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Abstract

Epstein–Barr virus (EBV) contributes to about 1.5% of all cases of human
cancer worldwide, and viral genes are expressed in the malignant cells. EBV
also very efficiently causes the proliferation of infected human B lympho-
cytes. The functions of the viral proteins and small RNAs that may contribute
to EBV-associated cancers are becoming increasingly clear, and a broader
understanding of the sequence variation of the virus genome has helped
to interpret their roles. The improved understanding of the mechanisms of
these cancers means that there are great opportunities for the early diagnosis
of treatable stages of EBV-associated cancers and the use of immunother-
apy to target EBV-infected cells or overcome immune evasion. There is also
scope for preventing disease by immunization and for developing therapeutic
agents that target the EBV gene products expressed in the cancers.
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BACKGROUND

Epstein–Barr virus (EBV) was discovered in 1964 in cells from a human cancer (1), an African
(or endemic) Burkitt’s lymphoma (BL), so there was immediate speculation that the virus might
be involved in cancer development. Subsequently, it was realized that EBV infection is endemic
across the whole world, and it has taken many years to understand more clearly the relationship
between EBV and human cancers.

EBV is one of the eight known human herpesviruses (2, 3). Like all herpesviruses, EBV has
a relatively large double-stranded DNA genome. The EBV genome is approximately 172 kb in
length, and it expresses about 80 proteins and 46 functional small untranslated RNAs. Some of
the proteins are involved in replicating the viral genome and producing new viral particles in the
viral lytic (productive) cycle. Herpesviruses characteristically also have a second mode of gene
expression that allows them to persist long term in the infected host without producing viral
particles, and different viral genes are expressed during this latent cycle.

The normal life cycle of EBV involves the infection of B lymphocytes and some epithelial cells
(2, 3). The virus is transmitted in saliva, and primary infection usually occurs in the first years of
life, with no apparent illness. Most the world’s population is thought to become infected by EBV,
but the level of virus shed in the saliva varies greatly in different individuals, perhaps by 100-fold
(4, 5), and different ethnic groups in developed countries may have quite different infection rates
(6). If primary infection is delayed until later in life, infectious mononucleosis (IM; also known as
glandular fever) may occur. The symptoms of IM are caused by an excessive immune response to
EBV infection. It is not known why some people develop IM upon primary infection, but certain
human leukocyte antigen (HLA) types tend to favor IM, and it is possible that receiving a higher
initial dose of virus also plays a part. There is also inherent variation in the human population in
the innate immune response to EBV. The earliest immune responses to EBV infection in tonsils
are probably mediated by natural killer (NK) cells, and there are changes in the NK cell population
with age that could be significant for the development of IM (7). In a recent study, about half of
the people tested responded with only NK cells, but the remaining people made an NK and γδ

T cell response (8). A genetic basis for the difference in making a γδ T cell response is not known,
but it illustrates the degree of individual variation we may expect in response to EBV infection.

The site of viral persistence is thought to be in B cells, and the viral load in normal carriers of
the virus is very low; usually about 0.01% of B lymphocytes are infected (9). In EBV-associated
cancers, essentially all of the malignant cells are infected, so the association of the cancer cells with
EBV is strong.

Most types of cancer take many years to develop, and the fact that EBV infection persists long
term gives the possibility of a sustained contribution to cancer development in some people. In
fact, the EBV genes that are expressed during the various stages of latent infection have so many
functions that could contribute to cancer and immune evasion, it can be difficult to pick out the
functionally important ones; this review explores the mechanisms that are thought to be important
in cancers associated with EBV.

EBV CONVERTS HUMAN B CELLS TO LYMPHOBLASTOID CELL
LINES IN VITRO

B lymphocytes isolated from blood are mostly resting (nondividing) cells whose normal function is
to respond to cognate antigen binding to their cell surface B cell receptor (BCR). Antigen binding
to the BCR results in activation into a proliferating lymphoblast, which in vivo may migrate to a
lymph node and participate in further development of the immune response. When B cells from
peripheral blood are infected with EBV in vitro, the cells are activated to proliferate and grow
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Figure 1
Permanently growing lymphoblastoid cell line made by infecting the author’s B lymphocytes with B95-8 Epstein–Barr virus (EBV).
The cells tend to grow in clumps because of adhesion molecules on their surface, similar to B cells activated by antigen.

out as lymphoblastoid cell lines (LCLs). This is an efficient process, and the LCLs are similar
in appearance (Figure 1) and surface markers to B cells that have been activated by antigen,
suggesting that normal activation mechanisms have been exploited by the virus (2, 3). The cells
are latently infected (no virus particles are produced), and the viral genome is maintained as a
circular episome in the cell nucleus, usually with about 10 copies per cell. As the cells grow, the
viral genome is also replicated in S phase by the host cell DNA polymerase so that the viral
copy number is maintained as the cells divide. Several viral proteins and functional RNAs are
expressed, and some of these proteins are clearly responsible for the growth of the host cell (2,
3). The EBNA (Epstein–Barr nuclear antigen) proteins are all nuclear proteins and regulate gene
expression and viral DNA replication. LMPs (latent membrane proteins) are in the cytoplasmic
and plasma membranes, and they are mainly involved in signal transduction. The positions in
the EBV genome of the genes encoding these proteins are shown schematically in Figure 2, and
Table 1 contains a summary of their functions (described in detail below). The latency patterns of
EBV gene expression in different infections are summarized in Table 2; the pattern in LCLs with
all of the EBNAs, LMPs, Epstein–Barr small encoded RNAs (EBERs) and micro RNAs (miRNAs)
is known as latency III (10).

