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Simple Summary: Diffuse large B-cell lymphoma (DLBCL) is the most common type of malignant
lymphoid neoplasm and includes morphologically and molecularly heterogeneous disease subtypes.
Genetic aberrations of tumor cells are strongly related to the signature of the tumor microenvironment.
In this review, we summarize common genetic aberrations associated with immune escape, immune
cell subs involved in DLBCL pathogenesis, and distinct microenvironmental signatures identified
using next-generation sequencing and single-cell technologies. We also discuss the pathogenic
role of immunosenescence in Epstein-Barr virus-positive DLBCL. Moreover, as DLBCL exhibits
unique pathogenesis in immune-privileged sites, we also present a hypothetical model of DLBCL
development in immune-privileged sites.

Abstract: Diffuse large B-cell lymphoma (DLBCL) is an aggressive malignancy and is the most
common type of malignant lymphoid neoplasm. While some DLBCLs exhibit strong cell-autonomous
survival and proliferation activity, others depend on interactions with non-malignant cells for their
survival and proliferation. Recent next-generation sequencing studies have linked these interactions
with the molecular classification of DLBCL. For example, germinal center B-cell-like DLBCL tends
to show strong associations with follicular T cells and epigenetic regulation of immune recognition
molecules, whereas activated B-cell-like DLBCL shows frequent genetic aberrations affecting the
class I major histocompatibility complex. Single-cell technologies have also provided detailed
information about cell–cell interactions and the cell composition of the microenvironment of DLBCL.
Aging-related immunological deterioration, i.e., immunosenescence, also plays an important role
in DLBCL pathogenesis, especially in Epstein-Barr virus-positive DLBCL. Moreover, DLBCL in
“immune-privileged sites”—where multiple immune-modulating mechanisms exist—shows unique
biological features, including frequent down-regulation of immune recognition molecules and an
immune-tolerogenic tumor microenvironment. These advances in understanding the immunology of
DLBCL may contribute to the development of novel therapies targeting immune systems.

Keywords: DLBCL; immune escape; immunosenescence; immune-privileged site

1. Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common type of malignant lym-
phoma, comprising around 40% of all malignant lymphoid neoplasms and including a
morphologically and molecularly heterogeneous group of lymphomas [1,2]. Based on gene
expression profiling, DLBCLs are subdivided into activated B-cell-like (ABC-DLBCL) and
germinal center B-cell-like (GCB-DLBCL) types, with each group thought to represent a
differentiation state [3]. This cell-of-origin (COO)-based classification is associated with
clinical course and biological features, with ABC-DLBCL exhibiting a worse prognosis than
GCB-DLBCL. ABC-DLBCL displays chronically active BCR signaling, resulting in constitu-
tive NF-κB activity [4,5]. On the other hand, a subset of GCB-DLBCLs rely on the activation
of PI3K signaling induced by tonic B-cell receptor (BCR) signaling [6]. ABC-DLBCL and
GCB-DLBCL exhibit different distributions of genetic aberrations, and recently published
papers have integrated genetic aberrations into the COO classification [7–10].
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Recent advances in our understanding of the molecular pathogenesis of DLBCL have
enabled the development of novel therapeutic strategies targeting intracellular signaling
pathways [11]. Still, there remains a need to elucidate molecular aspects of the inter-
actions between neoplastic cells and the tumor microenvironment (TME) and systemic
immune system [12]. As novel immune system-targeting therapies have improved patient
survival—including CAR-T therapy and treatment with immune checkpoint inhibitors—it
would be useful to establish good prognostic markers to select patients who will benefit
from these therapies. In this review, we discuss the current knowledge regarding the
immune escape mechanisms of neoplastic cells of DLBCL, which play a major role in tumor
progression and its association with host immune systems.

2. Genomic Aberrations of DLBCL Affecting Immune Status

In many solid neoplasms, the frequency of somatic mutations is associated with
the “neoantigen burden”. Neoantigens are non-self peptides that originate from tumor-
specific altered gene products. Compared with other solid malignancies, DLBCLs are
characterized by somatic hypermutation (SHM) in genes encoding variable regions of the
immunoglobulin gene (IGV) and other off-target genes, such as PIM1. DLBCLs with high
levels of SHM in genes of the immunoglobulin heavy chain variable region reportedly
harbor significantly higher numbers of Ig-derived neoantigens [13]. Some DLBCLs are
infected by Epstein-Barr virus (EBV) and express EBV-derived antigen on the tumor cell
surface [14,15]. These antigens generate anti-tumoral responses by antigen-specific T
cells [16]; therefore, neoplastic B cells employ several immune escape mechanisms to evade
surveillance by antigen-specific T cells and other immune cells. Indeed, approximately
three-fourths of DLBCLs harbor genetic aberrations in genes associated with immune
escape [7]. These immune escape-associated gene aberrations are enriched in the C1 and
C5 subtypes or MCD genetic subtype, characterized by frequent presence of MYD88L265P

and/or CD79B mutations and almost all of which are ascribed to ABC-DLBCL by the COO
classification [7,8]. These lymphoma subtypes show high activity of an activation-induced
cytidine deaminase (AID) footprint, which may produce high immunogenicity [7].

The most prevalent immune escape-associated mechanism is a lack of cell-surface
expression of the class I major histocompatibility complex (MHC-I), which is observed in
around 50% of DLBCLs [17]. MHC-I molecules are heterodimers that comprise a heavy
(α) chain, encoded by HLA-I, and a β2-microglobulin (β2M) light chain, encoded by
B2M [18]. Self and non-self peptides, including viral- and tumor-associated antigens,
are degraded in the proteasome, and presented by the MHC-I complex at the cell surface.
Antigen-specific cytotoxic T lymphocytes (CTL) interact with the MHC-I complex on target
cells through a T-cell receptor (TCR) complex and, in the presence of a co-stimulatory
signal, CTL are activated and kill the target cells [19]. Thus, MHC-I is required for CTL
activation, and is downregulated in many types of malignancies to reduce recognition
by CTLs [20]. Among DLBCLs, loss of MHC-I is preferentially found in mature B-cell
malignancies, and 80% of MHC-I-negative DLBCLs harbor somatic inactivation of B2M
and HLA-I. Genetic aberrations leading to MHC-I loss are relatively enriched in ABC-
DLBCL compared to in GCB-DLBCL [21]. Biallelic genetic aberrations of B2M and HLA-I
are mutually exclusive, suggesting that these genetic aberrations play complementary
functions in MHC-I downregulation. The finding of higher mutation burden in DLBCLs
lacking MHC-I, also highlights the role of immune escape in these tumors [17]. Interestingly,
70% of DLBCLs with MHC-I expression also harbor monoallelic HLA-I alterations, implying
that reduced HLA-I gene diversity may impair tumor cells’ ability to present antigens to
CTL by lowering the repertoire of functional MHC-I molecules. Although tumor cells
lacking MHC-I can evade CTL, diminished MHC-I expression makes them vulnerable
to natural killer (NK) cell-mediated cytotoxicity [21]. The MHC-I acts as the inhibitory
ligand for NK cells and, under normal circumstances, MHC-I expression prevents NK cells
from attacking host cells [22]. Loss of CD58 expression is another important mechanism of
immune escape by altering immune recognition. Known as lymphocyte function-associated
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antigen 3 (LFA-3), CD58 is a natural ligand of CD2 expressed on T/NK cells. The CD2–CD58
interaction is an important component of immunological synapses, and CD58 expression on
tumor cells is required both for NK cell and CTL-mediated cytolysis of DLBCL. Inhibiting
CD58 results in diminished recognition and cytolysis of target cells by both CTLs and
NK cells, and re-expression of CD58 induced a significant increase in NK cell-mediated
cytolysis [23]. Indeed, approximately three-fourths of DLBCLs that lack MHC-I also lack
CD58 expression [21], indicating that escape from both CTL and NK cells play an important
role in DLBCL pathogenesis.

The immune escape mechanism also involves attenuated expression of class II ma-
jor histocompatibility complex (MHC-II). MHC-I is generally constitutively expressed by
all nucleated cells, and MHC-II is usually expressed on the cell surface of professional
antigen-presenting cells, including B cells [24]. MHC-II expression is driven by the tran-
scriptional master regulator class II transactivator (CIITA), which is necessary and sufficient
for induction of a fully functional MHC-II pathway. Genetic aberrations causing MHC-
II downregulation were first discovered in primary mediastinal large B-cell lymphoma
(PMBL) by Gascoyne’s group and are regarded as the characteristic genetic aberrations
of that peculiar disease [25,26]. Genetic aberrations affecting CIITA are also enriched in
GCB-DLBCL, DLBCL with plasmacytic differentiation, and EBV-positive diffuse large B-cell
lymphoma (EBV+DLBCL) [8,27,28]. Loss of MHC-II expression is associated with reduced
T-cell infiltration and inferior prognosis [27,29]. In contrast with the MHC-I, tumor-specific
antigens of B-cell lymphomas presented by MHC-II are recognized by CD4+ T cells [30].
Tumor killing by immune cells is generally ascribed to CD8+ CTL, while CD4+ T cells have
been traditionally thought to function in cytokine production and to help CD8+ CTL exert
cytotoxic functions. However, growing evidence suggests that a population of CD4+ T
cells are capable of direct and indirect cytotoxicity, and this population has been termed
CD4+ CTL [31–34]. Thus, MHC-II downregulation also plays an important role in the
pathogenesis and immune escape of DLBCL.

In addition to the above-mentioned immune recognition molecules, DLBCL also com-
monly exhibits disruption of the co-stimulatory and co-inhibitory molecule genes that
modulate the immune responses among T cells and B cells. Monoallelic and biallelic inacti-
vation of CD70 is found in 14% of overall DLBCL cases, and this frequency reaches around
50% among DLBCL cases with BCL6 translocation [7,8]. CD70 is a type-II membrane
glycoprotein belonging to the tumor necrosis factor superfamily, also known as TNFSF7.
CD70 expressed on B cells interacts with CD27 on T cells [35], and this CD70–CD27 axis
activates cell survival signaling, enhances T-cell proliferation, and is thought to have an-
titumor effects [36]. Although these findings suggest that CD70 has tumor suppressor
capability, it has also been implied to play an oncogenic role based on the inferior prognosis
of patients with DLBCL, exhibiting high CD70 expression [35]. The other TNF superfamily
gene, TNFSF9 (CD137L, 4-1BBL), resides on chromosome 19p13.3 adjacent to CD70, and is
frequently co-deleted with CD70 [35,37]. TNFSF9 is expressed on antigen-presenting cells,
including B cells, and binds to TNFRSF9 (CD137, 4-1BB) on activated T cells. Activation
of the TNFSF9–TNFRSF9 pathway promotes T-cell proliferation through the regulation
of cyclin-dependent kinases sustains the survival of activated T cells through expression
of anti-apoptotic molecules and contributes to cytokine production [38]. The role of TN-
FSF9 deletion in DLBCL pathogenesis remains unclear, but a 19p13.3 deletion involving
TNFSF9 was reported to be associated with adverse outcomes in DLBCL [39]. Inactivating
gene mutation and genomic deletion of tumor necrosis factor receptor superfamily member
14 (TNFRSF14, HVEM) are the characteristic genetic aberrations in EZB-type DLBCL and
are associated with transformation of follicular lymphoma [8,40]. TNFRSF14 is broadly
expressed on various types of cells within lymphoid tissue, including T cells, B cells,
and dendritic cells (DCs). TNFRSF14 has several binding partners, including TNF su-
perfamily member 14 (TNFSF14, LIGHT), CD160, and B- and T-lymphocyte attenuator
(BTLA). Loss of those interactions leads to accumulation of follicular helper T cells (TFH)
in the TME, inducing a tumor-supportive TME, and promoting resistance to CAR-T thera-
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pies [40]. The co-inhibitory molecule programmed cell death 1 ligand 1 (PD-L1, CD274)
plays important roles in the development of many types of malignancies, including B-cell
lymphoma [41]. PD-L1 on tumor cells binds to programmed cell death 1 (PD-1, PDCD1)
on T cells, which is colocalized with the TCR, inhibiting T-cell activation and inducing
T-cell exhaustion [42]. Another PD-1 binding partner, programmed cell death 1 ligand 2
(PD-L2), has a similar function to PD-L1, and both PD-L1 and PD-L2 reside on chromosome
9p24.1. [43]. Gain, amplification, and translocation of 9p24.1 all lead to overexpression
of PD-L1 and PD-L2 on tumor cells [44]. Additionally, structural variations (SV) in the
3′-untranslated region (3′-UTR) of PD-L1 upregulates PD-L1 transcripts via mRNA stabiliza-
tion [45]. SV in the 3′-UTR disrupt the C-terminus of PD-L1, such that the molecule is not
detected by antibodies recognizing the intracellular domain [46]. These genomic alterations
affect 10–20% of DLBCLs overall. PD-L1-positive DLBCL shows high cytotoxic activity of
tumor-infiltrating T cells, suggesting that PD-L1 plays an important role in the immune es-
cape of tumor cells, especially in cases with high immunogenicity [47,48]. Notably, Shimada
et al. recently investigated intravascular large B-cell lymphoma (IVL) and found that 38%
of cases harbored SV involving the 3′-UTR of PD-L1/PD-L2. This frequency was detected
by liquid biopsy, i.e., plasma-derived cell-free DNA (cfDNA), and the issues related to this
method are discussed later. In addition, several intracellular signaling pathways are known
to induce PD-L1 expression [49]. For example, STAT3 binds to PD-L1 gene promoter and
is required for PD-L1 gene expression [50]. The role of STAT3 activation in lymphoma
has been highlighted mainly in the ABC DLBCL and EBV+DLBCL, and EBV oncoprotein
LMP1 can induce STAT3 activation [51,52]. Notably, PD-L1 is not only expressed on tumor
cells, but also on background inflammatory cells, such as tumor-associated macrophages
(TAM) in the TME [53–55]. PD-L1-positive DLBCL was associated with inferior clinical
outcome when treated with a rituximab-containing regimen, but showed clinical response
to PD-1 blockade therapy, indicating that PD-1 can be a pharmacological target in this
disease subtype [48,54].

