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Epstein—Barr Virus (EBV) contributes to the development of lymphoid and epithelial malignancies. While EBV’s
latent phase is more commonly associated with EBV-associated malignancies, there is increasing evidence that
EBV’s lytic phase plays a role in EBV-mediated oncogenesis. The lytic phase contributes to oncogenesis primarily
in two ways: (1) the production of infectious particles to infect more cells, and (2) the regulation of cellular

oncogenic pathways, both cell autonomously and non-cell autonomously.

EBV lytic reactivation lytic phase oncogenesis tumor survival immune evasion

| 1. Introduction

EBV-positive malignancies have been associated with the latent phase of EBV’s life cycle; a non-productive phase
in which no progeny virus is formed. However, there is now increasing evidence that EBV'’s lytic phase contributes
to EBV oncogenesis (reviewed in LRIEBIAIBY  Epstein-Barr Virus (EBV) is a human y-herpesvirus that infects a
variety of cells in vivo and naive B-lymphocytes efficiently in vitro. EBV induces and maintains proliferation of the
infected B cells. In these cells, EBV remains latent, with few viral genes being expressed reminiscent of the
lysogenic state of some bacteriophage (reviewed in [&)). On rare occasions, these infected cells alter their
transcription to support EBV’s productive cycle, in which progeny virus particles are produced. It has become
increasingly clear that EBV’s Iytic phase contributes to tumor progression and maintenance. This contribution
occurs through both the production of infectious particles to infect more cells and the regulation of cellular

oncogenic pathways.

2. EBV’'s Lytic Phase Contributes to Tumorigenesis by
Production of Infectious Viral Particles

No EBV-positive tumor forms without a precursor cell being infected by this virus. Multiple findings are consistent
with viral load being proportional to the risk of EBV-associated malignancy. These include: 1. A large, prospective
serological survey conducted in Uganda between 1972 and 1979 to test for an association between infection with
EBV and the development of BL I8 2. The finding that there is an increase in EBV-transformed B cells in vivo
during the acute phases of malaria, and that this increase arises in part from the production of new viral particles
from infected cells leading to new infections of naive B cells ; and 3. It seems likely that variants of EBV that
support their lytic phase more efficiently would be more likely to yield higher viral loads and accordingly have an

increased risk of being oncogenic 29,
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3. EBV’s Lytic Gene Expression in EBV-Associated Tumor
Samples

Examination of EBV’s gene expression in samples of EBV-associated tumors has identified the expression of EBV
Iytic genes in tumor cells. The most common lytic gene assayed, the immediate early gene BZLF1, has been
identified in Burkitt Lymphoma (BL)2L, nasopharyngeal carcinoma (NPC)22L3] and gastric carcinoma (GC)XL4
samples. EBV-associated tumors also often harbor cells undergoing an incomplete or abortive lytic phase, in which

some early lytic genes are expressed, but no viral particles are produced [13].

Despite evidence for an incomplete lytic phase, several studies have shown that late lytic genes are expressed in
tumor samples[2lL8l. One explanation for this conundrum is that some late lytic genes are “leaky”, having low-level
expression during early lytic phase and further upregulated following lytic DNA replicationd. However, leaky late
genes do not explain the expression of true late genes in tumor samples, which may result from the inefficient
detection of the genes required for lytic DNA replication or in their being expressed in only a small subset of the
tumor cells. Clearly, EBV-associated tumors often express an assortment of lytic genes spanning the early and late

lytic gene sets.

| 4. Contributions of EBV’s Lytic Genes to EBV’s Oncogenesis

Several studies have used animal models to uncover the importance of EBV’s lytic phase to lymphomagenesis.
These studies used a variant of EBV that has been engineered to have its BZLF1 gene knocked out, thereby
making it defective for lytic phase entry. BZLF1-KO or wildtype EBV were used to infect B cells and generate
lymphoblastoid cells lines (LCLs), which were then injected into immunocompromised micel28ll1920] | these
studies, wildtype LCLs were consistently more tumorigenic than BZLF1-KO LCLs. The findings of this analysis

provide evidence for the contribution of EBV'’s lytic phase to tumor development in vivo.

While EBV’s lytic phase has been shown to contribute to tumor development, evidence indicates that it is not
necessary to have a complete lytic phase. For example, one study in NOD mice infected with an engineered
variant of EBV lacking the lytic DNA polymerase gene, BALF5, showed that the complete lytic phase is not
required for its contribution to tumor development2ll. Combined with findings from the BZLF1-KO studies and
given that a complete lytic phase would lead to host cell lysis, these analyses confirm that EBV’s early lytic phase
is important in tumorigenesis, whereas the late lytic phase is dispensable and even likely to inhibit tumor

progression.

