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Mechanisms of T cell evasion
by Epstein-Barr virus and
Implications for tumor survival
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Epstein-Barr virus (EBV) is a prevalent oncogenic virus estimated to infect greater
than 90% of the world’'s population. Following initial infection, it establishes
latency in host B cells. EBV has developed a multitude of techniques to avoid
detection by the host immune system and establish lifelong infection. T cells, as
important contributors to cell-mediated immunity, make an attractive target for
these immunoevasive strategies. Indeed, EBV has evolved numerous
mechanisms to modulate T cell responses. For example, it can augment
expression of programmed cell death ligand-1 (PD-L1), which inhibits T cell
function, and downregulates the interferon response, which has a strong impact
on T cell regulation. It also modulates interleukin secretion and can influence
major histocompatibility complex (MHC) expression and presentation. In
addition to facilitating persistent EBV infection, these immunoregulatory
mechanisms have significant implications for evasion of the immune response
by tumor cells. This review dissects the mechanisms through which EBV avoids
detection by host T cells and discusses how these mechanisms play into tumor
survival. It concludes with an overview of cancer treatments targeting T cells in
the setting of EBV-associated malignancy.
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1 Introduction

Epstein-Barr Virus (EBV) is a human oncogenic virus associated with various illnesses
and malignancies (1, 2). EBV is widespread across all demographics, and the burden of
chronic EBV infection has been estimated at greater than 90% of the global population (3).
Classified as a gamma herpesvirus within the Herpesviridae family, EBV is also known as
Human herpesvirus 4 (HHV-4). Its viral structure includes a tegument layer separating an
inner viral capsid from an outer envelope containing surface glycoproteins that facilitate
multiple viral functions including host cell entry, immune evasion, and viral assembly (4-
6). Its double-stranded DNA genome, located inside the capsid, is estimated at 172 kbp (7).
Primary EBV infection commonly occurs through the spread of saliva and infects
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oropharyngeal epithelial cells as well as B cells (8). It is typically
asymptomatic in children (9), but often causes infectious
mononucleosis (IM) in youth and adolescent populations who
have not previously been infected (10). Colloquially known as
“kissing disease” because of its spread through salivary
transmission, IM is characterized by prolonged symptoms of
fatigue, fever, cervical lymphadenopathy, pharyngitis, and
splenomegaly. IM is usually self-limiting but can occasionally lead
to severe illness (11, 12).

Primary acute EBV is followed by lifelong persistence in a latent
state, which allows for reentry into the lytic cycle in life (13). EBV
persistence in human host organisms has been associated with
autoimmune conditions including multiple sclerosis (MS) (14),
rheumatoid arthritis (RA) (15), and systemic lupus erythematosus
(SLE) (16). The body of available clinical research demonstrates
strong connections between EBV and malignancies such as
nasopharyngeal carcinoma (NPC), gastric cancer (GC), and
lymphoid cancers including Hodgkin Lymphoma (HL), Burkitt
lymphoma (BL), diffuse large b cell lymphoma (DLBCL), NK/T
cell lymphoma, and EBV-positive lymphoproliferative disorders
(LPDs) such as post-transplant lymphoproliferative disorder (3,
17, 18). In 2010, EBV-associated cancers caused 1.8% of all cancer-
related deaths worldwide, a number which had increased by 14.6%
since 1990 (19). More recent data from 2020 indicate that the major
EBV-associated malignancies, including NPC, GC, HL, BL, DLBCL,
and NK/T cell lymphoma, are estimated to account for anywhere
from 239,700-357,900 new cases and 137,900-208,700 deaths,
indicating the extensive impact EBV has on global health (3).

EBV can escape recognition by the host’s immune system as
well as actively prevent its own destruction by CD8+ cytotoxic T
lymphocytes, which are crucial to controlling EBV infection (20,
21). Numerous viral products play multiple, varied roles in the
immune evasion process, including glycoproteins (5), EBV-encoded
RNA (22), and latent proteins (23). The virus’s capacity for immune
evasion and disruption are usually insufficient to cause clinical
concern in immunocompetent individuals but presents a serious
risk of disease complications including development of EBV-
associated malignancy in immunocompromised and
immunosuppressed populations (24).

This review will begin with an overview of EBV infection,
including both the lytic and latent cycles as well as latent protein
expression. It will then review T cell evasion strategies of Epstein-
Barr Virus and the consequent implications for tumor cell survival
in infected individuals. It concludes with recent advances in
treatments targeting T cells in EBV-associated malignancies.

2 Overview of infection

EBV primarily infects B cells and epithelial cells. Epithelial cells
are typically the first to be infected by the virus (6, 25, 26). Entry
into B cells is mediated by the formation of a heterotrimeric
complex comprised of the glycoproteins (gp) gH, gL, and gp42,
with human leukocyte antigen (HLA) class II molecules acting as
receptors for gp42. gB acts as a viral fusogen (27).. Entry into
epithelial cells is slightly different and requires only gH/gL and gB.
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gp42, which has higher degrees of expression in virus originating
from epithelial cells, inhibits epithelial cell entry and thus dictates
tropism (28). Gp350, a gp commonly targeted by neutralizing
antibodies, is also important for entry into both B and epithelial
cells (29). Once infection is established, the virus can enter Iytic or
latent phases of infection (30). Latent infection in B cells inhibits
apoptosis and results in B cell transformation through the
expression of a set of viral latency genes that allow for persistence
over time in a quiescent state (31, 32). The set of genes expressed
varies depending on factors such as cell type, length of time since
infection, and the extracellular environment (33), but is broadly
categorized into latency 0, latency I, latency II, and latency III (34,
35). During this phase, cytotoxic immunity prevents entry into the
lytic cycle (36). Lytic reactivation may occur under several
circumstances It may be initiated by cross-linking the B cell
receptor with anti-immunoglobulin (37), and other factors such
as immunosuppression and psychological stress can contribute to
reactivation (13). Lytic infection involves the production of
infectious virions (38). It is associated with much more robust
gene expression than the latent cycle, including immediate early,
early, and late genes (39, 40). The lytic state is much less common
than the latent state; only 1 x 10~ to 107> cells infected with EBV
complete the lytic cycle and release mature virions (41).

2.1 EBV lytic phase

Lytic infection revolves around amplification of the viral
genome and creation of structural proteins as well as viral
capsids. Such structural proteins and expansion of viral elements
is key for infecting other cells (42). Transition from latency to the
Iytic state is accomplished via the two transcription factors ZEBRA,
also known as BZLF1 or Zta, and Rta, also known as BRLF1 (43).
ZEBRA is particularly important as the master regulator of entry
into the lytic cycle; indeed, expression of the ZEBRA protein alone
results in a successful lytic cycle (44). ZEBRA binds to methylated
regions of lytic DNA during latency to activate transcription of the
repressed lytic genes, allowing the lytic phase to begin (45). The role
of ZEBRA in EBV associated malignancies has not yet been fully
elucidated, but it has been noted in Hodgkin’s lymphoma, diffuse
large B cell lymphoma, and Burkitt lymphoma (46-48). Rta is
essential for lytic DNA replication, binding to the origin of lytic
replication (oriLyt) and potentially acting as a scaffold to recruit or
assemble other proteins at the origin of replication (49). Notably,
oriLyt is the area of the genome that mediates lytic phase DNA
duplication (50). ZEBRA and Rta play key roles in manipulating
protein expression profiles, altering cell cycle regulation, and
promoting GO/G1 to S phase transition in host cells (51).
Importantly, these two proteins induce each other’s expression (52).

Herpesvirus genes are expressed in three phases: immediate-
early (IE), early (E), and late (L). Viral IE genes act to initiate
transcription when the virus enters the host. IE gene products
stimulate the expression of E and L genes or regulate the host to
initiate virus replication. Many E genes are involved in DNA
replication and many L genes create proteins required for virus
assembly and egress (53-55). The previously discussed genes, Rta
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and ZEBRA, are classified as EBV immediate early genes (IE); they
allow for the duplication of the genome, activation of later gene
products in the EBV life cycle, and transactivation (56, 57). E genes
play a variety of roles in the lytic cycle. For example, BHRF1’s role
in inhibiting apoptosis through BCL-2 homology has been explored
(58). BMRFI, another E gene, is a DNA Polymerase Processivity
Factor (59) that was recently shown to activate transcription and
limit the DNA damage response via interactions with the
nucleosome remodeling and deacetylation (NuRD) complex (60).
BNLF2a is another E gene implicated in immune evasion through
inhibition of peptide transporter associated with antigen processing
(TAP) (61). Expression of late genes requires completion of viral
genome replication (53). BcLF1 and BLLF1 are both late genes;
BLLF1 encodes the glycoproteins 350 and 220 (62), while BcLF1
encodes the major capsid antigen (63). Gp 350 is the most heavily
expressed gp on the EBV envelope and is required for B cell
attachment as discussed previously (62). Late proteins
predominantly include viral structural proteins such as capsid,
tegument, and glycoproteins (64).

2.2 EBV latent phase

EBV primarily maintains latency in B cells in vivo, although T
cells and natural killer cells may be latently infected as well (65-67).
The latent form of EBV infection is further categorized into four
patterns, latency 0, I, II, and III, depending on the viral latent gene
expression; the specific latent gene profile may also affect the
reactivation rates later in infection (35, 68). During latency, EBV’s
DNA can remain in episomal form or integrate into the host DNA,
and replication of the viral genome is synchronized with the
replication of chromosomal DNA during this latent phase (69-71).