Recently, Ennishi et al. discovered TMEM30A was mutated in 5–10% of DLBCL,
and most of them resulted in loss-of function of TMEM30A [56]. TMEM30A encodes the
beta-subunit of phospholipid flippase (P4-ATPase), which regulates translocation of phos-
phatidylserine (PS) from the outer to the inner leaflet of the plasma membrane, maintaining
an asymmetric distribution of the phospholipid. TMEM30A is one of the main players
regulating the “eat me” signal that promotes phagocytosis of macrophage. TMEM30A loss-
of-function enhances cell surface BCR dynamics facilitating more rapid B-cell responses,
while it also increases tumor-infiltrating macrophages, suggesting TMEM30A loss of func-
tion is associated with a primed microenvironment for phagocytosis [56]. The presence of
TMEM30A mutations was a strong favorable prognostic factor in R-CHOP therapy, espe-
cially in cases with bi-allelic alterations of TMEM30A. TMEM30A mutations were detected
as a significant component of BN2 in LymphGen classification and C1 group described by
Chapuy et al., both of which are genomic subtypes with favorable outcomes [7,10]. Notably,
the authors also demonstrated that cytotoxic treatment (vincristine) or CD47 blockade had a
significant therapeutic effect on TMEM30A-defficient tumor. These findings provide insight
into the roles of “eat me” and “Don’t eat me” signals in DLBCL, enabling the development
of novel therapeutic strategies [57]. Figure 1 presents these immune recognition molecules,
and the co-stimulatory and co-inhibitory molecules are affected by genetic aberrations.
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down-regulated in tumor cells are shown in blue, and molecules up-regulated in tumor cells are 
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Genomic aberrations involving epigenetic modifier genes are one of the most fre-
quent events in DLBCL and are found in up to 60% of cases [7,8]. These alterations occur 
early during the pathogenesis of lymphoma and appear to play a critical role in lym-
phomagenesis, especially in GCB-DLBCL [58,59]. These epigenetic modifier genes include 
Histone-lysine N-methyltransferase 2D (KMT2D), Enhancer of zeste homolog 2 (EZH2), Cyclic-
adenosine monophosphate response element-binding protein (CREBBP), and Histone acetyltrans-
ferase p300 (EP300). Under normal conditions, these epigenetic modifiers control B-cell de-
velopment and germinal center (GC) formation via histone modification [59]. Gene alter-
ations affecting epigenetic modifiers lead to changes in the expressions of multiple 
genes—including immune recognition molecules, immune response modifiers, and cyto-
kines—and shape the TME and facilitate lymphoma progression.  

EZH2, a SET domain containing histone methyltransferase, forms part of polycomb 
repressive complex-2 (PRC2) and is involved in repressing gene expression through the 
methylation of histone H3 on lysine 27 (H3K27) [60]. Most EZH2 mutations affect the Y641 
residue within the catalytic SET domain, which alters its substrate specificity, leading to a 
global increase in H3K27me3 [58,61,62]. EZH2 mutations are enriched in GCB-DLBCL and 
are the characteristic gene aberrations of EZB-type lymphoma, which harbors both muta-
tions and BCL2 aberrations [58]. Mutant EZH2 cooperates with BCL2 in GC-driven lym-
phomagenesis and disrupts the EZH2 normal GC reaction [59]. The normal GC is divided 
into two anatomical compartments: the dark zone (DZ) and the light zone (LZ). In the 
normal GC, the DZ primarily comprises a tight cluster of highly proliferative B cells, clas-

Figure 1. Hallmarks of immune escape mechanisms induced by genetic alterations. Molecules
down-regulated in tumor cells are shown in blue, and molecules up-regulated in tumor cells are
shown in red.

Genomic aberrations involving epigenetic modifier genes are one of the most frequent
events in DLBCL and are found in up to 60% of cases [7,8]. These alterations occur early
during the pathogenesis of lymphoma and appear to play a critical role in lymphomagen-
esis, especially in GCB-DLBCL [58,59]. These epigenetic modifier genes include Histone-
lysine N-methyltransferase 2D (KMT2D), Enhancer of zeste homolog 2 (EZH2), Cyclic-adenosine
monophosphate response element-binding protein (CREBBP), and Histone acetyltransferase p300
(EP300). Under normal conditions, these epigenetic modifiers control B-cell development
and germinal center (GC) formation via histone modification [59]. Gene alterations affect-
ing epigenetic modifiers lead to changes in the expressions of multiple genes—including
immune recognition molecules, immune response modifiers, and cytokines—and shape
the TME and facilitate lymphoma progression.

EZH2, a SET domain containing histone methyltransferase, forms part of polycomb
repressive complex-2 (PRC2) and is involved in repressing gene expression through the
methylation of histone H3 on lysine 27 (H3K27) [60]. Most EZH2 mutations affect the Y641
residue within the catalytic SET domain, which alters its substrate specificity, leading to
a global increase in H3K27me3 [58,61,62]. EZH2 mutations are enriched in GCB-DLBCL
and are the characteristic gene aberrations of EZB-type lymphoma, which harbors both
mutations and BCL2 aberrations [58]. Mutant EZH2 cooperates with BCL2 in GC-driven
lymphomagenesis and disrupts the EZH2 normal GC reaction [59]. The normal GC is
divided into two anatomical compartments: the dark zone (DZ) and the light zone (LZ).
In the normal GC, the DZ primarily comprises a tight cluster of highly proliferative B
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cells, classically known as “centroblasts”, which undergo rapid proliferation and somatic
hypermutation of their immunoglobulin variable genes to generate high-affinity B-cell
receptors [63]. The LZ B cells are traditionally referred to as “centrocytes” and interact with
follicular dendritic cells (FDC) and TFH, which provide LZ B cells with survival signals.
On the other hand, GC B cells with EZH2 mutation exhibit upregulation of genes involved in
interactions with FDC, and show attenuated dependence on TFH cells, and downregulation
of genes involved in interactions with TFH, such as CD40 [64,65]. EZH2 mutation also
alters immune recognition molecules expression. DLBCL with EZH2 mutation exhibits
decreased expression of MHC-I and MHC-II, as well as lower levels of CD4+ and CD8+

T-cell infiltration [29]. EZH2 mutation has also been reported to repress the expressions
of CD58, PRAME, and cancer-testis antigen, and to inhibit anti-tumor effects of T cells
and macrophages [66,67]. Anti-EZH2 drugs can restore the expressions of these immune-
associated molecules [29]. Since EZH2 mutation is an inferior prognostic factor, EZH2 can
be regarded as a therapeutic target in DLBCL [29,68]. CREBBP and EP300 are two closely
related histone acetyltransferases that display structural and functional similarities, sharing
60% common amino acids, and that function as transcriptional co-activators via H3K27
acetylation [69]. Loss-of-function mutations of CREBBP and EP300 are found in around 25%
and 5% of DLBCL, respectively. Their mutations are almost mutually exclusive, suggesting
their compensatory function in lymphomagenesis [68]. Studies in several transgenic mouse
models have shown that Crebbp loss results in downregulation of immune molecules
involved in interaction with CD4+ T cells, such as Cd40 and Ciita [70–72]. Despite the
functional similarity between CREBBP and EP300, knock-out of Ep300 does not lead to
downregulation of Cd40 and Ciita. Both CREBBP and EP300 mutations have adverse clinical
effects. DLBCL with CREBBP mutations shows depletion of tumor-infiltrating CD4+ T cells,
while EP300 mutation is associated with M2 macrophage polarization, which induces an
immune-suppressive TME [68]. Genes perturbed by CREBBP mutations are direct targets
of the BCL6/HDAC3 onco-repressor complex. Recently, Mondello et al. reported that
HDAC3 inhibitor was able to restore the MHC class II expression in CREBBP-deficient
tumor cells, and HDAC3 inhibition represented a novel immune-epigenetic therapy for
CREBBP mutant lymphomas [73].

KMT2D (MLL2, MLL4) is a SET domain-containing lysine methyltransferase, which
mediates H3K4 mono and demethylation (H4K3me1/2) primarily at gene enhancers,
resulting in upregulation of target gene transcription [74]. Inactivating mutations of KMT2D
are one of the most frequent gene alterations in DLBCL, with a reported frequency of around
25% [75]. Combined with BCL2 deregulation, KMT2D mutation is sufficient for lymphoma
development in vivo [76], recapitulating the co-presence of KMT2D mutation and BCL2
translocation in human DLBCL [8]. KMT2D-deficient B cells exhibit aberrant repression of
genes involved in immune signaling, such as CD40, IL10–IL6, and NF-κB signaling [77].
Recently, KMT2D mutations were reported to promote tumor-derived TGF-β1 production
and to increase regulatory T-cell (Treg) infiltration in tumor tissue, thereby suppressing
immunosurveillance [78].

3. Tumor Microenvironment of DLBCL

Compared with the tumor cell biology of lymphoma, the importance of the microen-
vironment in which malignant cells arise and subsequently reside has been relatively
underestimated [79]. However, recent technological advances enable us to perform an
integrative analysis combining genetic aberrations of DLBCL and transcriptional features
of non-malignant components. Many studies have noted that T cells in the TME provide
lymphoma cells with signals for survival and proliferation. Enrichment of T-cell infiltration
was reported to be associated with increased risk of bone marrow or splenic involvement,
whereas other studies have found that high T-cell infiltration was associated with signifi-
cantly better survival [80,81]. Regarding the T-cell subsets, an increased number of Tregs
in the TME was associated with longer progression free-survival [82]. In contrast, infiltra-
tion with PD-1-expressing T cells was reportedly associated with short PFS and OS [81].
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A recent study employing single-cell RNA sequencing revealed that T cells in the TME of
B-cell lymphomas, including DLBCLs, could be divided by unsupervised clustering into
four categories: conventional T helper cells, TFH, Tregs, and CTL [83]. A computational
approach analyzing ligand–receptor interacting pairs revealed that T cells provide multiple
regulatory immune response signals, including CD80/CD86–CD28, CD80/CD86–CTLA4,
BAFFR–BAFF, and CD40–CD40L. Notably, TFH was the main source of IL-4, which has
been indicated to render tumor cell resistance to BTK inhibitors [84,85].

The role of macrophages in the TME is somewhat controversial [86]. In the classic
model, macrophages are divided into M1 and M2 subtypes, which each have different
mechanisms of activation and effector functions [87]. M1 polarization is associated with
macrophage-dependent tissue damage and tumor cell killing, whereas M2 polarization is
thought to promote tumor growth by down-modulating immunity and favoring angiogene-
sis [88]. A high density of tissue-associated macrophages (TAM) has been associated with an
unfavorable prognosis in DLBCL treated without rituximab [89–92], whereas high TAM in-
filtration was linked with a favorable outcome in patients treated with rituximab-containing
regimens [91,93]. Notably, a high density of TAM with a M2-like phenotype (represented
by CD163 expression) predicted poor prognosis even in patients treated with rituximab [94].
Interestingly, signals derived from TAM (IL-10 and CSF-1) have been reported to enhance
macrophage-mediated phagocytosis of rituximab-opsonized lymphoma cells, which may
partly explain why rituximab treatment influences the prognostic significance of TAM
density [95].

Cytokine production of tumor cells or inflammatory cell of TME contributes not only
to the proliferation of tumor cells but also to the maintenance of an appropriate environ-
ment for the tumor cells [96]. For example, Interleukin-6 (IL6) and Interleukin-10 (IL10) are
transcriptionally activated through NF-κB pathway activation in ABC-DLBCL cell lines [97].
IL-6 was originally identified as a T cell–derived cytokine that induced terminal maturation
of B cells into plasma cells [98]. Interleukin 10 (IL-10), also originally identified as a helper
T-cell product, promotes the proliferation of normal B cells [99]. These cytokines bind to
their surface receptors, leading to JAK/STAT pathway activation, cellular proliferation, and
further increase in production of IL-6 and IL-10 [97]. Tumor production of these cytokines
and serum cytokine levels were significantly correlated [100]. High levels of serum IL-6
and IL-10 have been reported to be poor prognostic factors [101–103]. Transforming growth
factor-β (TGF-β) has a dual role in tumor suppression and promotion of human malignan-
cies [104]. Loss of the TGF-β antiproliferative response is a hallmark in malignant lymphoid
neoplasms [105]. TGF-β/Smad signaling induces expression of S1PR2, a tumor suppres-
sor in DLBCL, and inhibits the activity of an oncogenic transcription factor FOXP1 [106].
The downstream targets of TGF-β, SMAD5 and SMAD1 also act as tumor suppressors,
and they are repressed in human DLBCLs [105,107]. High-TGF-β pathway activity was
associated with better prognosis in DLBCL [108,109]. However, TGF-β also exerts its tumor
promoting effects by inducing migration, invasion, metastasis, angiogenesis, and immune
suppression in many types of human malignancies [110]. Recently, Aoki et al. reported
that TGF-β production of tumor cells of Lymphocyte-rich classic Hodgkin lymphoma
(LRCHL), and the corresponding enrichment of PD-1+CXCL13+ T cells, may shape the
immune microenvironment of LRCHL [111]. Given the clinical, histological and biological
similarities with LRCHL, nodular lymphocyte pre-dominant and T-cell/histiocyte-rich
large B-cell lymphoma (TCRLBCL), it is plausible that immunosuppressive effect of TGF-β
plays an important role in a certain population of DLBCL [112–114].

