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Epstein—Barr virus (EBV) is one of eight known herpesviruses with the potential to infect humans. EBV latency, and
more particularly the proteins expressed during this phase of the viral cycle, is heavily implicated in EBV-mediated

oncogenesis.

EBV epithelial cancer nasopharyngeal cancer

| 1. Introduction

Epstein—Barr Virus (EBV) is a highly prevalent gamma herpesvirus that has infected more than 90% of the
population worldwide @1, In addition to being the causative agent of infectious mononucleosis, EBV was the first
human oncogenic virus to be discovered and has been linked to numerous malignancies, including various
epithelial and mesenchymal cancers and lymphomas [&. EBV-associated cancers are known to affect both
immune-competent hosts and immunocompromised patients . Globally, it is believed that EBV is responsible for
approximately 1.5% of all human cancers 4. EBV transmission primarily occurs through saliva, with increased
levels of viral DNA being found in salivary secretions after the initial infection . Other methods of transmission
include blood transfusion and allograft transplantation [€!. Socioeconomics influence the age at which primary EBV
infection occurs, as demonstrated by the cohort study performed by Gares et al. in the UK. This study found that
children who slept in overcrowded homes (OR = 1.14 (1.10-1.31)) were found to have a higher rate of infection

with EBV by three years of age when compared to children who lived in better conditions .

EBV is a member of the Herpesviridae family; more specifically, the Gammaherpesvirinae subfamily. It is also
known as Human herpesvirus 4 (HHV4). Its genome is composed of linear double-stranded DNA that is
approximately 170 kb in length and includes approximately 85 genes [El. Traditionally, EBV strains have been
classified into type 1 and type 2 (also known as types A and B, respectively) primarily based on the sequence of
their EBV nuclear antigen (EBNA), specifically EBNA2 and EBNA3A/B/C latency genes [&l. Type 1 EBV strains are
more prevalent worldwide, with type 2 being more prevalent in Alaska, Papua New Guinea and Central Africa (19,
The main phenotypic difference in vitro between these two strains is that type 1 EBV transforms human B
lymphocytes into lymphoblastoid cell lines (LCL) more efficiently than type 2 . In a retrospective study conducted
by Monteiro et al., EBV2 was shown to have a longer clinical course than EBV1, with an average duration of 17.6
days of fever (range of 1-90 days), while EBV1 had an average range of 14.8 days (range of 1-30 days) 1.
Interestingly, this study also noted that the levels of hepatic enzymes were significantly higher, on average, in
EBV1-infected patients aged 14 years and older when compared to those infected with EBV2 or coinfected with
EBV1 and EBV2 [11],
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B lymphocytes are the primary targets of EBV infection due to their expression of complement receptor type 2
(CR2), also known as the complement C3d receptor or CD21 22, EBV first infects B cells through the binding of
the viral envelope protein gp350 with CR2 23], The ensuing interaction of viral envelope proteins gp42, gH/gL and
gB with the human leukocyte antigen (HLA) class Il protein on the B cell surface results in the fusion of the viral
envelope with the host cell membrane and allows for EBV to enter the cell 141, Another target of EBV is epithelial
cells. While EBV enters B cells by fusion with an endocytic membrane after endocytosis, EBV enters epithelial cells
by fusion at the plasma membrane 22!, The glycoproteins used by EBV to enter epithelial cells depend on both the
cell type and the expression of CR2. EBV uses gp350 for attachment to CR2-positive epithelial cells 28], For CR2-
negative epithelial cells, EBV can use the multi-spanning transmembrane envelope protein BMRF-2 to bind to
integrin avp1, or it can use gH/gL to bind to integrin avP5, avp6 or avRg 7181

After the initial infection, EBV establishes and maintains an episome in the nucleus of the host cell. It
predominantly establishes latency that cannot be eradicated in B cells 22, In a recent study performed by Wang et
al., EBV episomes were found to specifically target host “super enhancers” that have a strong affinity for the
binding of transcriptional coactivators in order to facilitate greater EBV gene expression and cancer proliferation
(21 Similar to other herpesviruses, the EBV life cycle alternates between latent and lytic states [22. In
immunocompetent individuals, EBV is typically found in a latent, asymptomatic state. Disturbances of the host
immune system can stimulate viral reactivation (23] These includes stressors such as oxidative stress, co-infection
with viruses such as CMV or HPV, and immunosuppressive or chemotherapeutic treatments and stem cell
transplantation. A comprehensive review of factors that can stimulate EBV reactivation was discussed by Sausen

et al. in a separate review (23],

EBV is associated with a host of diseases, including but not limited to Sjégren’s syndrome 24l systemic lupus
erythematosus 24, rheumatoid arthritis 241, hairy leukoplakia 22, Alzheimer's 28 Parkinson’s 28, and acute
cerebellar ataxia [28. Additionally, a recent study of greater than 10 million young adults demonstrated that EBV
infection resulted in a 32-fold increased risk of developing multiple sclerosis (MS) 2. In this study, neurofilament
light chain, a marker of neuroaxonal degeneration, increased following EBV infection, indicating that EBV may be a
driving factor in the pathogenesis of MS 27, This is reminiscent of virus-induced animal models (e.g., Theiler's