EBNAL, 2, 3A, 3B, 3C, and LP are among the first latent genes
expressed (33). Initial expression of latent membrane proteins
(LMPs), such as LMPI, 2A, and 2B, begins during the first few
days after B cell infection (72, 73). Increases in LMP1 expression are
mediated at least in part by EBNA2 (74, 75). After initial B cell
expansion, most latency genes are switched off and an EBNAI-
dominant expression profile is induced (latency I). It is also possible
that no EBV proteins are expressed, although EBV-encoded small
RNAs (EBERs) may be present (latency 0). This has been proposed
as a pertinent mechanism enabling EBV to evade detection by the
host immune system, including CD8+ T cells (76).

2.3 Overview of EBV proteins expressed
during latency

B cell EBV nuclear antigen 1 (EBNA1) is expressed in all latent
phases except latency 0 (77, 78). It has important functions with
regards to replication of the EBV plasmid genome. The C-terminus
of EBNAL1 binds to family of repeats (FR) and dyad symmetry (DS)
sites of the latent viral origin of replication (oriP) (69). EBNA1
recruits the origin recognition complex (ORC) to DS and links the
EBV plasmid to cell chromosomes at FR (79). Specifically, AT-rich
hook DNA binding motifs allow EBNAI to attach to cellular
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metaphase chromosomes (80). Tethering the EBV plasmid to the
host chromosome is required for efficient replication (79). Recent
research has indicated that EBNAL is involved in processes beyond
replication (81) such as immune evasion. For example, EBNA1 has
been shown to reduce expression of the NK-cell receptor NKG2D
ligands ULBP1 and ULBP5. When B cells were infected with null
EBNA1 EBV, there was a significant increase in ULBP1 compared
with wildtype-EBV, and similar results were obtained with ULBP5
when the EBNAI binding site near the ULBP5 transcription start
site was mutated (82). Moreover, these null EBNA1-infected B cells
demonstrated increased susceptibility to NK cell-mediated killing
and apoptosis. This function of EBNAI contributes to immune
evasion by reducing NK cell recognition of infected cells (82). In
addition, EBNAI1 contains a glycine alanine-rich sequence, and
EBNAL is only presented on MHC-I molecules when the glycine
alanine-rich region is deleted, suggesting that this domain is
involved in immune evasion by downregulating EBNA1 fragment
presentation on MHC-I (83).

EBV nuclear antigen 2 (EBNA2) is expressed during latency III
(78). As one of the first genes expressed during infection (84), it is
essential in early latent gene reprogramming (85). EBNA2, along
with the DNA binding protein CBF1, play significant roles as
transcription factors for viral proteins by activating the viral
promoters for EBNA1, LMP1, and LMP2A/B (86). It is required
for efficient B cell transformation (87). In addition, EBNA2 has been
implicated in oncogenesis. For example, it was shown to directly
induce mRNA of the proto-oncogene MYC and cell adhesion
molecules CD21 and CD23 (86). Mechanistically, it was recently
shown that EBNAI’s ol-helix domain within the N-terminal
dimerization (END) domain binds early B cell factor 1 (EBF1), a
transcription factor that results in differentiation into B cell lineages.
Cells infected by EBNA1 lacking the a1-helix domain were unable
to progress past early S phase of the cell cycle, and there was
decreased expression of MYC and MYC target genes (88). It has
important functions regulating the immune response, for example
by inducing expression of the IL-18 receptor. This has been directly
attributed to the presence of EBNA2, as EBNA2-deficient EBV is
unable to induce IL-18 receptor expression (89). IL-37 binding to
the IL-18 receptor can induce an anti-inflammatory state (90),
which could facilitate immune evasion during latency. Its role in T
cell evasion will be discussed later.

EBV Nuclear Antigen 3 proteins A (EBNA3A), B (EBNA3B),
and C (EBNA3C) are expressed during latency IIT (77, 78). There
have been numerous studies using stop codons inserted into the
open reading frames of EBNA3A, EBNA3B, and EBNA3C that have
shown EBNA3A and EBNA3C are necessary for transformation of
EBV-infected B cells (91, 92), although EBNA3B is not (93).
EBNA3A and EBNA3C function as oncogenes by inhibiting
tumor suppressor genes while EBNA3B acts as a tumor
suppressor (94).

EBV Nuclear Antigen leader protein (EBNA-LP) is expressed
during B cell latency III (77, 78). EBNA-LP primarily functions as
an activator of EBNA2 in its activation of viral protein transcription
(78). EBNA-LP has been implicated in contributing to the survival
of EBV-transformed B cells, as infection by EBNA-LP knockout
EBV plasmids caused death two weeks after infection in umbilical
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cord blood B cells B cell (95). Furthermore, it was found to enhance
recruitment of transcription factors to the EBV genome (95).

Latent membrane protein 1 (LMP1) is expressed during latency
ITand III (13, 77, 78). LMP1 largely contributes to the proliferation
of EBV-infected B cell lymphocytes. Low levels of LMP1 have been
shown to severely inhibit B cell proliferation. Proliferative abilities
were rescued once LMP1 was reintroduced (96). The proliferative
effect of LMP1 in B cells is also seen following activation of the
CD40 receptor without LMP1 present. This suggests that LMP1
provides the same proliferative effect on B cells as a constitutively
active CD40 receptor (96). Signaling from the CD40 receptor is
crucial for B cells to escape apoptosis in the germinal center (97).
LMP1 contributes to oncogenesis via multiple mechanisms,
including promotion of transformation, cell proliferation and
survival, angiogenesis, and others besides (98). Its extensive role
in oncogenesis can be explained by its impressive ability to
manipulate cell signaling pathways, including NF-«xB (99), EGFR
(100), STAT (100), and JNK/AP-1 (101). In addition, LMP1 is
associated with inhibition of T cell-mediated recognition of tumor
cells. In hematologic malignancies, LMP1" B cells are associated
with higher expression of PD-L1 compared to LMP1™ B cells (102).
Furthermore, LMP1 stimulates expression of indoleamine 2,3-
dioxygenase 1 (IDO1), which inhibited B cell differentiation into
antibody-secreting cells in germinal centers and indirectly
suppressed the efficiency of neighboring B cells as well. In all, this
resulted in impaired humoral immunity with potential implications
for EBV immune evasion (103).

Latent membrane protein 2 (LMP2A/B) is expressed in latency
IT and IIT (77, 78). It is well known that the B cell receptor (BCR)
maintains basal-level signaling in the absence of antigen
recognition, that this is an important survival signal, and that it
prevents induced apoptosis in the germinal center (104, 105).

10.3389/fimmu.2023.1289313

Previous studies have shown that BCR™ B cells can be saved from
apoptosis with the introduction of LMP2A, and EBV-transformed,
BCR+ B cells undergo apoptosis in an vitro model with low BCR
expression following the removal of LMP2A. This suggests that
LMP2A supports the survival and proliferation of B cells with low
levels of BCR expression by constitutively mimicking BCR signaling
and activating similar downstream pathways. This allows EBV-
infected B cells with low BCR expression to evade apoptosis,
contributing to EBV’s latency (106). Interestingly, it has been
shown that LMP2A is not necessary for transformation of EBV-
infected B cells that are able to avoid BCR downregulation and thus
maintain high BCR expression (106).

LMP2A’s role extends well beyond BCR signaling mimicry. It
generates significant transcriptional changes in the host cell
impacting processes such as apoptosis, cell cycle progression,
proliferation, and survival (107). LMP2A also contributes to
EBV’s immune evasion by reducing antigen presentation on
MHC-II. This is achieved by the downregulation of MHC-II
receptors via the regulator class II transactivator (CIITA), which
was shown to be largely driven by the immunoreceptor tyrosine-
based activation motif (ITAM) on LMP2A (108). The ITAM motif
of LMP2A has also been implicated in the inhibition of BCR-
mediated signal transduction (109), which prevents induction of
Iytic replication (107).

LMP2B is a smaller protein that has been shown to modulate
the function of LMP2A (110). It has been implicated in sensitizing
EBV-infected cells to signals promoting lytic induction. Rechsteiner
et al. demonstrated that LMP2B overexpression increased the rate
of lytic induction and decreased the threshold for lytic induction
following BCR cross-linking. This opposes LMP2A’s role in
preventing entry into the lytic cycle (111). Figure 1 summarizes
patterns of latent gene expression in EBV.
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Patterns of latent gene expression in EBV. EBV expresses four distinct patterns of gene expression during latency, termed latency 0, latency |, latency
I, and latency Ill. No proteins are expressed in latency O, although EBERs are present (78). Latency | features the expression of EBNAL as well as
EBERSs. In addition to the viral products seen in latency |, latency Il includes the expression of LMP1 and LMP2. latency Ill has the most robust
expression of gene products, including EBERs, EBNA1L, EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNA-LP, LMP1, and LMP2.

