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Abstract: The Epstein-Barr Virus (EBV) is a gammaherpesvirus involved in the etiopathogenesis of a
variety of human cancers, mostly of lymphoid and epithelial origin. The EBV infection participates in
both cell transformation and tumor progression, also playing an important role in subverting immune
responses against cancers. The homeostasis of the immune system is tightly regulated by inhibitory
mechanisms affecting key immune effectors, such as T lymphocytes and NK cells. Collectively known
as immune checkpoints, these mechanisms rely on a set of cellular receptors and ligands. These
molecules may be candidate targets for immune checkpoints blockade—an emergent and promising
modality of immunotherapy already proven to be valuable for a variety of human cancers. The
EBV was lately suspected to interfere with the expression of immune checkpoint molecules, notably
PD-1 and its ligands, found to be overexpressed in cases of Hodgkin lymphoma, nasopharyngeal,
and gastric adenocarcinomas associated with the viral infection. Even though there is compelling
evidence showing that the EBV interferes with other immune checkpoint regulators (e.g., CTLA-4,
LAG-3, TIM-3, and VISTA), the published data are still scarce. Herein, we discuss the current state of
the knowledge on how the EBV interferes with the activity of immune checkpoints regulators, as
well as its implications considering the immune checkpoints blockade for clinical management of the
EBV-associated malignancies, notably lymphomas.

Keywords: Epstein-Barr virus; immune checkpoints; Hodgkin lymphoma; non-Hodgkin lym-
phomas; gastric adenocarcinomas; EBV-associated; viral oncoproteins; viral ncRNAs; immunotherapy;
immune checkpoint blockade; cancer management

1. Introduction

The World Health Organization (WHO) estimated that there were more than 19 million
new cancer cases worldwide for 2020, and almost 10 million associated deaths [1]. Wealthy
countries are likely to have higher cancer incidences, but the impact of these diseases in
developing countries is even more significant [2]. Excluding non-melanoma skin cancers,
a conservative estimate of 2.2 million cases of cancers were attributable to infections in
2018—about 13% of cancer incidence worldwide [3]. Viral infections by the HPV, the
hepatitis viruses B (HBV) and C (HCV), the human T-lymphotropic virus type 1 (HTLV-1),
the Kaposi sarcoma herpesvirus (KSHV), and the Epstein-Barr virus (EBV) are recognized
as human carcinogens [4].

Formally designated Human Gamma Herpesvirus type 4 (HHV-4), the EBV deserves
special attention because it persistently infects most human adults worldwide. The virus
is transmitted by saliva and the contagion starts with infection of epithelial cells in the
oropharynx, where the EBV replicates and reaches local B cells to establish the latent
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infection [5,6]. Only a small fraction of people infected for life will develop the EBV-
associated cancer. Nonetheless, it is well established that the EBV participates in the
etiopathogenesis of a variety of human cancers, notably the endemic forms of Burkitt
lymphomas (BL) and nasopharyngeal carcinomas (NPC). The virus is also readily detected
within the neoplastic cells of a variable number of cases in other malignancies, notably
classic Hodgkin lymphomas (cHL), non-Hodgkin’s lymphomas (NHL), and a small fraction
of gastric adenocarcinomas (GaC) [7].

Most of the neoplastic cells are latently infected in the EBV-associated cancers, express-
ing only a subset of viral products. According to the repertoire of latent viral products
expressed, three main EBV latency programs are typically described, known as viral latency
types I, II, and III. All the EBV latent products are expressed in latency type III, including
six nuclear EBV antigens (EBNAs 1, 2, 3A, 3B, 3C, and LP), three latent membrane proteins
(LMPs 1, 2A, and 2B), and viral non-coding RNAs (ncRNAs), such as the EBV-encoded
small RNAs (EBERs 1 and 2) and miR-BARTs. Latency type II is more restricted, featuring
the expression of the EBV oncoproteins EBNA1, LMP1, and LMP2A, while most of the
viral products are repressed in latency type I, characterized by the expression of EBNA1
and EBERs only. These viral latency expression profiles are observed in latently infected
non-neoplastic cells in vivo and they are also recapitulated in EBV-infected malignant cells
in cancers [5].

The EBV is also remarkable in how it exploits its hosts” immune systems. For instance,
the activity of several components of the interferon response, such as IFN o4 and IFN (3, is in-
hibited by the viral immediate-early gene BZLF1 [8]. Additionally, the viral DNase/alkaline
exonuclease BGLF5 downregulates Toll-like receptors (TLR) [9,10], impacting negatively on
the recognition of pathogen-associated molecular patterns (PAMPs). The elimination of the
EBV-infected B lymphocytes by NK cells is adversely affected by the expression of a viral
homolog of the human immunosuppressive interleukin 10 (vIL-10) [11]. The EBV infection
also compromises immune responses mediated by the Major Histocompatibility Complex
(MHC) molecules: for instance, the viral protein BZLF1 post-translationally downregulates
CD74, involved in antigen presentation mediated by MHC class II molecules [12], while the
EBV BGLF5 induces shutoff of the cellular protein synthesis machinery, affecting adversely
the MHC-I-mediated recognition of infected cells by CD8" T lymphocytes [13]. Both the
EBV proteins vIL-10 and BNLF2a were also found to compromise the presentation of
antigens by infected cells in the context of MHC-I molecules [11]. Therefore, both innate
and immune responses are manipulated by the EBV, which explains how successful this
virus is establishing lifelong persistent infection in humans.

Both the EBV proteins [14] and viral ncRNAs [15] have known oncogenic properties in
human cells. Because the immune evasion is an important feature of cancers in general [16],
the modulation of immune responses by the EBV proteins (e.g., LMP1 [17]) and viral
ncRNAs [18,19] can be instrumental for virus-induced carcinogenesis. Expanding our
understanding of how the EBV infection hacks the immune system by exploiting the
immune checkpoints can sheds new light on the mechanisms of viral carcinogenesis and
cancer biology, providing new and important opportunities for better management of these
potentially lethal diseases. Therefore, herein, we summarize the state of the knowledge
on this topic, aiming to highlight the impact of the immune checkpoints regulation by
viral products in the EBV-associated cancers, as well as the consequences considering new
therapies based on immune checkpoint blockade. For more details about the interplay
between the EBV and immune regulatory molecules, we recommend a recent review by
Miinz (2021) [20].

Because the regulation of immune checkpoints is especially relevant for cancers of
lymphoid origin, we will focus on the EBV-associated lymphomas, overviewed in the fol-
lowing section. Nonetheless, other EBV-associated cancers will be also briefly commented
on throughout this review.
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2. Overview of the EBV-Associated Lymphomas

Lymphomas comprise a broad group of cancers derived from transformed lymphoid
cells that are conventionally divided as Hodgkin (HL) and non-Hodgkin lymphomas (NHL)
in humans. The former is a more well-characterized entity, while the NHL group is notable
for its diversity. There are remarkable different diseases among NHL, such as the highly
aggressive BL, the often-indolent follicular lymphoma (FL), and the very heterogeneous
group of diffuse large B cell lymphomas (DLBCL). These are phenotypically and clinically
mature lymphoid B-cell malignant neoplasms [21], and they are mostly derived from
the GC—structures of the secondary lymphoid tissues in which the selection of B cells
producing high-affinity antibodies against foreign antigens occurs. Within the GC, B cells
undergo somatic mutation of genes encoding immunoglobulin chains, which constitute
the B cell receptor (BCR) expressed on the surface of B-cells. Known as GC response,
this process is tightly regulated for the survival of only B-cell clones capable of effective
responses against foreign antigens, eliminating subpopulations of self-reactive B cells. The
GC structure and the GC response homeostasis rely on the coordination of multiple cell
types other than B-cells, such as stromal cells, follicular T helper (Th) cells, and follicular
T regulatory (Tr) Foxp3+ cells [22]. Of note, the EBV infection regulates many aspects of
B-cell ontogenesis, allowing the emergence of different B-cell lymphomas according to the
maturation stage of the B-cell and its status regarding the GC response [23,24].

The HL is divided into the classical form (cHL), most cases, and the rare nodular
lymphocyte-predominant form (NLPHL). The tumor has a scarce population of giant
neoplastic cells, referred to as Hodgkin or Reed Sternberg (HRS) cells, surrounded by a
variable and heterogeneous repertoire of reactive non-neoplastic cells [25]. The EBV is
detected in HRS cells in roughly half of all cHL cases, and in all cHL arising in people living
with infection by the human immunodeficiency virus (HIV) [26]; conversely, it is typically
absent in NLPHL, except for a few reports [27,28]. The HRS cells have acquired somatic
mutations in the variable (V) segment of the IGH gene, which is indicative that the HL
clonally arises from GC or post-GC B-cells [29,30].

The BL is the most common NHL associated with the EBV, and it has three epidemio-
logical forms: the endemic (eBL), sporadic (sBL), and immunosuppression-associated BL
(iBL), often arising in people living with HIV (PLHIV). The eBL is frequently observed
in the malaria belt region in Africa and Papua New Guinea and virtually all cases are
EBV-associated. Non-endemic BLs (sBL and iBL) are rare worldwide, and the EBV is asso-
ciated with these forms in only a subset of the cases [21]. All BL cases share a pathogenetic
hallmark of recurring translocations involving immunoglobulin heavy chain genes (IGH)
and MYC, which was the first proto-oncogene linked to GC-derived lymphomagenesis [31].

Besides BL, other B-cell NHL associated with EBV infection include the EBV-positive
DLBCL not otherwise specified (NOS) [32], as well as lymphomas more frequently ob-
served in PLHIV [33]. Because HIV hinders the immune system, the EBV-infected cells in
PLHIV are less vulnerable to the immune defenses, favoring the emergence and expansion
of EBV-induced malignant cells, consequently increasing the risk for both cHL and NHL.
Worth noting, the HIV/EBV co-infection in humans foster both the HIV disease progression
and the lymphomagenesis induced by EBV [34]. The EBV is also associated with lympho-
proliferative disorders and NK/T lymphomas (NKTL), but the viral contribution to the
development of these diseases still is elusive [35].