Gene expression profiling based on oligonucleotide microarray analysis has revealed
that distinct stroma gene expression signatures have clinical implications. Unsupervised
cluster analysis based on gene expression profiles identified a “host response” cluster
enriched in an ongoing inflammatory/immune response signature and sharing histological
features with T-cell histiocyte-rich large B-cell lymphoma (THRLBCL) [80]. Other studies
have revealed that a Stromal-1 signature, featuring extracellular matrix- and histiocyte-
associated genes, was associated with a good prognosis, while a Stromal-2 signature, featur-
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ing angiogenesis-associated genes was related to a poor prognosis [80,108]. Subsequently,
the TME gene expression subclassification was refined by extracting microenvironmental
signatures from the transcriptome, which revealed that the DNA methylation patterning of
tumor cells was associated with a distinct TME and can be a pharmacological target [109].
Employing next-generation sequencing enabled us to combine the gene expression sig-
natures of the TME with genomic aberrations. For example, the Stromal-1 signature was
revealed to be associated with the EZB-MYC-subtype represented by EZH2 mutations and
BCL2 translocations, which genomically resembles follicular lymphoma [8,12]. This subtype
also exhibited a high GC TFH signature, consistent with its similarity to GC light zone
cells. In contrast, the EZB-MYC+ subtype, which is associated with concurrent MYC and
BCL2 rearrangements (so-called “double-hit” lymphomas [DHL]), exhibited a relatively
lower GC TFH signature. Accordingly, DHL showed transcriptional similarity with DZ B
cells, including low CD4+ T-cell infiltration and frequent lack of MHC-I and II expression,
suggesting that they harbor strong cell-autonomous survival and proliferation signals,
and reduced dependence on the microenvironment [115]. A selectively low T-cell signature
was observed in the MCD subtype. Among genetically defined subtypes, the A53 type that
features TP53 inactivation exhibited frequent genomic aberrations affecting B2M, enabling
escape from immune surveillance and causing lower immune cell infiltration.

Detailed information on the cellular composition of the TME has only recently been
obtained. Steen et al. and Luca et al. have developed Ecotyper, a novel machine-learning
framework integrating transcriptome and single-cell RNA sequence, which can yield a
discrete set of cellular community networks [12,116]. Ecotyper consists of three key steps:
digital purification of cell-type-specific gene expression profiles from bulk tissue tran-
scriptomes, identification and quantitation of transcriptionally defined cell states, and
co-assignment of cell states into multicellular communities. Ecotyper has been used to
identify 44 transcriptomically defined “cell states” derived from 13 major cell lineages,
including five cell states of malignant B cells. For example, state S1 displayed high levels
of canonical marker genes associated with GCB DLBCL, whereas states S4 and S5 ex-
pressed marker genes of ABC DLBCL. Compared with normal tonsillar B cell phenotypes,
S1 showed specificity for germinal center (GC) B cells, S2 and S3 for pre-memory B cells,
S4 and S5 for pre-plasmablasts, and S4 for light zone B cells. Each sample was represented
as a mixture of cell states, and when tumor samples were classified according to their most
abundant B cell state, several states (S2–S4) showing notable representation within and
across COO subtypes, while some cell states were enriched in genetic subtypes described
by Chapuy et al., or LymphGen subtypes [7,10]. They also identified 39 TME cell states,
and the majority of TME cells states including monocytes/macrophages (M1-like) and CD4
T cells (naive) was found to dominate favorable outcomes. In consistent with previous
studies, T cells associated with GCB DLBCL were generally deficient in immunomodulatory
molecules, while T cell states enriched in ABC DLBCL showed widespread overexpression
of co-stimulatory and co-inhibitory molecules including LAG3 and TNFSRF40. This work
has also revealed nine multicellular “ecosystems” in DLBCL, constituted by substantially
varying numbers of cells belonging to each “cell state”. Compared to previous methods,
these ecosystems demonstrated clear improvements in prognostic utility, and the methodol-
ogy was robust enough to recover ecotypes in RNA-seq data derived from previous studies.
For example, lymphoma ecotype (LE) 1 and LE2 were linked to ABC-DLBCL, and LE3
was linked to DHL. In contrast, LE6–8 showed favorable prognosis, and LE8 was enriched
for GCB-DLBCL and its related genotypic lesions (EZB, ST2, C3 and DHL). LE6,7,9 were
characterized by high stromal component. They also identified that a high content of CD8
T cells expressing CXCR5 was observed in LE5, which predict a greater therapeutic benefit
from bortezomib targeting NF-κB signaling. These studies are expanding our understand-
ing of cellular organization in DLBCL, with implications for the development of biomarkers
and individualized therapies.
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4. Systemic Immunity

Aging-related immunological deterioration, i.e., immunosenescence, has long been
postulated to be involved in lymphoma development, which is best exemplified by
EBV+DLBCL [14,15]. EBV+DLBCL was first documented as a disease characterized by
higher age distribution, aggressive clinical features, and frequent extranodal involvement—
such as in the lungs, upper aero-digestive tract, and gastrointestinal tract. Although they
express viral-derived antigen, such as LMP1, a significant number of EBV+DLBCL cases do
not exhibit distinct genomic aberrations associated with immune escape. Only 10–40% of
EBV+DLBCL have PD-L1 dysregulation, with a slight abundance among nodal lesions [46,117].
In contrast, EBV+ large B-cell lymphoma (LBCL) in young patients (age < 45 years) shows
frequent (77%) PD-L1 overexpression on tumor cells, preferential nodal involvement,
and an excellent prognosis [118]. This difference in PD-L1 positivity rate between the
two age groups implies that immunosenescence is involved in EBV-infected tumor cell
propagation in elderly patients.

It has recently been proposed that immunosenescence plays a role in the strong rela-
tionship between age and cancer risk. For example, analysis of the immune cell composition
of healthy individuals using multidimensional trajectory analysis can reportedly predict
all-cause mortality beyond well established risk factors [119]. Furthermore, combining
data from immunology and epidemiology, a recent study demonstrated that age-related in-
creases in the incidence of malignant neoplasms can be modeled based on immune system
decline due to thymic involution, rather than somatic gene mutation accumulation [120].
Due to thymic involution, T-cell generation during adult life depends on the peripheral
proliferation of naïve T cells. The T-cell repertoire of naïve T cells declines with age, whereas
the repertoire of memory T cells is maintained [121]. Analysis of circulating memory T cells
in peripheral blood has revealed that aged individuals exhibit enrichment of certain T-cell
subpopulations, such as GZMK+ CD8+ T cells and CD4+ CTLs [122–124]. Immune system
depletion in the elderly has been studied especially in cytomegalovirus (CMV)-infected
individuals. In such populations, CMV-specific CD8 T cells are shown to be accumulated
with age, and to have a decreased immediate effector function [125]. Aside from T-cell
subpopulation changes, aging causes genetic and epigenetic changes in T cells. Repetitive
replication of T cells due to chronic inflammation can induce telomerase inactivation, lead-
ing to telomere shortening and replicative senescence [126,127]. Epigenetic profiling of
naïve CD8+ T cells from aged individuals revealed that they lose stem-like features and
shows similarities with effector T cells [128]. The T cells of elderly individuals may also be
affected by age-related clonal hematopoiesis and mosaic chromosomal alterations [129].
The genomic characteristics of EBV+DLBCL are frequent gene mutations associated with
clonal hematopoiesis recurrently observed in myeloid malignancies [130–132]. Notably,
angioimmunoblastic T-cell lymphoma (AITL), which is frequently accompanied by abnor-
mal EBV+ B-cell proliferation, harbor somatic mutations of these epigenetic modulator
genes such as TET2 and DNMT3 [132,133]. Since somatic mutations of epigenetic modulator
genes are characteristic of clonal hematopoiesis, it is of questionable value whether genetic
changes in T cells are related to defects of inhibiting the proliferation of EBV-infected B
cells. In line with this hypothesis, abnormal GC B-cell expansion was observed in the AITL
mouse model that lacks tet2, and the CD40–CD40L signal provided by tet2-deficient TFH
was suggested to be involved in this abnormal B-cell expansion [134]. Other T-cell ageing
processes include mitochondrial dysfunction and loss of proteostasis [128]. However, it re-
mains unclear how these T-cell ageing processes may lead to impairment of anti-tumor
function. Furthermore, analyses of functional and population changes in T cells among
aged individuals have been focused on peripheral blood lymphocytes and have not yet
elucidate changes of T cells in peripheral tissues. The aging process is also known to be
associated with functional changes in tissue-residual immune cells, such as neutrophils,
macrophages, and dendritic cells, whereas their associations with cancer risk have not
yet been discovered [124]. Unraveling the effects of aging on such immune cells might be
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helpful in understanding the pathogenesis of immunosenescence-associated lymphomas
because these lymphomas frequently arise in extranodal sites [15].

5. DLBCL in Immune-Privileged Sites

A unique subtype of DLBCL, including primary lymphoma of the central nervous sys-
tem (PCNSL) and primary testicular lymphoma, exhibits specific molecular features [135].
These organs are regarded as “immune-privileged sites” in which multiple immune-
modulating mechanisms exist [136]. Lymphoma cells in these organs frequently har-
bor immune escape-associated genetic aberrations, including loss of HLA loci and CD58,
and less frequently exhibit PD-L1/L2 copy number alteration (CNA) and SV [135–137].
These molecular features are shared by DLBCL with extranodal site involvement, such as
the primary skin, breast, uterus, adrenal, and intravascular system—organs which can be
regarded as “relative immune-privileged sites” [10]. Our group has shown that neoplastic
PD-L1 expression is present in only a minority of cases, and that cases with neoplastic
PD-L1 expression tend to show an aggressive clinical course [136,138–141]. In particular,
PD-L1 expression on tumor cells was found more frequently than in other subtypes of
DLBCL due to SV involving the 3′-UTR of PD-L1, reaching around 40% of IVL [142,143].
DLBCL in immune-privileged sites is also characterized by frequent presence of MYD88L265P

and/or CD79B mutations, which correspond to the MCD subtype in the LymphGen clas-
sification algorithm [10]. These mutations can now be detected using cfDNA, which will
offer a new diagnostic approach for cases without any available biopsy specimen [143].
Myd88L265P helps B cells survive without GCB-TFH crosstalk, leading to abnormal autoim-
mune memory B-cell expansion [144]. MYD88L265P-bearing lymphoma precursor cells,
or pre-tumor cells, have been detected in the peripheral blood of PCNSL patients, indicating
that MYD88L265P is a trunk driver gene mutation of PCNSLs [145]. MYD88L265P can also be
detected in healthy individuals as a consequence of clonal hematopoiesis [146]. A recent
study reported that transcriptional features of malignant B cell clones in brain tumors were
shared by malignant B cell clones in the cerebrospinal fluid, but not by non-malignant
clones in the peripheral blood, suggesting that malignant B cell clones of PCNSL developed
within the CNS [147]. Other lymphoma-associated gene mutations can also be detected
in autoantibody-producing B cells among autoimmune disease patients [148]. TBL1XR1
mutations, another driver event of the MCD subtype, induce extranodal lymphomas in a
mouse model [149]. Tblxr1 mutant memory B cells fail to differentiate into plasma cells and,
instead, preferentially reenter new GC reactions. Moreover, lymphomas induced by Tblxr1
mutation showed a high AID activity footprint, recapitulating DLBCL of the MCD subtype.
The high immunogenicity of lymphoma cells associated with AID activity may explain
the high prevalence of immune escape-associated genetic aberrations among DLBCLs
in immune-privileged sites [150]. Immune escape-associated genetic aberrations might
help lymphoma precursor cells evade immune surveillance when they enter or reenter
the GC of lymph nodes (Figure 2). This notion is further supported by the finding that
the breakpoints of PD-L1 CNA and SV are often within the target motif of AID, which is
preferentially expressed in the GC [44,143,151]. It is also possible that PD-L1 CNA and SV
can be acquired after exit from the GC and homing to immune-privileged sites, which is
supported by the presence of IVL cases with intratumoral heterogeneous PD-L1 expression
across the involved organs [152]. In addition to frequent immune escape-associated genetic
aberrations, an immune-tolerogenic TME also contributes to lymphoma development in
immune-privileged sites. Although neoplastic PD-L1 expression is very rare in extranodal
DLBCL, microenvironmental PD-L1 expression is frequently observed among DLBCL in
extranodal lesions, including immune-privileged sites [136,138,139]. More interestingly,
microenvironmental PD-L1 expression is a good prognostic indicator for DLBCL in these
sites, suggesting that neoplastic cell growth in extranodal lesions might depend on a
tolerogenic TME, rather than cell-autonomous proliferation [136,138,139]. A recent study
revealed that TME of PCNSL was enriched by T cells with exhausted phenotype represented
by high expression of CD27, PDCD1, LAG3 and TNFRSF9 [147]. In addition, some proteins
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expressed specifically in CNS have been reported to bind to BCR of tumor cells, thereby fos-
tering tumor growth and progression [153–155]. The observation that tumor cells of PCNSL
display biased IGV rearrangement, with preferential usage of the IGHV4-34 recognizing
galectin-3 on various cell types in CNS, which also indicates that antigen-based selection
contributes to lymphoma precursor cells expansion [155–158]. These data strongly support
that not only genetic abnormalities of tumor cells but also cellular interactions of tumor
cells and TME are indispensable for lymphomagenesis in immune-privileged sites.
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Figure 2. Hypothetical scheme of diffuse large B-cell lymphoma (DLBCL) development in immune-
privileged sites. Lymphoma-precursor cells, or “pre-tumor cells”, are thought to be present in
systemic circulation. For example, memory B cells harboring Tbl1xr1 mutation exhibit skewed GC
output and an increased tendency to reenter GC. These memory B cells appear to be prone to gaining
additional somatic mutations. The immune–tolerogenic TME of immune-privileged sites may help
“pre-tumor cells” with high-immunogenicity survive and proliferate, leading to lymphomagenesis
(upper side). In DLBCL involving the central nervous system (CNS), “pre-tumor cells” harboring
MYD88L265P are found in peripheral blood, and these cells may gain additional genomic hits after
their homing to the CNS (lower side). This model may be applicable to a minority of intravascular
large B-cell lymphomas with heterogeneous PD-L1 expression (lower side). Glectin-3 expressed on
neurons and glial cells may also contribute to lymphoma precursor cells expansion by antigen-based
selection. GC, germinal center; TME, tumor microenvironment.