FIGURE 1
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3 T cell response to EBV infection

The human adaptive immune response is partly comprised of T
cells, which are lymphocytes that mature in the thymus and
differentiate into CD4+ or CD8+ effector cells following antigen
presentation. The former coordinate the immune response through
the secretion of immunoactive substances such as cytokines,
while the latter primarily function via cytotoxic mechanisms in
which they induce target cell apoptosis (112). Different types of T
cells recognize different types of MHCs and perform different
functions (113, 114). For example, MHC class I-bound antigens
are recognized by CD8+ cytotoxic T lymphocytes (CTLs) (115).
CD8+ CTLs eliminate the infected cell through a variety of
mechanisms, such as by infusion of granzyme/perforin or
expression of cytokines like interferon (IFN) v or tumor necrosis
factor (TNF) (116). MHC class II-bound antigens are recognized by
CD4+ helper T cells (115), which coordinate further immune
response through B cell activation, T cell activation, activation of
innate immune cells, and cytokine release (117). Naive CD4+ T cells
can be further activated into different types of helper T (Th) cells
which have varying functions and immune properties (117).
However, the distinction in function between CD4+ and CD8+ T
cells is not absolute as EBV-specific CD4+ T cells have been shown
to produce the cytotoxic proteins perforin and granzyme B (118).
This functionality has been proven ex vivo in response to EBV-
infected B cells, indicating a possible immune property that could
be further explored in the development of an EBV vaccine (119).
Other research into development of an EBV vaccine has determined
specific eligible immunogenic T cell epitopes such as BXLF1 and
BMRF2 that correlate with CD8+ T cell activation (120).
Interestingly, a broader repertoire of EBV-specific T cell receptor
(TCR) epitopes has been associated with MS. This may represent
ongoing immune reaction to EBV (121), the importance of which is
highlighted by the fact that cross-reactive antibodies between
EBNA1 and the glial neuroadhesion molecule Glial CAM have
been discovered (122).

High titers of EBV-specific CD8+ CTLs have been found in
samples from IM patients, both in lymphoid cells (specifically
Waldeyer’s Ring) and peripheral circulation (123). Effective
control of acute EBV infection requires interactions between
CD27 and CD70. Inhibiting this interaction in a mouse model
resulted in uncontrolled EBV infection (124). It is worth nothing
that the CD8+ T cell response to EBV has been postulated to relate
to the pathogenesis and development of symptomatic IM itself
(125). Persistent EBV infection has been shown to be controlled by
the human adaptive immune response, particularly by CD8+ EBV-
specific CTLs (126).These EBV antigen-specific CD8+ responses
emerge during the first year following infection (127). Cytotoxic
CD8+ responses predominantly target viral IE gene products of the
Iytic cycle as well as a subset of E genes. L proteins only rarely elicit a
response. This is consistent with decreasing epitope presentation
efficiency as the lytic replication cycle progresses (128). One
potential explanation for the predilection of CD8+ T cells to favor
IE protein targets is the expression of immunoevasins such as
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BNLF2a, which inhibits CD8+ T cell recognition, beginning
during the early phase of the lytic cycle (129). Additionally,
stronger responses were noted during acute infection (130). CD8+
activity against latent EBV infection focuses on EBNA3 family
proteins (131).

Like CD8+ T cells, the CD4+ T cell response emerges within the
first year of infection (127). The CD4+ response to EBV is less
robust than the CD8+ response (21), but it is more varied (21) and
more balanced across the stages of lytic infection (132). CD4+ T
cells respond consistently to lytic cycle proteins but respond only
rarely to latent cycle proteins (133). For example, a CD4+ T cell
response against EBNALI is present in many individuals with latent
EBV infection (134). However, the ability of EBNALI to localize in
the host nucleus allows it to escape detection by the host immune
surveillance system, specifically by minimizing its exposure to the
host macroautophagy pathway. This in turn limits its CD4 epitope
presentation (135). Notably, EBNAL is the most immunodominant
latent epitope targeted by CD4+ T helper 1 (Th1) cells, followed by
EBNA3C. Much weaker responses were observed to LMP1 and
LMP2 (136).

CD4+ T cells have demonstrated cytotoxic ability against
lymphoblastoid cell lines (LCLs) (132). Indeed, primary infection
results in the oligoclonal expansion of a set of Thl-like, EBV-
specific CD4+ T cells. Contained within these CD4+ cells are
cytotoxic proteins capable of delivering a swift response to ex
vivo challenge (119). These cytotoxic CD4+ T cells can be
maintained, as CD4+ T cells specific for the BORF1 capsid
protein continued to express perforin and granzyme-B even
during persistent infection (118). In summary, CD4 and CD8+ T
cells work in tandem to combat EBV, with the CD8+ response being
more heavily implicated in controlling infection. EBV is extremely
effective at evading the immune response and establishing
persistent infection in human hosts.

4 Modulation of T cell response and
implications for cancer cell evasion

As mentioned above, EBV is associated with a host of cancers,
including both hematologic (78) and epithelial (137) malignancies.
It has developed numerous mechanisms to evade T cell responses,
and some of these mechanisms have been implicated in
oncogenesis, i.e. through immune modulation by upregulating
PD-L1 (138) and inhibiting immune cell recognition (22).

4.1 Manipulation of the PD-1/PD-L1 axis

Programmed cell death ligand-1 (PD-L1) is an immune
checkpoint inhibitor. Its corresponding receptor, programmed
death ligand-1 (PD-1), is found on a variety of immune cells,
including T cells. Binding of PD-L1 to its receptor dampens the
immune response, for example by inhibiting the effector function of
cytotoxic T cells (139) or converting CD4+ T cells, particularly
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memory CD4+ cells, to a highly inhibitory inducible Treg
phenotype (140). This makes it an opportune target for both EBV
and malignancy. Evidence supporting the idea that EBV infection
can upregulate PD-L1 comes from experiments demonstrating that
EBV-transformed LCLs express PD-L1. Indeed, the PD-L1
promoter and enhancer were both active in EBV+ LCL. The
enhancer was noted to be AP-1 dependent. LMP1 was shown to
upregulate both the AP-1 component C-jun and the PD-LI
promoter, with JAK3 representing a possible mechanism of PD-
L1 promoter upregulation (141).

Other studies support the role of EBV latent proteins in altered
PD-LI expression (142). While EBV-infected B cells only expressed
low levels of PD-L1 on infection day 0, there was a gradual increase
in expression levels through day 28 post-infection with strong
expression of PD-L1 by post-infection day 2. Infection with a
mutant, EBNA2-deleted strain resulted in minimal PD-L1
expression. Infection with a LMP1-deleted strain yielded similar
results, indicating both these proteins are important for early PD-L1
induction (142). In accordance with the paper by Anastasiadou
et al. showing that EBNA2 decreased miR-34a expression and
subsequently increased PD-L1 expression in B cell lymphomas
(143), EBNA2 deletion resulted in a mild increase in miR-34a
expression. Interestingly, LMP1 deletion resulted in a more
significant, 3.1-fold increase in miR-34a, indicating LMP1 may
also play a role in increased PD-L1 expression via miR-34a
suppression (142). ChIPseq and ChIA-PET analysis demonstrated
that EBNA2 binds the PD-L1 promoter region, and reporter assays
demonstrated increased activity at PDL1Enh and PDL1Enh558 as
well as a minor increase at PDL1Enh562. PDLIenh is in the PD-L1
promoter region, while the other two sites are structurally similar
regions 130 kb and 170 kb downstream of PD-LI, respectively
(142). Furthermore, EBNA2-induced induction of PD-L1 was
recently documented in reactivated EBV across multiple cell lines.
This induction was inhibited when tested in EBV+ cell lines where
EBNA2 was knocked down (144).

4.2 Manipulation of the PD-1/PD-L1 axis in
epithelial malignancies

Manipulation of PD-1/PD-L1 is heavily implicated in tumor
immune evasion across multiple types of malignancies (145-147),
and EBV-associated tumors are no exception. A study assessing the
associations between EBV status and PD-LI1 expression in
nasopharyngeal cancer demonstrated a positive, statistically
significant correlation between EBER positivity and PD-L1
expression (p = 0.004) (148). While this study did not
demonstrate a statistically significant correlation between overall
survival and PD-L1 or EBER expression (148), EBV levels and PD-
L1 status have significant treatment implications (149), and other
studies have indicated that higher EBV levels may be associated
with poorer outcomes in patients receiving anti PD-1 therapy (150).
EBV-associated gastric cancer (EBVaGC) likewise demonstrates
higher levels of PD-L1 expression than its non-EBV associated
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counterparts (151, 152); A meta-analysis demonstrated that
EBVaGC had increased PD-L1 expression in 54.6% of cases (152).

This upregulation is achieved through a variety of mechanisms.
For example, Fang et al. demonstrated increased PD-L1 expression
in EBV+ NPC cells. Both transfection and induction of LMP1
resulted in increased PD-L1 expression. Pathways implicated
include JAK3/STAT3, MAPKs/AP-1, and NF-xB (153). LMP1
also interacts with the [B-galactose-binding protein Lgalsl This
allows it to impact the NF- kB pathway and subsequent IRF1
signaling, which results in higher PD-L1 expression. This effect is
countered by the addition of the Lgalsl inhibitor OTX008. Lgals
and PD-L1 expression were both correlated with higher rates of
recurrence and metastasis than tumors that did not express these
proteins (154).