The impact of the EBV infection on the clinical behavior of lymphomas can be ap-
preciated in terms of reduced overall survival (OS) and progression-free survival (PFS) in
EBV-associated HL [36,37] and DLBCLs [38,39], for instance. These data stress the need for
more effective therapies against EBV-associated lymphomas. Recently, treatments based on
immune checkpoint blockade emerged with great promise for the management of human
cancers, but the number of patients achieving complete responses with this new therapeutic
modality remains to be improved. Thus, understanding how the EBV regulates immune
checkpoints poses a strategic role for cancer control—not to mention its putative prognostic
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and predictive values for cancers associated with the EBV infection, which will be discussed
in the following sections.

3. Interplay between Immune Checkpoints and the EBV

The normal immune homeostasis and the activation of T-cells, more specifically, rely on
intracellular events triggered by the activation of the T-cell receptor (TCR), upon the MHC-
mediated recognition of antigenic peptides. Essentially, normal regulators of the immune
checkpoint can modulate T-cell activation by inhibiting TCR co-stimulatory signals. As long
known, T-cells become hyporesponsive without co-stimulatory signals provided by some
surface receptors, such as CD28 [40,41]. Inhibitory signals triggered by the programmed
death receptor 1 (PD-1), and the cytotoxic T-lymphocyte protein 4 (CTLA-4) also control
the intensity of T-cell response, which is important to mitigate autoimmunity and allowing
peripheral tolerance. This is a homeostatic mechanism important to prevent tissue damage
during inflammation, infections, and even neoplastic processes [42].

Currently the literature has more data on some immune regulatory molecules, such as
PD-1 and its ligands and CTLA-4, compared to others. Rather than a reliable proxy of the
relevance of these molecules in the context of immune checkpoints, this may represent a
bias based on the seminal publications about these molecules and their role in the immune
system. Furthermore, some immune checkpoints regulators also received more attention
from the scientific community after being successfully targeted for immune checkpoint
blockade, aiming the development of new protocols in this emerging category of treatment
for the management of human cancers.

The PD-1 receptor has two ligands, PD-L1 and PD-L2, which are typically expressed
by hematopoietic and epithelial cells. The interactions between PD-1/PD-L1 or CD80/PD-
L1 [43] inhibit T-cell response, leading to cellular exhaustion or even apoptosis, which
is often observed in chronic inflammation and cancers [44]. On the other hand, CTLA-4
negatively controls T-cell activation by competing with the CD28 co-stimulatory receptor
for its ligands CD80 (B7.1) and CD86 (B7.2). Because CTLA-4 has a higher affinity for CD80
compared to CD28, it antagonizes the CD28-mediated co-stimulation, reducing or inhibiting
the T-cell activity [45,46]. The PD-1 and CTLA-4 receptors behave differently regarding the
inhibition of T-cell activation and responses: PD-1 acts on differentiated T-cells effectors,
while the activity of CTLA-4 affects mostly the T-cell priming. Additionally, PD-1 ligands
(PD-Ls) are broadly expressed, playing a role in peripheral T-cell tolerance against adverse
immune reactions; conversely, CTLA-4 ligands are often expressed by antigen-presenting
cells (APCs) on lymph nodes and the spleen [47,48]. Because of its broader activity and
considering its upregulation in a variety of human cancers, it is not surprising that more
data has been published on the activity of PD-1 and its ligands; consequently, we have a
better understanding of the role of PD-1 and its ligands as immune checkpoints regulators
compared to other molecules in the same category.

The genes that encode both PD-1 ligands, PD-L1 (CD274; HGNC:17635) and PD-L2
(PDCD1LG2; HGNC:18731), are located in 9p24.1. This is also the genomic region for the
human gene encoding the Janus kinase 2 (JAK2; HGNC:6192)—a key component of the
JAK/STAT pathway, involved in intracellular signaling following cytokine and growth
factors stimuli. A selective amplification of 9p24.1 leading to an increase in the expression
of PD-Ls was reported in cHL and other hematologic malignancies, including the primary
mediastinal large B-cell lymphoma (MLBCL), a specific DLBCL subtype [49]. In 2012,
Green and colleagues reported that 9p24.1 was amplified in 5/12 (41.7%) EBV-negative
cHL, but none of the three EBV-positive specimens were evaluated [50]. This result might
suggest that 9p24.1 amplification and EBV infection are mutually exclusive mechanisms
leading to upregulation of PD-Ls. Later (2016), in a cohort of 118 cHL cases, the frequency
of genetic structural alterations involving the PD-L1 and PD-L2 genes (e.g., polysomy,
gene copy gains, and translocations) was reported at similar rates comparing EBV-positive
and EBV-negative tumors [51]. Therefore, the upregulation of PD-Ls in cHL may be due
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to genetic alterations involving 9p24.1 (e.g., by causing changes in the copy number of
PD-L1/PD-L2/JAK?2), to EBV infection, or even a combined result of both events.

The association between the EBV infection and the expression of PD-Ls were previ-
ously investigated using a humanized mouse model of DLBCL: while mock-infected B-cells
had low levels of PD-L1 and low to no expression of PD-L2 (assessed by flow cytometry),
both PD-L1 and PD-L2 had increased expression in the same cells when infected by EBV
viral strains B95.8 and M81. Interestingly, the authors identified that some neoplastic cells
showed EBV EBNA2 and PD-L1 co-expressed by immunohistochemistry (IHC); remarkably,
T-cells from the EBV-positive lymphoma model expressed PD-1 and CTLA-4 on their sur-
face, and antibody blockade of these receptors caused a substantial increase of EBV-specific
T-cell responses, reducing the lymphoma burden and increasing the survival of mice [52].
This result is consistent with the T-cell mediated control of lymphoma being impaired
by the interaction of PD-1 and CTLA-4 with their ligands produced by the EBV-infected
B-cells, mostly neoplastic ones.

The association of the EBV infection, upregulation of PD-1/PD-Ls, and lymphoma-
genesis demonstrate that this virus has the necessary tools to interfere with the immune
checkpoint machinery. On the other hand, it should be noted that genomic abnormali-
ties involving mostly the 3'UTR of PD-L1/PD-L2 (e. g., in tandem duplication, inversion,
translocation, and deletions) were described in EBV-associated lymphoproliferative dis-
orders of T and NK cells, including the extra-nodal NK T-cell lymphoma (NKTL) and the
aggressive NK/T-cell leukemia. Based on a TCGA dataset of more than 10 thousand tumor
samples (33 different cancer types), a higher frequency of PD-L1 and PD-L2 structural vari-
ations was observed in EBV-associated DLBCL, peripheral T-cell lymphomas, and gastric
adenocarcinoma, compared to cases without viral infection. Interestingly, PD-L1 variations
were found in T/NK-cells lymphomas, while PD-L2 variations were more restricted to
B-cell lymphomas and the B-cell lineage [53]. Whether an EBV infection has any direct or
indirect causal role in this high frequency of genomic changes that culminate in increased
PD-Ls expression remains to be uncovered. Nevertheless, some aspects of mechanisms
driven by an EBV infection for the modulation of immune checkpoints can already be
appreciated, as discussed next.

EBV Regulation of Immune Checkpoints: Insights Based on PD-1/PD-Ls Upregulation

In cells latently infected by the EBV showing latency types II (neoplastic cells of cHL
and NPC, for instance) or III (e.g., EBV-immortalized lymphoblastoid cell lines, PTLD, and
lymphomas in immunocompromised hosts), upregulation of PD-L1 can be a consequence of
LMP1 expression. This viral oncoprotein can increase the activity of the PD-L1 promoter by
stimulating the signaling pathways mediated by STAT5 and JAK3—as reported in the EBV-
transformed lymphoblastoid cell line NOR-LCL, in which the PD-L1 gene enhancer is active
and responsive to the cJun/AP-1 transcription factors induced by LMP-1 [50]. Comparing
the cell lines SNK-6 (RRID: CVCL_A673) and NK-92 (RRID: CVCL_2142), both derived
from NK/T cell lymphoid malignancies, PD-L1 expression was significantly higher in the
former, which is EBV-positive, compared to the EBV-negative NK-92. Furthermore, the
EBV-negative NK-92 cells showed an increase in PD-L1 protein after lentiviral transduction
to express EBV LMP1, effects attributed to the LMP-1-induced activation of the NF-kB and
MAPK signaling pathways [54].

Similar results also implicate LMP1 in PD-L1 upregulation in the EBV-associated
epithelial cancers. For instance, PD-L1 is expressed at remarkably higher levels in the
EBV-positive NPC cell line C666-1 (RRID: CVCL_7949) compared to the EBV-negative cell
line NPC-TWO03 (RRID: CVCL_6010), or the pre-malignant nasopharyngeal cells NP695V40T
(RRID: CVCL_F755). The increased production of PD-L1 was observed either by infecting
NPC-TWO03 with the EBV or transfecting this cell line with a recombinant vector for LMP1
expression. Nonetheless, PD-L1 expression was knocked down in LMP-1-transfected
NPC-TWO03 cells treated with a specific siRNA targeting LMP1 transcripts. This study
concluded that the upregulation of PD-L1 by LMP1 was attributed to activation of the
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signaling pathways NF-«B, JAK3/STAT3, and MAPK/AP1 [55]. Worth noting, because
some cell lines used in this study were not reliable models for nasopharyngeal carcinomas
(5-8F, 6-10B, CNE-1, CNE-2, HNE-1, and SUNE-1) [56-58], some of the states in this study
must be interpreted with caution.