EBNA1

EBNA1 protein has to be expressed in all EBV-infected proliferating cells because its main function
is to ensure the persistence of the viral genome in the cells as they multiply (11). EBNA1 binds with
high affinity and specificity through its C terminus as a dimer to the plasmid origin of replication
(oriP) region of EBV, which contains repeats of the EBNA1 DNA binding sequence. This binding
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Figure 2
Simplified EBV genome map showing selected genes on the circular form of the viral genome. Precise
details of all the EBV genes are in the annotation of the reference sequence (GenBank accession number
NC_007605). The mRNAs for the EBNA and BHRF1 genes are all spliced from the long primary transcript
as indicated, starting at the Cp. Protein coding parts of mRNAs are shown schematically as filled blue arrows.
Regions giving rise to miRNAs are colored red. Abbreviations: Cp, C promoter; EBER, Epstein–Barr small
encoded RNA; EBNA, Epstein–Barr nuclear antigen; EBV, Epstein–Barr virus; gp, glycoprotein; LMP,
latent membrane protein; LP, leader protein; miRNA, microRNA; oriP, origin of replication.

of EBNA1 and various cell cofactors attracts the cell DNA replication machinery to replicate the
EBV genome during each cell cycle. N-terminal regions of the EBNA1 protein loosely attach
the EBV genome to apparently random locations on cell chromosomes so that the EBV genomes
will be distributed into the daughter cells at cell division and will avoid degradation by the cell
as nonchromosomal, erroneously replicated DNA (11). Inhibitors of EBNA1 DNA binding can
eliminate EBV genomes from EBV-positive BL cell lines (12) in cell culture, and a fluorescent
probe capable of specifically binding to EBNA1 also caused growth inhibition of Raji and C666.1
cell lines, but not of EBV-negative cell lines (13).

In addition to its primary role for the virus in maintaining the viral episome, EBNA1 also
influences cells in many other significant ways (11). EBNA1 induces transcription when it binds to
the EBV oriP and certain DNA sites in the cell genome, activating the viral LMP1 and C promoter
(Cp) of EBV and the expression of cell genes such as NOX2 (14). EBNA1 also contributes to the
altered regulation of telomeres on cell chromosomes in EBV-infected cells (15, 16). The Gly–Ala
region of EBNA1 (composed entirely of repeated glycine and alanine residues) serves to make
the protein resistant to degradation in the proteasome, and hence, it tends to avoid presentation
as peptides to cytotoxic T lymphocytes (CTLs) (17). In addition, translation stress caused by this
repetitive sequence can indirectly activate C-MYC expression via a PI3-kinase (PI3K) signaling
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Table 1 Summary of Epstein–Barr virus genes expressed in latent infections

Gene Action

Required for transformation of adult peripheral B cells to LCLs

EBNA1 Binds to the plasmid origin of replication to allow viral genome replication by cell DNA
polymerase

EBNA2 A transcription factor that induces cell and EBV genes to promote cell growth

EBNA3A and EBNA3C Repress BIM and p16; prevent differentiation into plasma cell

LMP1 Constitutively induces NF-κB and is analogous to CD40; prevents apoptosis

BHLF1 or BALF1 BCL-2 family proteins that prevent apoptosis

BHRF1 miRNAs Regulate PTEN, p27, and BHRF1

Also essential for transformation of germinal center B cells to LCLs

LMP2A Signals via BCR and PI3-kinase pathways; prevents apoptosis

Also essential for transformation of cord (naive) B cells to LCLs

EBNA-LP Cooperates with EBNA2 and overcomes cell innate response to viral genome

Not required for transformation of purified B cells

EBER1 and EBER2 Functional RNAs that may affect innate responses and gene expression

BART miRNAs Mediate evasion of T and NK cells during infection of B cells in peripheral blood lymphocytes

EBNA3B Acts as a tumor suppressor gene in a mouse model of DLBCL

Abbreviations: DLBCL, diffuse large B cell lymphoma; LCL, lymphoblastoid cell line; LP, leader protein; miRNA, microRNA; NF-κB, nuclear factor κB.

pathway (18). Indeed, some lymphoma cells containing EBNA1 are sensitive to a specific PI3Kδ

inhibitor via this mechanism. There is also evidence that the interaction of EBNA1 with the
ubiquitin-specific protease USP7 can alter p53 or MDM2 levels in cells (19) and that EBNA1
provides antiapoptosis activity in BL cell lines (20), possibly via the induction of survivin (21). So the
function of EBNA1 extends far beyond simply maintaining the viral genome in EBV-infected cells.

EBNA2 Transcription Factor

EBNA2 is a transcription factor that directly activates viral LMP genes and approximately 300 cell
genes, including, for example, MYC and RUNX3 (22, 23). Some of the genes activated by EBNA2
and their downstream target genes are required for the proliferation and survival of EBV LCLs.
The important roles of many cell genes in LCLs have been defined by systematically knocking
them out by targeted CRISPR inactivation (24). EBNA-LP (EBNA leader protein) cooperates
with EBNA2 in some gene activation assays, but it may also overcome an innate cell response to
viral DNA to allow transcription of the EBV genome upon infection (25).

Table 2 Patterns of latent cycle gene expression in Epstein–Barr virus

Latency pattern Genes

Latency IIIa Required for B cell transformation: EBNA1, EBNA2, EBNA3A, EBNA3C, LP, LMP1, LMP2A, and BHRF1
miRNAs

Not essential for B cell transformation: EBNA3B, EBER1, EBER2, and BART miRNAs

Latency II EBNA1, LMP1, LMP2A, EBER1, EBER2, and BART miRNAs

Latency I EBNA1, EBER1, EBER2, and BART miRNAs

Abbreviation: miRNA, microRNA.
aLatency III has all the latent cycle genes.
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EBNA3 Protein Family

The EBNA3 family of proteins comprises EBNA3A, -3B, and -3C. Functionally, EBNA3A and
-3C tend to cooperate, whereas the functions of EBNA3B tend to be different (26). EBNA3A and
-3C contribute to the EBV transformation of B cells (EBNA3C is essential), but EBNA3B is not
required for this. All three proteins act as regulators of gene expression, repressing some genes and
activating others. Some key functions of EBNA3A and -3C are to repress the cyclin-dependent
kinase inhibitor p16INK4a (27) and the apoptotic protein BIM (BCL2L11) (28). EBNA3A and -3C
also have the effect of fixing the EBV LCL in the proliferative lymphoblast stage and preventing
differentiation to a plasma cell phenotype (29). The mechanism of EBNA3 function involves
cooperation with cell epigenetic control proteins and corepressors, such as Polycomb repressor
proteins and possibly histone deacetylase complexes, including the SIN3A complex (30).

Latent Membrane Proteins

Normal T cell help for B cells in the immune response is partly mediated by CD40 ligand on
T cells activating CD40 signal transduction in the B cell. EBV LMP1 functions like a constitutively
active CD40, but it does not depend on any ligand (31). The signaling from LMP1 via TRADD
and TRAF proteins results in activation of the nuclear factor κB (NF-κB) transcription factor,
which induces BCL2, which can prevent apoptosis (31). Antiapoptosis activity is also provided
by the separate LMP2A protein, which can influence signaling from the B cell receptor and also
induce PI3K to activate the AKT pathway, which tends to prevent apoptosis (32).