Recent research has shown that LMP1 also induces soluble PD-
L1. While the full significance of soluble PD-L1 requires further
study, it acts as an immune inhibitor that can cause T cell
impairment and apoptosis (155, 156). Furthermore, it is
commonly expressed in malignancies (155). Consistent with prior
results (153), LMP1 was shown to induce cellular PD-L1 in NPC
cells. Furthermore, PD-L1 was detected in concentrated culture
medium derived from LMP1-expressing NP69T cells consistent
with the expression of soluble PD-L1. Soluble PD-L1 levels were
increased in the serum of patients with NPC, with higher levels
being associated with more advanced disease, although it was not
associated with prognosis (157).

PD-L1 expression has been documented in multiple EBVaGC
cell lines (158). While it was also demonstrated in lines not
associated with EBV, only EBVaGC demonstrated increased PD-
L1 expression when exposed to IFNYy. Importantly culturing Jurkat
cells, a T cell lymphoma line, with NCC24 and YCCELLI cells treated
with IFN-y increased the number of Jurkat cells arrested in GO/G1.
This effect was not seen in the absence of IFN-y and was partially
abrogated by the addition of anti-PD-1 antibody. These results
suggest that IFN-ymay play a role in PD-L1 expression and that this
expression functionally impairs T cell proliferation in EBVaGC
(158). IFN-y has also been shown to act in conjunction with LMP1
to upregulate PD-L1 in NPC (153).

PD-L1 expression was positively correlated with expression of
stimulator of interferon genes (STING), and expression of these
molecules was associated with higher overall survival (OS) in
EBVaGC (151). This contrasts with the findings of Yoon et al.,
who found that PD-LI expression in EBVaGC promoted tumor
proliferation, invasion, migration, survival, and immune escape
with deleterious effects on prognosis (159). Likewise, Sasaki et al.
found that PD-LI played a key role in T cell evasion by EBVaGC
(158). Nakayama et al. found that high EBV viral loads correlated
with increased PD-L1 expression in EBVaGC and poorer
prognoses (160).

miRNAs also play key roles in altering the PD-L1/PD-1
signaling. Working with gastric cancer and NPC cells, Wang et al.
demonstrated that EBV-encoded miRNAs upregulate PD-L1 (161).
One such example is miR-BART17-3p. Mechanistically, it was
shown that transfecting this miRNA into EBV-negative cells
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resulted in PBRMI1 inhibition, specifically by binding to the PBRM1
3’-UTR and causing mRNA degradation through the RNA-induced
silencing complex (RISC). PBRM1 overexpression resulted in
decreased PD-L1 expression. Conversely, PBRM1 inhibition
resulted in increased PD-L1 expression (161). miR-BART11 was
also implicated in PD-L1 upregulation by targeting FOXP1 (161).
As was the case with miR-BART17-3p, mirBART-11-3p and
mirBART11-5p both bound the 3’-UTR sequence of FOXP1 and
lead to its degradation via RISC. Overexpression of FOXP1 lead to
decreased PD-L1 expression, while FOXP1 inhibition led to
increased PD-L1 expression. Furthermore, transfection of miR-
BART11 and miR-BART17-3p into HONEI and AGS cells
resulted in increased T cell apoptosis and decreased tumor cell
apoptosis (161). This is consistent with the idea that these miRNAs
promote immune evasion through upregulation of PD-L1. miR-
BARTS5-5p is another miRNA implicated in EBV-mediated PD-L1
upregulation, this time through the protein inhibitor of activated
STAT3 (PIAS3)/STAT3 pathway (159). While PIAS3 mRNA levels
were unaffected by miR-BART5-5p, protein levels were lower in
gastric carcinoma cells transfected with miR-BARTS5-5p. Indeed,
the 3’-UTR of PIAS3 was noted to have a potential binding site for
miR-BART5-5p. This downregulation of PIAS3 resulted in
increased activated STAT3 (pSTAT3) activity, which in turn
increased PD-L1 activity (159).

4.3 Manipulation of the PD-1/PD-L1 axis in
hematologic malignancies

PD-L1 manipulation secondary to EBV is also seen in
hematologic malignancies (162), including BL and DLBCL (143).
Like with other forms of cancer, PD-L1 expression has implications
for prognosis and is associated with poor outcomes in multiple
EBV-associated hematologic malignancies (163-165). The
significance of this is highlighted by a study showing that 20% of
sampled EBV-associated DLBCL demonstrated 9p24.1
amplification, which includes PD-L1 and PD-L2. Furthermore, 9
of 24 formalin-fixed and paraffin-embedded (FFPE) specimens
demonstrated PD-L1 amplification, eight of which demonstrated
strong amplification (166). In another study, 5/7 large B cell
malignancies were associated with EBV positivity; these
tumors demonstrated stronger PD-L1 than PD-1 staining (167).
Interestingly, another study found that PD-L1 expression in EBV+
DLBCL was less common in Japanese patients (6/57 cases assessed),
indicating ethnicity could potentially play a role in the frequency of
PD-LI expression in DLBCL, although differences in technique or
cut off values were also postulated as an explanation (168). 35/90
NK/T cell lymphomas, all of which were associated with EBV,
demonstrated PD-L1 staining. In classic Hodgkin lymphoma
(cHL), 40/41 PD-L1 positive cases were EBV-associated (167),
and 19/26 cases of EBV+ post-transplant lymphoproliferative
disorder (PTLD) expressed PD-L1 (141). Working with NK cell
lines NK-92 (EBV-negative) and SNK-6 (EBV-positive), Bi et al.
demonstrated that PD-L1 expression was much higher in SNK-6
cells. PD-L1 expression was significantly higher in NK-92 cells
transfected with LMP1, and LMP1 upregulated proteins involved in
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MAPK/NF-xB signaling. Furthermore, patients with increased PD-
L1 expression, either soluble or within the tumor itself, had poorer
response to treatment and lower survival rates; PD-L1 expression
was found to be an independent adverse prognostic factor for
patients with stage I to II NK T cell lymphomas (164).

miRNA also impacts PD-1/PD-L1 signaling in hematologic
malignancies. Serum levels of the cellular miRNA (169) miR-155
were increased in DLBCL, with EBV-positive patients having higher
levels than EBV-negative patients. miR-155 enhanced PD-LI1
expression and caused CD8+ T cell apoptosis. CD8+ T cell
effector function was inhibited via dephosphorylating AKT and
ERK, and PD-LI blockade inhibited tumors overexpressing miR-
155 in murine xenograft models, implying PD-L1 inhibition
promoted T cell effector function (170). Table 1 provides an
overview of mechanisms employed by EBV to upregulate PD-L1.

TABLE 1 Upregulation of PD-L1 by EBV.

Cell/

cancer

Molecule Mechanism line Reference

Immune inhibitory molecule (139, 140,
PD-L1 upregulated by EBV Multiple 145-147)
EBNA2 Inhibition of miR-34a B cells (142, 143)
Multiple
EBNA2 Induction of PD-L1 cell lines (144)
Promotes activity at PD-
EBNA2 L1 enhancer B cells (142)
LMP1 Inhibition of miR-34a B cells (142)
Alter signaling in multiple
pathways (JAK3/STATS3,
MAPKSs/AP-1, and NF-xB) to
LMP1 upregulate PD-L1 NPC (153)
Interact with Lgals1 with
subsequent impact on the NF-
kB pathway and
LMP1 IRFI signaling NPC (154)
LMP1 Induction of soluble PD-L1 NPC (157)
EBVaGC,
LMP1 IFNy NPC (158, 171)
Upregulates PD-L1 promoter
through increased Jak3 and
the PD-L1 enhancer through
LMP1 increased AP-1 LCL (141)
Upregulates MAPK/NF-
LMP1 KB signaling Nk cells (164)
miR- EBVaGC,
BART17-3p PBRM1 inhibition NPC (161)
miR- EBVaGC,
BARTI1 Target FOXP1 for degradation = NPC (161)
miR- PIAS3 downregulation led to
BART5-5p increased STAT3 activity EBVaGC (159)
miR-155 PD-L1 upregulation DBLCL (170)
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4.4 Modulation of immunoactive cellular
secretions — IFN

EBV’s involvement extends beyond the confines of the cell
membrane; it is implicated in altering immunoactive cellular
secretions as well (172-174). One such signaling molecule
influenced by EBV is IFN. IFN signaling plays a significant role
in T cell regulation through both direct and indirect signaling
modalities (175). The impact can either be stimulatory or
inhibitory depending on precisely when the T cell receptor is
stimulated compared to type I IFN receptor (IFNAR) signaling
(175). It is involved in CD4+ T cell expansion during acute infection
and exhaustion during chronic infection (176), Treg polarization
(177), CD8+ T cell proliferation and memory formation (178), and
many other aspects besides (175, 176).

EBV has evolved numerous techniques for manipulating the
IFN response, thus enhancing its immunoevasive capabilities (179).
One protein that contributes to downregulation of the IFN response
is the early protein BFRF1 (180). Cells transfected with BFRFI, the
EBV protein BGLF4 (which was previously demonstrated to
suppress IFN regulatory factor 3 [IRF3] signaling (181)), and
vector were infected with sendai virus. BFRF1 inhibited IFN-3 at
a rate comparable to BGLF4. Consistent with these results,
interferon-stimulated response element (ISRE) promoter
activation was suppressed. Mechanistically, it was demonstrated
that BFRFI inhibited the kinase functionality of IKKi, which
reduced IFN-B promoter activity. Subsequent IRF3
phosphorylation and dimerization was inhibited (180).