The mechanisms by which EBV’s lytic phase affects tumorigenesis in part involves its role in the modulation of
cellular pathways that influence tumor cells and tumor microenvironment. EBV’s lytic phase regulates various
cellular oncogenic pathways, including those promoting angiogenesis, immunomodulation and immune evasion,
genomic instability, as well as cell cycle and survival. These regulated pathways contribute to tumor formation and
progression via cell-autonomous and non-cell-autonomous functions. Cell-autonomous functions that contribute to

tumorigenesis occur in cells that undergo an incomplete (abortive) lytic phase; those cells that complete the lytic
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phase would die and can no longer contribute to the tumor. These functions include increased proliferation,
immune evasion, and genomic instability, along with decreased apoptosis. On the other hand, non-cell-
autonomous events can influence surrounding cells and foster a pro-tumorigenic microenvironment through
angiogenesis, modifications of the extracellular matrix, and cytokine productions. Collectively, these cell-

autonomous and non-cell-autonomous outcomes contribute to EBV-mediated oncogenesis.

Table 1. EBV'’s lytic genes and their roles in oncogenesis.

Table 1. EBV’s lytic genes and their roles in oncogenesis.

EBV Oncogenic
Lytic IE/EIL 1 Lytic Function Role in Oncogenesis Mechanism of References
Gene Action
Induction of pro-
inflammatory cytokine Binding and
BZLF1 IE Transactivator expression and activating target gene  [221(23](24]
secretion (IL-8, IL-10, promoters
IL-13)
. ] Host shut off;
Alkaline Downregulation of ) =
BGLF5 E degradation of (25]
exonuclease MHCs
cellular mRNAs
Inhibition of MHC
BILF1 E gp64, VGPCR o (26]
trafficking
Induction of pro-
inflammatory cytokine
BLLF3 E dUTPase expression and (27]
secretion (IL-1[3, IL-6,
IL-8, IL-10)
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Inhibition of CD8 T cell
BNLF2a E Inhibitor of TAP 2 recognition of infected (28]

cells

Inhibition of NK cell-

mediated elimination of

BCRF1 L vIL-10 _ S (28]
infected cells; inhibition
of CD4 T cells
Downregulation of Ubiquitination and

BDLF3 L gp150 J E _ [29]
MHCs degradation of MHCs

Inhibition of MHC II-
BZLF2 L gp42 mediated antigen (29

presentation

Angiogenesis and Invasion

EBV Oncogenic
Lytic IEIEIL Lytic Function Role in Oncogenesis Mechanism of References
Gene Action
_ Binding and
BZLF1 IE Transactivator Upregulation of MMP, activating target gene  [2LI22I(23]
MMP3, MMP9
promoters
Binding and
BRLF1 IE Transactivator Upregulation of MMP9 activating target gene (24]
promoters

Genomic Instability
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EBV Oncogenic
Lytic IEIEIL Lytic Function Role in Oncogenesis Mechanism of References
Gene Action
) Induction of genomic Induction of DNA e
BALF3 E Terminase _ (25
aberration damage

Induction of DNA

damage pathways

S/T protein Induction of genomic
BGLF4 E . P _ o and premature 6137
kinase aberration
chromosome
condensation
Alkaline Induction of genomic Induction of DNA 38
BGLF5 E _ (28]
exonuclease aberration damage

Induction of genomic

BALF4 L gp110 _ (29
aberration
Major tegument Induction of genomic
BNRF1 L : _ o _ o (29
protein aberration

Cell Cycle Progression and Apoptosis

EBV Oncogenic
Lytic IEIEIL Lytic Function Role in Oncogenesis Mechanism of References
Gene Action

Pro-survival, anti-
BALF1 E vBcl-2 _ 49]
apoptotic
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Pro-survival, anti- Inhibition of BIM,
BHRF1 E vBcl-2 [41]42][43]

apoptotic PUMA, BAK

| 5. EBV’s Lytic miRNAs in Tumorigenesis

In addition to its lytic proteins, EBV also regulates tumorigenesis through its miRNAs. EBV encodes two clusters of
mMiRNAs, one in the BHRFL1 locus and one in the BART locus. The BART miRNAs are detected at all phases of
EBV'’s life cycle, while the BHRF1 miRNAs are not detected in some cells in culture and are when the same cells
are induced to enter their lytic phasel28.