By making EBV mutants with deletions of individual viral genes, it has been shown that EBNA1,
EBNA2, EBNA3C, and LMP1 are essential for converting primary human B cells into LCLs.
At least one of the two viral antiapoptosis genes, BHRF1 or BALF1, is also required (33). The
mechanisms described above combine to maintain the viral genome and provide the proliferative
and antiapoptosis signaling that is required to make an LCL.

Functional RNAs from EBV

In addition to LMPs and the EBNA proteins, EBV also expresses various types of functional
RNA upon infecting B cells, the EBER RNAs and many miRNAs. Although most of these are
not essential for the transformation of purified B lymphocytes, they help with immune evasion in
more physiological conditions (34, 35). The three EBV BHRF1-region miRNAs and the approx-
imately 40 EBV BART-region miRNAs are expressed from different regions of the viral genome
(Figure 2). They are processed from long primary transcripts, and the miRNAs may be abun-
dant in some infected cells. In some circumstances, EBV miRNAs can be as abundant as highly
expressed cell miRNAs. These viral miRNAs inhibit the translation or stability of cell or EBV
mRNAs, reducing the expression of specific genes. In addition to their important role in immune
evasion during infection of B lymphocytes, many targets of the BART miRNAs have been iden-
tified that are potentially relevant to cancer. The BHRF1 miRNAs are required for the efficient
transformation of B cells by EBV infection, and they can target PTEN, p27, and EBV BHRF1
(36, 37). In addition to their effects on immune evasion (34, 35), the BART miRNAs can reduce
the expression of tumor suppressor genes, such as DICE1 (38), PUMA (39), PTEN (40, 41), and
BCL2L11 (BIM) (42), among many other targets.

The precise functions of the two EBER RNAs (EBER1 and EBER2) remain uncertain; some
studies found a role in B cell transformation or the regulation of interferon responses (43). There
is a strong interaction of EBER1 with the cell L22 ribosomal protein; L22 acts as an interface
between protein synthesis and p53-dependent apoptosis in some circumstances (44), but no specific
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effect on p53-dependent apoptosis in EBV-infected cells has been found (45). An interaction of
EBER2 RNA with PAX5 to regulate LMP2 expression has also been proposed (46), and there
is some evidence from virus mutants for EBER2 influencing the level of LMP2A RNA (45).
Interestingly, EBER2 was found to substitute for the Marek’s disease virus telomerase RNA-like
viral RNA to maintain the tumorigenic properties of that virus (47), perhaps providing another
clue to a mechanism of action. Other studies have suggested that the EBER1 RNA (48) and some
EBV miRNAs (49) might be exported from the infected cell in exosomes and could function in
surrounding cells.

Thus, functional RNAs comprise a major part of viral gene expression during latent infection
and provide many functions without causing an adaptive immune system response.

MEMORY B CELLS NOT LYMPHOBLASTS ARE THE SITE OF EBV
PERSISTENCE IN VIVO

Although LCLs are the result of EBV infection in cell culture and reflect part of the physiological
infection process, they cannot be the site of latent persistence in vivo because of the effective
immune surveillance that develops in all immune-competent infected people. This is mediated
primarily by CD8 CTLs that are restricted through major histocompatibility complex (MHC)
class I (50). Peptide targets recognized by these T cells have been identified, and many are derived
from the same EBV proteins that are required to cause the growth of LCLs, particularly EBNA3
proteins, EBNA2, and LMP1 (50). MHC class I–restricted CD8 CTLs also target peptides from
the early lytic cycle proteins, for example BZLF1 (51). There are also CD4 CTL responses, which
tend to target EBNA1 (50).

The mechanism of EBV persistence in vivo is now understood in the context of normal B cell
development (Figure 3). The currently favored model for normal EBV persistence in vivo (9,
52) was deduced by using sensitive polymerase chain reaction (PCR) assays to determine which
circulating cells are infected by EBV and then fitting the results to the known properties of the
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Figure 3
Schematic of the EBV life cycle in B cells (9). Latency pattern (green) and EBV protein expression (orange) are shown. Abbreviations:
EBNA, Epstein–Barr nuclear antigen; EBV, Epstein–Barr virus; LMP, latent membrane protein; LP, leader protein.
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various stages of B cell development. It is a widely accepted model, but it should be noted that
there is also some evidence for the direct infection of memory cells (53) in addition to the infection
of naive B cells described in Figure 3. B lymphoblasts activated by EBV infection (with latency
III EBV gene expression) are proposed to migrate to lymph nodes where they might be expected
to die because the antigen corresponding to their BCR is not necessarily available to rescue them
from Fas-mediated cell death. They are saved from this by the continued expression of LMP1
and LMP2 in addition to EBNA1 (latency II), which provide suitable anti-apoptosis cell survival
signals. As the infected cells emerge from the lymph node as memory B cells, their EBV gene
expression has been reduced to a low level of EBNA1 protein and some EBER RNAs (known as
latency 0 if no EBNA1 is expressed). The virus can persist in these relatively long-lived B cells,
evading immune detection (9). Intermittently, the memory cells go into the cell cycle to divide,
and then EBNA1 is expressed (latency I) to maintain the viral genome. EBV can be activated from
these cells into lytic replication and the production of new virus particles by differentiation into
plasma cells. These plasma cells are thought to retain homing markers from their original site of
infection, which allows them to return to the oropharynx and infect epithelial cells there to shed
EBV into the saliva, completing the virus life cycle (9, 52).

So in this context, we now understand the impressive ability of EBV EBNA and LMP genes
to control cell growth and apoptosis as mechanisms that the virus uses to manipulate B cell
development to gain access to its site of latent persistence.

CANCERS ASSOCIATED WITH EBV

Most people in the world are infected by EBV and do not develop any disease, but EBV is involved
in the development of about 1.5% of all cancers worldwide. Reflecting the cell types that EBV
normally infects, EBV-associated cancers (Table 3) are mainly lymphomas derived from B cells
and carcinomas derived from epithelial cells (3). In addition to African BL, about 30% of Hodgkin’s
lymphoma (HL) cases, most immunoblastic lymphomas in patients who are immunocompromised,
and some NK cell and T cell lymphomas have EBV in the malignant cells of the tumor. Some
cases of diffuse large B cell lymphoma (DLBCL) in the elderly also carry EBV in the cancer cells.
EBV also infects certain epithelial cells, and epithelial cell cancers (carcinomas) associated with
EBV include undifferentiated nasopharyngeal carcinoma (NPC) and gastric carcinoma. Additional
much rarer types of cancer that are sometimes associated with EBV include leiomyosarcoma and
primary effusion lymphoma.