LMP2A and LMP2B also have deleterious effects on IFN
signaling. Epithelial cells expressing LMP2A and 2B were less
responsive to both IFN- o and IFN-y. Transcriptional profiling
indicated that these proteins had a global impact on IFN-associated
gene expression, an effect mediated by increased degradation of IFN
receptors (182).

The tegument protein BGLF2 has an inhibitory effect on IFN
signaling (174). When cells transfected with BGLF2-expressing
plasmids were exposed to IFN-B, there were reduced levels of
phosphorylated Tyk2, phosphorylated STATI1, and
phosphorylated STAT3 compared to cells transfected with
plasmids expressing a BGLF2 carboxyl terminal deletion mutant
or GFP. Similar decreases in phosphorylated STAT1 and
phosphorylated STAT3 were noted following treatment with IFN-
o in cells transfected with BGLF2-expressing plasmids but not with
the BGLF2 mutant. Moreover, expression of the IFN-stimulated
genes IRF1, IRF7, and MxA was decreased following treatment with
IFN-0, although ISG15 expression was not. BGLF2 did not inhibit
IFN-y (174).

gp110 is critical in determining EBV tropism and in facilitating
efficient infection (183). Recent research has examined its role in
evading the IFN response (184). Like BFRF1 (180), it was shown to
inhibit IFN-B promoter activity following transfection into human
embryonic kidney 293T (HEK293T) cells. ISRE activity was
inhibited, as was mRNA expression of IFN-f, ISG15, ISG56, IL-6,
and IL-8. Furthermore, gp110 expression resulted in increased viral
cytotoxicity and viral fluorescence following infection with herpes
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simplex virus 1-green fluorescent protein (HSV-1-GFP) or vesicular
stomatitis virus-GFP (VSV-GFP) compared to vector. Vero cells,
which do not produce type I IFN, had nearly no difference. This is
consistent with the idea that gp110 functionally attenuates the host
immune response (184). Mechanistically, it was shown that gp110
impairs IKKi kinase function by disrupting K63-linked
polyubiquitination. In essence, binding of gp110 to IKKi blocks
IKKi’s ubiquitination region, which impairs the ability of TRAF3 to
regulate IKKi by polyubiquitination (184).

The same set of experiments demonstrated that gp110 affects 3-
catenin (184), a molecule known to stimulate IFN production (185,
186). B -catenin interacts with IRF3, which promotes p300
recruitment and IFNB1 promoter acetylation (186). Gpl10
facilitates proteasomal degradation of B-catenin, which results in
diminished IFN-B production. This inhibition was reversed
following the addition of MG132, a proteosome inhibitor (184).

miRNAs play a significant role in modulating host IFN
responses to EBV infection (187). Screening identified miR-
BARTI1, miR-BART16, miR-BART22, and miR-BHRF1-2 as
miRNAs that significantly decreased IFN levels as well numerous
other miRNAs with a less significant but notable impact on IFN
secretion. In addition, EBV miRNAs target other genes in the IFN
signaling pathways as well as proteins involved in type I IFN
secretion (187).

Consistent with the above results, Hookyaas et al. demonstrated
that miR-BART16 plays a role in modulating the host IEN response.
Indeed, when it was expressed in 293T-ISRE-mCherry reporter cells,
ISRE reporter expression was decreased by 27%. Notably, cells
expressing the miRNAs miR-BART]I, 3, 4, 5, 6, 15, 16, 17, 18, and
21 decreased ISRE reporter expression by 52%, indicating other miR-
BARTs may diminish the IFN response as well. Furthermore,
induction of the interferon-stimulated genes IFIT1 and ISG15 was
inhibited by miR-BART16. Mechanistically, it was shown that miR-
BART16 targets the 3'UTR of CBP (188). miR-BART6-3p is another
miR-BART that exerts a negative regulatory effect on IFN signaling,
this time through retinoic acid-inducible gene I (RIG-I)-like receptor
inhibition (189). RIG-I-like receptors sense viral infection and
stimulate transcription of type I IFN and other antiviral genes
(190). Not only did miR-BART6-3p inhibit host IFN-f response to
EBV infection, it specifically targeted the 3> UTR of RIG-I (189). In
addition, RNA circBART2.2 decreases IFN-y secretion by T cells via
PD-L1 upregulation (191). IFN-y secretion represents one
mechanism by which T cells induce cytotoxicity in cancer cells (192).

In addition to the above modulation of IFN signaling, EBV-
specific manipulation of the IFN pathway has been implicated in
EBV-associated malignancy (171). The IFN response has multiple
conflicting roles in cancer. On the one hand, it was recently shown
that cancer-specific IFNAR 1 signaling resulted in immune cell
exhaustion, release of cancer cell immune checkpoint receptor
ligand-containing, cancer derived exosomes, and poor clinical
outcomes (193). On the other hand, IFN signaling has been
shown to augment granzyme B expression with subsequent
augmentation in the cytotoxic capacity of T cells and subsequent
suppression of tumor development (194). A more complete review
of the role of IFN in cancer can be found elsewhere (195-197).
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It has been proposed that EBV-associated cancers can be
divided based on their manipulation of IFN genes (171).
Ingenuity Pathway Analysis (IPA) demonstrated that upstream
regulators of EBV response genes primarily involved type I or II
IFN signaling, transcription factors that stimulate IFN, or molecules
that overlap with the type I IFN response. Cancers with IFN
upregulation including GC, NPC, and DLBCL comprised one
group, while EBV-associated cancers with a diminished IFN
response when comparing EBV-positive and EBV-negative
cancers including Burkitt lymphoma, angioimmunoblastic T cell
lymphoma, NK/T cell lymphoma, and sporadic Burkitt lymphoma
comprised the other group (171). Cancers in the IFN+ group
demonstrated increased expression of immune checkpoint
proteins, including PD-L1 and indoleamine 2,3-dioxygenase
(IDO)-1 (171). Indeed, IENYy only induced IDO-1 in EBV+ GC
cells, and EBV+ GC cells demonstrated increased induction of PD-
L1 following IFN-y treatment compared to their EBV-negative
counterparts (171). This upregulation in PD-LI is consistent with
the previously discussed results obtained by Sasaki et al.
demonstrating that IFN-y enhanced PD-L1 expression in GC
(158). Similar results have also been seen in NPC (153).

4.5 Modulation of immunoactive cellular
secretions — interleukins and chemokines

Interleukins (IL) are signaling molecules expressed by several
different cell types that stimulate multiple immune cell functions,
including activation, differentiation, proliferation, migration, and
adhesion (198). Like IFN, IL signaling plays a role in the immune
response to cancer (199), and modulation of IL signaling by EBV
thus has implications for both viral persistence and tumor cell
survival. II-1 is a pro-inflammatory cytokine that can stimulate T
cell activation (200) and plays a role in stimulating the innate
immune system (201). BHRFI-2 miRNAs have been shown to
inhibit IL-1 signaling via inhibition of the IL-1 receptor 1. Indeed,
IL-1 receptor 1 inhibition was noted at both the RNA and protein
levels. In LCLBACD2 (a BHRF1-2 knockout cell line) and BJAB
cells expressing BHRF1-2 miRNAs, levels of IL-1o and IL-1B
transcripts were halved. Consistent with these results, secreted IL-
1P was also halved in LCLBACD2 cells transfected with BHRF1-2
miRNA. Control LCLs had significantly higher levels of IL-101, IL-
1B, and IL-6 than miR-BHRF1-2-5p-sponged cells. The authors
concluded that this interruption in signaling impacts autocrine/
paracrine IL-1 signaling, which leads to alterations in the cellular
environment and cytokine expression in latently infected cells
(201). Interestingly, IL-1P has long been known to be upregulated
in the setting of EBVaGC, where it may act as an autocrine growth
factor (202).

T cell EBV-induced manipulation of IL-6 has been implicated
in NPC. Immortalized nasopharyngeal cells infected with EBV
demonstrated higher levels of phosphorylated STAT compared to
their non-infected counterparts following IL-6 exposure. This
effect is created through increased expression of the IL-6
receptor (203). IL-6 signaling increased invasive properties as
well as expression of cyclin D1 and LMP1, whose oncogenic and
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immunoevasive capacities were discussed above. Transfection of a
dominant active STAT mutant (STAT3C) promoted anchorage-
independent growth and increased c-myc and Bcl-2 expression.
Increased IL-6 receptor expression resulted in cell growth,
including anchorage-independent growth (203). Collectively,
these findings indicate that IL-6 receptor overexpression and
subsequent increased IL-6 signaling increases cell growth and
malignancy in EBV-infected cells. The significance of these
findings is underscored by the fact that IL-6 receptor expression
was detected in 62% of NPC samples (203).