Another EBV protein implicated in PD-L1 upregulation is EBNA2, notably in BL
and DLBCL. Consistent upregulation of the PD-L1 protein after in vitro infection with a
recombinant EBV Akata strain was associated with the EBNA2 expression (but not LMP1)
in the EBV-negative BL cell lines OMA4 and DG-75 (RRID: CVCL_0244), as well as the
GC-type DLBCL cell lines U-2932 (RRID: CVCL_1896) and SU-DHL-5 (RRID: CVCL_1735).
The same study identified that EBV EBNA-2 interacts with the cellular early B-cell factor
1 (EBF1) to repress the expression of mir-34a, which inhibits the PD-L1 transcript, thus
increasing the PD-L1 levels. Furthermore, in a cohort of 27 DLBCL, the authors found
that the number of PD-L1 positive cells was substantially higher in the EBV-positive
tumors compared with the EBV-negative ones and it was also increased significantly in
the EBV-positive DLBCL cases expressing EBNA2, compared to cases lacking EBNA2
immunostaining [59]. As LMP1 is expressed in viral latency types Il and III, and EBNA-2 is
typically restricted to latency type III, these data indicate that PD-L1 upregulation can be
exerted by latent proteins expressed during distinct EBV latency programs.

Besides known viral oncoproteins such as LMPs and EBNAs, EBV non-coding RNAs
(ncRNAs) are also being considered relevant factors in EBV-induced carcinogenesis [15].
Considering the EBV-driven mechanisms of PD-Ls upregulation, the 3'-UTRs of both PD-L1
and PD-L2 were found to be targeted by the viral miR-BHRF1-2-5p, as experimentally
confirmed by luciferase reporter assays. Lymphoblastoid cell lines (LCL) infected with the
EBV strains WIL (EBV-WIL) or B95-8 (EBV-B95-8) showed a significant reduction in PD-L1
and PD-L2 when treated with miR-BHRF1-2, indicating that this viral miR-RNA regulates
the PD-Ls [60]. In both in vitro cell models and tumor biopsies of NPC and GaC, PD-L1
upregulation was found to be caused by EBV microRNAs (miRs) BARTs 11 and 17-3p,
via downregulation of FOXP1 and PBRM1 transcripts, respectively [61]. Additionally,
in epithelial malignant cells, the ectopic expression of the EBV miR-BART5-5p in the
EBV-negative GaC cells SNU-601 (RRID: CVCL_0101) downregulated the negative STAT3
regulator PIAS3; conversely, treating EBV-positive GaC cells YCCEL1 (RRID: CVCL_L440)
with anti-miR-BART5-5p decreased the levels of activated STAT3 (pSTAT3) along with
PD-L1. Furthermore, based on a cohort of 103 cases of EBV-associated GaC, the same
study reported that 50% of the GaC tumors expressed PD-L1, and those patients had
significantly lower OS compared with patients with EBV-associated GaC tumors lacking
PD-L1 expression [62].

In summary, the induction of PD-Ls in the EBV-associated cancers (either of lymphoid
or epithelial origin) may rely on the activity of both viral proteins and ncRNAs. It should
be noted that specificities in the mechanisms of PD-Ls induction by the EBV may be due
to pathogenetic features of specific diseases. Nonetheless, the upregulation of PD-Ls and
other immune checkpoint regulators in the EBV-associated cancers may have important
prognostic consequences, as further discussed in the following section.

4. Clinical Impact of Immune Checkpoints in Human Cancers

By interrogating host-virus interactions with a transcriptome analysis with various
cancers, Chakravorty et al. (2019) found that the interferon (IFN)-activation status sig-
nature discriminates the EBV-associated diseases as IFN-activated (IFN™) cancers, such
as GaC, and NPC; and IFN-inhibited (IFN™) cancers, comprising BL (either endemic or
sporadic), angioimmunoblastic T-cell lymphoma (AITL), and NKTCL. The EBV-associated
cancers classified as IFN™ feature upregulation of PD-L1 and other immune checkpoint
regulators, such as the indoleamine 2,3-dioxygenase (IDO)-1 enzyme. Remarkably, these
markers strongly distinguished between the EBV-associated and the EBV-negative GaC.
Moreover, the treatment of GaC-derived cell lines with exogenous IFN-gamma upregu-
lated PD-L1 and derepressed the expression of IDO1 in the EBV-positive cell line SNU-719
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(RRID: CVCL_5086), while only increased PD-L1 in the EBV-negative cell line SNU1 (RRID:
CVCL_0099) [63].

Both clinical and experimental evidence link the EBV infection to changes in the
levels of immune checkpoints regulators. In a series of 433 DLBCL cases, the EBV-positive
tumors (n = 30; 6.9%) showed significantly higher levels of PD-L1, PD-L2, LAG3, and TIM3
transcripts [39]. In another study with 260 aggressive DLBCL cases, the group of EBV-
associated tumors (1 = 16; 6.2%) more frequently presented B7-H4 overexpression compared
to the EBV-negative cases (1 = 244; 93.8%); furthermore, the EBV-associated DLBC showed
a worse prognosis for the disease, either on terms of OS or PFS. Experimentally, upon
infection of the EBV-negative GC-type DLBCL cell line Pfeiffer (RRID: CVCL_3326) with
the EBV strain B95.8, the authors observed upregulation of B7-H4, and the EBV-positive
Pfeiffer cells undergo apoptosis when treated with anti- B7-H4 antibody [64]. In a study
of 464 FFPE samples of adenocarcinoma of the stomach, 450 were analyzed for their EBV
status, being 430 EBV-negative and 20 EBV-associated GaC. The VISTA expression on
immune cells was more often expressed in EBV-positive samples (1 = 18; 90%), and samples
with high PD-L1 expression. On the other hand, the expression of VISTA on tumor cells
was associated with PD-L1 expression, but not with the EBV status (0/20) [65].

The field of immune checkpoints in oncology has evolved at a very fast pace in the
last decades—a consequence of its high value both on the basic science front and for the
clinical management of cancers. As previously mentioned, most of the studies focused
especially on PD-1 and CTLA-4. Nonetheless, other immune checkpoint regulators are
getting more attention lately, such as LAG-3, TIM-3, and VISTA. The LAG-3 is a receptor
with homology to CD4, that binds to MHC II, therefore acting as a negative regulator of
CD4+ and CD8+ T-cells. It is commonly expressed on activated T, B, and NK cells [66].
The regulator TIM-3 interacts with Galectin-9 and is constitutively expressed on innate
immune cells (e.g., monocytes, DCs, and mature NK cells), and on activated and exhausted
T-cells. Antibodies against TIM-3 have been shown to enhance T-cell response [67]. VISTA
is commonly expressed on myeloid, T, and NK cells, and has an inhibitory role in immunity
due to its T-cell suppressive function [68].

The tumoral expression of these molecules and their receptors are being frequently
associated with a worse prognosis in cancers, making it evident that the manipulation of
immune checkpoints is a common mechanism for immune subversion in increased aggres-
siveness during cancer progression. As previously mentioned, high PD-L1 expression was
reported to adversely affect the prognosis of the EBV-associated NPC [55] and GaC [62],
for instance. Thus, therapeutic strategies to block immune checkpoints have the potential
to support the management of various human cancers, especially lymphomas [69].

In a large cohort with 1253 DLBCL cases, the expression of PD-L1 was associated with
the non-GC tumor subtype and EBV positivity. Clinical information from 273 patients
showed that death due to any reason (disease progression, notably) was more frequent in
patients with PD-L1-positive tumors, compared with those lacking PD-L1 expression (59%
vs. 32%, respectively), and PD-L1+ cases showed a significantly worse overall survival
(OS) [70]. In another series of DLBCL cases, high levels of soluble PD-L1 also showed
a similar profile of inferior OS [71]. A meta-analysis with nine studies with 2005 NHL
patients also strengthened the perception that PD-L1 expression is associated with worse
OS [72], and similar results for DLBCLs patients are also reported for LAG-3 [73].

In a cohort of 514 consecutively resected gastric cancers, the subset of EBV-positive
GaC cases (n = 32; 6.2%) showed higher PD-L1 expression (overall, in tumor cells, and
immune cells) and worse prognosis compared to conventional, EBV-negative GaC cases.
Interestingly, five different GaC-derived cell lines evaluated were negatively affected in
terms of cell proliferation, cell migration, and invasion in vitro after knocking down PD-L1
with a specific siRNA, and this effect was more pronounced for EBV-positive GaC cells
(YCCEL1 and SNU-719) compared to the EBV-negative cell lines (SNU-601, SNU-216, and
AGS) [74]. The impact of EBV infection and PD-L1 expression in GaC is also appreciated in
another series of EBV-positive cases (n = 43), in which formalin-fixed paraffin-embedded
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(FFPE) tumor specimens were subjected to the estimation of the EBV copy number (EBV-
CN) by qPCR. No correlation was observed for EBV-CN and the clinicopathological features
of the disease; nevertheless, higher EBV-CN correlated significantly with PD-L1 expression
in tumors (as assessed by IHC), and higher EBV-CN were more frequent in cases with
PD-L1-expressing tumors, which showed worse disease-specific survival (DSS) compared
to cases with low EBV-CN [75].

Based on these data, it is plausible to interrogate whether other EBV-positive cancers
show a similar prognostic profile due to the expression levels of immune checkpoint
regulators, and to what extent molecules other than PD-1/PD-Ls also play a role in the
progression of EBV-associated cancers. Furthermore, elucidating the role of different
immune checkpoint regulators opens a new window of opportunity regarding the use of
immune checkpoint blockade strategies for the treatment of cancers, as discussed below.

5. Immune Checkpoint Blockade in the EBV-Associated Cancers

To date, only PD-1/PD-L1 and CTLA-4 have immune checkpoint inhibitors (ICIs)
approved for therapeutic use [76]. Nonetheless, ongoing early-phase clinical trials are
targeting other molecules, such as LAG-3, TIM-3, and B7-H4 [77].