Table 3 Lymphomas and carcinomas associated with Epstein–Barr virus

Type of cancer Latency pattern

Lymphoma

Immunoblastic lymphomas in people who are immunosuppressed III

Burkitt’s lymphoma in areas where malaria is hyperendemic I

Hodgkin’s lymphoma (30% of cases) II

NK cell and T cell lymphomas II

Diffuse large B cell lymphoma (5–10% of cases) II or III

Primary effusion lymphoma I or II

Carcinoma

Nasopharyngeal carcinoma II

Gastric carcinoma II

Abbreviation: NK, natural killer.
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B cells in the lymph node are naturally subject to several highly mutagenic processes (for exam-
ple, chromosome rearrangement, site specific mutation), and EBV-associated B cell lymphomas
can be viewed as aberrations of normal B cell development in EBV-infected cells (54). Chromo-
some translocations involving the immunoglobulin (Ig) loci may arise through errors in normal Ig
gene class switching, and the activation-induced cytidine deaminase (AID) activity that mediates
somatic hypermutation may accidentally mutate other genes and additionally cause translocations.
In this context, BL cells probably derive from centroblast-like B cells, and HL Reed–Sternberg
cells are derived from centrocytes (55).

Immunoblastic Lymphomas

Although lymphoblastoid cells with EBV latency III gene expression are not thought to persist
in infected people who are not immunocompromised, they can survive in immunocompromised
people and may appear as immunoblastic lymphoma. This is illustrated very clearly in the inherited
disease X-linked lymphoproliferative syndrome (56). This rare condition is caused by mutations in
the SH2D1A gene (encodes the SLAM protein) that result in a specific loss of immune surveillance
of EBV-infected B cells. The mutations are recessive, but the SH2D1A gene is on the X chro-
mosome, so EBV infection of boys who inherit the mutant allele can result in a potentially lethal
EBV-driven B cell lymphoma. Nowadays, families in developed countries are mostly identified,
and the affected children may be cured by ablation of their immune systems and hematopoietic
stem cell transplantation.

Another immunodeficiency syndrome that results in the failure of T cells and NK cells to
control EBV-infected lymphoblasts is X-linked immunodeficiency with magnesium defect, EBV
infection, and neoplasia (XMEN) and is due to mutations in the MAGT1 magnesium transporter
(57). The MAGT1 mutations result in a reduced level of free Mg2+ ions in T cells that reduces
the efficiency of signal transduction to a significant degree. Although XMEN patients are capable
of generating EBV-specific CTLs in vivo, their T and NK cells exhibit a killing defect for autolo-
gous EBV-immortalized lymphoblastoid B cell lines and other tumor cell line targets. Therefore,
XMEN carriers are prone to EBV immunoblastic lymphoma. Remarkably, these patients can be
treated by Mg2+ supplementation.

People who receive allogeneic transplants require long-term immunosuppression to avoid
rejecting the transplant, but this can make them susceptible to virus reactivation and cancers.
Approximately 90% of posttransplantation lymphomas are of B cell origin, and many of the early
onset cases of posttransplantation lymphoproliferative disease (PTLD) that arise within 2 years
after transplantation are immunoblastic lymphomas with latency III EBV gene expression. In
some respects these cases are like LCLs that have escaped immune surveillance, but they may
have additional oncogenic mutations. The early onset EBV-associated PTLDs frequently regress
when immunosuppressive therapy is reduced.

Additional Cancers That May Be Associated with EBV
in Immunosuppressed People

The description of PTLD also includes some other B cell lymphomas that may occur after trans-
plantation, most frequently DLBCL or BL (58). The immunosuppression that occurs in AIDS
may also promote lymphomas (59), which may be EBV associated. These tend to be immunoblas-
tic lymphoma, BL, or DLBCL. About 45% of the BL cases in AIDS patients in Europe and the
United States are EBV-positive.

Kaposi’s sarcoma herpesvirus (KSHV) is a close relative of EBV and well known for its role
in Kaposi’s sarcoma in HIV-infected people. KSHV and EBV occur together in some of the rare
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lymphomas present in AIDS patients, particularly primary effusion lymphoma (59). EBV is not
the sole viral agent in primary effusion lymphoma, but there may be a synergy between the two
viruses, and in a mouse model, there is evidence for KSHV infection increasing the incidence of
EBV lymphoma (60). In Kaposi’s sarcoma, the KSHV is in the spindle cells, which originate from
the endothelium of the interior surface of blood or lymphatic vessels.

EBV may also be found in some rare cases of leiomyosarcoma, a tumor of smooth muscle cells
that arises in immunosuppressed people (61), sometimes in the lining of blood vessels but also in
other organs and cutaneously. The primary receptor for EBV on lymphocytes is CD21 (CR2),
which is bound by the EBV gp350 glycoprotein, and there is also an interaction between EBV
gp42 and MHC class II that aids the infection of B cells. The infection of epithelial cells can be
mediated by the Ephrin receptor A2 (62, 63). Normal smooth muscle cells can express CD21 (64),
but there is no evidence for EBV infection of normal smooth muscle cells in vivo.

EBV GENE EXPRESSION IN CANCERS IN IMMUNE-COMPETENT
PEOPLE

Although the key functions of the EBNA and LMP proteins described above are clear in the
growth and survival of LCLs, paradoxically some of those essential transforming genes are not
expressed in EBV-associated cancers in immune-competent people. This is partly because the
proteins are targets for immune surveillance, but it also points to some additional roles of EBV in
these cancers.

Burkitt’s Lymphoma

BL occurs worldwide at a relatively low level, and in these cases the cancer cells are usually
EBV-negative (even though, normally, the patient is infected by EBV). This type of BL is known
as sporadic BL (54). In contrast, in sub-Saharan Africa and some other parts of the world where
malaria is hyperendemic, there is a much higher incidence of BL, and in these cases the cancer cells
usually contain EBV. This is known as endemic BL (54). The roles of chromosome translocation,
EBV, and malaria (described in detail below) are summarized in Figure 4.