IDO is a compound that has long been known to impair T cell-
mediated immune responses (204). Stromal cell production of
IDO was upregulated in the context of EBV-associated oral
squamous cell carcinoma compared to EBV-negative cancers.
Internalization of exosomes from P3HRI, an EBV-positive BL cell
line, by monocyte-derived macrophages (MDM) resulted in
expression of IDO, a result that was poorly replicated when using
EBV-negative Akata cells. Mechanistically, it was shown that EBER-1
induced RIG-I expression, which led to increased TNF-o and IL-6
expression and subsequent upregulation of IDO. Importantly,
increased IDO production by MDM impaired CD4+ and CD8+
T cell proliferation and inhibited CD8+ T cell cytotoxicity (205). This
result is in accordance with previous experiments demonstrating that
IL-6 and TNF-o resulted in increased IDO expression in
macrophages associated with NPC. Notably, inhibition of p38/
MAPK and NF-xB pathways nearly eliminated IDO expression
(206). Both these pathways can be stimulated by RIG-I (207). IDO
expression has been documented in other EBV-associated cancers as
well (208, 209).

Tumor-associated macrophages (TAMs) infiltrate
malignancies and have significant implications for the tumor
microenvironment (TME) (210). TAMs may secrete IL-10 (211),
an immunosuppressive agent with multiple regulatory functions,
including inhibition of macrophage costimulatory molecules, Th1l
cytokine production, and MHC-II antigen presentation (212).
Furthermore, IL-10 secretion by TAMs is associated with
worsened outcomes in a variety of malignancies (211, 213).
TAM-associated IL-10 secretion is associated with EBV in GC
(214), and IL-10 secretion stimulated an immunosuppressive
TME with increased numbers of Tregs and impaired CD8+ T
cell function. Furthermore, these patients had poorer prognoses
and diminished response to fluorouracil-based chemotherapy
(214). IL-10 knockdown resulted in induction of the lytic cycle
and enhanced tumor cell destruction in both gastric cancer and
LCLs when performed in combination with doxorubicin,
suggesting that this tendency towards increased IL-10
expression can be targeted to treat EBV-associated tumors (215).

Alterations in IL-10 have also been implicated in children with
EBV-associated endemic Burkitt lymphoma. Children with this
disease were more likely to have monofunctional EBNA1-specific
CD4+ T cells secreting IL-10. Polyfunctional CD4+ T cells
secreting IFN-y and IL-10 were less frequent. Furthermore,
EBNAI1-specific IFN-y responses were only seen in 40% of
patients, a much lower rate than that seen in high and low
malaria, which were 84% and 66%, respectively. The authors
concluded that the combination of immune regulation from IL-
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10 and decreased IFN-y CD4+ T cells in EBV-associated endemic
Burkitt lymphoma reduced T cell function (216).

EBV encodes a homolog of IL-10, termed viral IL-10 (vIL-10).
Levels of vIL-10 and IL-6 were correlated with EBV positivity in
NPC. It was shown that these two ILs caused increased expression
of FOXP3 (217), a key protein in the development of Tregs (218).
Consistent with these results, there was a higher proportion of
CD4+CD25+ Tregs in EBV-associated NPC than healthy controls.
Coculturing CD4+ T cells with the EBV-associated NPC line
c666-1 resulted in a greater concentration of Tregs, increasing
from 8.43% in the control group to 19.5% in the c666-1 group.
Collectively, these results indicate that EBV-associated NPC can
manipulate IL-6 and vIL-10 levels to augment Treg formation
(217). Furthermore, vIL-10 stimulated cell cycle progression via
JAK/STAT3 activation (217). It was recently demonstrated that
EBV can use chemokines to attract Tregs (219). Expression of
LMP1 was closely correlated with expression of the chemokines
CCL17 and CCL22 (Pearson’s correlation of 0.96 and 0.95,
respectively). siRNA targeting either LMP1 or LMP2A inhibited
CCL17 and CCL22 production, indicating that both play a role in
their induction. Supernatant obtained from Raji cells stimulated
chemotaxis of Tregs. C-C chemokine receptor type 4 (CCR4)
inhibition diminished this migration. Furthermore, tumors
generated by injecting Raji cells into NOD-SCID mice attracted
Tregs (3% of hCD45+ cells) (219). Analysis from Tumor Cancer
Genome Atlas combined with published NPC RNA-Seq
expression data indicated that the epithelial malignancies NPC
and GC both had increased levels of CCL17, CCL22, and the Treg
marker FOXP3 (219). Histopathologic examination of NPC
tumors revealed a possible mixture of intrinsic and extrinsic
CCL17 and CCL22 expression. Expression of LMP1 in the
mouse colon cancer line CT26 resulted in an increased Treg
presence, which was countered by CCR4 antagonism (219).
Table 2 summarizes mechanisms by which EBV manipulates
immunoactive cellular secretions.

TABLE 2 Manipulation of immunoactive cellular secretions by EBV.

Molecule Mechanism Reference
(173, 175-178,
IFN Multiple 193-197)
IL Multiple (198, 199)
(153,
IFN-y Upregulates PD-L1, IDO 158, 171)
Downregulate IFN-f} promoter activity via
BFRF1 inhibition of the kinase activity of IKKi (180)
LMP2A
and 2B Increase degradation of IFN receptors (182)
Inhibition of IFN-o and IFN-B signaling,
including downregulation of the IFN-
BGLE2 stimulated genes IRF1, IRF7, and ISG15 (174)
IFN-B promoter inhibition with subsequent
Gpl10 decreased expression of IFN signaling via (184)
(Continued)
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TABLE 2 Continued

Molecule Mechanism Reference
inhibition of IKKi kinase polyubiquitination
by TRAF3
B-catenin degradation inhibits IFN-
Gp110 B production (184)
Inhibit IFN and downstream signaling, for
example by targeting the 3’UTR of CBP
miRNAs (188) or RIG-I (189) (187-189)
RNA Decrease T cell secretion of IFN-y via PD-
circBART 2.2 | L1 upregulation (191)
BHRF1- Decreased IL-1 signaling via
2 miRNA receptor inhibition (201)
Upregulate IDO production via increased
RIG-I and subsequent increased TNF-o. and
EBER-1 IL-6 expression (205, 206)
IL- Upregulate IL-6 signaling to stimulate cell
6 Receptor growth and invasion in NPC (203)
1L-10 TAM-induced IL-10 secretion (214)
IL-10 Inhibition of T cell function (216)
vIL-10 Augment Treg formation (217)
LMP1 CCL17 and CCL22 secretion leads to
and LMP2A Treg chemotaxis (219)
4.6 Limiting immune recognition — MHC-I

Avoiding immune recognition is a common mechanism by
which viruses avoid detection. For example, betaherpesviruses
have developed numerous methods of avoiding detection by
pattern recognition receptors, a key mechanism of stimulating
the innate immune response (220). SARS-CoV-2 downregulates
MHC-I to evade the immune system (221) and controls levels of
the antigenic spike protein (222). Thus, it is unsurprising that EBV
has developed mechanisms by which to minimize the ability of the
host immune system to recognize infected cells.

Limiting immune recognition can be effectuated through
minimizing antigen presentation, specifically through targeting
MHC-I. MHC-], also known as human leukocyte antigen (HLA)-
I, complexes are key complexes of adaptive immunity (223). These
molecules bind to the peptide remnants of degraded intracellular
proteins and present them to CD8+ T cells. If these processed
peptides are viral in origin, the cell becomes a target for the
adaptive immune response (223). BILF1 is a lytic cycle gene that
encodes a G-protein-coupled receptor that downregulates MHC-I
expression. Indeed, BILF1-expressing B cells had 40% less MHC-I
expression compared to control cells. The same set of experiments
demonstrated that BILF1 expression in MJS cells resulted in a
dose-dependent decrease in rates of CD8+ T cell recognition when
cells were co-transfected with antigenic BZLF1 and BILF1 (224).
BILF1 was associated with a decrease in the half-life of MHC-I
molecules by targeting them for degradation after the MHC-I
complexes populate the cell surface (224). Subsequent research
demonstrated the importance of the cytoplasmic C-terminal tail of
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BILF1 and the intracellular tail of the HLA class I H chain in this
process, the latter of which governs susceptibility to BILF1-
mediated downregulation (225).

MHC class-I chain-related genes are encoded by HLA class I
genes and function as ligands for natural killer group 2, member D
(NKG2D) receptors seen on NK cells, Y3 T cells, and CD8+ of T
cells. Binding of the ligand and receptor lead to NK and T cell
activation as well as cytokine production (226). Working with
NPC cells, Wong et al. demonstrated that the EBV microRNA
miR-BART7 downregulated major histocompatibility complex
class I chain-related peptide A (MICA). Levels of MICA mRNA
and protein were both decreased, and cells expressing miR-
BART7 had lower rates of cytolysis by NK cells (227).

EBNAL itself is an immunogenic protein that is presented to
CD8+ T cells via MHC-I (228). In addition to the previously
discussed downregulation of MHC-I molecules, EBV has
developed stratagems to limit exposure of this protein to
immune surveillance. For example, the glycine-alanine repeat
domain of EBNA1 prevents mRNA translation of the EBNAIL
protein, which in turn facilitates evasion of cytotoxic T cell
responses (229). Nucleolin is a host cell protein implicated in
this mechanism of evasion, specifically through its interaction
with G-quadruplexes in the mRNA sequence encoding glycine-
alanine repeat domain (230). Using a yeast model, it was further
shown that C-terminal RGG motif was required for human
nucleolin to bind the G-quadruplex in EBNA1 mRNA.
Furthermore, type I protein arginine methyltransferases play key
roles in this interaction (231).