Encouraging results on the usefulness of PD-1/PD-L1 blockade to treat lymphomas
were reported in different clinical trials in the last decade. For instance, the treatment of
adult patients with relapsed /refractory cHL with the anti-PD-1 antibody nivolumab was
well tolerated and allowed better overall response (NCT01592370, NCT02181738) [78,79].
Similar results with relapsed/refractory cHL were also observed with another anti-PD-
1 drug, pembrolizumab, in a Phase II trial (NCT02453594) [80], and this ICI drug also
provided a better overall response for adult patients with relapsed/refractory primary
MBCL (NCT02576990). Nivolumab was the first ICI against PD-1 approved in the USA for
use in hematological malignancies, approved for adult patients with relapsed /refractory
cHL Pembrolizumab is approved for adult and pediatric patients with relapsed /refractory
cHL, and for relapsed /refractory primary MBCL patients who relapse after two or more
lines of primary therapy.

Despite the known or anticipated advantages of using ICIs to treat cancers that ex-
press a high level of its regulators, immune checkpoint blockade protocols are not free of
limitations and caveats to be considered and better understood. For instance, the use of
ICIs drugs can lead to an increased number of hyper-responsive T-cells in the periphery,
resulting in inflammatory toxicities, known as immune-related adverse events (irAEs).
Most irAEs are light to mild, although, in rare cases, can lead to death. Overall, they
are well-tolerated and do not adversely affect the treatment [81]. Besides irAEs, one of
the major characteristics that hampers a more successful use of ICIs is therapy resistance,
essentially categorized as primary, adaptative, or acquired [82].

Another important point is that more immunogenic tumors usually have better re-
sponses to ICIs, and the composition and humoral profile of the tumor immune microen-
vironment (TIME) is a key factor affecting the success of immune checkpoint blockade
strategies. The TIME can be classified as cold, when the tumor lacks immune cell infiltrates,
or hot, on tumors highly inflamed, showing a high number of T-cells and high production
of pro-inflammatory cytokines. Hot TIMEs tend to respond better to immunotherapy,
including PD-1/PD-L1 blockade [83]. For instance, the TIME in cHL benefits immune
checkpoint blockade therapy, as this lymphoma features extensive non-malignant immune
infiltrate with CTLA-4+ T-cells [84], in addition to the very scarce neoplastic HRS cells
that commonly express PD-Ls [85,86]. Conversely, BL consists of over 90% of malignant
cells, with a very scarce TIME formed by some macrophages and rare T-cells. Furthermore,
myc alterations in BL provide growth and survival signals to the neoplastic cells (which
could explain the independence of a microenvironment for survival) [87], and they lack
significant PD-L1 expression [85,88]. These features make it very challenging to design
therapeutic protocols with immune checkpoint blockade for BL treatment, and there are no
approved drugs for this disease so far.
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The BL is poorly immunogenic, at least partially because the EBV-infected neoplastic
cells express viral latency type I, very restrictive in terms of expression of viral products,
notably immunogenic ones. Therefore, inducing a less restricted latency program (types
II or III) could make the immunological cold TIME in BL more immunogenic and respon-
sive to immune checkpoint blockade. Based on these premises, the BL cell lines KEM1,
MUTU1 (RRID: CVCL_7202), and Rael (RRID: CVCL_7208) were treated with decitabine,
a hypomethylating agent, which caused a significant increase in the activity of EBV Cp
promoter, upregulating the expression of LMP1 and EBNA3C at protein levels and inducing
a latency III. The decitabine treatment in xenografted mouse tumors in vivo caused EBNA2
expression in KEM1, MUTU1, and Rael -derived tumors, and LMP1 in xenografts of KEM1
and MUTUI, but not Rael. To test the durability of decitabine’s effects, LMP1 and Cp
expression was analyzed up to seven days after drug washout, and results showed a mini-
mal decrease in the expression of those genes. For Rael xenografts, EBNA2 was analyzed
by IHC and results showed little to no decrease in EBNA2+ cells, with some areas of the
tumor remaining EBNA2+ even after over 60 after washout [89]. As LMP1 and EBNA?2 are
known to modulate the expression of PD-L1 and other immune checkpoint regulators, the
drug-induced expression of these proteins could potentially upregulate PD-L1 expression
in lymphomas with low PD-L1 expression, making them more vulnerable to ICIs.

Cancer cells may also not respond to immune checkpoint blockade due to the absence
of tumor antigens, or by mechanisms that impact the MHC-mediated antigen presentation,
allowing the immune escape of the neoplastic cells. Loss or dysfunctions in genes encoding
components of the antigen processing machinery, such as beta-2-microglobulin (B2M) or
MHC class I molecules, have been shown to mediate checkpoint blockade resistance [83].
Mutations in the B2M gene or loss of MHC are found in different lymphomas, but they
appear to be less frequent in those associated with EBV infection. In tumor biopsies
of 111 DLBCL patients, B2M mutations were found in GC-type DLBCL and ABC/NOS
subtypes, but not in BL samples [90]. Thus, it is an open question whether the resistance
to immune checkpoint blockade due to loss/dysfunctions of antigen processing genes is
eventually less frequent in EBV-positive lymphomas.

Cyclin-dependent kinases (CDK) 4 and 6 are important drivers of the cell cycle and
are relevant to oncogenesis as they promote the progression of many cancers. In vivo
studies of solid cancers have shown that inhibitors of CDK4/6 potentiate antigen pre-
sentation of tumor cells, increase expression of IFNy of effector T-cells, and decrease
expression of inhibitory immune checkpoints (e.g., PD-1, PD-L1, TIM-3) in CD8+ T-cells.
In this context, treating tumors with CDK4/6 inhibitors greatly enhances the effects of
anti-PD-1 therapy [91,92]. In a study published in 2009 [93], a potential role of B7-H4
was demonstrated in inducing growth-arrest of EBV+ lymphoblastoid cell lines in vitro,
by downregulating gene expression of CDKs (including CDK4/6) and cyclins. Although
better proof-of-concept data are necessary to conclude whether EBV-associated cancers may
behave differently regarding immune checkpoint blockade response, these results provide
a hint on whether cancers associated with EBV infection can achieve a more favorable
response to ICIs.

In a clinical trial to assess the response to pembrolizumab in patients with metastatic
gastric cancer, six out of the 61 patients enrolled had EBV-positive GaC tumors (9.8%).
The overall response rates (ORR) to pembrolizumab in this group of patients was 100%,
and 50% for the patients with PD-L1-positive tumors. Patients with high microsatellite
instability (MSI) also had better responses, and PD-L1 positivity correlated with EBV-
positivity and high MSI, even though EBV infection and MSI were mutually exclusive [94].
The response rate to pembrolizumab was also analyzed in a small cohort of patients with
relapsed /refractory NHL, including tumor samples of DLBCL, NKTCL, peripheral MBCL,
and TLBL. All samples of NKTCL (n = 14) and one out of four (25%) samples of peripheral
MBCL were EBV-positive and showed higher PD-L1 expression compared to the EBV-
negative tumors. Patients with EBV-positive tumors and high PD-L1 expression responded
better to the therapy, especially those with NKTCL, while no response was observed for
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patients with relapsed/refractory EBV-negative NHL tumors in this cohort [95]. Some case
reports also describe a good response to ICls in rare cancers strongly associated with an
EBV infection, as is the case of the primary lymphoepithelioma-like carcinoma (LELC) of
the lungs [96,97].

Even though there are still scarce data regarding possible connections between the EBV
and a more favorable response to immune checkpoint blockade therapies in cancers—either
intrinsic or potentially induced by managing the viral infection—a new and promising
perspective has emerged for the clinical management of cancers. Considering either tumor-
associated or not with the EBV infection, and understanding the mechanisms by which the
EBV-positive tumors behave differently in terms of ICIs susceptibility, can provide valuable
insights to overcome therapy resistance in malignant neoplasms in general.

6. Conclusions

Major advances in the identification of immune checkpoints and their clinical use
have been made lately, along with a glimpse of potential mechanisms that regulate their
expression. Cancer therapies based on immune checkpoint blockade have been approved
for the treatment of different relapsed/refractory lymphomas, and they may even become
the first line of treatment for some diseases, including solid tumors. Different viruses
have the potential to cause human cancers and understanding how they exploit the hosts’
defenses is strategic for the control of cancer progression and even the cure of virus-
associated malignancies. Nonetheless, research on the EBV takes the lead once more, by
showing viral properties important to better understand the tumor immunity and providing
information that may be pivotal for the treatment of the EBV-associated cancers. Achieving
a better understanding of the viral regulation of immune checkpoints can be invaluable
also for cancer management in general, for instance, due to the identification of targetable
immune checkpoint components and how to avoid or overcome cancer resistance to ICI-
based therapies. This requires further investigation on the interaction of viral products and
the expression of immune checkpoints regulators, along with experimental and clinical
studies about the functional effects of the EBV modulation of immune checkpoints.

Funding: A.F.B.B. was awarded a scholarship grant #2019/14324-9, Sao Paulo Research Founda-
tion (FAPESP). ViriCan’s studies at the State University of Sao Paulo (UNESP), SP, Brazil, are also
sponsored by the Brazilian public agencies Coordination for the Improvement of Higher Education
(CAPES) and the Brazilian National Council for Scientific and Technological Development (CNPq).

Acknowledgments: The authors sincerely apologize to the authors of studies relevant to the topic
that were not mentioned in this review due to space and citation constraints.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sung, H.; Ferlay, |.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]

2. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Pifieros, M.; Znaor, A.; Bray, F. Estimating the global cancer
incidence and mortality in 2018: GLOBOCAN sources and methods. Int. J. Cancer 2019, 144, 1941-1953. [CrossRef]

3.  DeMartel, C,; Georges, D.; Bray, F; Ferlay, J.; Clifford, G.M. Global burden of cancer attributable to infections in 2018: A worldwide
incidence analysis. Lancet Glob. Health 2020, 8, €180—€190. [CrossRef]

4. TARC.IARC Working Group on the Evaluation of Carcinogenic Risks to Humans A Review of Human Carcinogens—Part B:
Biological Agents. In IARC Monographs on the Evaluation of Carcinogenic Risks to Humans; International Agency for Research on
Cancer (IARC): Lyon, France, 2011; Volume 100, ISBN 978-92-832-0134-2.