Translocations. All BLs have a chromosome translocation of the MYC gene to one of the Ig
loci; 8:14 is the most frequent, which puts MYC close to the Ig heavy chain locus and under the
control of the heavy chain enhancer. All of these translocations give enhanced and deregulated
expression of C-MYC, which is known to drive cell proliferation. The translocations are thought
to occur in the lymph node germinal center, where Ig gene modifications associated with class
switching and somatic hypermutation normally happen in B cells. The AID enzyme mediates the
strand breaks for class switching (54). The break point in sporadic (EBV-negative) BLs is usually
in the switch region on the Ig gene side and in the first (noncoding) exon of MYC. This can be
rationalized as mistakes in the normal class switching rearrangement, followed by selection of the
rearrangements of MYC for those that are capable of promoting cell proliferation.

The translocations in EBV-positive (endemic) BLs were at first more difficult to understand.
Here, the Ig gene has completed VDJ joining (which normally occurs in the bone marrow), but
the Ig gene break point is usually not at a switch junction. Also, the break point on the MYC
side is not restricted to the first exon and may be many tens of kilobase pairs upstream from the
start of the first exon of C-MYC (54, 65). Some other VDJ translocations, for example the BCL2
translocations in follicular lymphoma, occur in the bone marrow (66), but there is no evidence
for the MYC translocations having arisen there (they cannot be detected in the circulation in the
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Summary of the mechanisms of Burkitt’s lymphoma. Abbreviations: AID, activation-induced cytidine
deaminase; BL, Burkitt’s lymphoma; EBV, Epstein–Barr virus.

absence of BL). It is now thought that these translocations are also initiated by AID activity, which
is induced by EBV and malaria in the lymph node (54). Detailed investigation of enhancers and
chromatin looping in BL cell lines and LCLs has suggested that the activation of MYC by EBNA2
may increase the susceptibility of upstream enhancer regions to AID activity, contributing to the
observed difference in break points between EBV-positive and EBV-negative BLs (65).

Malaria. The endemic regions for EBV-positive BL in Africa and elsewhere are defined by hy-
perendemic Plasmodium falciparum malaria. This results in a higher EBV load (67), higher levels
of AID in the lymph node germinal center (68), and immune suppression (69), which may allow
transient immune evasion by cells expressing EBV genes. There is also a higher throughput of
B cells through the germinal center as the immune system tries to respond to the malaria, which
may give more opportunity for the BL translocation to occur. The higher EBV load may be a
consequence of reduced immune surveillance and direct induction of EBV replication in some
cells by malaria proteins. Similar to the role of Mg2+ revealed in XMEN patients, there is also
evidence that plasma Mg2+ levels are lower in African BL patients than in controls and that low
Mg2+ plasma levels are linked to higher EBV load (70). These plasma Mg2+ effects on viral load
are independent of malaria status (70).
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Prevention of apoptosis. The overexpression of C-MYC is sufficient to drive cell proliferation,
but it also causes apoptosis (71). So MYC translocation alone in a cell is not sufficient for cancer to
develop. Apart from the MYC translocation, an initially confusing array of different genetic and
epigenetic changes has been observed in different BL cases, but these can largely be explained as
providing any possible way to prevent the apoptosis that would be caused by C-MYC overexpres-
sion. C-MYC is able to induce apoptosis both by activating the expression of BIM (BCL2L11)
and by inducing ARF, which causes p53 induction by blocking the MDM2 negative regulator of
p53. Although there are sometimes mutations in the p53 pathway in BL (72, 73), most evidence
points to BIM being the more important mediator of apoptosis in B cell lymphomas driven by C-
MYC (74, 75). Consequently, many mechanisms for avoiding BIM expression or BIM-dependent
apoptosis may be found in different BLs. Sometimes the C-MYC coding sequence has acquired a
point mutation (for example, T58A) so that it does not activate BIM; sometimes in EBV-positive
BLs, the BIM promoter is methylated (76, 77) so that it cannot be induced by C-MYC. Both
EBNA3A and -3C EBV proteins repress BIM expression (76), and this can lead to a permanent
repressive DNA methylation of the BIM promoter and tolerance of high C-MYC levels, even
after expression of the EBNA3 proteins is lost (28). Another mechanism (78) is seen in about 10%
of endemic BLs, in which there is a deletion in the genome of EBV that removes EBNA2 and
increases the expression of the EBV BHRF1 protein (Figure 2), which is a close paralog of BCL2.
BCL2 or BHRF1 can neutralize the apoptotic function of BIM.

Genome sequencing of BL cases to identify mutations in cell genes that can complement the
C-MYC translocation also points to the prevention of apoptosis as a key requirement (79, 80).
The most frequent cell gene mutations either activate the TCF3 (E2A) transcription factor or
inactivate its negative regulator, ID3 (79). TCF3 activates the PI3K pathway in BL cells and
prevents apoptosis via AKT kinase signaling. About 70% of sporadic (EBV-negative) BLs and
40% of EBV-positive endemic BLs have this type of mutation (79). Interestingly, the next most
frequent cell gene mutation causes a stabilization of cyclin D3, but this was much more frequent
in the sporadic EBV-negative BL cases (38%), in which it can provide an additional proliferative
signal via cyclin-dependent kinase. In contrast, only 2% of endemic BL cases have this type of
mutation in cyclin D3 (79), so this change does not seem to be required in the presence of EBV.

Hodgkin’s Lymphoma

HL is characterized by the distinctive Reed–Sternberg cells, which appear to organize the tumor,
surrounded by a much larger number of reactive, nonmalignant B cells. EBV is present in all
of the Reed–Sternberg cells (81) in about 30% of HL cases, mostly of the mixed cellularity
pathology classification of HL. EBV does not appear to be involved in the remaining 70% of
cases, even though those patients will normally be infected with EBV. In EBV-positive cases,
LMP1 and LMP2 are strongly expressed in the Reed–Sternberg cells. The Reed–Sternberg cells
are thought to be derived from lymph node germinal center B cells, but in EBV-positive cases,
the Reed–Sternberg cells frequently have defective (or crippled) rearrangements of their surface
BCR, which likely prevents normal cell survival signaling from the BCR (66). LMP1 and LMP2
are thought to complement that deficiency and allow the survival of the Reed–Sternberg cells.
Presumably, the Reed–Sternberg cells secrete cytokines that attract the reactive normal B cells,
but these cytokines have not yet been defined. Additional gene mutations that are present in HL
include translocations of CIITA (MHC2TA) in about 15% of cases (82).