The pathogenesis of DLBCL in immune-privileged sites differs between patients with
immune deficiency versus immunocompetent patients. Neoplastic cells are frequently
infected by EBV, and almost all of them lack immune escape-associated genetic aberrations,
MYD88L265P and/or CD79B mutations [159]. They also lack gene mutations affecting PIM1,
the well known target of AID [160]. Instead, the tumors are accompanied by an immune-
tolerogenic TME, enriched with PD-L1-expressing inflammatory cells and TIM-3-positive T
cells, showing similarity to DLBCL in immune-privileged sites with microenvironmental
PD-L1 expression in immune-competent patients [159]. These findings also exhibit sim-
ilarities with EBV-positive mucocutaneous ulcer (EBVMCU), which arises in the setting
of immunosuppression or immunosenescence. EBVMCU is characterized by mucosal
lesions, EBV-positive neoplastic cells lacking PD-L1 expression, and an indolent clinical
course [161,162]. Recently, Kawano et al. reported a series of primary adrenal DLBCL,
including three out of nine EBV-positive cases with past medical histories of neoplastic
disease [138]. These cases raise the possibility that cancer-associated systemic immune
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changes or immune dysfunction due to chemotherapy contribute to EBV-infected B-cell
proliferation in immune-privileged sites, and these findings have also been reported in
EBVMCU [163,164]. Although the small and large intestine have not been documented as
“immune-privileged” sites, various molecular mechanisms maintaining mucosal immune
tolerance have been reported [165]. Ishikawa et al. assessed 62 cases of primary intesti-
nal DLBCL, including ten EBV-positive cases, and almost all EBV-positive cases showed
immunosuppressive features, sharing clinicopathological characteristics with PCNSL in
immune deficiency. This clearly contrasts with primary gastric EBV-positive DLBCLs,
which frequently arise without immunosuppression, and implies that the small and large
intestine have biological aspects of an “immune-privileged site” [166–168]. Collectively,
the pathogenesis of lymphomas in immune-privileged sites appear to be strongly associated
with both the immune systems of the involved organs and systemic immunity; however,
their biological mechanisms have not yet been well examined.

6. Conclusions

As new immune-targeting therapies have been developed, it has become increas-
ingly important to understand the immunological aspects of DLBCL. Moreover, advances
of novel methods for analyzing the cell composition of the TME is leading to the dis-
covery of more mechanisms of biological interaction between tumor cells and immune
cells. However, there remain many unanswered questions regarding the immunology of
DLBCL—for example, relating to the TME of extranodal lesions, underlying mechanisms of
immunosenescence and lymphomagenesis, immunological diversity according to ethnicity,
and the mechanism of pre-tumor cells homing to extranodal lesions. Further studies are
required to expand our current understanding of the immunology of DLBCL to improve
the effectiveness of immune-targeting therapies.

Author Contributions: Conceptualization, A.S. and S.N.; data curation, T.T. (Taishi Takahara)
and A.S.; writing—original draft preparation, T.T. (Taishi Takahara); writing—review and edit-
ing, T.T. (Taishi Takahara), T.T. (Toyonori Tsuzuki), A.S. and S.N. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported, in part, by grants from the Japan Society for the Promotion of
Science (grant number: 22K06971).

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

References
1. Alaggio, R.; Amador, C.; Anagnostopoulos, I.; Attygalle, A.D.; Araujo, I.B.O.; Berti, E.; Bhagat, G.; Borges, A.M.; Boyer, D.;

Calaminici, M.; et al. The 5th edition of the world health organization classification of haematolymphoid Tumours: Lymphoid
neoplasms. Leukemia 2022, 36, 1720–1748. [CrossRef] [PubMed]

2. Campo, E.; Jaffe, E.S.; Cook, J.R.; Quintanilla-Martinez, L.; Swerdlow, S.H.; Anderson, K.C.; Brousset, P.; Cerroni, L.; de Leval, L.;
Dirnhofer, S.; et al. The international consensus classification of mature lymphoid neoplasms: A report from the clinical advisory
committee. Blood 2022, 140, 1229–1253. [CrossRef] [PubMed]

3. Alizadeh, A.A.; Eisen, M.B.; Davis, R.E.; Ma, C.; Lossos, I.S.; Rosenwald, A.; Boldrick, J.C.; Sabet, H.; Tran, T.; Yu, X.; et al. Distinct
types of diffuse large B-cell lymphoma identified by gene expression profiling. Nature 2000, 403, 503–511. [CrossRef] [PubMed]

4. Davis, R.E.; Ngo, V.N.; Lenz, G.; Tolar, P.; Young, R.M.; Romesser, P.B.; Kohlhammer, H.; Lamy, L.; Zhao, H.; Yang, Y.; et al.
Chronic active B-cell-receptor signalling in diffuse large B-cell lymphoma. Nature 2010, 463, 88–92. [CrossRef] [PubMed]

5. Davis, R.E.; Brown, K.D.; Siebenlist, U.; Staudt, L.M. Constitutive nuclear factor kappaB activity is required for survival of
activated B cell-like diffuse large B cell lymphoma cells. J. Exp. Med. 2001, 194, 1861–1874. [CrossRef] [PubMed]

6. Chen, L.; Monti, S.; Juszczynski, P.; Ouyang, J.; Chapuy, B.; Neuberg, D.; Doench, J.G.; Bogusz, A.M.; Habermann, T.M.;
Dogan, A.; et al. SYK inhibition modulates distinct PI3K/AKT- dependent survival pathways and cholesterol biosynthesis in
diffuse large B cell lymphomas. Cancer Cell 2013, 23, 826–838. [CrossRef] [PubMed]

7. Chapuy, B.; Stewart, C.; Dunford, A.J.; Kim, J.; Kamburov, A.; Redd, R.A.; Lawrence, M.S.; Roemer, M.G.M.; Li, A.J.;
Ziepert, M.; et al. Molecular subtypes of diffuse large B cell lymphoma are associated with distinct pathogenic mechanisms and
outcomes. Nat. Med. 2018, 24, 679–690. [CrossRef]

8. Schmitz, R.; Wright, G.W.; Huang, D.W.; Johnson, C.A.; Phelan, J.D.; Wang, J.Q.; Roulland, S.; Kasbekar, M.; Young, R.M.;
Shaffer, A.L.; et al. Genetics and pathogenesis of diffuse large B-cell lymphoma. N. Engl. J. Med. 2018, 378, 1396–1407. [CrossRef]

http://doi.org/10.1038/s41375-022-01620-2
http://www.ncbi.nlm.nih.gov/pubmed/35732829
http://doi.org/10.1182/blood.2022015851
http://www.ncbi.nlm.nih.gov/pubmed/35653592
http://doi.org/10.1038/35000501
http://www.ncbi.nlm.nih.gov/pubmed/10676951
http://doi.org/10.1038/nature08638
http://www.ncbi.nlm.nih.gov/pubmed/20054396
http://doi.org/10.1084/jem.194.12.1861
http://www.ncbi.nlm.nih.gov/pubmed/11748286
http://doi.org/10.1016/j.ccr.2013.05.002
http://www.ncbi.nlm.nih.gov/pubmed/23764004
http://doi.org/10.1038/s41591-018-0016-8
http://doi.org/10.1056/NEJMoa1801445


Cancers 2023, 15, 835 13 of 20

9. Reddy, A.; Zhang, J.; Davis, N.S.; Moffitt, A.B.; Love, C.L.; Waldrop, A.; Leppa, S.; Pasanen, A.; Meriranta, L.; Karjalainen-
Lindsberg, M.L.; et al. Genetic and functional drivers of diffuse large B cell lymphoma. Cell 2017, 171, 481–494.e15. [CrossRef]

10. Wright, G.W.; Huang, D.W.; Phelan, J.D.; Coulibaly, Z.A.; Roulland, S.; Young, R.M.; Wang, J.Q.; Schmitz, R.; Morin, R.D.;
Tang, J.; et al. A probabilistic classification tool for genetic subtypes of diffuse large B cell lymphoma with therapeutic implications.
Cancer Cell 2020, 37, 551–568.e14. [CrossRef]

11. Wilson, W.H.; Young, R.M.; Schmitz, R.; Yang, Y.; Pittaluga, S.; Wright, G.; Lih, C.J.; Williams, P.M.; Shaffer, A.L.; Gerecitano, J.; et al.
Targeting B cell receptor signaling with ibrutinib in diffuse large B cell lymphoma. Nat. Med. 2015, 21, 922–926. [CrossRef]
[PubMed]

12. Steen, C.B.; Luca, B.A.; Esfahani, M.S.; Azizi, A.; Sworder, B.J.; Nabet, B.Y.; Kurtz, D.M.; Liu, C.L.; Khameneh, F.;
Advani, R.H.; et al. The landscape of tumor cell states and ecosystems in diffuse large B cell lymphoma. Cancer Cell
2021, 39, 1422–1437.e10. [CrossRef] [PubMed]

13. Xu-Monette, Z.Y.; Li, J.; Xia, Y.; Crossley, B.; Bremel, R.D.; Miao, Y.; Xiao, M.; Snyder, T.; Manyam, G.C.; Tan, X.; et al.
Immunoglobulin somatic hypermutation has clinical impact in DLBCL and potential implications for immune checkpoint
blockade and neoantigen-based immunotherapies. J. Immunother. Cancer 2019, 7, 272. [CrossRef] [PubMed]

14. Oyama, T.; Ichimura, K.; Suzuki, R.; Suzumiya, J.; Ohshima, K.; Yatabe, Y.; Yokoi, T.; Kojima, M.; Kamiya, Y.; Taji, H.; et al.
Senile EBV+ B-cell lymphoproliferative disorders: A clinicopathologic study of 22 patients. Am. J. Surg. Pathol. 2003, 27, 16–26.
[CrossRef]

15. Oyama, T.; Yamamoto, K.; Asano, N.; Oshiro, A.; Suzuki, R.; Kagami, Y.; Morishima, Y.; Takeuchi, K.; Izumo, T.; Mori, S.; et al.
Age-related EBV-associated B-cell lymphoproliferative disorders constitute a distinct clinicopathologic group: A study of 96
patients. Clin. Cancer Res. 2007, 13, 5124–5132. [CrossRef] [PubMed]

16. Zhang, B.; Kracker, S.; Yasuda, T.; Casola, S.; Vanneman, M.; Homig-Holzel, C.; Wang, Z.; Derudder, E.; Li, S.; Chakraborty, T.; et al.
Immune surveillance and therapy of lymphomas driven by Epstein-Barr virus protein LMP1 in a mouse model. Cell 2012, 148,
739–751. [CrossRef]

17. Fangazio, M.; Ladewig, E.; Gomez, K.; Garcia-Ibanez, L.; Kumar, R.; Teruya-Feldstein, J.; Rossi, D.; Filip, I.; Pan-Hammarstrom, Q.;
Inghirami, G.; et al. Genetic mechanisms of HLA-I loss and immune escape in diffuse large B cell lymphoma. Proc. Natl. Acad.
Sci. USA 2021, 118, e2104504118. [CrossRef]

18. Maggs, L.; Sadagopan, A.; Moghaddam, A.S.; Ferrone, S. HLA class I antigen processing machinery defects in antitumor
immunity and immunotherapy. Trends Cancer 2021, 7, 1089–1101. [CrossRef]

19. Raskov, H.; Orhan, A.; Christensen, J.P.; Gogenur, I. Cytotoxic CD8(+) T cells in cancer and cancer immunotherapy. Br. J. Cancer
2021, 124, 359–367. [CrossRef]

20. Cornel, A.M.; Mimpen, I.L.; Nierkens, S. MHC class I downregulation in cancer: Underlying mechanisms and potential targets
for cancer immunotherapy. Cancers 2020, 12, 1760. [CrossRef]

21. 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 beta2-Microglobulin and CD58 reveals frequent escape from immune recogni-
tion in diffuse large B cell lymphoma. Cancer Cell 2011, 20, 728–740. [CrossRef]

22. Duygu, B.; Olieslagers, T.I.; Groeneweg, M.; Voorter, C.E.M.; Wieten, L. HLA class I molecules as immune checkpoints for NK cell
alloreactivity and anti-viral immunity in kidney transplantation. Front. Immunol. 2021, 12, 680480. [CrossRef] [PubMed]

23. Zhang, Y.; Liu, Q.; Yang, S.; Liao, Q. CD58 immunobiology at a glance. Front. Immunol. 2021, 12, 705260. [CrossRef] [PubMed]
24. Axelrod, M.L.; Cook, R.S.; Johnson, D.B.; Balko, J.M. Biological consequences of MHC-II expression by tumor cells in cancer. Clin.

Cancer Res. 2019, 25, 2392–2402. [CrossRef] [PubMed]
25. Steidl, C.; Shah, S.P.; Woolcock, B.W.; Rui, L.; Kawahara, M.; Farinha, P.; Johnson, N.A.; Zhao, Y.; Telenius, A.; Neriah, S.B.; et al.

MHC class II transactivator CIITA is a recurrent gene fusion partner in lymphoid cancers. Nature 2011, 471, 377–381. [CrossRef]
26. Mottok, A.; Woolcock, B.; Chan, F.C.; Tong, K.M.; Chong, L.; Farinha, P.; Telenius, A.; Chavez, E.; Ramchandani, S.; Drake, M.; et al.