5. IARC.IARC. IARC Working Group on the Evaluation of Carcinogenic Risk to Humans Biological Agents—Epstein-Barr Virus. In
IARC Monographs on the Evaluation of Carcinogenic Risks to Humans; International Agency for Research on Cancer: Lyon, France,
2012; Volume 100B, pp. 45-88, ISBN 9789283213192.

6. Young, L.; Yap, L.-F,; Murray, P.G. Epstein-Barr virus: More than 50 years old and still providing surprises. Nat. Cancer 2016, 16,
789-802. [CrossRef]

7. Shannon-Lowe, C.; Rickinson, A. The Global Landscape of EBV-Associated Tumors. Front. Oncol. 2019, 9, 713. [CrossRef]


http://doi.org/10.3322/caac.21660
http://doi.org/10.1002/ijc.31937
http://doi.org/10.1016/S2214-109X(19)30488-7
http://doi.org/10.1038/nrc.2016.92
http://doi.org/10.3389/fonc.2019.00713

Biomolecules 2022, 12, 397 11 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Hahn, A.M.; Huye, L.E; Ning, S.; Webster-Cyriaque, J.; Pagano, ].S. Interferon Regulatory Factor 7 Is Negatively Regulated by the
Epstein-Barr Virus Immediate-Early Gene, BZLF-1. . Virol. 2005, 79, 10040-10052. [CrossRef]

Van Gent, M,; Griffin, B.D.; Berkhoff, E.G.; Van Leeuwen, D.; Boer, I.G.J.; Buisson, M.; Hartgers, F.C.; Burmeister, W.P.; Wiertz, EJ ;
Ressing, M.E. EBV Lytic-Phase Protein BGLF5 Contributes to TLR9 Downregulation during Productive Infection. J. Immunol.
2010, 186, 1694-1702. [CrossRef]

Van Gent, M.; Gram, A.M.; Boer, 1.G.J.; Geerdink, R.J.; Lindenbergh, M.ES.; Lebbink, R.J.; Wiertz, E.J.; Ressing, M.E. Silencing the
shutoff protein of Epstein-Barr virus in productively infected B cells points to (innate) targets for immune evasion. J. Gen. Virol.
2015, 96, 858-865. [CrossRef]

Jochum, S.; Moosmann, A.; Lang, S.; Hammerschmidt, W.; Zeidler, R. The EBV Immunoevasins vIL-10 and BNLF2a Protect
Newly Infected B Cells from Immune Recognition and Elimination. PLoS Pathog. 2012, 8, €1002704. [CrossRef]

Zuo, J.; Thomas, W.A.; Haigh, T.A.; Fitzsimmons, L.; Long, H.M.; Hislop, A.D.; Taylor, G.S.; Rowe, M. Epstein-Barr Virus
Evades CD4+ T Cell Responses in Lytic Cycle through BZLF1-mediated Downregulation of CD74 and the Cooperation of vBcl-2.
PLoS Pathog. 2011, 7, €1002455. [CrossRef]

Zuo, ].; Thomas, W.; van Leeuwen, D.; Middeldorp, ] M.; Wiertz, E.J.H.].; Ressing, M.E.; Rowe, M. The DNase of Gammaher-
pesviruses Impairs Recognition by Virus-Specific CD8 + T Cells through an Additional Host Shutoff Function. J. Virol. 2008, 82,
2385-2393. [CrossRef]

El-Sharkawy, A.; Al Zaidan, L.; Malki, A. Epstein-Barr Virus-Associated Malignancies: Roles of Viral Oncoproteins in Carcinogen-
esis. Front. Oncol. 2018, 8, 265. [CrossRef]

Caetano, B.ER,; Jorge, B.A.S.; Miiller-Coan, B.G.; de Oliveira, D.E. Epstein-Barr virus microRNAs in the pathogenesis of human
cancers. Cancer Lett. 2020, 499, 14-23. [CrossRef]

Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646-674. [CrossRef]

Eliopoulos, A.G.; Gallagher, N.J.; Blake, S.M.S.; Dawson, C.W.; Young, L.S. Activation of the p38 Mitogen-activated Protein Kinase
Pathway by Epstein-Barr Virus-encoded Latent Membrane Protein 1 Coregulates Interleukin-6 and Interleukin-8 Production.
J. Biol. Chem. 1999, 274, 16085-16096. [CrossRef]

Pfeffer, S.; Zavolan, M.; Graédsser, F.A.; Chien, M.; Russo, J.].; Ju, J.; John, B.; Enright, A.].; Marks, D.; Sander, C.; et al. Identification
of Virus-Encoded MicroRN-As. Science 2004, 304, 734-736. [CrossRef]

Xia, T.; O'Hara, A.; Araujo, I.; Barreto, J.; Carvalho, E.; Sapucaia, J.B.; Ramos, ].C.; Luz, E.; Pedroso, C.; Manrique, M.; et al. EBV
MicroRNAs in Primary Lymphomas and Targeting of CXCL-11 by ebv-mir-BHRF1-3. Cancer Res. 2008, 68, 1436—1442. [CrossRef]
Miinz, C. Co-Stimulatory Molecules during Immune Control of Epstein Barr Virus Infection. Biomolecules 2021, 12, 38. [CrossRef]
Swerdlow, S.H.; Campo, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, ]. WHO Classification of Tumours of Haematopoietic
and Lymphoid Tissues, 4th ed.; International Agency for Research on Cancer: Lyon, France, 2017; Volume 2, ISBN 9789283244943.
Stebegg, M.; Kumar, S.; Silva-Cayetano, A.; Fonseca, V.R.; Linterman, M.A.; Graca, L. Regulation of the Germinal Center Response.
Front. Immunol. 2018, 9, 2469. [CrossRef]

Babcock, G.J.; Hochberg, D.; Thorley-Lawson, D.A. The Expression Pattern of Epstein-Barr Virus Latent Genes In Vivo Is
Dependent upon the Differentiation Stage of the Infected B Cell. Immunity 2000, 13, 497-506. [CrossRef]

Thorley-Lawson, D.A.; Gross, A. Persistence of the Epstein-Barr Virus and the Origins of Associated Lymphomas. New Engl.
J. Med. 2004, 350, 1328-1337. [CrossRef] [PubMed]

Shanbhag, S.; Ambinder, R.F. Hodgkin lymphoma: A review and update on recent progress. CA Cancer J. Clin. 2018, 68, 116-132.
[CrossRef]

Carbone, A.; Gloghini, A. Epstein Barr Virus-Associated Hodgkin Lymphoma. Cancers 2018, 10, 163. [CrossRef] [PubMed]
Wang, S.; Medeiros, L.J.; Xu-Monette, Z.Y.; Zhang, S.; O'Malley, D.P; Orazi, A.; Zuo, Z.; Bueso-Ramos, C.E; Yin, C.C; Liu, Z,; et al.
Epstein-Barr virus—positive nodular lymphocyte predominant Hodgkin lymphoma. Ann. Diagn. Pathol. 2014, 18, 203-209.
[CrossRef] [PubMed]

Huppmann, A.R.; Nicolae, A.; Slack, G.W.; Pittaluga, S.; Davies-Hill, T.; Ferry, J.A.; Harris, N.L.; Jaffe, E.S.; Hasserjian, R.P. EBV
May Be Expressed in the LP Cells of Nodular Lymphocyte—predominant Hodgkin Lymphoma (NLPHL) in Both Children and
Adults. Am. ]. Surg. Pathol. 2014, 38, 316-324. [CrossRef] [PubMed]

Braeuninger, A.; Kiippers, R.; Strickler, ].G.; Wacker, H.-H.; Rajewsky, K.; Hansmann, M.-L. Hodgkin and Reed-Sternberg cells in
lymphocyte predominant Hodgkin disease represent clonal populations of germinal center-derived tumor B cells. Proc. Natl.
Acad. Sci. USA 1997, 94, 9337-9342. [CrossRef] [PubMed]

Marafioti, T.; Hummel, M.; Foss, H.-D.; Laumen, H.; Korbjuhn, P.; Anagnostopoulos, I.; Lammert, H.; Demel, G.; Theil, J;
Wirth, T.; et al. Hodgkin and Reed-Sternberg cells represent an expansion of a single clone originating from a germinal center B-
cell with functional immunoglobulin gene rearrangements but defective immunoglobulin transcription. Blood 2000, 95, 1443-1450.
[CrossRef]

Taub, R.; Kirsch, I.; Morton, C.; Lenoir, G.; Swan, D.; Tronick, S.; Aaronson, S.; Leder, P. Translocation of the c-myc gene into the
immunoglobulin heavy chain locus in human Burkitt lymphoma and murine plasmacytoma cells. Proc. Natl. Acad. Sci. USA 1982,
79,7837-7841. [CrossRef]

Castillo, ].J.; Beltran, B.E.; Miranda, R.N.; Young, K.H.; Chavez, J.C.; Sotomayor, E.M. EBV-positive diffuse large B-cell lymphoma,
not otherwise specified: 2018 update on diagnosis, risk-stratification and management. Am. J. Hematol. 2018, 93, 953-962.
[CrossRef]


http://doi.org/10.1128/JVI.79.15.10040-10052.2005
http://doi.org/10.4049/jimmunol.0903120
http://doi.org/10.1099/jgv.0.000021
http://doi.org/10.1371/journal.ppat.1002704
http://doi.org/10.1371/journal.ppat.1002455
http://doi.org/10.1128/JVI.01946-07
http://doi.org/10.3389/fonc.2018.00265
http://doi.org/10.1016/j.canlet.2020.11.019
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1074/jbc.274.23.16085
http://doi.org/10.1126/science.1096781
http://doi.org/10.1158/0008-5472.CAN-07-5126
http://doi.org/10.3390/biom12010038
http://doi.org/10.3389/fimmu.2018.02469
http://doi.org/10.1016/S1074-7613(00)00049-2
http://doi.org/10.1056/NEJMra032015
http://www.ncbi.nlm.nih.gov/pubmed/15044644
http://doi.org/10.3322/caac.21438
http://doi.org/10.3390/cancers10060163
http://www.ncbi.nlm.nih.gov/pubmed/29799516
http://doi.org/10.1016/j.anndiagpath.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24852241
http://doi.org/10.1097/PAS.0000000000000107
http://www.ncbi.nlm.nih.gov/pubmed/24525501
http://doi.org/10.1073/pnas.94.17.9337
http://www.ncbi.nlm.nih.gov/pubmed/9256483
http://doi.org/10.1182/blood.V95.4.1443.004k55_1443_1450
http://doi.org/10.1073/pnas.79.24.7837
http://doi.org/10.1002/ajh.25112