Certain HLA types are more frequent in HL patients than in the general population (HLA-
A∗01 is a risk allele and HLA-A∗02 is a protective allele for developing EBV-associated HL) (83),
and these HLA types are also more frequent in IM cases (84). So a clinically proven history of
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IM results in about a 4-fold increase in the lifetime risk of EBV-associated HL (85); additional
genetic loci that provide risk factors for HL have also recently been identified (86).

Natural Killer Cell and T Cell Lymphomas

These lymphomas were originally described in the United States (87), but are now known to be
about 10 times more frequent in Asia and South and Central America than in the United States
or Europe (88). About 80% of these lymphomas arise in the nose, oropharynx, and nasopharynx,
and they always contain episomal EBV. The clonality of the EBV terminal repeats suggests that
EBV was present from an early stage in the development of the disease and in some cases there
are deletions of parts of the EBV genome. EBV gene expression usually approximates to latency
II, with EBNA1, LMP1, LMP2, EBERs, and BART miRNAs. The tumors frequently have a
loss of 6q and mutations of STAT3, BCOR, and MLL2 (89). The general lack of NK or T cell
culture systems that can be infected in the lab with EBV has limited investigation of how the virus
contributes to disease in these cells. In Asia, chronic active EBV infection may precede NK cell
and T cell lymphomas, and mutations in DDX3X and TP53 are often found in the lymphoma (90).
There has been progress in the treatment of NK cell and T cell lymphomas using PD-1 blockade,
which caused some partial and complete responses in patients for whom other treatments had
failed (91).

The infection of T or NK cells has not generally been thought to be part of the normal EBV
life cycle, but some EBV infection of T cells by type 2 EBV in culture (92) and in children in Africa
(93) has been reported (the major natural variation in EBV classifies strains into type 1 and type 2,
determined by variation in the EBNA2 and EBNA3 genes) (94). It will be important to understand
whether T cell and NK cell lymphomas reflect aberrant access of EBV to these cell types (maybe
in the context of cell gene mutations during cancer development), or perhaps the infection of T
or NK cells is more frequent in some circumstance that has not been recognized previously.

Diffuse Large B Cell Lymphoma

DLBCL is the most frequent type of malignant lymphoma, and it is most common in elderly people
(95). In Asia, about 10% of DLBCL cases have EBV in the cancer cells, but that percentage falls to
only about 5% in Western countries, and the EBV-associated cases are considered to have a worse
prognosis (96). DLBCL cases are classified into germinal center B cell–like (GCB) and activated
B cell–like (ABC) on the basis of their cell gene expression. The majority of EBV-positive cases
are from the ABC group, although there are also GCB cases that are EBV-positive (97).

Although DLBCL is a heterogeneous disease both clinically and genetically, a recent analysis
of more than 1,000 cases identified many genetic drivers of the disease and produced a prognostic
model to predict clinical outcome (98). Increased BCL2 expression is frequent (98, 99). A separate
analysis of 275 cases identified various genetic changes that result in increased NF-κB activity
(100), which can induce BCL2 in B cells. Unfortunately, the EBV-associated cases were not
identified in these studies, so the interaction with EBV is still poorly understood. However, there
are some examples of mutation of EBV EBNA3B in DLBCL cases. Consistent with this, EBV with a
deletion of EBNA3B has been shown to cause a disease similar to DLBCL in mice with a humanized
hematopoietic system (101). This would imply that EBNA3B can act as a tumor suppressor gene
in EBV and might be an example of a mutation of EBV creating a more oncogenic virus.

Nasopharyngeal Carcinoma

Undifferentiated NPC is exceptionally frequent in the Cantonese populations in Southern China
and Hong Kong. It also has a high incidence in Malaysia and Indonesia and in parts of North
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Africa (3). Although there are large Chinese populations in Malaysia and Indonesia, the high
incidence of NPC is not confined to that ethnic group in those countries. NPC virtually always
has EBV present in the malignant epithelial cell component, but the tumor characteristically has
a substantial lymphocytic infiltrate. The lymphocytes are normally EBV-negative and are not
malignant, but they are thought to have important roles in maintaining the cancer, perhaps by
providing cytokines or other signals to the epithelial carcinoma cells and in immune evasion (3).
There is an intermediate incidence of NPC in some other parts of the world, but the incidence of
NPC in Western countries is low, about 50-fold less than in Hong Kong and Guangzhou. Risk
factors for NPC are thought to include male sex, HLA type (102), exposure to environmental or
dietary carcinogens, and EBV infection (3).

It is possible to infect human epithelial cells in cell culture by coculture (103) or by transfer
infection of EBV from lymphocytes (104, 105), but that infection does not make the epithelial
cells grow permanently, and the infection is not maintained long term. A convincing productive
replication of EBV has been demonstrated in the differentiating layers of raft-cultured human
epithelial cells (106), but again this system does not give long-term, persistent infection.

Current ideas about the development of NPC are guided by the observation that knockdown
of the cell p16 cyclin-dependent kinase inhibitor or overexpression of cyclin D1 is sufficient to
allow persistent infection of an epithelial cell line by EBV (107). It is proposed that years of
accumulating mutations in the nasopharyngeal epithelium due to carcinogen exposure allow the
cells to become infected and maintain the EBV genome, which then contributes to the development
of cancer. In this model, EBV infection of the tumor cells would not be the earliest event in cancer
development, but the clonality of the EBV terminal repeat copy number that is found in most
NPC biopsy samples (108) suggests that EBV infection must precede some additional clonal
selection of the cells that will go on to become the carcinoma. Genome sequencing of carcinoma
cells microdissected from NPC biopsy samples indicates that the most frequent change is the
mutation of genes in the NF-κB pathway that can result in activation of NF-κB signaling (109,
110). Mutation of p16 is observed only rarely, so the exact changes that allow persistent infection
during disease development remain to be understood.

Although EBV is present in essentially all of the malignant carcinoma cells in NPC, the expres-
sion of viral genes is quite variable. It is described as EBV latency II, but the expression of LMP1 is
often undetectable in many of the cells. It is possible that the acquisition of mutations in the NF-κB
pathway complements the role of LMP1 and allows for the loss of LMP1 expression (109). LMP1
and LMP2A have both been shown in vitro to promote the growth or prevent differentiation of
epithelial cells, and LMP2A is often present in NPC cells. Also, all of the EBV-infected cells
have detectable EBNA1, EBER RNAs, and BART miRNAs. The BART miRNAs are generally
expressed at high levels in NPC, and in a mouse model, they have been shown to enhance the
tumorigenicity of a gastric cancer cell line (111). They have many functions that might be relevant
to NPC, including reducing apoptosis in epithelial cells (112).