murine encephalomyelitis virus model) of demyelinating diseases including MS. 28

Since Epstein and Barr first discovered EBV in Burkitt ymphoma (BL) cells in 1964, a myriad of other malignancies
have been both strongly and causally linked to EBV [22l. These malignancies can be categorized as those which
are lymphoproliferative and those which are epithelial in nature B9, In addition to BL, lymphoproliferative diseases
associated with EBV include Hodgkin lymphoma (HL), diffuse large B cell lymphoma (DLBCL), and extranodal
T/NK cell lymphoma, as well as the rarer plasmablastic lymphoma (PBL) and primary effusion lymphoma (PEL) 1],
Epithelial malignancies with a well-known association with EBV include gastric cancer (GC) and nasopharyngeal
cancer (NPC) 22, Additionally, a recent systematic review and meta-analysis found that there is a strong statistical
relationship between EBV infection and the risk of developing breast cancer B2l Other epithelial malignancies with
a weaker correlation to EBV include lymphoepithelial carcinoma of the salivary glands (LECSG),

lymphoepithelioma-like carcinoma of the lung (LELC), renal cell carcinoma, thyroid cancer, cervical cancer, bladder
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cancer and leiomyomas/leiomyosarcomas in immunocompromised patients [241[351[36][37][38][39][401[41][42][43][44][45][46]

Figure 1 below lists these epithelial malignancies associated with EBV. It is important to note that EBV infection
does not lead to malignant transformation of normal epithelial cells, raising uncertainty about the causal role of

EBV in the oncogenesis of these cancers 42,

Not Definitive, Weak Evidence

1. Cervical Cancer
2. Lymphoepithelial Carcinoma of the Salivary Glands (LECSG)

Strong and Definitive Association

1. Nasopharyngeal Cancer (NPC) ) 3. Lymphoepithelioma-like Carcinoma (LELC) of the Lung
2. Epstein-Barr virus-associated gastric carcinoma (EBVaGC) 4. Thyroid

5. Bladder

6. Uterus

7. Renal Cell Carcinoma

Not Definitive, Strong Evidence
1. Breast Cancer

Figure 1. EBV-associated epithelial malignancies. EBV is associated with humerous malignancies with varying
degrees of evidence. There is numerous evidence linking EBV to both nasopharyngeal carcinoma and gastric
carcinoma. With regard to breast cancer, some studies provide strong evidence that EBV plays a role in the
pathogenesis of breast cancer, while some studies call for more definitive evidence to be published. EBV has been
less definitively associated with numerous other epithelial malignancies, including cervical cancer, lymphoepithelial
carcinoma of the salivary glands, lymphoepithelioma-like carcinoma of the lung, thyroid cancer, bladder cancer,
uterine cancer, and renal cell carcinoma [34135][361[37](38][39][40][41][42][43][44][45][46] The role of EBV in the pathogenesis

of these cancers should be further explored and definitively established.

| 2. EBV Latency

EBV latency, and more particularly the proteins expressed during this phase of the viral cycle, is heavily implicated
in EBV-mediated oncogenesis 48431 The proteins ultimately expressed during latent infection varies based on the
latency type. In type | latency, infected cells express EBNAL, EBV-encoded small RNA (EBER), and BamHI
fragment A rightward transcripts (BART) transcripts. In type lla latency, infected cells express everything seen in
type | latency as well as latent membrane proteins (LMP) 1 and 2. Type llb latency resembles type lla latency, but
features the expression of EBNA2, EBNA3, and EBNA-leader protein (LP) instead of LMP 1 and 2. Type lll latency
includes the expression of EBNAL, 2, 3A, 3B, and 3C, EBNA-LP, LMP 1 and 2, EBER 1 and 2, and the microRNAs
(miRNA) miR-BHRF1 and miR-BART3. A type 0 latency has also been described in which only EBERs are

expressed.
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EBV-related cancers are associated with specific latency patterns B, For example, EBV-associated gastric cancer
(EBVaGC) is associated with latency type | or Il B while nasopharyngeal cancer is associated with type Il latency
52 Among the EBV-associated hematologic malignancies, Burkitt lymphoma is typically characterized by type |
latency B9, diffuse large B cell lymphoma most frequently expresses a type Il latency (although it is less often
associated with type Il latency) Y and both classic 23 and nodular lymphocyte-predominant (NLPHL) &4
Hodgkin lymphoma typically express type Il latency. Notably, there is some evidence to suggest that certain

cancers can express non-canonical latency patterns (2256l),

More details about these patterns can be found elsewhere 758l Table 1 summarizes EBV latency expression

patterns and Table 2 reviews which patterns of latency are associated with which malignancy.

Table 1. Patterns of EBV protein expression during latency.