Biomolecules 2022, 12, 397 12 of 14

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Linke-Serinsoz, E.; Fend, F.; Quintanilla-Martinez, L. Human immunodeficiency virus (HIV) and Epstein-Barr virus (EBV) related
lymphomas, pathology view point. Semin. Diagn. Pathol. 2017, 34, 352-363. [CrossRef]

Ramos da Silva, S.; Elgui de Oliveira, D. HIV, EBV and KSHYV: Viral Cooperation in the Pathogenesis of Human Malignancies.
Cancer Lett. 2011, 305, 175-185. [CrossRef]

George, L.C.; Rowe, M.; Fox, C.P. Epstein-Barr Virus and the Pathogenesis of T and NK Lymphoma: A Mystery Unsolved.
Curr. Hematol. Malign- Rep. 2012, 7, 276-284. [CrossRef] [PubMed]

Keegan, T.H.; Glaser, S.L.; Clarke, C.A.; Gulley, M.L.; Craig, EE.; DiGiuseppe, J.A.; Dorfman, R.F.; Mann, R.B.; Ambinder, R.F.
Epstein-Barr Virus as a Marker of Survival after Hodgkin’s Lymphoma: A Population-Based Study. J. Clin. Oncol. 2005, 23,
7604-7613. [CrossRef] [PubMed]

Koh, Y.W.; Yoon, D.H.; Suh, C.; Huh, J. Impact of the Epstein-Barr virus positivity on Hodgkin’s lymphoma in a large cohort from
a single institute in Korea. Ann. Hematol. 2012, 91, 1403-1412. [CrossRef] [PubMed]

Lu, T-X,; Liang, ].-H.; Miao, Y.; Fan, L.; Wang, L.; Qu, X.-Y.; Cao, L.; Gong, Q.-X.; Wang, Z.; Zhang, Z.-H.; et al. Epstein-Barr virus
positive diffuse large B-cell lymphoma predict poor outcome, regardless of the age. Sci. Rep. 2015, 5, 12168. [CrossRef]

Keane, C.; Tobin, J.; Gunawardana, J.; Francis, S.; Gifford, G.; Gabrielli, S.; Gill, A.; Stevenson, W.; Talaulikar, D.; Gould, C.; et al.
The tumour microenvironment is immuno-tolerogenic and a principal determinant of patient outcome in EBV-positive diffuse
large B-cell lymphoma. Eur. |. Haematol. 2019, 103, 200-207. [CrossRef]

June, C.H.; Ledbetter, J.A.; Gillespie, M.M.; Lindsten, T.; Thompson, C.B. T-Cell Proliferation Involving the CD28 Pathway Is
Associated with Cyclosporine-Resistant Interleukin 2 Gene Expression. Mol. Cell Biol. 1987, 7, 4472-4481.

Mueller, D.; Jenkins, M.; Schwartz, R.H. Clonal Expansion Versus Functional Clonal Inactivation: A Costimulatory Signalling
Pathway Determines the Outcome of T Cell Antigen Receptor Occupancy. Annu. Rev. Immunol. 1989, 7, 445-480. [CrossRef]
Lucca, L.E.; Dominguez-Villar, M. Modulation of regulatory T cell function and stability by co-inhibitory receptors. Nat. Rev.
Immunol. 2020, 20, 680-693. [CrossRef]

Butte, M.J.; Keir, M.E.; Phamduy, T.B.; Sharpe, A.H.; Freeman, G.J. Programmed Death-1 Ligand 1 Interacts Specifically with the
B7-1 Costimulatory Molecule to Inhibit T Cell Responses. Immunity 2007, 27, 111-122. [CrossRef]

Sharpe, A.H.; Pauken, K.E. The diverse functions of the PD1 inhibitory pathway. Nat. Rev. Immunol. 2017, 18, 153-167. [CrossRef]
[PubMed]

Kearney, E.R.; Walunas, T.L.; Karr, RW.; Morton, P.A.; Loh, D.Y.; Bluestone, J.A.; Jenkins, M. Antigen-dependent clonal expansion
of a trace population of antigen-specific CD4+ T cells in vivo is dependent on CD28 costimulation and inhibited by CTLA-4.
J. Immunol. 1995, 155, 1032-1036. [PubMed]

Tivol, E.A.; Borriello, F; Schweitzer, A.; Lynch, W.P; Bluestone, J.A.; Sharpe, A. Loss of CTLA-4 leads to massive lymphoprolifera-
tion and fatal multiorgan tissue destruction, revealing a critical negative regulatory role of CTLA-4. Immunity 1995, 3, 541-547.
[CrossRef]

Buchbinder, E.I; Desai, A. CTLA-4 and PD-1 Pathways: Similarities, Differences, and Implications of Their Inhibition.
Am. ]. Clin. Oncol. 2016, 39, 98-106. [CrossRef] [PubMed]

Brunner-Weinzierl, M.C.; Rudd, C.E. CTLA-4 and PD-1 Control of T-Cell Motility and Migration: Implications for Tumor
Immunotherapy. Front Immunol. 2018, 9, 2737. [CrossRef]

Green, M.; Monti, S.; Rodig, S.J.; Juszczyniski, P.; Currie, T.; O'Donnell, E.; Chapuy, B.; Takeyama, K.; Neuberg, D.; Golub, T.R,; et al.
Integrative analysis reveals selective 9p24.1 amplification, increased PD-1 ligand expression, and further induction via JAK2 in
nodular sclerosing Hodgkin lymphoma and primary mediastinal large B-cell lymphoma. Blood 2010, 116, 3268-3277. [CrossRef]
Green, M.R,; Rodig, S.; Juszczynski, P.; Ouyang, J.; Sinha, P.; O’'Donnell, E.; Neuberg, D.; Shipp, M.A. Constitutive AP-1 Activity
and EBV Infection Induce PD-L1 in Hodgkin Lymphomas and Posttransplant Lymphoproliferative Disorders: Implications for
Targeted Therapy. Clin. Cancer Res. 2012, 18, 1611-1618. [CrossRef]

Roemer, M.G.M.; Advani, RH.; Ligon, A.H.; Natkunam, Y.; Redd, R.A.; Homer, H.; Connelly, C.E; Sun, H.H.; Daadi, S.E,;
Freeman, G.J.; etal. PD-L1 and PD-L2 Genetic Alterations Define Classical Hodgkin Lymphoma and Predict Outcome.
J. Clin. Oncol. 2016, 34, 2690-2697. [CrossRef]

Ma, S.-D.; Xu, X.; Jones, R.; Delecluse, H.-].; Zumwalde, N.A.; Sharma, A.; Gumperz, ].E.; Kenney, S.C. PD-1/CTLA-4 Blockade
Inhibits Epstein-Barr Virus-Induced Lymphoma Growth in a Cord Blood Humanized-Mouse Model. PLoS Pathog. 2016,
12, €1005642. [CrossRef]

Kataoka, K.; Miyoshi, H.; Sakata, S.; Dobashi, A.; Couronné, L.; Kogure, Y.; Sato, Y.; Nishida, K.; Gion, Y.; Shiraishi, Y.; et al.
Frequent Structural Variations Involving Programmed Death Ligands in Epstein-Barr Virus-Associated Lymphomas. Leukemia
2019, 33, 1687-1699. [CrossRef]

Bi, X.-W.; Wang, H.; Zhang, W.-W,; Xia, Z.; Zhang, Y.-].; Wang, L. PD-L1 Is up-Regulated By EBV-Driven LMP1 through NF-«b
Pathway and Correlates with Poor Prognosis in Natural Killer /T-Cell Lymphoma. J. Hematol. Oncol. 2016, 128, 4134. [CrossRef]
Fang, W.; Zhang, J.; Hong, S.; Zhan, J.; Chen, N.; Qin, T,; Tang, Y.; Zhang, Y.; Kang, S.; Zhou, T.; et al. EBV-driven LMP1 and
IFN-y up-regulate PD-L1 in nasopharyngeal carcinoma: Implications for oncotargeted therapy. Oncotarget 2014, 5, 12189-12202.
[CrossRef]

