) and the develop-
ment of multiple sclerosis (MS) and Hodgkin’s lymphoma. Numerous prophylactic
IM vaccines targeting EBV proteins have been developed. They have shown partial
success in reducing IM but have failed to prevent EBV infection. Therapeutic vac-
cines against NPCs have had considerable success, but there is a need to improve
their effectiveness. Increasing vaccine activity in NPC (or gastric carcinoma) might
be difficult due to a long latency period between primary infection and the develop-
ment of these carcinomas (see Table 4) [63]. The addition of new targets and the
recent advances in mRNA vaccines may further improve the efficacy of therapeutic
and prophylactic vaccines against EBV [64].

However, the design of a prophylactic vaccine against EBV poses serious prob-
lems: It is still difficult to find exact correlates of protection and it is still problem-
atic to define the populations intended to receive the vaccine. Inmunotherapeutic
strategies, including CAR T cells, are emerging as new platforms for the treatment
of tumors associated with EBV [45, 46]. The incorporation of immunotherapeutic
strategies as first-line treatment may provide better long-term results. It remains
to be seen how the various immunotherapeutic strategies will be incorporated into
future therapeutic strategies.

On the other hand, the design of new predictive tests (i.e. ZEBRA-based)
capable of monitoring the intensity of EBV reactivation and tumor progression,
could more easily help the physician to monitor the course of pathologies linked to

Prospects

Progress

Problems

Prevention of infectious

IM was prevented in a phase

Duration of protection unknown. Viral

mononucleosis 2 study with a subunit gp350 loads and T-cell-specific responses were
vaccine [23] not evaluated. The ideal age’ which to
A CD8+ T-cell peptide vaccinate may differ according to race/
(EBNA3-TT) vaccine was ethnicity and socioeconomics
immunogenic with a hint of
efficacy [25]

Prevention of Vaccinia constructs expressing CD8+ T-cell peptide vaccine: HLA

Nasopharyngeal EBV glycoprotein (gp 220-340) restricted.

Carcinoma are immunogenic and may The long incubation period from EBV
have reduced incidence of EBV infection to the development of NPC
infection in Chinese children makes efficacy trials impractical.

Prevention of Subunit gp 350 vaccines are safe The vaccine was poorly immunogenic

lymphomas in pediatric renal transplant probably due to the low dose and weak
candidates adjuvant; the trial could not assess

protection from PTLD

Treatment of NPC Vaccinia recombinant vectors Therapeutic efficacy has not yet been
expressing the tumor- assessed
associated latent or lytic
viral antigens aresafe and
immunogenic [41, 42, 58]

Prevention of multiple Evidence that a vaccine could The long incubation period from EBV

sclerosis work: EBV-specific CD8+ T cell infection to MS makes vaccine efficacy
responses are elevated during trials impractical except perhaps in
active MS [39]. first-degree relatives

Table 4.

Prospects, progress and problems in EBV vaccine development (from Balfour HH [63]).
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EBV replication (i.e. lymphomas, MS). Such approaches will easily make it possible

to initiate pre-emptive antiviral treatments; in addition, these diagnostic tests have
the advantage of being minimally invasive and inexpensive.
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