Genomic alterations in CIITA are frequent in primary mediastinal large B cell lymphoma and are associated with diminished
MHC class II expression. Cell Rep. 2015, 13, 1418–1431. [CrossRef]

27. Wilkinson, S.T.; Vanpatten, K.A.; Fernandez, D.R.; Brunhoeber, P.; Garsha, K.E.; Glinsmann-Gibson, B.J.; Grogan, T.M.;
Teruya-Feldstein, J.; Rimsza, L.M. Partial plasma cell differentiation as a mechanism of lost major histocompatibility complex
class II expression in diffuse large B-cell lymphoma. Blood 2012, 119, 1459–1467. [CrossRef]

28. Jiang, X.N.; Yu, B.H.; Yan, W.H.; Lee, J.; Zhou, X.Y.; Li, X.Q. Epstein-Barr virus-positive diffuse large B-cell lymphoma features
disrupted antigen capture/presentation and hijacked T-cell suppression. Oncoimmunology 2020, 9, 1683346. [CrossRef]

29. Ennishi, D.; Takata, K.; Beguelin, W.; Duns, G.; Mottok, A.; Farinha, P.; Bashashati, A.; Saberi, S.; Boyle, M.; Meissner, B.; et al.
Molecular and genetic characterization of MHC deficiency identifies EZH2 as therapeutic target for enhancing immune recognition.
Cancer Discov. 2019, 9, 546–563. [CrossRef]

30. Khodadoust, M.S.; Olsson, N.; Wagar, L.E.; Haabeth, O.A.; Chen, B.; Swaminathan, K.; Rawson, K.; Liu, C.L.; Steiner, D.;
Lund, P.; et al. Antigen presentation profiling reveals recognition of lymphoma immunoglobulin neoantigens. Nature 2017, 543,
723–727. [CrossRef]

31. Haabeth, O.A.; Tveita, A.A.; Fauskanger, M.; Schjesvold, F.; Lorvik, K.B.; Hofgaard, P.O.; Omholt, H.; Munthe, L.A.; Dembic, Z.;
Corthay, A.; et al. How do CD4(+) T cells detect and eliminate tumor cells that either lack or express MHC class II molecules?
Front. Immunol. 2014, 5, 174. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2017.09.027
http://doi.org/10.1016/j.ccell.2020.03.015
http://doi.org/10.1038/nm.3884
http://www.ncbi.nlm.nih.gov/pubmed/26193343
http://doi.org/10.1016/j.ccell.2021.08.011
http://www.ncbi.nlm.nih.gov/pubmed/34597589
http://doi.org/10.1186/s40425-019-0730-x
http://www.ncbi.nlm.nih.gov/pubmed/31640780
http://doi.org/10.1097/00000478-200301000-00003
http://doi.org/10.1158/1078-0432.CCR-06-2823
http://www.ncbi.nlm.nih.gov/pubmed/17785567
http://doi.org/10.1016/j.cell.2011.12.031
http://doi.org/10.1073/pnas.2104504118
http://doi.org/10.1016/j.trecan.2021.07.006
http://doi.org/10.1038/s41416-020-01048-4
http://doi.org/10.3390/cancers12071760
http://doi.org/10.1016/j.ccr.2011.11.006
http://doi.org/10.3389/fimmu.2021.680480
http://www.ncbi.nlm.nih.gov/pubmed/34295330
http://doi.org/10.3389/fimmu.2021.705260
http://www.ncbi.nlm.nih.gov/pubmed/34168659
http://doi.org/10.1158/1078-0432.CCR-18-3200
http://www.ncbi.nlm.nih.gov/pubmed/30463850
http://doi.org/10.1038/nature09754
http://doi.org/10.1016/j.celrep.2015.10.008
http://doi.org/10.1182/blood-2011-07-363820
http://doi.org/10.1080/2162402X.2019.1683346
http://doi.org/10.1158/2159-8290.CD-18-1090
http://doi.org/10.1038/nature21433
http://doi.org/10.3389/fimmu.2014.00174
http://www.ncbi.nlm.nih.gov/pubmed/24782871


Cancers 2023, 15, 835 14 of 20

32. Oh, D.Y.; Fong, L. Cytotoxic CD4(+) T cells in cancer: Expanding the immune effector toolbox. Immunity 2021, 54, 2701–2711.
[CrossRef] [PubMed]

33. Nagasaki, J.; Togashi, Y.; Sugawara, T.; Itami, M.; Yamauchi, N.; Yuda, J.; Sugano, M.; Ohara, Y.; Minami, Y.; Nakamae, H.; et al.
The critical role of CD4+ T cells in PD-1 blockade against MHC-II-expressing tumors such as classic Hodgkin lymphoma.
Blood Adv. 2020, 4, 4069–4082. [CrossRef] [PubMed]

34. Choi, I.K.; Wang, Z.; Ke, Q.; Hong, M.; Qian, Y.; Zhao, X.; Liu, Y.; Kim, H.J.; Ritz, J.; Cantor, H.; et al. Signaling by the Epstein-Barr
virus LMP1 protein induces potent cytotoxic CD4(+) and CD8(+) T cell responses. Proc. Natl. Acad. Sci. USA 2018, 115, E686–E695.
[CrossRef]

35. Bertrand, P.; Maingonnat, C.; Penther, D.; Guney, S.; Ruminy, P.; Picquenot, J.M.; Mareschal, S.; Alcantara, M.; Bouzelfen, A.;
Dubois, S.; et al. The costimulatory molecule CD70 is regulated by distinct molecular mechanisms and is associated with overall
survival in diffuse large B-cell lymphoma. Genes Chromosomes Cancer 2013, 52, 764–774. [CrossRef]

36. Denoeud, J.; Moser, M. Role of CD27/CD70 pathway of activation in immunity and tolerance. J. Leukoc. Biol. 2011, 89, 195–203.
[CrossRef]

37. Scholtysik, R.; Nagel, I.; Kreuz, M.; Vater, I.; Giefing, M.; Schwaenen, C.; Wessendorf, S.; Trumper, L.; Loeffler, M.; Siebert, R.; et al.
Recurrent deletions of the TNFSF7 and TNFSF9 genes in 19p13.3 in diffuse large B-cell and Burkitt lymphomas. Int. J. Cancer
2012, 131, E830–E835. [CrossRef]

38. Honikel, M.M.; Olejniczak, S.H. Co-stimulatory receptor signaling in CAR-T cells. Biomolecules 2022, 12, 1303. [CrossRef]
39. Kim, S.; Kim, H.; Kang, H.; Kim, J.; Eom, H.; Kim, T.; Yoon, S.S.; Suh, C.; Lee, D.; Korean Society of Hematology Lymphoma

Working Party. Clinical significance of cytogenetic aberrations in bone marrow of patients with diffuse large B-cell lymphoma:
Prognostic significance and relevance to histologic involvement. J. Hematol. Oncol. 2013, 6, 76. [CrossRef]

40. Carreras, J.; Lopez-Guillermo, A.; Kikuti, Y.Y.; Itoh, J.; Masashi, M.; Ikoma, H.; Tomita, S.; Hiraiwa, S.; Hamoudi, R.;
Rosenwald, A.; et al. High TNFRSF14 and low BTLA are associated with poor prognosis in follicular lymphoma and in diffuse
large B-cell lymphoma transformation. J. Clin. Exp. Hematop. JCEH 2019, 59, 1–16. [CrossRef]

41. Goodman, A.M.; Piccioni, D.; Kato, S.; Boichard, A.; Wang, H.Y.; Frampton, G.; Lippman, S.M.; Connelly, C.; Fabrizio, D.;
Miller, V.; et al. Prevalence of PDL1 amplification and preliminary response to immune checkpoint blockade in solid tumors.
JAMA Oncol. 2018, 4, 1237–1244. [CrossRef] [PubMed]

42. Yokosuka, T.; Takamatsu, M.; Kobayashi-Imanishi, W.; Hashimoto-Tane, A.; Azuma, M.; Saito, T. Programmed cell death 1 forms
negative costimulatory microclusters that directly inhibit T cell receptor signaling by recruiting phosphatase SHP2. J. Exp. Med.
2012, 209, 1201–1217. [CrossRef] [PubMed]

43. Ghosh, C.; Luong, G.; Sun, Y. A snapshot of the PD-1/PD-L1 pathway. J. Cancer 2021, 12, 2735–2746. [CrossRef] [PubMed]
44. Georgiou, K.; Chen, L.; Berglund, M.; Ren, W.; de Miranda, N.F.; Lisboa, S.; Fangazio, M.; Zhu, S.; Hou, Y.; Wu, K.; et al. Genetic basis

of PD-L1 overexpression in diffuse large B-cell lymphomas. Blood 2016, 127, 3026–3034. [CrossRef]
45. Kataoka, K.; Shiraishi, Y.; Takeda, Y.; Sakata, S.; Matsumoto, M.; Nagano, S.; Maeda, T.; Nagata, Y.; Kitanaka, A.; Mizuno, S.; et al.

Aberrant PD-L1 expression through 3′-UTR disruption in multiple cancers. Nature 2016, 534, 402–406. [CrossRef]
46. Sakakibara, A.; Kohno, K.; Ishikawa, E.; Suzuki, Y.; Tsuyuki, Y.; Shimada, S.; Shimada, K.; Satou, A.; Takahara, T.; Ohashi, A.; et al.

Diagnostic utility of programmed cell death ligand 1 (clone SP142) immunohistochemistry for malignant lymphoma and
lymphoproliferative disorders: A brief review. J. Clin. Exp. Hematop. JCEH 2021, 61, 182–191. [CrossRef]

47. Dufva, O.; Polonen, P.; Bruck, O.; Keranen, M.A.I.; Klievink, J.; Mehtonen, J.; Huuhtanen, J.; Kumar, A.; Malani, D.;
Siitonen, S.; et al. Immunogenomic landscape of hematological malignancies. Cancer Cell 2020, 38, 380–399.e13. [CrossRef]

48. Godfrey, J.; Tumuluru, S.; Bao, R.; Leukam, M.; Venkataraman, G.; Phillip, J.; Fitzpatrick, C.; McElherne, J.; MacNabb, B.W.;
Orlowski, R.; et al. PD-L1 gene alterations identify a subset of diffuse large B-cell lymphoma harboring a T-cell-inflamed
phenotype. Blood 2019, 133, 2279–2290. [CrossRef]

49. Cha, J.H.; Chan, L.C.; Li, C.W.; Hsu, J.L.; Hung, M.C. Mechanisms controlling PD-L1 expression in cancer. Mol. Cell 2019, 76,
359–370. [CrossRef]

50. Marzec, M.; Zhang, Q.; Goradia, A.; Raghunath, P.N.; Liu, X.; Paessler, M.; Wang, H.Y.; Wysocka, M.; Cheng, M.;
Ruggeri, B.A.; et al. Oncogenic kinase NPM/ALK induces through STAT3 expression of immunosuppressive protein CD274
(PD-L1, B7-H1). Proc. Natl. Acad. Sci. USA 2008, 105, 20852–20857. [CrossRef]

51. Kung, C.P.; Meckes, D.G., Jr.; Raab-Traub, N. Epstein-Barr virus LMP1 activates EGFR, STAT3, and ERK through effects on
PKCdelta. J. Virol. 2011, 85, 4399–4408. [CrossRef] [PubMed]

52. Song, T.L.; Nairismagi, M.L.; Laurensia, Y.; Lim, J.Q.; Tan, J.; Li, Z.M.; Pang, W.L.; Kizhakeyil, A.; Wijaya, G.C.; Huang, D.C.; et al.
Oncogenic activation of the STAT3 pathway drives PD-L1 expression in natural killer/T-cell lymphoma. Blood 2018, 132,
1146–1158. [CrossRef]

53. Vari, F.; Arpon, D.; Keane, C.; Hertzberg, M.S.; Talaulikar, D.; Jain, S.; Cui, Q.; Han, E.; Tobin, J.; Bird, R.; et al. Immune evasion
via PD-1/PD-L1 on NK cells and monocyte/macrophages is more prominent in Hodgkin lymphoma than DLBCL. Blood 2018,
131, 1809–1819. [CrossRef] [PubMed]

54. 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] [PubMed]

http://doi.org/10.1016/j.immuni.2021.11.015
http://www.ncbi.nlm.nih.gov/pubmed/34910940
http://doi.org/10.1182/bloodadvances.2020002098
http://www.ncbi.nlm.nih.gov/pubmed/32870971
http://doi.org/10.1073/pnas.1713607115
http://doi.org/10.1002/gcc.22072
http://doi.org/10.1189/jlb.0610351
http://doi.org/10.1002/ijc.27416
http://doi.org/10.3390/biom12091303
http://doi.org/10.1186/1756-8722-6-76
http://doi.org/10.3960/jslrt.19003
http://doi.org/10.1001/jamaoncol.2018.1701
http://www.ncbi.nlm.nih.gov/pubmed/29902298
http://doi.org/10.1084/jem.20112741
http://www.ncbi.nlm.nih.gov/pubmed/22641383
http://doi.org/10.7150/jca.57334
http://www.ncbi.nlm.nih.gov/pubmed/33854633
http://doi.org/10.1182/blood-2015-12-686550
http://doi.org/10.1038/nature18294
http://doi.org/10.3960/jslrt.21003
http://doi.org/10.1016/j.ccell.2020.06.002
http://doi.org/10.1182/blood-2018-10-879015
http://doi.org/10.1016/j.molcel.2019.09.030
http://doi.org/10.1073/pnas.0810958105
http://doi.org/10.1128/JVI.01703-10
http://www.ncbi.nlm.nih.gov/pubmed/21307189
http://doi.org/10.1182/blood-2018-01-829424
http://doi.org/10.1182/blood-2017-07-796342
http://www.ncbi.nlm.nih.gov/pubmed/29449276
http://doi.org/10.1182/blood-2015-02-629600
http://www.ncbi.nlm.nih.gov/pubmed/26239088


Cancers 2023, 15, 835 15 of 20

55. McCord, R.; Bolen, C.R.; Koeppen, H.; Kadel, E.E.; Oestergaard, M.Z.; Nielsen, T.; Sehn, L.H.; Venstrom, J.M. PD-L1 and
tumor-associated macrophages in de novo DLBCL. Blood Adv. 2019, 3, 531–540. [CrossRef]

56. Ennishi, D.; Healy, S.; Bashashati, A.; Saberi, S.; Hother, C.; Mottok, A.; Chan, F.C.; Chong, L.; Abraham, L.; Kridel, R.; et al.
TMEM30A loss-of-function mutations drive lymphomagenesis and confer therapeutically exploitable vulnerability in B-cell
lymphoma. Nat. Med. 2020, 26, 577–588. [CrossRef]

57. Ennishi, D. The biology of the tumor microenvironment in DLBCL: Targeting the “don’t eat me” signal. J. Clin. Exp. Hematop.
JCEH 2021, 61, 210–215. [CrossRef]