For example, one BHRF1ImMIRNA, miR-BHRF1-2, inhibits the tumor suppressors, PTEN and PRDM1, which would
likely foster EBV’s tumorigenesis2d44]. This same miRNA also inhibits expression of the IL-1 receptor 1 to limit
signaling via receptor engagement and, potentially, any resulting inflammatory responsel22. The BART miRNAs
contribute to transformation by regulating expression of multiple cellular genes as well as inhibiting immune
recognition of the infected celll28l47148] Theijr continued presence in cells in EBV's lytic phase is likely to contribute

also to the success of this portion of the viral life cycle.

6. Inhibitor Studies: A Test for a Role for EBV’s Lytic Phase
in Oncogenesis?

One essential role for EBV’s lytic phase in EBV’'s oncogenesis is the production of infectious virus, which supports
the infection and transformation of cells that subsequently can evolve into tumors. But what facets of EBV’s Iytic
phase contribute to oncogenesis after infection and transformation? A possible experimental route to address this
question is to test small-molecule inhibitors of distinct steps within EBV’s lytic phasel#2I2AB1 These tests have led
to the conclusion that events downstream of EBV’'s DNA synthesis during its lytic phase do not contribute
detectably to its oncogenesis once cells have been infected and transformed. A second insight is that its lytic DNA

synthesis does not contribute to the cancer phenotypes of these cells either.

We lack small-molecule inhibitors of steps earlier than DNA synthesis for EBV’s lytic phase. Another window,
though, on the potential contributions of these steps to EBV’'s oncogenesis comes from detailed studies of treating
tumor patients with T cells educated against EBV-encoded antigens®2I53l54] These epitope-specific, anti-EBV T
cells are, however, tools that should allow testing for contributions of the viral genes expressed early in EBV’s lytic
phase to EBV’s oncogenesis, particularly in tractable animal models. Such tools, therefore, can be instrumental in

learning how these early lytic genes foster EBV’s oncogenesis.

| 7. Concluding Remarks
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EBV'’s lytic phase contributes to tumorigenesis primarily in two ways (see Figure 1): (1) the production of infectious
particles to infect more cells, and (2) the regulation of cellular oncogenic pathways, mediated by lytic proteins and
miRNAs. The production of infectious virus is a requisite precursor to the infection and transformation of cells that
can subsequently evolve into tumors. Following infection, reactivation of the lytic phase supports the expression of
miRNAs and early lytic genes which can regulate cellular pathways that promote tumorigenesis. Some of these
tumorigenic effects are cell autonomous, affecting only the cells in which the relevant lytic genes are expressed.
Others are non-cell autonomous, exerting influence over neighboring tumor cells through the production of
secreted molecules and/or the modification of the tumor microenvironment. As the completion of a lytic phase
results in cell death, we speculate that the contribution of lytic phase to tumorigenesis is in part mediated by an
incomplete lytic phase (also termed abortive lytic phase), highlighting the importance of the early lytic phase. Given
the relevance of the lytic phase to tumor progression and maintenance, it will be important to understand the
mechanisms by which EBV'’s lytic phase contributes to tumorigenesis in order to target it as an alternative means

to treat EBV-associated malignancies.
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Figure 1. EBV'’s lytic phase contributes to oncogenesis in both B cells and epithelial cells. In this figure, B cell

lymphomagenesis is used to represent these contributions. Following primary infection and transformation, EBV is
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maintained latently in infected cells. On rare occasions, some cells undergo lytic reactivation, either completely or
incompletely. Cells that undergo the complete lytic reactivation express both early and late lytic genes and produce
new viral particles that can infect more cells. These newly infected cells are transformed and may subsequently
evolve into tumor cells. Cells that complete the lytic phase eventually die, such that they do not contribute as
proliferating tumor cells. However, they can contribute to oncogenesis via non-cell-autonomous mechanisms
mediated by early lytic gene products. These contributions include angiogenesis, pro-tumorigenic cytokine
production, and, in the case of NPCs, extracellular matrix modifications. Some cells that enter the lytic phase do
not complete it, undergoing incomplete (abortive) lytic reactivation. These cells express early lytic genes but not
late lytic genes, and thus do not produce new viral particles. These cells may continue to live, and contribute to
oncogenesis cell autonomously by becoming tumor cells with increased proliferation, immune evasion, and
genomic instability, as well as decreased apoptosis. Having expressed early lytic genes, abortive lytic cells may
also contribute to oncogenesis non-cell autonomously. * Expression of latent, early lytic, or late lytic genes are
indicated in blue (expressed) and red (not expressed). ** Extracellular matrix modifications are primarily studied in
NPCs.
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