Chan, 5.Y.-Y,; Choy, K.-W,; Tsao, S.-W.; Tao, Q.; Tang, T.; Chung, G.T.-Y.; Lo, K.-W. Authentication of nasopharyngeal carcinoma
tumor lines. Int. ]. Cancer 2008, 122, 2169-2171. [CrossRef] [PubMed]


http://doi.org/10.1053/j.semdp.2017.04.003
http://doi.org/10.1016/j.canlet.2011.02.007
http://doi.org/10.1007/s11899-012-0136-z
http://www.ncbi.nlm.nih.gov/pubmed/22983913
http://doi.org/10.1200/JCO.2005.02.6310
http://www.ncbi.nlm.nih.gov/pubmed/16186595
http://doi.org/10.1007/s00277-012-1464-8
http://www.ncbi.nlm.nih.gov/pubmed/22526365
http://doi.org/10.1038/srep12168
http://doi.org/10.1111/ejh.13274
http://doi.org/10.1146/annurev.iy.07.040189.002305
http://doi.org/10.1038/s41577-020-0296-3
http://doi.org/10.1016/j.immuni.2007.05.016
http://doi.org/10.1038/nri.2017.108
http://www.ncbi.nlm.nih.gov/pubmed/28990585
http://www.ncbi.nlm.nih.gov/pubmed/7543510
http://doi.org/10.1016/1074-7613(95)90125-6
http://doi.org/10.1097/COC.0000000000000239
http://www.ncbi.nlm.nih.gov/pubmed/26558876
http://doi.org/10.3389/fimmu.2018.02737
http://doi.org/10.1182/blood-2010-05-282780
http://doi.org/10.1158/1078-0432.CCR-11-1942
http://doi.org/10.1200/JCO.2016.66.4482
http://doi.org/10.1371/journal.ppat.1005642
http://doi.org/10.1038/s41375-019-0380-5
http://doi.org/10.1182/blood.V128.22.4134.4134
http://doi.org/10.18632/oncotarget.2608
http://doi.org/10.1002/ijc.23374
http://www.ncbi.nlm.nih.gov/pubmed/18196576

Biomolecules 2022, 12, 397 13 of 14

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Ye, E; Chen, C.; Qin, J.; Liu, J.; Zheng, C. Genetic profiling reveals an alarming rate of cross-contamination among human cell
lines used in China. FASEB |. 2015, 29, 4268—4272. [CrossRef]

Elgui de Oliveira, D.; Marques, C.S.; Losi, V.C. “Cell Identity” Crisis: Another Call for Inmediate Action. Cancer Lett. 2016, 381,
122-123. [CrossRef]

Anastasiadou, E.; Stroopinsky, D.; Alimperti, S.; Jiao, A.L.; Pyzer, A.R.; Cippitelli, C.; Pepe, G.; Severa, M.; Rosenblatt, J.;
Etna, M.P; et al. Epstein—Barr virus-encoded EBNA2 alters immune checkpoint PD-L1 expression by downregulating miR-34a
in B-cell lymphomas. Leukemia 2018, 33, 132-147. [CrossRef] [PubMed]

Cristino, A.S.; Nourse, J.; West, R.A.; Sabdia, M.B.; Law, S.C.; Gunawardana, ].; Vari, F; Mujaj, S.; Thillaiyampalam, G.;
Snell, C.; et al. EBV MicroRNA-BHRF1-2-5p Targets the 3'UTR of Immune Checkpoint Ligands PD-L1 and PD-L2. Blood 2019,
134,2261-2270. [CrossRef]

Wang, J.; Ge, J.; Wang, Y.; Xiong, F.; Guo, |.; Jiang, X.; Zhang, L.; Deng, X.; Gong, Z.; Zhang, S.; et al. EBV miRNAs BART11
and BART17-3p promote immune escape through the enhancer-mediated transcription of PD-L1. Nat. Commun. 2022, 13, 866.
[CrossRef]

Yoon, C.J.; Chang, M.S.; Kim, D.H.; Kim, W.; Koo, B.K.; Yun, S.-C.; Kim, S.H.; Kim, Y.S.; Woo, ].H. Epstein-Barr Virus-Encoded
MiR-BART5-5p Upregulates PD-L1 through PIAS3/PSTAT3 Modulation, Worsening Clinical Outcomes of PD-L1-Positive Gastric
Carcinomas. Gastric Cancer 2020, 23, 780-795. [CrossRef]

Chakravorty, S.; Yan, B.; Wang, C.; Wang, L.; Quaid, ]J.T.; Lin, C.E; Briggs, S.D.; Majumder, J.; Canaria, D.A.; Chauss, D.; et al.
Integrated Pan-Cancer Map of EBV-Associated Neoplasms Reveals Functional Host—Virus Interactions. Cancer Res. 2019, 79,
6010-6023. [CrossRef]

Jiang, Y.; Cai, G.; Lin, J.; Zhang, J.; Bo, Z.; Li, Y.; Wang, C.; Tong, Y. B7-H4 Is Highly Expressed in Aggressive Epstein-Barr Virus
Positive Diffuse Large B-Cell Lymphoma and Inhibits Apoptosis through Upregulating Erk1/2 and Akt Signalling Pathways.
Infect. Agent Cancer 2019, 14, 20. [CrossRef] [PubMed]

Boger, C.; Behrens, H.-M.; Kriiger, S.; Rocken, C. The novel negative checkpoint regulator VISTA is expressed in gastric carcinoma
and associated with PD-L1/PD-1: A future perspective for a combined gastric cancer therapy? Oncolmmunology 2017, 6, €1293215.
[CrossRef] [PubMed]

Long, L.; Zhang, X.; Chen, F; Pan, Q.; Phiphatwatchara, P.; Zeng, Y.; Chen, H. The promising immune checkpoint LAG-3: From
tumor microenvironment to cancer immunotherapy. Genes Cancer 2018, 9, 176-189. [CrossRef] [PubMed]

Acharya, N.; Sabatos-Peyton, C.; Anderson, A.C. Tim-3 finds its place in the cancer immunotherapy landscape. J. Immunother. Cancer
2020, 8, €000911. [CrossRef] [PubMed]

Xu, W.; Hiéu, T.; Malarkannan, S.; Wang, L. The structure, expression, and multifaceted role of immune-checkpoint protein VISTA
as a critical regulator of anti-tumor immunity, autoimmunity, and inflammation. Cell. Mol. Immunol. 2018, 15, 438-446. [CrossRef]
Xu-Monette, Z.Y.; Zhou, J.; Young, K.H. PD-1 expression and clinical PD-1 blockade in B-cell lymphomas. Blood 2018, 131, 68-83.
[CrossRef]

Kiyasu, J.; Miyoshi, H.; Hirata, A.; Arakawa, F,; Ichikawa, A.; Niino, D.; Sugita, Y.; Yufu, Y;; Choi, I.; Abe, Y.; et al. Expression of
programmed cell death ligand 1 is associated with poor overall survival in patients with diffuse large B-cell lymphoma. Blood
2015, 126, 2193-2201. [CrossRef]

Rossille, D.; Azzaoui, I.; Feldman, A.; Maurer, M.].; Labouré, G.; Parrens, M.; Pangault, C.; Habermann, T.M.; Ansell, S.M.;
Link, B.; et al. Soluble programmed death-ligand 1 as a prognostic biomarker for overall survival in patients with diffuse large
B-cell lymphoma: A replication study and combined analysis of 508 patients. Leukemia 2017, 31, 988-991. [CrossRef]

Zhao, S.; Zhang, M.; Zhang, Y.; Meng, H.; Wang, Y.; Liu, Y,; Jing, ].; Huang, L.; Sun, M.; Zhang, Y.; et al. The Prognostic Value of
Programmed Cell Death Ligand 1 Expression in Non-Hodgkin Lymphoma: A Meta-Analysis. Cancer Biol. Med. 2018, 15, 290-298.
[CrossRef]

Keane, C.; Law, S.C.; Gould, C.; Birch, S.; Sabdia, M.B.; De Long, L.M.; Thillaiyampalam, G.; Abro, E.; Tobin, ].W.; Tan, X.; et al.
LAG3: A novel immune checkpoint expressed by multiple lymphocyte subsets in diffuse large B-cell lymphoma. Blood Adv. 2020,
4,1367-1377. [CrossRef]

Choi, E.; Chang, M.S.; Byeon, S.-].; Jin, H.; Jung, K.C.; Kim, H.; Lee, K.L.; Kim, W.; Park, J.H.; Kim, K.H.; et al. Prognostic
perspectives of PD-L1 combined with tumor-infiltrating lymphocytes, Epstein-Barr virus, and microsatellite instability in gastric
carcinomas. Diagn. Pathol. 2020, 15, 69. [CrossRef] [PubMed]

Nakayama, A.; Abe, H.; Kunita, A.; Saito, R.; Kanda, T.; Yamashita, H.; Seto, Y.; Ishikawa, S.; Fukayama, M. Viral loads correlate
with upregulation of PD-L1 and worse patient prognosis in Epstein-Barr Virus-associated gastric carcinoma. PLoS ONE 2019,
14, €0211358. [CrossRef] [PubMed]

Twomey, ].D.; Zhang, B. Cancer Inmunotherapy Update: FDA-Approved Checkpoint Inhibitors and Companion Diagnostics.
AAPS ]. 2021, 23, 39. [CrossRef] [PubMed]

Waldman, A.D.; Fritz, ].M.; Lenardo, M.]. A guide to cancer immunotherapy: From T cell basic science to clinical practice.
Nat. Rev. Immunol. 2020, 20, 651-668. [CrossRef] [PubMed]

Ansell, S.M.; Lesokhin, A.M.; Borrello, I.; Halwani, A.; Scott, E.C.; Gutierrez, M.; Schuster, S.J.; Millenson, M.M.; Cattry, D.;
Freeman, G.J.; et al. PD-1 Blockade with Nivolumab in Relapsed or Refractory Hodgkin’s Lymphoma. N. Engl. J. Med. 2015, 372,
311-319. [CrossRef] [PubMed]


http://doi.org/10.1096/fj.14-266718
http://doi.org/10.1016/j.canlet.2016.07.031
http://doi.org/10.1038/s41375-018-0178-x
http://www.ncbi.nlm.nih.gov/pubmed/29946193
http://doi.org/10.1182/blood.2019000889
http://doi.org/10.1038/s41467-022-28479-2
http://doi.org/10.1007/s10120-020-01059-3
http://doi.org/10.1158/0008-5472.CAN-19-0615
http://doi.org/10.1186/s13027-019-0234-9
http://www.ncbi.nlm.nih.gov/pubmed/31406503
http://doi.org/10.1080/2162402X.2017.1293215
http://www.ncbi.nlm.nih.gov/pubmed/28507801
http://doi.org/10.18632/genesandcancer.180
http://www.ncbi.nlm.nih.gov/pubmed/30603054
http://doi.org/10.1136/jitc-2020-000911
http://www.ncbi.nlm.nih.gov/pubmed/32601081
http://doi.org/10.1038/cmi.2017.148
http://doi.org/10.1182/blood-2017-07-740993
http://doi.org/10.1182/blood-2015-02-629600
http://doi.org/10.1038/leu.2016.385
http://doi.org/10.20892/j.issn.2095-3941.2018.0047
http://doi.org/10.1182/bloodadvances.2019001390
http://doi.org/10.1186/s13000-020-00979-z
http://www.ncbi.nlm.nih.gov/pubmed/32498695
http://doi.org/10.1371/journal.pone.0211358
http://www.ncbi.nlm.nih.gov/pubmed/30695048
http://doi.org/10.1208/s12248-021-00574-0
http://www.ncbi.nlm.nih.gov/pubmed/33677681
http://doi.org/10.1038/s41577-020-0306-5
http://www.ncbi.nlm.nih.gov/pubmed/32433532
http://doi.org/10.1056/NEJMoa1411087
http://www.ncbi.nlm.nih.gov/pubmed/25482239