58. Morin, R.D.; Johnson, N.A.; Severson, T.M.; Mungall, A.J.; An, J.; Goya, R.; Paul, J.E.; Boyle, M.; Woolcock, B.W.; Kuchenbauer, F.; et al.
Somatic mutations altering EZH2 (Tyr641) in follicular and diffuse large B-cell lymphomas of germinal-center origin. Nat. Genet.
2010, 42, 181–185. [CrossRef]

59. Beguelin, W.; Popovic, R.; Teater, M.; Jiang, Y.; Bunting, K.L.; Rosen, M.; Shen, H.; Yang, S.N.; Wang, L.; Ezponda, T.; et al. EZH2 is
required for germinal center formation and somatic EZH2 mutations promote lymphoid transformation. Cancer Cell 2013, 23,
677–692. [CrossRef]

60. McCabe, M.T.; Ott, H.M.; Ganji, G.; Korenchuk, S.; Thompson, C.; Van Aller, G.S.; Liu, Y.; Graves, A.P.; Della Pietra, A., 3rd;
Diaz, E.; et al. EZH2 inhibition as a therapeutic strategy for lymphoma with EZH2-activating mutations. Nature 2012, 492, 108–112.
[CrossRef]

61. Yap, D.B.; Chu, J.; Berg, T.; Schapira, M.; Cheng, S.W.; Moradian, A.; Morin, R.D.; Mungall, A.J.; Meissner, B.; Boyle, M.; et al.
Somatic mutations at EZH2 Y641 act dominantly through a mechanism of selectively altered PRC2 catalytic activity, to increase
H3K27 trimethylation. Blood 2011, 117, 2451–2459. [CrossRef]

62. Berg, T.; Thoene, S.; Yap, D.; Wee, T.; Schoeler, N.; Rosten, P.; Lim, E.; Bilenky, M.; Mungall, A.J.; Oellerich, T.; et al. A transgenic
mouse model demonstrating the oncogenic role of mutations in the polycomb-group gene EZH2 in lymphomagenesis. Blood
2014, 123, 3914–3924. [CrossRef] [PubMed]

63. Mesin, L.; Ersching, J.; Victora, G.D. Germinal center B cell dynamics. Immunity 2016, 45, 471–482. [CrossRef]
64. Beguelin, W.; Teater, M.; Meydan, C.; Hoehn, K.B.; Phillip, J.M.; Soshnev, A.A.; Venturutti, L.; Rivas, M.A.; Calvo-Fernandez, M.T.;

Gutierrez, J.; et al. Mutant EZH2 induces a pre-malignant lymphoma niche by reprogramming the immune response. Cancer Cell
2020, 37, 655–673.e11. [CrossRef] [PubMed]

65. Elgueta, R.; Benson, M.J.; de Vries, V.C.; Wasiuk, A.; Guo, Y.; Noelle, R.J. Molecular mechanism and function of CD40/CD40L
engagement in the immune system. Immunol. Rev. 2009, 229, 152–172. [CrossRef] [PubMed]

66. Takata, K.; Chong, L.C.; Ennishi, D.; Aoki, T.; Li, M.Y.; Thakur, A.; Healy, S.; Vigano, E.; Dao, T.; Kwon, D.; et al. Tumor-associated
antigen PRAME exhibits dualistic functions that are targetable in diffuse large B cell lymphoma. J. Clin. Investig. 2022, 132,
e145343. [CrossRef] [PubMed]

67. Otsuka, Y.; Nishikori, M.; Arima, H.; Izumi, K.; Kitawaki, T.; Hishizawa, M.; Takaori-Kondo, A. EZH2 inhibitors restore
epigenetically silenced CD58 expression in B-cell lymphomas. Mol. Immunol. 2020, 119, 35–45. [CrossRef]

68. Huang, Y.H.; Cai, K.; Xu, P.P.; Wang, L.; Huang, C.X.; Fang, Y.; Cheng, S.; Sun, X.J.; Liu, F.; Huang, J.Y.; et al. CREBBP/EP300
mutations promoted tumor progression in diffuse large B-cell lymphoma through altering tumor-associated macrophage
polarization via FBXW7-NOTCH-CCL2/CSF1 axis. Signal Transduct. Target. Ther. 2021, 6, 10. [CrossRef]

69. Pasqualucci, L.; Dominguez-Sola, D.; Chiarenza, A.; Fabbri, G.; Grunn, A.; Trifonov, V.; Kasper, L.H.; Lerach, S.; Tang, H.;
Ma, J.; et al. Inactivating mutations of acetyltransferase genes in B-cell lymphoma. Nature 2011, 471, 189–195. [CrossRef]

70. Garcia-Ramirez, I.; Tadros, S.; Gonzalez-Herrero, I.; Martin-Lorenzo, A.; Rodriguez-Hernandez, G.; Moore, D.; Ruiz-Roca, L.;
Blanco, O.; Alonso-Lopez, D.; Rivas, J.L.; et al. Crebbp loss cooperates with Bcl2 overexpression to promote lymphoma in mice.
Blood 2017, 129, 2645–2656. [CrossRef]

71. Meyer, S.N.; Scuoppo, C.; Vlasevska, S.; Bal, E.; Holmes, A.B.; Holloman, M.; Garcia-Ibanez, L.; Nataraj, S.; Duval, R.;
Vantrimpont, T.; et al. Unique and shared epigenetic programs of the CREBBP and EP300 acetyltransferases in germinal center B
cells reveal targetable dependencies in lymphoma. Immunity 2019, 51, 535–547.e9. [CrossRef] [PubMed]

72. Hashwah, H.; Schmid, C.A.; Kasser, S.; Bertram, K.; Stelling, A.; Manz, M.G.; Muller, A. Inactivation of CREBBP expands the
germinal center B cell compartment, down-regulates MHCII expression and promotes DLBCL growth. Proc. Natl. Acad. Sci. USA
2017, 114, 9701–9706. [CrossRef] [PubMed]

73. Mondello, P.; Tadros, S.; Teater, M.; Fontan, L.; Chang, A.Y.; Jain, N.; Yang, H.; Singh, S.; Ying, H.Y.; Chu, C.S.; et al. Selective
inhibition of HDAC3 targets synthetic vulnerabilities and activates immune surveillance in lymphoma. Cancer Discov. 2020, 10,
440–459. [CrossRef] [PubMed]

74. Hyun, K.; Jeon, J.; Park, K.; Kim, J. Writing, erasing and reading histone lysine methylations. Exp. Mol. Med. 2017, 49, e324.
[CrossRef] [PubMed]

75. Pasqualucci, L.; Trifonov, V.; Fabbri, G.; Ma, J.; Rossi, D.; Chiarenza, A.; Wells, V.A.; Grunn, A.; Messina, M.; Elliot, O.; et al.
Analysis of the coding genome of diffuse large B-cell lymphoma. Nat. Genet. 2011, 43, 830–837. [CrossRef] [PubMed]

76. Zhang, J.; Dominguez-Sola, D.; Hussein, S.; Lee, J.E.; Holmes, A.B.; Bansal, M.; Vlasevska, S.; Mo, T.; Tang, H.; Basso, K.; et al.
Disruption of KMT2D perturbs germinal center B cell development and promotes lymphomagenesis. Nat. Med. 2015, 21,
1190–1198. [CrossRef]

http://doi.org/10.1182/bloodadvances.2018020602
http://doi.org/10.1038/s41591-020-0757-z
http://doi.org/10.3960/jslrt.21015
http://doi.org/10.1038/ng.518
http://doi.org/10.1016/j.ccr.2013.04.011
http://doi.org/10.1038/nature11606
http://doi.org/10.1182/blood-2010-11-321208
http://doi.org/10.1182/blood-2012-12-473439
http://www.ncbi.nlm.nih.gov/pubmed/24802772
http://doi.org/10.1016/j.immuni.2016.09.001
http://doi.org/10.1016/j.ccell.2020.04.004
http://www.ncbi.nlm.nih.gov/pubmed/32396861
http://doi.org/10.1111/j.1600-065X.2009.00782.x
http://www.ncbi.nlm.nih.gov/pubmed/19426221
http://doi.org/10.1172/JCI145343
http://www.ncbi.nlm.nih.gov/pubmed/35380993
http://doi.org/10.1016/j.molimm.2020.01.006
http://doi.org/10.1038/s41392-020-00437-8
http://doi.org/10.1038/nature09730
http://doi.org/10.1182/blood-2016-08-733469
http://doi.org/10.1016/j.immuni.2019.08.006
http://www.ncbi.nlm.nih.gov/pubmed/31519498
http://doi.org/10.1073/pnas.1619555114
http://www.ncbi.nlm.nih.gov/pubmed/28831000
http://doi.org/10.1158/2159-8290.CD-19-0116
http://www.ncbi.nlm.nih.gov/pubmed/31915197
http://doi.org/10.1038/emm.2017.11
http://www.ncbi.nlm.nih.gov/pubmed/28450737
http://doi.org/10.1038/ng.892
http://www.ncbi.nlm.nih.gov/pubmed/21804550
http://doi.org/10.1038/nm.3940


Cancers 2023, 15, 835 16 of 20

77. Ortega-Molina, A.; Boss, I.W.; Canela, A.; Pan, H.; Jiang, Y.; Zhao, C.; Jiang, M.; Hu, D.; Agirre, X.; Niesvizky, I.; et al. The histone
lysine methyltransferase KMT2D sustains a gene expression program that represses B cell lymphoma development. Nat. Med.
2015, 21, 1199–1208. [CrossRef]

78. Liu, Q.-X. KMT2D mutations promoted tumor progression in diffuse large B-cell lymphoma through altering tumor-induced
regulatory T cell trafficking via FBXW7-NOTCH-MYC/TGF-β1 axis. ahead of print. [CrossRef]

79. Scott, D.W.; Gascoyne, R.D. The tumour microenvironment in B cell lymphomas. Nat. Rev. Cancer 2014, 14, 517–534. [CrossRef]
80. Monti, S.; Savage, K.J.; Kutok, J.L.; Feuerhake, F.; Kurtin, P.; Mihm, M.; Wu, B.; Pasqualucci, L.; Neuberg, D.; Aguiar, R.C.; et al.

Molecular profiling of diffuse large B-cell lymphoma identifies robust subtypes including one characterized by host inflammatory
response. Blood 2005, 105, 1851–1861. [CrossRef]

81. Li, L.; Sun, R.; Miao, Y.; Tran, T.; Adams, L.; Roscoe, N.; Xu, B.; Manyam, G.C.; Tan, X.; Zhang, H.; et al. PD-1/PD-L1 expression
and interaction by automated quantitative immunofluorescent analysis show adverse prognostic impact in patients with diffuse
large B-cell lymphoma having T-cell infiltration: A study from the International DLBCL Consortium Program. Mod. Pathol. 2019,
32, 741–754. [CrossRef]

82. Coutinho, R.; Clear, A.J.; Mazzola, E.; Owen, A.; Greaves, P.; Wilson, A.; Matthews, J.; Lee, A.; Alvarez, R.; da Silva, M.G.; et al.
Revisiting the immune microenvironment of diffuse large B-cell lymphoma using a tissue microarray and immunohistochemistry:
Robust semi-automated analysis reveals CD3 and FoxP3 as potential predictors of response to R-CHOP. Haematologica 2015, 100,
363–369. [CrossRef]

83. Roider, T.; Seufert, J.; Uvarovskii, A.; Frauhammer, F.; Bordas, M.; Abedpour, N.; Stolarczyk, M.; Mallm, J.P.; Herbst, S.A.;
Bruch, P.M.; et al. Dissecting intratumour heterogeneity of nodal B-cell lymphomas at the transcriptional, genetic and drug-
response levels. Nat. Cell Biol. 2020, 22, 896–906. [CrossRef] [PubMed]

84. Aguilar-Hernandez, M.M.; Blunt, M.D.; Dobson, R.; Yeomans, A.; Thirdborough, S.; Larrayoz, M.; Smith, L.D.; Linley, A.;
Strefford, J.C.; Davies, A.; et al. IL-4 enhances expression and function of surface IgM in CLL cells. Blood 2016, 127, 3015–3025.
[CrossRef] [PubMed]

85. Bruch, P.M.; Giles, H.A.; Kolb, C.; Herbst, S.A.; Becirovic, T.; Roider, T.; Lu, J.; Scheinost, S.; Wagner, L.; Huellein, J.; et al.
Drug-microenvironment perturbations reveal resistance mechanisms and prognostic subgroups in CLL. Mol. Syst. Biol. 2022, 18,
e10855. [CrossRef]

86. Autio, M.; Leivonen, S.K.; Bruck, O.; Mustjoki, S.; Meszaros Jorgensen, J.; Karjalainen-Lindsberg, M.L.; Beiske, K.; Holte, H.;
Pellinen, T.; Leppa, S. Immune cell constitution in the tumor microenvironment predicts the outcome in diffuse large B-cell
lymphoma. Haematologica 2021, 106, 718–729. [CrossRef] [PubMed]

87. Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122, 787–795. [CrossRef]
88. Mantovani, A.; Allavena, P.; Marchesi, F.; Garlanda, C. Macrophages as tools and targets in cancer therapy. Nat. Rev. Drug Discov.