Finally, BARF1, which is classified as a lytic cycle gene in lymphocytes, is frequently expressed
in NPC cells (43). BARF1 is similar to the receptor for colony stimulating factor 1 (CSF1), but
is present in a soluble form in NPC. There are several CSF1R monoclonal antibodies in clinical
trials, but none has so far been tested in NPC patients.

Gastric Cancer

Research on EBV and gastric cancer took a major step forward when the Cancer Genome Atlas
group published an analysis and classification of gastric cancer (113). About 9% of cases of gastric
cancer were found to be EBV-associated, and these cases have a distinct molecular phenotype.
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The EBV-associated cases tend to be in the proximal part of the stomach and are usually ade-
nocarcinoma (114). EBV gene expression is often latency II, similar to NPC, but in some cases
LMP1 is not detected, and there is also high expression of BART miRNAs in gastric carcinoma
(115). In addition to the EBV-associated adenocarcinomas, much rarer lymphoepithelioma-like
carcinomas of the stomach are frequently EBV-positive.

Notable features in the mutation profile of the EBV-associated adenocarcinomas compared
with other gastric cancers are a lack of p53 mutations, relatively frequent PI3K mutations, and
a high degree of CpG methylation in the cell genome (113). A widespread methylation of host
genes has been observed upon EBV infection in several contexts (116–119), and inactivation of
tumor suppressor genes, such as p73, may occur in gastric carcinoma by this mechanism (120). The
mutation or inactivation of the p53 pathway function seems essential for most types of carcinoma.
The well-known exception is in cervical carcinoma, in which p53 does not need to be mutated
because the p53 protein is targeted for degradation by the papillomavirus E6 protein. The lack of
mutation of p53 in EBV-associated gastric carcinoma has led to speculation that EBV can in some
way bypass the need for p53 mutation, but this is not yet resolved. The p53 protein is expressed
in EBV-associated gastric cancers (121).

Another puzzle in relation to gastric cancer is how the virus gains access to the gastric tissue
when the EBV life cycle is thought to occur in B lymphocytes and the oral epithelium. The most
likely explanation lies in the chronic inflammation that frequently precedes gastric cancer (122);
this attracts lymphocytes, and some secreted vesicular products of epithelial cells have been shown
to induce virus production in EBV-infected B cells (123), perhaps giving rise to infection of the
gastric cells. The pericolic lymph nodes may prove to be involved in normal EBV persistence, and
it might even be possible that some of the EBV present in saliva, which is constantly ingested,
survives the acid conditions in the stomach sufficiently long to permit the infection of tissue
exposed at the site of inflammation.

EBV GENOME SEQUENCE VARIATION: GEOGRAPHY- OR DISEASE
RELATED?

The unusual geographic distribution of some EBV-associated cancers raises the possibility that
natural variation in the EBV genome contributes to disease incidence. Sequence analysis of approx-
imately 200 EBV genomes has so far failed to find any circulating EBV variant that is specifically
related to cancer (5, 94), but EBV polymorphisms that result in a higher level of EBV replication
and virus production are enriched in some cancers. EBNA1 sequence variants that were originally
proposed to be linked to BL now seem to be typical of Africa rather than BL (5).

However, there is evidence that the EBV circulating in Southern China has some differences
in biological properties compared with strains in the West (124, 125), and it is possible that these
might turn out to be relevant to the high NPC incidence there. A single nucleotide polymorphism
(SNP) (G155391A) in the RPMS1 open reading frame of EBV has been reported (126) to be the
EBV marker most strongly linked to Cantonese NPC strains compared with strains in regions in
Northern China where there is a lower incidence, and the SNP was shown to alter the protein
stability of the RPMS1 polypeptide. A potentially relevant function for RPMS1 has been identified
(127), but unfortunately there is no evidence that this protein is actually produced in EBV-infected
cells (128), so the significance of this SNP is not understood at present.

There are, however, some specific examples of EBV variants that do seem to be related to
disease, particularly the EBNA2 deletion mutants in BL cases that lead to increased expression of
BHRF1 (78), and the DLBCL cases that have a mutation in EBNA3B (101). Further work is needed
to determine whether these mutant viruses are transmitted or arise de novo in people. Since the
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virus is thought to pass through cells in the lymph node, there is clear potential for variants to be
generated in that highly mutagenic environment, and even in LCLs, AID and APOBEC can edit
the EBV genome (129). There is also evidence for mutations in cell genes in lymphomas caused
by the AID enzyme that is induced by EBNA3C (130).

IMMUNE EVASION BY EBV AND IN EBV-ASSOCIATED CANCERS

The EBV latency I gene expression pattern in BL cells avoids immune surveillance by not ex-
pressing any EBV proteins apart from EBNA1. As discussed above, this protein (which is required
at only a very low level) avoids presentation on MHC because the stabilizing effect of its Gly-Ala
sequence avoids the production of peptides that can be presented (17). The low level of EBNA1
mRNA and EBNA1 translation means that few peptides are produced (131), with the accumulation
of the stable protein allowing the low functional levels required to be achieved.

The strategy of expressing very few viral proteins to avoid immune surveillance is extended in
EBV by using functional RNA to influence the host cell. The clear roles of BART miRNAs in
immune evasion during the primary infection of B cells by EBV, discussed earlier (34, 35), likely
also contribute to immune evasion in some of the EBV-associated cancers in which miRNAs are
expressed, but this has not yet been studied directly.

Other EBV-associated cancers that occur in immune-competent people express LMP proteins
and evidently must have immune evasion mechanisms to allow for the survival of those cells. This
can involve the downregulation of MHC or expression of PD-L1 or indoleamine 2,3-dioxygenase
(IDO), all of which can inactivate T cell surveillance. There is evidence for the induction of PD-
L1 by EBV in HL Reed–Sternberg cells (132), and EBV-associated gastric cancers have much
more frequent expression of PD-L1 than do EBV-negative gastric cancers (133). IDO has been
reported to be induced by EBV infection of B cells (134) and in an NPC tumor cell line (135).
Multiple immune evasion strategies are recognized in HL (136), and the tumor microenvironment
is thought to play an important part, both in sustaining tumor growth and in avoiding immune
surveillance in the EBV-associated cancers that contain mixed cell types.