MHC regulation is altered in EBV-associated cancers.
Interestingly, MHC-I molecules were found to be upregulated in
the setting of EBVaGC. In addition, genes associated with MHC-I
presentation, such as TAP1, TAP2, TAPBP, and ERAP1/2,
calreticulin, calnexin, and ERp57 were also increased compared
to EBV-negative GC and controls. Furthermore, transcription
regulators of MHC-I such as NLRC5 and RFX5 were increased.
EBVaGC had higher levels of T and NK cell infiltration, which was
thought to be responsible for the increased expression of MHC-I-
associated genes. There was also increased IFN-vy
production (232).

The above set of findings regarding increased MHC-I
expression in EBVaGC has not been replicated in other EBV-
associated malignancies. In fact, the opposite may be true in NPC:
EBV has been associated with decreased MHC-I expression. Gene
ontology analysis revealed that EBNA1 was strongly associated
with decreased expression of MHC-I-associated gene classes
(‘antigen presentation and endogenous antigen’, ‘MHC class I
receptor activity’, and ‘antigen processing and endogenous
antigen via MHC class I), with a chance probability of <107°
(233). Interestingly, LMP1 has been shown to upregulate MHC-I
expression in epithelial cells (234). However, it also induced c-
myc, which counteracted this effect. There was no difference in
expression levels of MHC-I or associated genes when comparing
LMP1-positive and LMP1-negative NPC, and TAP1, tapasin, and
HLA-A were all downregulated in NPC (234).
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4.7 Limiting immune recognition — MHC-II

MHC class IT molecules (MHC-II), which present exogenous
proteins to CD4+ T cells (235), are also impacted by EBV. RNA-
seq transcriptomic data obtained during B cell immortalization
demonstrated that EBV decreased expression of several MHC-II
genes. It was shown that EBNA2 was adequate to impair MHC-II
transcription, and that inactivation of EBNA2 led to increases in
MHC class II expression. This impaired expression led to
impaired B cell mediated T cell activation. Mechanistically, it
was shown that EBNA2 prevents CIITA (236), a key controller of
MHC-II gene expression (237), from binding MHC-II enhancer
elements. Furthermore, EBNA2 decreased CIITA transcription
(236). Consistent with these results, MCH-II expression was only
noted in 9/30 examined cases of EBV-positive DLBCL as
compared to 49/83 in EBV-negative cases. EBV+ cases were
much less likely to express CIITA and genetic changes involving
CIITA were more common. EBV-positive cases also featured
dysregulated BCR signaling and deficiency of antigen capture
elements (238).

Like MHC-I, EBVaGC has higher levels of MHC-II expression
than EBV-negative GC. EBVaGC was associated with increased
mRNA levels of multiple o.- and B-chains, including HLA-DPAL,
-DPBI, -DQAL, -DQA2, -DQBI, -DQB2, -DRA, -DRB1, -DRB5,
and -DRB6. There was increased expression of genes in the
antigen presentation pathway such as cluster of differentiation
(CD) 74. Furthermore, there was increased expression of
transcriptional regulators such as CIITA and RFX5. This
upregulation was most likely secondary to increased levels of
IFNY. Intriguingly, EBV-dependent mechanisms that inhibit
IFNY, such as LMP2A and LMP2B, did not adversely impact
MHC-II upregulation (239).

Table 3 contains a summary of mechanisms employed by EBV
to limit antigen recognition, and Figure 2 contains a summary of
mechanisms employed by EBV to evade the immune system.

TABLE 3 Mechanisms to minimize immune system recognition.

Molecule Mechanism Reference
BILF1 MHC-I downregulation (224, 225)
miR-BART7 MICA downregulation (227)
Inhibit MHC-II presentation by binding to
prevent CIITA binding and decreases
EBNA2 CIITA transcription (236)
Contains glycine-alanine repeat domain that
prevents mRNA translation of the antigenic
EBNA1 EBNA1 protein (229-231)
LMPI-mediated MHC-I upregulation
opposed by c-myc upregulation in
LMP1 epithelial cells (234)
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FIGURE 2

Mechanisms of T Cell Evasion by Epstein-Barr Virus (EBV). EBV has developed many mechanisms by which to evade the host immune system. PD-L1
is an immunoinhibitory molecule whose upregulation is accomplished by multiple methods. LMP1 contributes to PD-L1 upregulation via inhibition of
miR-34a, interacting with Lgalsl to alter NF-kB and IRF1 signaling, inducing soluble PD-L1, upregulating IFNy, upregulating the PD-L1 promoter and
enhancer, and influencing multiple signaling pathways including JAK/STAT, AP-1, and NF-kB. EBNA2 upregulates PD-L1 through inhibition of miR-
34a and promoting PD-L1 enhancer activity. miRNAs also increase PD-L1 via PBRM1 inhibition (miR-BART17-3p), targeting FOXP1 for degradation
(miR-BART11), and PIAS3 downregulation leading to increased STAT3 activity (miR-BART5-5p). miR-155, a cellular miRNA, also upregulates PD-L1.
EBV alters immunoactive secretions, such as IFN and IL. BFRF1 downregulates IFN-f promoter activity through IKKi inhibition, and gp110 inhibits the
IFN-B promoter via inhibiting TRAF3-mediated polyubiquitination of IKKi and inhibits IFN- B via B-catenin degradation. BGLF2 inhibits both IFN-a and
IFN-B, and multiple miRNAs inhibit IFN and subsequent downstream signaling, for example by targeting the 3" untranslated region (UTR) of CBP or
RIG-1. RNA circBART2.2 inhibits IFN-y secretion via PD-L1 upregulation. EBER-1 upregulates IDO production via increased RIG-I. LMP1 and LMP2A
promote CCL17 and CCL22 secretion, which stimulates Treg chemotaxis. LMP2A and LMP2B promote IFN receptor degradation. BHRF1-2 miRNA
inhibits IL-1 signaling via receptor inhibition. EBV stimulates tumor-associated macrophages to secrete IL-10, which can inhibit T cells. It also
encodes a viral IL-10 that can promote Treg differentiation. EBV also downregulates antigen presentation. For example, BILF1 downregulates MHC-I
while miR-BART7 decreases MICA. EBNA2 inhibits MHC-II expression. LMP1-mediated upregulation of MHC-I is opposed by C-myc upregulation.

5 T cell modulation as a
therapeutic option in EBV-
associated malignancies

Alterations in T cells caused by EBV represent potential
therapeutic targets. Perhaps the most well-researched are
inhibitors of the PD-1/PD-L1 axis, which have demonstrated
efficacy in a multitude of tumors (240). POLARIS-02 is a recent
phase II clinical trial assessing the efficacy of the PD-1 inhibitor
toripalimab in the setting of previously treated recurrent/
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metastatic NPC. The overall response rate (ORR) was 20.5%
with an average of 12.8 months of response. Notably, a decrease
in serum EBV levels by at least 50% by day 28 was associated with
a much better ORR than less significant decreases of < 50% (48.3%
v. 5.7%, respectively) (241). Nivolumab is a fully human PD-1
inhibitor (242) whose efficacy has also been assessed in the setting
of recurrent/metastatic NPC, this time in conjunction with
ipilimumab (243), a monoclonal antibody targeting the T cell
inhibitor CTLA-4 (244). The best overall response rate was 38%,
with a progression-free survival (PFS) of 5.3 months and an
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overall survival (OS) of 19.5 months. Notably, lower plasma EBV
levels of <7800 IU/mL trended towards improved response rate
and PFS (243).

PD-1 therapy has shown promise in EBVaGC as well. For
example, 63.3% of a sample of 30 EBVaGC patients with a PD-L1
expression level of at least 1% demonstrated an overall response to
PD-1 blockade, including 83.3% in patients with PD-L1
expression of at least 10% and 100% in patients with a PD-L1
expression of at least 50% (245). In addition, there is an ongoing
phase II clinical trial examining the efficacy of toripalimab in
addition to perioperative chemotherapy for locally advanced
EBVaGC (clinical trial ID: NCT05970627).

The utility of PD-1/PD-L1 inhibition is not constrained to
epithelial malignancies. In vitro experiments demonstrated that
PD-1 expression in DLBCL inhibited T cell proliferation and
impacted the T cell cytokine expression profile. PD-1 inhibition
mostly reversed these adverse effects; furthermore, PD-1
inhibition was more effective in EBV+ DLBCL than EBV-
DLBCL lines (246). Nivolumab has been examined as a
therapeutic option for EBV-associated non-Hodgkin lymphoma
(NHL) and lymphoproliferative disorders (247). ORR was 3/5 in
lymphoproliferative disorder patients and 1/2 in NHL. Complete
response rates (CRR) were 2/5 in the lymphoproliferative disorder
and 1/2 in NHL patients (247). There is an ongoing phase II
clinical trial seeking to assess the combination of the PD-1
inhibitor Sintilimab when combined with R-CHOP (rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisone
(248)) in previously untreated patients with EBV-associated
DLBCL (clinical trial ID: NCT04181489). A separate phase II
clinical trial is examining the potential role of nivolumab in EBV-
associated lymphoproliferative disorders and EBV-associated
NHL (clinical trial ID: NCT03258567).