2022, 21, 799–820. [CrossRef]
89. Cai, Q.C.; Liao, H.; Lin, S.X.; Xia, Y.; Wang, X.X.; Gao, Y.; Lin, Z.X.; Lu, J.B.; Huang, H.Q. High expression of tumor-infiltrating

macrophages correlates with poor prognosis in patients with diffuse large B-cell lymphoma. Med. Oncol. 2012, 29, 2317–2322.
[CrossRef]

90. Nam, S.J.; Go, H.; Paik, J.H.; Kim, T.M.; Heo, D.S.; Kim, C.W.; Jeon, Y.K. An increase of M2 macrophages predicts poor prognosis in
patients with diffuse large B-cell lymphoma treated with rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone.
Leuk. Lymphoma 2014, 55, 2466–2476. [CrossRef]

91. Riihijarvi, S.; Fiskvik, I.; Taskinen, M.; Vajavaara, H.; Tikkala, M.; Yri, O.; Karjalainen-Lindsberg, M.L.; Delabie, J.; Smeland, E.;
Holte, H.; et al. Prognostic influence of macrophages in patients with diffuse large B-cell lymphoma: A correlative study from a
Nordic phase II trial. Haematologica 2015, 100, 238–245. [CrossRef]

92. Marinaccio, C.; Ingravallo, G.; Gaudio, F.; Perrone, T.; Nico, B.; Maoirano, E.; Specchia, G.; Ribatti, D. Microvascular density, CD68
and tryptase expression in human diffuse large B-cell lymphoma. Leuk. Res. 2014, 38, 1374–1377. [CrossRef] [PubMed]

93. Taskinen, M.; Karjalainen-Lindsberg, M.L.; Nyman, H.; Eerola, L.M.; Leppa, S. A high tumor-associated macrophage content pre-
dicts favorable outcome in follicular lymphoma patients treated with rituximab and cyclophosphamide-doxorubicin-vincristine-
prednisone. Clin. Cancer Res. 2007, 13, 5784–5789. [CrossRef]

94. Li, Y.L.; Shi, Z.H.; Wang, X.; Gu, K.S.; Zhai, Z.M. Tumor-associated macrophages predict prognosis in diffuse large B-cell
lymphoma and correlation with peripheral absolute monocyte count. BMC Cancer 2019, 19, 1049. [CrossRef] [PubMed]

95. Leidi, M.; Gotti, E.; Bologna, L.; Miranda, E.; Rimoldi, M.; Sica, A.; Roncalli, M.; Palumbo, G.A.; Introna, M.; Golay, J. M2
macrophages phagocytose rituximab-opsonized leukemic targets more efficiently than m1 cells in vitro. J. Immunol. 2009, 182,
4415–4422. [CrossRef] [PubMed]

96. de Jong, D.; Enblad, G. Inflammatory cells and immune microenvironment in malignant lymphoma. J. Intern. Med. 2008, 264,
528–536. [CrossRef] [PubMed]

97. Lam, L.T.; Wright, G.; Davis, R.E.; Lenz, G.; Farinha, P.; Dang, L.; Chan, J.W.; Rosenwald, A.; Gascoyne, R.D.; Staudt, L.M.
Cooperative signaling through the signal transducer and activator of transcription 3 and nuclear factor-kappaB pathways in
subtypes of diffuse large B-cell lymphoma. Blood 2008, 111, 3701–3713. [CrossRef]

98. Hirano, T.; Yasukawa, K.; Harada, H.; Taga, T.; Watanabe, Y.; Matsuda, T.; Kashiwamura, S.; Nakajima, K.; Koyama, K.;
Iwamatsu, A.; et al. Complementary DNA for a novel human interleukin (BSF-2) that induces B lymphocytes to produce
immunoglobulin. Nature 1986, 324, 73–76. [CrossRef]

http://doi.org/10.1038/nm.3943
http://doi.org/10.21203/rs.3.rs-1520534/v1
http://doi.org/10.1038/nrc3774
http://doi.org/10.1182/blood-2004-07-2947
http://doi.org/10.1038/s41379-018-0193-5
http://doi.org/10.3324/haematol.2014.110189
http://doi.org/10.1038/s41556-020-0532-x
http://www.ncbi.nlm.nih.gov/pubmed/32541878
http://doi.org/10.1182/blood-2015-11-682906
http://www.ncbi.nlm.nih.gov/pubmed/27002119
http://doi.org/10.15252/msb.202110855
http://doi.org/10.3324/haematol.2019.243626
http://www.ncbi.nlm.nih.gov/pubmed/32079690
http://doi.org/10.1172/JCI59643
http://doi.org/10.1038/s41573-022-00520-5
http://doi.org/10.1007/s12032-011-0123-6
http://doi.org/10.3109/10428194.2013.879713
http://doi.org/10.3324/haematol.2014.113472
http://doi.org/10.1016/j.leukres.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25293515
http://doi.org/10.1158/1078-0432.CCR-07-0778
http://doi.org/10.1186/s12885-019-6208-x
http://www.ncbi.nlm.nih.gov/pubmed/31694577
http://doi.org/10.4049/jimmunol.0713732
http://www.ncbi.nlm.nih.gov/pubmed/19299742
http://doi.org/10.1111/j.1365-2796.2008.02032.x
http://www.ncbi.nlm.nih.gov/pubmed/19017177
http://doi.org/10.1182/blood-2007-09-111948
http://doi.org/10.1038/324073a0


Cancers 2023, 15, 835 17 of 20

99. Rousset, F.; Garcia, E.; Defrance, T.; Peronne, C.; Vezzio, N.; Hsu, D.H.; Kastelein, R.; Moore, K.W.; Banchereau, J. Interleukin 10 is
a potent growth and differentiation factor for activated human B lymphocytes. Proc. Natl. Acad. Sci. USA 1992, 89, 1890–1893.
[CrossRef]

100. Voorzanger, N.; Touitou, R.; Garcia, E.; Delecluse, H.J.; Rousset, F.; Joab, I.; Favrot, M.C.; Blay, J.Y. Interleukin (IL)-10 and IL-6 are
produced in vivo by non-Hodgkin’s lymphoma cells and act as cooperative growth factors. Cancer Res. 1996, 56, 5499–5505.

101. Blay, J.Y.; Burdin, N.; Rousset, F.; Lenoir, G.; Biron, P.; Philip, T.; Banchereau, J.; Favrot, M.C. Serum interleukin-10 in non-
Hodgkin’s lymphoma: A prognostic factor. Blood 1993, 82, 2169–2174. [CrossRef]

102. Gupta, M.; Han, J.J.; Stenson, M.; Maurer, M.; Wellik, L.; Hu, G.; Ziesmer, S.; Dogan, A.; Witzig, T.E. Elevated serum IL-10 levels
in diffuse large B-cell lymphoma: A mechanism of aberrant JAK2 activation. Blood 2012, 119, 2844–2853. [CrossRef]

103. Giachelia, M.; Voso, M.T.; Tisi, M.C.; Martini, M.; Bozzoli, V.; Massini, G.; D’Alo, F.; Larocca, L.M.; Leone, G.; Hohaus, S.
Interleukin-6 plasma levels are modulated by a polymorphism in the NF-kappaB1 gene and are associated with outcome
following rituximab-combined chemotherapy in diffuse large B-cell non-Hodgkin lymphoma. Leuk. Lymphoma 2012, 53, 411–416.
[CrossRef] [PubMed]

104. Lee, H.J. Recent advances in the development of TGF-beta signaling inhibitors for anticancer therapy. J. Cancer Prev. 2020, 25,
213–222. [CrossRef] [PubMed]

105. Clozel, T.; Yang, S.; Elstrom, R.L.; Tam, W.; Martin, P.; Kormaksson, M.; Banerjee, S.; Vasanthakumar, A.; Culjkovic, B.;
Scott, D.W.; et al. Mechanism-based epigenetic chemosensitization therapy of diffuse large B-cell lymphoma. Cancer Discov. 2013,
3, 1002–1019. [CrossRef] [PubMed]

106. Stelling, A.; Hashwah, H.; Bertram, K.; Manz, M.G.; Tzankov, A.; Muller, A. The tumor suppressive TGF-beta/SMAD1/S1PR2
signaling axis is recurrently inactivated in diffuse large B-cell lymphoma. Blood 2018, 131, 2235–2246. [CrossRef]

107. Rai, D.; Kim, S.W.; McKeller, M.R.; Dahia, P.L.; Aguiar, R.C. Targeting of SMAD5 links microRNA-155 to the TGF-beta pathway
and lymphomagenesis. Proc. Natl. Acad. Sci. USA 2010, 107, 3111–3116. [CrossRef]

108. Lenz, G.; Wright, G.; Dave, S.S.; Xiao, W.; Powell, J.; Zhao, H.; Xu, W.; Tan, B.; Goldschmidt, N.; Iqbal, J.; et al. Stromal gene
signatures in large-B-cell lymphomas. N. Engl. J. Med. 2008, 359, 2313–2323. [CrossRef]

109. Kotlov, N.; Bagaev, A.; Revuelta, M.V.; Phillip, J.M.; Cacciapuoti, M.T.; Antysheva, Z.; Svekolkin, V.; Tikhonova, E.; Miheecheva, N.;
Kuzkina, N.; et al. Clinical and biological subtypes of B-cell lymphoma revealed by microenvironmental signatures. Cancer Discov.
2021, 11, 1468–1489. [CrossRef]

110. Velapasamy, S.; Dawson, C.W.; Young, L.S.; Paterson, I.C.; Yap, L.F. The dynamic roles of TGF-beta signalling in EBV-associated
cancers. Cancers 2018, 10, 247. [CrossRef]

111. Aoki, T.; Chong, L.C.; Takata, K.; Milne, K.; Marshall, A.; Chavez, E.A.; Miyata-Takata, T.; Ben-Neriah, S.; Unrau, D.;
Telenius, A.; et al. Single-cell profiling reveals the importance of CXCL13/CXCR5 axis biology in lymphocyte-rich classic Hodgkin
lymphoma. Proc. Natl. Acad. Sci. USA 2021, 118, e2105822118. [CrossRef]

112. Hartmann, S.; Schuhmacher, B.; Rausch, T.; Fuller, L.; Doring, C.; Weniger, M.; Lollies, A.; Weiser, C.; Thurner, L.; Rengstl, B.; et al.
Highly recurrent mutations of SGK1, DUSP2 and JUNB in nodular lymphocyte predominant Hodgkin lymphoma. Leukemia 2016,
30, 844–853. [CrossRef] [PubMed]

113. Schuhmacher, B.; Bein, J.; Rausch, T.; Benes, V.; Tousseyn, T.; Vornanen, M.; Ponzoni, M.; Thurner, L.; Gascoyne, R.; Steidl, C.; et al.
JUNB, DUSP2, SGK1, SOCS1 and CREBBP are frequently mutated in T-cell/histiocyte-rich large B-cell lymphoma. Haematologica
2019, 104, 330–337. [CrossRef] [PubMed]

114. Fan, Z.; Natkunam, Y.; Bair, E.; Tibshirani, R.; Warnke, R.A. Characterization of variant patterns of nodular lymphocyte
predominant hodgkin lymphoma with immunohistologic and clinical correlation. Am. J. Surg. Pathol. 2003, 27, 1346–1356.
[CrossRef]

115. Ennishi, D.; Jiang, A.; Boyle, M.; Collinge, B.; Grande, B.M.; Ben-Neriah, S.; Rushton, C.; Tang, J.; Thomas, N.; Slack, G.W.; et al.
Double-hit gene expression signature defines a distinct subgroup of germinal center B-cell-like diffuse large B-Cell lymphoma.
J. Clin. Oncol. 2019, 37, 190–201. [CrossRef]

116. Luca, B.A.; Steen, C.B.; Matusiak, M.; Azizi, A.; Varma, S.; Zhu, C.; Przybyl, J.; Espin-Perez, A.; Diehn, M.; Alizadeh, A.A.; et al.
Atlas of clinically distinct cell states and ecosystems across human solid tumors. Cell 2021, 184, 5482–5496.e28. [CrossRef]

117. Takahara, T.; Satou, A.; Ishikawa, E.; Kohno, K.; Kato, S.; Suzuki, Y.; Takahashi, E.; Ohashi, A.; Asano, N.; Tsuzuki, T.; et al.
Clinicopathological analysis of neoplastic PD-L1-positive EBV(+) diffuse large B cell lymphoma, not otherwise specified, in a
Japanese cohort. Virchows Arch. Int. J. Pathol. 2021, 478, 541–552. [CrossRef]

118. Nicolae, A.; Pittaluga, S.; Abdullah, S.; Steinberg, S.M.; Pham, T.A.; Davies-Hill, T.; Xi, L.; Raffeld, M.; Jaffe, E.S. EBV-positive
large B-cell lymphomas in young patients: A nodal lymphoma with evidence for a tolerogenic immune environment. Blood 2015,
126, 863–872. [CrossRef] [PubMed]

119. Alpert, A.; Pickman, Y.; Leipold, M.; Rosenberg-Hasson, Y.; Ji, X.; Gaujoux, R.; Rabani, H.; Starosvetsky, E.; Kveler, K.;
Schaffert, S.; et al. A clinically meaningful metric of immune age derived from high-dimensional longitudinal monitoring.
Nat. Med. 2019, 25, 487–495. [CrossRef]

120. Palmer, S.; Albergante, L.; Blackburn, C.C.; Newman, T.J. Thymic involution and rising disease incidence with age. Proc. Natl.
Acad. Sci. USA 2018, 115, 1883–1888. [CrossRef]

121. Qi, Q.; Liu, Y.; Cheng, Y.; Glanville, J.; Zhang, D.; Lee, J.Y.; Olshen, R.A.; Weyand, C.M.; Boyd, S.D.; Goronzy, J.J. Diversity and
clonal selection in the human T-cell repertoire. Proc. Natl. Acad. Sci. USA 2014, 111, 13139–13144. [CrossRef]

http://doi.org/10.1073/pnas.89.5.1890
http://doi.org/10.1182/blood.V82.7.2169.2169
http://doi.org/10.1182/blood-2011-10-388538
http://doi.org/10.3109/10428194.2011.621566
http://www.ncbi.nlm.nih.gov/pubmed/21902578
http://doi.org/10.15430/JCP.2020.25.4.213
http://www.ncbi.nlm.nih.gov/pubmed/33409254
http://doi.org/10.1158/2159-8290.CD-13-0117
http://www.ncbi.nlm.nih.gov/pubmed/23955273
http://doi.org/10.1182/blood-2017-10-810630
http://doi.org/10.1073/pnas.0910667107
http://doi.org/10.1056/NEJMoa0802885
http://doi.org/10.1158/2159-8290.CD-20-0839
http://doi.org/10.3390/cancers10080247
http://doi.org/10.1073/pnas.2105822118
http://doi.org/10.1038/leu.2015.328
http://www.ncbi.nlm.nih.gov/pubmed/26658840
http://doi.org/10.3324/haematol.2018.203224
http://www.ncbi.nlm.nih.gov/pubmed/30213827
http://doi.org/10.1097/00000478-200310000-00007
http://doi.org/10.1200/JCO.18.01583
http://doi.org/10.1016/j.cell.2021.09.014
http://doi.org/10.1007/s00428-020-02901-w
http://doi.org/10.1182/blood-2015-02-630632
http://www.ncbi.nlm.nih.gov/pubmed/25999451
http://doi.org/10.1038/s41591-019-0381-y
http://doi.org/10.1073/pnas.1714478115
http://doi.org/10.1073/pnas.1409155111