Latency 0 Latency | Latency lla Latency lib Latency Il
EBNA1 S + + + +
EBNA2 = = = + +
EBNA3 - S S + +
EBNA-LP - - - + +
LMP1 S S + S +
LMP2 = = + = +
BARTs S + + + +
EBERSs + + + e +

Table 1 summarizes the EBV protein expression seen in each type of latency. “+” indicates the protein is

. . .. Table 2. EBV latency patterns and associated malignancies.
expressed, while “~" indicates tl!1at the protein |sy r1%t expressed. g

Latency Type Associated Malighancies
Latency | EBVaGC, Burkitt ymphoma
Latency I EBVaGC, NPC, DLCBL, classic Hodgkin’s lymphoma, NLPHL
Latency Il DLBCL

Table 2 provides an overview of which malignancies are associated with which patterns of EBV latent gene

RGBSR of EBV to transform B cells has long been known B9 and latent gene products have been implicated
in the transformation process [60](61][62] B cell transformation results in significant differences in B cell gene
organization and expression. For example, Hernando et al. found that B cells transformed by EBV displayed

altered methylation markings and endonuclease activity when compared to non-transformed cells 63 These
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changes were noted to affect thousands of genes and were not seen in B cells whose proliferation was induced
with CD40/IL4 B3l Of particular note, EBV infection leads to hypermethylation, and therefore decreased
expression, of tumor suppressor genes when compared to naive B cells 64, An RNA sequencing analysis of gene
expression in primary human resting B lymphocytes infected with the EBV strain B95.8 revealed changes in gene
expression in nearly 3700 genes, including changes in 94% of the genes required for lymphoblastoid cell line (LCL)
growth and survival [63],

EBV Latent Proteins and Oncogenesis

Gene products expressed during EBV latency play key roles in oncogenesis. LMP1 is a highly oncogenic protein
that mimics CD40 signaling, leading to stimulation of multiple pathways 8, including nuclear factor kappa beta
(NF-kB) [B8I67 |t exerts its oncogenic properties through multiple mechanisms in a variety of tumor types. For
example, LMP1-mediated p53 degradation and subsequent enhanced tumorigenesis (8! has been noted in several
cancer lines 9. LMP1 also activates PI3K/AKT, and the combination of PI3K/AKT and NF-kB activation has been
shown to inhibit apoptosis in lymphoma patients [ |n nasopharyngeal cancer cells, LMP1 alters miRNA
expression, which may promote tumor formation 8. In addition to its role as a B cell receptor mimic, LMP2A
impairs apoptosis and cell cycle checkpoints and works synergistically with oncogenes to enhance survival and
proliferation 49,

EBNAL is another latent protein implicated in tumor formation. In B cell ymphoma, it has been shown to upregulate
an anti-apoptotic protein named survivin 278l |n nasopharyngeal carcinoma, ENBA1 can inhibit NF-kB through
inhibition of IKKa and (3, which promotes development of squamous cell carcinoma by stimulating tissue
hyperplasia /4, EBNAL interacts with ubiquitin-specific protease 7 (USP7) to decrease P53 levels 2. |n addition,
it was recently shown that some EBNA1 variants, particularly those with the amino acid substitution T85A, can
more easily bind the cellular protein Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1 (PLOD1) 8 which is
associated with gastric cancer . Moreover, PLOD1 overexpression carries a poorer prognosis in gastric cancer
(78 The EBNA3 family of latent genes, including EBNAs3A, 3B, and 3C, are intriguing in that they play opposing
roles in oncogenesis, with EBNA3A and 3C promoting cancer formation and EBNA3B suppressing it 72, EBNA3A
and 3C interact to induce tumor formation through a variety of mechanisms, including interfering with the
BCL2/apoptosis and cyclin dependent kinase (CDK) pathways (Y. As was mentioned above, EBNA3B acts as a
tumor suppressor; indeed, murine infection by EBV strains lacking EBNA3B result in aggressive, immuno-evasive
diffuse large B cell lymphoma (DLBCL) [l Infected cells secreted lower levels of the T cell chemoattractant
CXCL10, which inhibited T cell recruitment and Kkilling of infected cells. Notably, human B cell lymphomas were
shown to have altered EBNA3B expression [l The role of selected EBV proteins has been summarized in Figure

2 below.
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Degrades p53

Inhibition of apoptosis
Mimics CD40 signaling to
stimulate multiple
pathways, including NF-kB
Alters mRNA expression
Seen in latency types

Ila and IlI

Upregulates survivin Interferes with BCL2/
Interacts with USP7 to apoptosis
downregulates p53 Interferes with the CDK

Interacts with PLOD1 path
Seen in latency types Seen in latency types llb
I, l1a, lb, I and Ill

Interferes with cell cycle
checkpoints

Inhibits apoptosis
Enhances
survival/proliferation
Seen in latency types
llaand Il

Figure 2. EBV latent proteins and oncogenesis. EBV latent proteins play numerous roles in facilitating
oncogenesis. For example, LMP1 degrades p53, alters mRNA expression and stimulates multiple pathways
through mimicking CD40 signaling. EBNAL upregulates survivin, downregulates p53, and interacts with PLOD1.
EBNAS3A/3C interferes w/BCL2/apoptosis and interferes with the CDK pathway. LMP2 interferes with the cell cycle,

inhibits apoptosis, and enhances survival/proliferation.
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