When EBV replicates to produce new particles, it expresses many immunogenic lytic cycle
proteins. In common with other herpesviruses, in its lytic cycle EBV uses several immune evasion
proteins to allow for the production of virus. These strategies include inhibition of the function of
transporter associated with antigen processing (TAP) by BNLF2a, reduction of class I expression
by BILF1 and BDLF3, gp42 binding to MHC class II, a general reduction of host cell gene
expression by BGLF5, the immunosuppressive effects of BCRF1 (the viral paralog of interleukin
10), and soluble BARF1 acting as a decoy for macrophage colony-stimulating factor (M-CSF) to
reduce macrophage activation (137).

VACCINE AND THERAPEUTIC T CELLS

There is no vaccine for EBV, nor is it known whether normal persistent infection by EBV leads to
resistance to superinfection by the virus. The major neutralizing antigen for the infection of B cells
is the glycoprotein gp350, and this has been the basis for most studies of a prophylactic vaccine.
The most informative trial so far used a slightly truncated, soluble form of gp350 to immunize
183 university students in Belgium who were EBV-negative at the start of the trial (138). They
were given 3 doses of vaccine or placebo during 5 months and then followed up for 19 months
to measure the effects of EBV exposure through normal social contact. There was a reduction
in the cases of IM from nine in the control group to two in the vaccine group, but there was no
reduction in the number of asymptomatic infections (138). Although the results did not reach
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statistical significance, they suggest that this type of immunization might reduce the incidence of
IM, but it is not likely to prevent infection. In fact, no current human herpesvirus vaccine is able
to prevent infection.

The vaccine project has been taken up again by the US National Cancer Institute using an
improved formulation (139) and targeting not only gp350 but also the gp42 glycoprotein, which
also contributes to EBV receptor binding. Trials are expected to begin in 2019. One clear potential
application would be to boost the EBV immunity of people receiving transplants. Patients who
were previously EBV-negative or were cleared of EBV by the transplantation protocol and are
then exposed to EBV from blood in the donor organ are at the greatest risk of PTLD, and it seems
likely that the vaccine could help to prevent the disease. If the vaccine is shown to be safe and
effective in transplant patients, it may then be possible to test whether it prevents EBV-associated
cancers in other populations at risk. Separate identification of an antibody that neutralizes the
infection of both B cells and epithelial cells by EBV (recognizing a complex epitope formed by the
gH and gL EBV glycoproteins) also provides the possibility of developing alternative approaches
to EBV immunization in the future (140).

The argument that cancer development takes many years and so only persistent viruses con-
tribute to cancers, might suggest that the inability of the gp350 vaccine to prevent infection would
undermine its potential use to prevent EBV-associated cancers. However, boosting the immune
response to lower the viral load might still help, and there is some evidence from a study in Taiwan
that high levels of antibody to gp350 are associated with a lower risk of NPC (141).

Although the vaccine side of EBV immunity is only in development, there has been great
success in treating EBV-associated lymphomas in transplant patients using T lymphocytes that
can target EBV-infected cells (142). To avoid immune rejection of the therapeutic T cells, these
were grown in culture using T cells from the same patient into whom they would be infused;
they were then reinfused and results were excellent. This is one of the most successful examples
of T cell immunotherapy for cancer, and further refinements are being developed to overcome
immune evasion (143). It is, however, laborious and costly to prepare T cells for this purpose, so
a simpler approach is being developed using a bank of a few hundred T cell donors among whom
a reasonable match can be found (144).

EARLY DIAGNOSIS BASED ON DETECTING EBV DNA IN PLASMA
OR BY SEROLOGY

In a normal carrier, EBV resides primarily in B cells, so it can be detected by PCR only in blood
cells not in blood plasma. A considerable amount of cell death occurs in EBV-associated cancers,
and the contents of a small fraction of the cancer cells leaks into the blood, resulting in detectable
EBV DNA in the blood plasma. In some centers, tests for EBV DNA in blood plasma are used
as part of the clinical management of NPC patients receiving radiotherapy. The blood plasma
levels of EBV DNA fall after radiotherapy, but a subsequent rise is an early sign that the tumor is
recurring and more therapy should be given (145). A similar approach has been found to be useful
in monitoring the treatment of EBV-associated NK or T cell lymphoma (146) and HL (147).

An impressive study in Hong Kong (148) has extended this approach to screen a normal
population to identify early-stage NPC before symptoms appear. More than 20,000 asymptomatic
people were tested for persistent plasma EBV DNA by PCR. The positive cases were followed up
with endoscopic examination and magnetic resonance imaging. A total of 34 people were found
to have NPC, mostly stage I or II disease, which can be treated successfully, in contrast to late-
stage disease. This corresponds well to the expected incidence of NPC, and the sensitivity and
specificity for NPC were both approximately 98%. Thus, there seems to be a strong case for
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population screening to prevent late-stage NPC in populations at risk in Southern China and in
countries with a high risk of NPC. However, the moderate cost of this testing has to compete with
many other health-care priorities, so more economical ways of delivering this type of screening are
being investigated. There is also the possibility of using EBV serology for population screening
for NPC (149, 150), but this approach seems to be much less specific and less effective than the
plasma EBV DNA test.

CONCLUSIONS

By studying the small DNA tumor viruses, early tumor virology developed the idea that viruses
may cause cancer when they get into the wrong cell type and cannot complete their life cycle
but continue to express oncogenic viral genes. In some respects this may also be true for EBV
in the development of gastric carcinoma, leiomyosarcoma, and the NK and T cell lymphomas.
However, the EBV-associated B cell lymphomas develop when cell gene mutations or epigenetic
changes occur in cell types that are infected by EBV during its normal life cycle.

Great progress has been made in understanding the mechanism of action of the EBV genes
expressed in cancers and in identifying many mechanisms by which the virus can contribute to
disease. Indeed, there are so many possible ways in which the virus can promote cancers that
it becomes challenging to sift out the functionally important ones. The detailed understanding
of EBV infection and molecular biology that has been achieved in recent years will allow for
improvement in all aspects of clinical care for patients with these diseases. As discussed in this
review, there are great opportunities to offer early diagnosis of EBV-associated cancers during
the treatable stages of disease, offer immunotherapy to target EBV-infected cells or overcome
immune evasion, prevent disease by immunization, and offer treatment with therapeutic agents
that target the EBV gene products that are expressed in the cancers.
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