The EBV proteins that modulate the immune system are
being examined as potential therapeutic targets for the treatment
of EBV-associated cancers (249). For example, Sinha et al.
created an EBV-specific T cell expansion process that
generates allogeneic T cells targeting LMP1, LMP2, and
EBNAIL. These cells efficiently recognized both epithelial and
lymphoid malignancies associated with EBV. Xenograft mice
models for NPC, gastric cancer, and lymphoma were transferred
with allogeneic HLA-matched T cells specific for EBV. These
mice had decreased tumor burdens and increased OS compared
to mock-treated mice. Treatment responses were stronger
following ‘switch therapy’ in which the third dose was changed
to HLA-B7-restricted, EBNA1-specific TIG-004 T cells from
HLA-A24-restricted, LMP2-specific TIG-001 T cells.
Furthermore, PD-1/PD-L1 inhibition acted synergistically with
the allogeneic T cells to improve treatment efficacy (250).. HLA-
matched, EBV-specific T cells have also demonstrated efficacy in
post-transplant lymphoproliferative disorder resistant to
rituximab therapy. Patients treated with this modality
experienced a complete remission or sustained partial
remission in 68% of cases following hematopoietic cell
transplant and in 54% of cases after solid organ transplant.
One year survival was 88.9% in complete/partial response
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patients and 81.8% in patients with stable disease after cycle 1.
3/5 patients who experienced progressive disease after 1 cycle
achieved a complete or partial remission after receiving EBV-
specific T cells from a different donor (251).

As discussed above, IDO is a compound that inhibits T cell
function, and it is expressed in multiple EBV-associated cancers.
While there are no registered clinical trials examining its efficacy
in the setting of EBV, it has been examined in other cancers. For
example, a recent phase I/II clinical trial examined the efficacy of
combination IDO/PD-L1 peptide vaccine with nivolumab in
metastatic melanoma. The ORR was 80%, including complete
responses in 43% of patients, and progression-free survival was 26
months on average. The authors did not reach median overall
survival (252). In addition, there are recently completed clinical
trials examining the efficacy of IDO inhibitors in solid tumors
(clinical trial ID: NCT03164603 and (253)).

Vaccines that augment the T cell response to EBV antigens are
also emerging as a potential therapeutic modality in EBV-
associated cancers. For example, Riithl et al. examined the
efficacy of heterologous prime-boost vaccination in lymphomas
expressing EBV antigens (254). T cell responses were induced by
generating recombinant antibodies targeting EBNA1 to dendritic
via the dendritic cell receptor DEC205 (aDEC-E1). Viral vectors
encoding EBNA1 or EBNAI invariant chain, including modified
vaccinia virus Ankara (MVA)-IiE1 and Adeno-E1-LMP, were also
examined (254).. CD4+ and CD8+ T cell responses were elicited
with heterologous vaccination. Mice were vaccinated with oDEC-
El plus Adeno-E1-LMP or Adeno-EI1-LMP plus MVA-IiEl
either prophylactically or therapeutically. In the prophylactic
group, mice were challenged with EL4-E1 tumor cells (a T cell
lymphoma line) two weeks after vaccination. 11/13 mice in the
prophylactic group rejected the tumor cells, and survival increased
from 10% to 100%. In the therapeutic group, mice were vaccinated
1-7 days after tumor cell challenge. Tumor growth was slowed,
and survival increased to 75%. Interestingly, the authors found
that the primary tumor site was controlled by CD4+ T cell
responses, while control of distant disease sites was mediated by
CD8+ T cells following heterologous prime-boost vaccination
(254). Moreover, when challenged with a B cell tumor designed
to mimic Burkitt lymphoma 14 days after receiving the boost,
mice in the Adeno-E1-LMP plus MVA-LiEl had lower levels of
EBV DNA than PBS-treated mice, and greater than % the mice
remained tumor free. Mice in the aDEC-E1 plus Adeno-E1-LMP
group had similar EBV DNA levels to the PBS-treated control, and
35% of them remained tumor free. Following this challenge, there
was no difference in the CD4+ T cell response in treated mice
compared to PBS-vaccinated mice. However, Adeno-E1-LMP
plus MVA-IiEl-vaccinated mice had significantly higher
proportion of EBNA-1-specific CD8+ T cells. Mice vaccinated
with aDEC-E1 plus Adeno-E1-LMP demonstrated only a
moderate increase in CD8+ T cells (254). PD-1 levels were
highest in in PBS-treated mice. PD-1 levels in oDEC-E1 plus
Adeno-E1-LMP were lower than in the control, and mice
vaccinated with Adeno-E1-LMP plus MVA-TiEl had the lowest
PD-1 expression level (254).
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TABLE 4 Interventions targeting T Cells in EBV-associated malignancies.

10.3389/fimmu.2023.1289313

Target Intervention Clinical Trial Status Cancer Reference
PD-1/PD-L1 Toripalimab Phase IT complete NPC (241)
PD-1/PD-L1 Nivolumab + Ipilimumab Phase IT complete NPC (243)
PD-1/PD-L1 PD-1 inhibitors Literature search EBVaGC (245)
PD-1/PD-L1 Toripalimab + Phase II ongoing EBVaGC NCT05970627
perioperative chemotherapy

PD-1/PD-L1 PD-1 inhibition Preclinical DLBCL (246)
PD-1/PD-L1 Nivolumab Phase IT complete NHL/lymphoproliferative disorder (247)
PD-1/PD-L1 Sintilimab + R-CHOP Phase II ongoing DLBCL NCT04181489
PD-1/PD-L1 Nivolumab Phase II ongoing NHL/lymphoproliferative disorder NCT03258567
LMPI1, LMP2, EBNA1 EBV-specific T cells Phase II complete Multiple (250)

EBV EBV-specific T cells Phase II complete Post-transplant (251)

lymphoproliferative disorder

IDO/PD-L1* IDO/PD-L1 peptide vaccine + nivolumab Phase I/IT complete Metastatic melanoma (252)

IDO* NLG802 Phase I complete Solid tumors NCT03164603
IDO* Navoximod Phase IA complete Solid Tumors (253)

T cell response Heterologous prime-boost vaccination Preclinical T and B lymphoma (254)

EBNA1, LMP2 MVA Phase I complete NPC (255)

EBNA1, LMP2 MVA Phase I ongoing NPC NCT01256853
EBNALI C- MVA Phase I ongoing EBV and malignancy NCT01147991
terminal/LMP2

*Potential application in EBV-associated malignancies.

Vaccine technology is being applied in early phase clinical
trials. For example, a phase I clinical trial assessed a recombinant
vaccinia virus, MVA-EL, designed to augment immune responses
to EBNA1 and LMP2 in the setting of NPC. Vaccination at least
doubled reactivity to EBNA1 in 7 of 14 patients and to LMP2 in 6
of 14 patients, with 8 of 14 patients reacting to at least one EBV
antigen by ELISpot assays (255). Using one patient who reacted to
both EBNA1 and LMP2 as a sample, frequencies of EBNAI-
specific CD4+ T cells and LMP2-specific CD8+ T cells were
increased. Measurements of these cell populations were selected
because the protein encoded by MVA-EL has EBNAI1 epitopes
that are predominately HLA class II-restricted and LMP2 epitopes
that are predominately HLA class I-restricted. EBNAI effectors
were detected at high frequencies for over a year while LMP2-
specific effectors declined. There was a greater proportion of
polyfunctional T cells following vaccination (255). When
combined with a similar phase IA trial done in Hong Kong, 18
of 27 patients responded to EBNAI and 12 of 27 patients
responded to LMP2, with 20 of 27 patients demonstrating an
augmented T cell response to at least one antigen. All patients
receiving at least dose level 3 (out of 5 total dose levels) developed
a response to at least one antigen (255, 256).

There are currently clinical trials underway focusing on
therapeutic vaccines, including a modified vaccinia Ankara-based
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vaccine targeting EBNA1 and LMP2 in patients with NPC in
remission (clinical trial ID: NCT01256853). In addition, there is a
phase I trial using an EBNA1 C-terminal/LMP2 chimeric protein-
expressing recombinant modified vaccinia Ankara vaccine following
treatment for EBV and cancer (clinical trial ID: NCT01147991). This
study is seeking to establish whether vaccination induces an altered
frequency of T cell responses to MHC class I and class II-restricted
epitopes of LMP2 and EBNA1. It will also assess changes in plasma
levels of the EBV genome. Table 4 lists recent advances in targeting T
cells in EBV-associated malignancies.

6 Concluding remarks

EBV has evolved mechanisms to evade the immune system at
seemingly every turn. T cells, as primary mediators of cell
mediated immunity, represent key targets of EBV’s evasion
strategy. The success of this evasion strategy is manifest in the
high global burden of disease. While this vast array of
immunoevasive stratagems plays a critical role in viral
persistence, a competent immune system is typically sufficient to
prevent major complications associated with the virus. However,
these strategies take on a new significance in the setting of
malignancy, where they can contribute to tumor cell survival.
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This paper examines modalities of T cell immune evasion and
discusses their implications in EBV-associated cancers.

Of note, these mechanisms may become a therapeutic target
for drug development. There are already treatments targeting PD-
L1, an immunosuppressive molecule upregulated by EBV, that
have demonstrated efficacy in EBV-driven malignancies (78, 257).
Other EBV products involved in immune evasion have emerged as
potential treatments as well (258, 259). This highlights the
necessity of a thorough understanding of these immunoevasive
molecules, something that will continue to be important until such
time as EBV-associated diseases have been fully eradicated.
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