Biomolecules 2022, 12, 397 14 of 14

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Younes, A.; Santoro, A.; Shipp, M.; Zinzani, PL.; Timmerman, ].M.; Ansell, S.; Armand, P; Fanale, M.; Ratanatharathorn, V.;
Kuruvilla, J.; et al. Nivolumab for Classical Hodgkin’s Lymphoma after Failure of Both Autologous Stem-Cell Transplantation
and Brentuximab Vedotin: A Multicentre, Multicohort, Single-Arm Phase 2 Trial. Lancet Oncol. 2016, 17, 1283-1294. [CrossRef]
Chen, R;; Zinzani, PL.; Fanale, M.A.; Armand, P; Johnson, N.A; Brice, P,; Radford, J.; Ribrag, V.; Molin, D.; Vassilakopoulos, T.P; et al.
Phase II Study of the Efficacy and Safety of Pembrolizumab for Relapsed /Refractory Classic Hodgkin Lymphoma. J. Clin. Oncol.
Off. J. Am. Soc. Clin. Oncol. 2017, 35, 2125-2132. [CrossRef]

Kumar, V.; Chaudhary, N.; Garg, M.; Floudas, C.S.; Soni, P.; Chandra, A.B. Current Diagnosis and Management of Immune
Related Adverse Events (IrAEs) Induced by Immune Checkpoint Inhibitor Therapy. Front. Pharmacol. 2017, 8, 49. [CrossRef]
Sharma, P.; Hu-Lieskovan, S.; Wargo, J.A.; Ribas, A. Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell
2017, 168, 707-723. [CrossRef]

Duan, Q.; Zhang, H.; Zheng, J.; Zhang, L. Turning Cold into Hot: Firing up the Tumor Microenvironment. Trends Cancer 2020, 6,
605-618. [CrossRef]

Patel, S.S.; Weirather, J.L.; Lipschitz, M.; Lako, A.; Chen, P.-H.; Griffin, G.K.; Armand, P.; Shipp, M.A_; Rodig, S.J. The microenvi-
ronmental niche in classic Hodgkin lymphoma is enriched for CTLA-4-positive T cells that are PD-1-negative. Blood 2019, 134,
2059-2069. [CrossRef] [PubMed]

Chen, B.J.; Chapuy, B.; Ouyang, J.; Sun, H.H.; Roemer, M.G.; Xu, M.L.; Yu, H.; Fletcher, C.D.; Freeman, G.J.; Shipp, M.A; et al.
PD-L1 Expression Is Characteristic of a Subset of Aggressive B-cell Lymphomas and Virus-Associated Malignancies. Clin. Cancer
Res. 2013, 19, 3462-3473. [CrossRef] [PubMed]

Panjwani, PK.; Charu, V,; DeLisser, M.; Molina-Kirsch, H.; Natkunam, Y.; Zhao, S. Programmed death-1 ligands PD-L1 and PD-L2
show distinctive and restricted patterns of expression in lymphoma subtypes. Hum. Pathol. 2018, 71, 91-99. [CrossRef] [PubMed]
Scott, D.W.; Gascoyne, R.D. The tumour microenvironment in B cell lymphomas. Nat. Cancer 2014, 14, 517-534. [CrossRef]
[PubMed]

Tamura, A.; Yoshida, M.; Yamamoto, N.; Nino, N.; Nakatani, N.; Ichikawa, T., Nakamura, S.; Saito, A.; Kozaki, A.;
Kishimoto, K; et al. Programmed Death-1 and Programmed Death-Ligand 1 Expression Patterns in Pediatric Lymphoma. Blood
2018, 132, 5316. [CrossRef]

Dalton, T.; Doubrovina, E.; Pankov, D.; Reynolds, I.R.C.; Scholze, H.; Selvakumar, A.; Vizconde, T.; Savalia, B.; Dyomin, V,;
Weigel, C.; et al. Epigenetic reprogramming sensitizes immunologically silent EBV+ lymphomas to virus-directed immunotherapy.
Blood 2020, 135, 1870-1881. [CrossRef]

Challa-Malladi, M.; Lieu, Y.K.; Califano, O.; Holmes, A.B.; Bhagat, G.; Murty, V.V,; Dominguez-Sola, D.; Pasqualucci, L.;
Dalla-Favera, R. Combined Genetic Inactivation of 32-Microglobulin and CD58 Reveals Frequent Escape from Immune Recogni-
tion in Diffuse Large B Cell Lymphoma. Cancer Cell 2011, 20, 728-740. [CrossRef]

Goel, S.; DeCristo, M.].; Watt, A.C.; BrinJones, H.; Sceneay, J.; Li, B.B.; Khan, N.; Ubellacker, ] M.; Xie, S.; Metzger-Filho, O.; et al.
CDK4/6 Inhibition Triggers Anti-Tumour Immunity. Nature 2017, 548, 471-475. [CrossRef]

Deng, J.; Wang, E.S.; Jenkins, RW.; Li, S,; Dries, R.; Yates, K.; Chhabra, S.; Huang, W.; Liu, H.; Aref, A.R.; et al. CDK4/6 Inhibition
Augments Antitumor Immunity by Enhancing T-Cell Activation. Cancer Discov. 2018, 8, 216-233. [CrossRef]

Bin Park, G.; Song, H.; Kim, Y.-S.; Sung, M.; Ryu, ] W.; Lee, H.-K.; Cho, D.-H.; Kim, D.; Lee, W.J.; Hur, D.Y. Cell cycle arrest
induced by engagement of B7-H4 on Epstein-Barr virus-positive B-cell lymphoma cell lines. Immunology 2009, 128, 360-368.
[CrossRef]

Kim, S.T.; Cristescu, R.; Bass, A.J.; Kim, K.-M.; Odegaard, ].I; Kim, K.; Liu, X.Q.; Sher, X.; Jung, H.; Lee, M.; et al. Comprehensive
molecular characterization of clinical responses to PD-1 inhibition in metastatic gastric cancer. Nat. Med. 2018, 24, 1449-1458.
[CrossRef] [PubMed]

Kim, S.-J.; Hyeon, J.; Cho, I; Ko, Y.H.; Kim, W.S. Comparison of Efficacy of Pembrolizumab between Epstein-Barr Virus-Positive
and -Negative Relapsed or Refractory Non-Hodgkin Lymphomas. Cancer Res. Treat. 2019, 51, 611-622. [CrossRef]

Qiu, Z.-X.; Zhou, P.; Wang, K. Primary Pulmonary Lymphoepithelioma-Like Carcinoma Response Favorably to Nivolumab:
A Case Report. OncoTargets Ther. 2019, 12, 8595-8600. [CrossRef] [PubMed]

Narayanan, A.; Knollmann, ED.; Walby, J.A.S.; Lim, S.; Gandara, D.R.; Riess, ].W. EBV-positive Primary Pulmonary
Lymphoepithelioma-like Carcinoma Response to PD-L1 Blockade. Clin. Lung Cancer 2019, 20, e238—e241. [CrossRef] [PubMed]


http://doi.org/10.1016/S1470-2045(16)30167-X
http://doi.org/10.1200/JCO.2016.72.1316
http://doi.org/10.3389/fphar.2017.00049
http://doi.org/10.1016/j.cell.2017.01.017
http://doi.org/10.1016/j.trecan.2020.02.022
http://doi.org/10.1182/blood.2019002206
http://www.ncbi.nlm.nih.gov/pubmed/31697809
http://doi.org/10.1158/1078-0432.CCR-13-0855
http://www.ncbi.nlm.nih.gov/pubmed/23674495
http://doi.org/10.1016/j.humpath.2017.10.029
http://www.ncbi.nlm.nih.gov/pubmed/29122656
http://doi.org/10.1038/nrc3774
http://www.ncbi.nlm.nih.gov/pubmed/25008267
http://doi.org/10.1182/blood-2018-99-110732
http://doi.org/10.1182/blood.2019004126
http://doi.org/10.1016/j.ccr.2011.11.006
http://doi.org/10.1038/nature23465
http://doi.org/10.1158/2159-8290.CD-17-0915
http://doi.org/10.1111/j.1365-2567.2009.03111.x
http://doi.org/10.1038/s41591-018-0101-z
http://www.ncbi.nlm.nih.gov/pubmed/30013197
http://doi.org/10.4143/crt.2018.191
http://doi.org/10.2147/OTT.S219512
http://www.ncbi.nlm.nih.gov/pubmed/31802895
http://doi.org/10.1016/j.cllc.2018.12.015
http://www.ncbi.nlm.nih.gov/pubmed/30679078

	Introduction 
	Overview of the EBV-Associated Lymphomas 
	Interplay between Immune Checkpoints and the EBV 
	Clinical Impact of Immune Checkpoints in Human Cancers 
	Immune Checkpoint Blockade in the EBV-Associated Cancers 
	Conclusions 
	References