Cancers 2023, 15, 835 18 of 20

122. Hashimoto, K.; Kouno, T.; Ikawa, T.; Hayatsu, N.; Miyajima, Y.; Yabukami, H.; Terooatea, T.; Sasaki, T.; Suzuki, T.;
Valentine, M.; et al. Single-cell transcriptomics reveals expansion of cytotoxic CD4 T cells in supercentenarians. Proc. Natl. Acad.
Sci. USA 2019, 116, 24242–24251. [CrossRef] [PubMed]

123. Mogilenko, D.A.; Shpynov, O.; Andhey, P.S.; Arthur, L.; Swain, A.; Esaulova, E.; Brioschi, S.; Shchukina, I.; Kerndl, M.;
Bambouskova, M.; et al. Comprehensive profiling of an aging immune system reveals clonal GZMK(+) CD8(+) T cells as
conserved hallmark of inflammaging. Immunity 2021, 54, 99–115.e12. [CrossRef] [PubMed]

124. Mogilenko, D.A.; Shchukina, I.; Artyomov, M.N. Immune ageing at single-cell resolution. Nat. Rev. Immunol. 2022, 22, 484–498.
[CrossRef] [PubMed]

125. Khan, N.; Hislop, A.; Gudgeon, N.; Cobbold, M.; Khanna, R.; Nayak, L.; Rickinson, A.B.; Moss, P.A. Herpesvirus-specific CD8 T
cell immunity in old age: Cytomegalovirus impairs the response to a coresident EBV infection. J. Immunol. 2004, 173, 7481–7489.
[CrossRef] [PubMed]

126. Plunkett, F.J.; Franzese, O.; Finney, H.M.; Fletcher, J.M.; Belaramani, L.L.; Salmon, M.; Dokal, I.; Webster, D.; Lawson, A.D.;
Akbar, A.N. The loss of telomerase activity in highly differentiated CD8+CD28-CD27- T cells is associated with decreased Akt
(Ser473) phosphorylation. J. Immunol. 2007, 178, 7710–7719. [CrossRef] [PubMed]

127. Hassouneh, F.; Goldeck, D.; Pera, A.; van Heemst, D.; Slagboom, P.E.; Pawelec, G.; Solana, R. Functional changes of T-cell subsets
with age and CMV infection. Int. J. Mol. Sci. 2021, 22, 9973. [CrossRef] [PubMed]

128. Mittelbrunn, M.; Kroemer, G. Hallmarks of T cell aging. Nat. Immunol. 2021, 22, 687–698. [CrossRef]
129. Terao, C.; Suzuki, A.; Momozawa, Y.; Akiyama, M.; Ishigaki, K.; Yamamoto, K.; Matsuda, K.; Murakami, Y.; McCarroll, S.A.;

Kubo, M.; et al. Chromosomal alterations among age-related haematopoietic clones in Japan. Nature 2020, 584, 130–135. [CrossRef]
130. Niroula, A.; Sekar, A.; Murakami, M.A.; Trinder, M.; Agrawal, M.; Wong, W.J.; Bick, A.G.; Uddin, M.M.; Gibson, C.J.;

Griffin, G.K.; et al. Distinction of lymphoid and myeloid clonal hematopoiesis. Nat. Med. 2021, 27, 1921–1927. [CrossRef]
131. Li, Y.; Xu-Monette, Z.Y.; Abramson, J.S.; Sohani, A.; Bhagat, G.; Tzankov, A.; Visco, C.; Zhang, S.; Dybkaer, K.; Pan, Z.; et al.

EBV-positive DLBCL frequently harbors somatic mutations associated with clonal hematopoiesis of indeterminate potential.
Blood Adv. 2022. ahead of print. [CrossRef]

132. Kataoka, K.; Miyoshi, H.; Sakata, S.; Dobashi, A.; Couronne, 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]

133. Sakata-Yanagimoto, M.; Enami, T.; Yoshida, K.; Shiraishi, Y.; Ishii, R.; Miyake, Y.; Muto, H.; Tsuyama, N.; Sato-Otsubo, A.;
Okuno, Y.; et al. Somatic RHOA mutation in angioimmunoblastic T cell lymphoma. Nat. Genet. 2014, 46, 171–175. [CrossRef]
[PubMed]

134. Fujisawa, M.; Nguyen, T.B.; Abe, Y.; Suehara, Y.; Fukumoto, K.; Suma, S.; Makishima, K.; Kaneko, C.; Nguyen, Y.T.M.;
Usuki, K.; et al. Clonal germinal center B cells function as a niche for T-cell lymphoma. Blood 2022, 140, 1937–1950. [CrossRef]

135. Chapuy, B.; Roemer, M.G.; Stewart, C.; Tan, Y.; Abo, R.P.; Zhang, L.; Dunford, A.J.; Meredith, D.M.; Thorner, A.R.; Jordanova, E.S.;
et al. Targetable genetic features of primary testicular and primary central nervous system lymphomas. Blood 2016, 127, 869–881.
[CrossRef]

136. Tsuyuki, Y.; Ishikawa, E.; Kohno, K.; Shimada, K.; Ohka, F.; Suzuki, Y.; Mabuchi, S.; Satou, A.; Takahara, T.; Kato, S.; et al.
Expression of programmed cell death ligand-1 by immune cells in the microenvironment is a favorable prognostic factor for
primary diffuse large B-cell lymphoma of the central nervous system. Neuropathology 2021, 41, 99–108. [CrossRef] [PubMed]

137. Minderman, M.; Amir, A.; Kraan, W.; Schilder-Tol, E.J.M.; Oud, M.; Scheepstra, C.G.; Noorduyn, A.L.; Kluin, P.M.; Kersten, M.J.;
Spaargaren, M.; et al. Immune evasion in primary testicular and central nervous system lymphomas: HLA loss rather than
9p24.1/PD-L1/PD-L2 alterations. Blood 2021, 138, 1194–1197. [CrossRef] [PubMed]

138. Kawano, T.; Tsuyuki, Y.; Suzuki, Y.; Shimada, K.; Kato, S.; Takahara, T.; Mori, M.; Nakaguro, M.; Sakakibara, A.; Nakamura, S.; et al.
Clinicopathologic analysis of primary adrenal diffuse large B-cell lymphoma: A reappraisal of 23 Japanese patients based on EBV
association and PD-L1 expression in tumor cells. Am. J. Surg. Pathol. 2021, 45, 1606–1615. [CrossRef]

139. Ishikawa, E.; Nakamura, M.; Shimada, K.; Tanaka, T.; Satou, A.; Kohno, K.; Sakakibara, A.; Furukawa, K.; Yamamura, T.;
Miyahara, R.; et al. Prognostic impact of PD-L1 expression in primary gastric and intestinal diffuse large B-cell lymphoma.
J. Gastroenterol. 2020, 55, 39–50. [CrossRef]

140. Suzuki, Y.; Sakakibara, A.; Shimada, K.; Shimada, S.; Ishikawa, E.; Nakamura, S.; Kato, S.; Takahara, T.; Asano, N.; Satou, A.; et al.
Immune evasion-related extranodal large B-cell lymphoma: A report of six patients with neoplastic PD-L1-positive extranodal
diffuse large B-cell lymphoma. Pathol. Int. 2019, 69, 13–20. [CrossRef]

141. Kohno, K.; Suzuki, Y.; Elsayed, A.A.; Sakakibara, A.; Takahara, T.; Satou, A.; Kato, S.; Nakamura, S.; Asano, N. Immunohisto-
chemical assessment of the diagnostic utility of PD-L1 (Clone SP142) for methotrexate-associated lymphoproliferative disorders
with an emphasis of neoplastic PD-L1 (clone SP142)-positive classic Hodgkin lymphoma type. Am. J. Clin. Pathol. 2020, 153,
571–582. [CrossRef]

142. Suzuki, Y.; Kohno, K.; Matsue, K.; Sakakibara, A.; Ishikawa, E.; Shimada, S.; Shimada, K.; Mabuchi, S.; Takahara, T.; Kato, S.; et al.
PD-L1 (SP142) expression in neoplastic cells predicts a poor prognosis for patients with intravascular large B-cell lymphoma
treated with rituximab-based multi-agent chemotherapy. Cancer Med. 2020, 9, 4768–4776. [CrossRef]

http://doi.org/10.1073/pnas.1907883116
http://www.ncbi.nlm.nih.gov/pubmed/31719197
http://doi.org/10.1016/j.immuni.2020.11.005
http://www.ncbi.nlm.nih.gov/pubmed/33271118
http://doi.org/10.1038/s41577-021-00646-4
http://www.ncbi.nlm.nih.gov/pubmed/34815556
http://doi.org/10.4049/jimmunol.173.12.7481
http://www.ncbi.nlm.nih.gov/pubmed/15585874
http://doi.org/10.4049/jimmunol.178.12.7710
http://www.ncbi.nlm.nih.gov/pubmed/17548608
http://doi.org/10.3390/ijms22189973
http://www.ncbi.nlm.nih.gov/pubmed/34576140
http://doi.org/10.1038/s41590-021-00927-z
http://doi.org/10.1038/s41586-020-2426-2
http://doi.org/10.1038/s41591-021-01521-4
http://doi.org/10.1182/bloodadvances.2022008550
http://doi.org/10.1038/s41375-019-0380-5
http://doi.org/10.1038/ng.2872
http://www.ncbi.nlm.nih.gov/pubmed/24413737
http://doi.org/10.1182/blood.2022015451
http://doi.org/10.1182/blood-2015-10-673236
http://doi.org/10.1111/neup.12705
http://www.ncbi.nlm.nih.gov/pubmed/33269495
http://doi.org/10.1182/blood.2021011366
http://www.ncbi.nlm.nih.gov/pubmed/34125179
http://doi.org/10.1097/PAS.0000000000001809
http://doi.org/10.1007/s00535-019-01616-3
http://doi.org/10.1111/pin.12742
http://doi.org/10.1093/ajcp/aqz198
http://doi.org/10.1002/cam4.3104


Cancers 2023, 15, 835 19 of 20

143. Shimada, K.; Yoshida, K.; Suzuki, Y.; Iriyama, C.; Inoue, Y.; Sanada, M.; Kataoka, K.; Yuge, M.; Takagi, Y.; Kusumoto, S.; et al. Frequent
genetic alterations in immune checkpoint-related genes in intravascular large B-cell lymphoma. Blood 2021, 137, 1491–1502.
[CrossRef] [PubMed]

144. Venturutti, L.; Rivas, M.A.; Pelzer, B.W.; Flumann, R.; Hansen, J.; Karagiannidis, I.; Xia, M.; McNally, D.R.; Isshiki, Y.; Lytle, A.; et al.
An aged/autoimmune B-cell program defines the early transformation of extranodal lymphomas. Cancer Discov. 2022, 13, 216–243.
[CrossRef] [PubMed]

145. Fukumura, K.; Kawazu, M.; Kojima, S.; Ueno, T.; Sai, E.; Soda, M.; Ueda, H.; Yasuda, T.; Yamaguchi, H.; Lee, J.; et al. Genomic
characterization of primary central nervous system lymphoma. Acta Neuropathol. 2016, 131, 865–875. [CrossRef] [PubMed]

146. Jaiswal, S.; Fontanillas, P.; Flannick, J.; Manning, A.; Grauman, P.V.; Mar, B.G.; Lindsley, R.C.; Mermel, C.H.; Burtt, N.;
Chavez, A.; et al. Age-related clonal hematopoiesis associated with adverse outcomes. N. Engl. J. Med. 2014, 371, 2488–2498.
[CrossRef]

147. Heming, M.; Haessner, S.; Wolbert, J.; Lu, I.N.; Li, X.; Brokinkel, B.; Muther, M.; Holling, M.; Stummer, W.; Thomas, C.; et al.
Intratumor heterogeneity and T cell exhaustion in primary CNS lymphoma. Genome Med. 2022, 14, 109. [CrossRef]

148. Singh, M.; Jackson, K.J.L.; Wang, J.J.; Schofield, P.; Field, M.A.; Koppstein, D.; Peters, T.J.; Burnett, D.L.; Rizzetto, S.;
Nevoltris, D.; et al. Lymphoma driver mutations in the pathogenic evolution of an iconic human autoantibody. Cell 2020, 180,
878–894.e19. [CrossRef]

149. Venturutti, L.; Teater, M.; Zhai, A.; Chadburn, A.; Babiker, L.; Kim, D.; Beguelin, W.; Lee, T.C.; Kim, Y.; Chin, C.R.; et al. TBL1XR1
mutations drive extranodal lymphoma by inducing a pro-tumorigenic memory fate. Cell 2020, 182, 297–316.e27. [CrossRef]

150. Radke, J.; Ishaque, N.; Koll, R.; Gu, Z.; Schumann, E.; Sieverling, L.; Uhrig, S.; Hubschmann, D.; Toprak, U.H.; Lopez, C.; et al.
The genomic and transcriptional landscape of primary central nervous system lymphoma. Nat. Commun. 2022, 13, 2558.
[CrossRef]

151. Takahara, T.; Ishikawa, E.; Suzuki, Y.; Kogure, Y.; Sato, A.; Kataoka, K.; Nakamura, S. PD-L1-expressing extranodal diffuse large
B-cell lymphoma, NOS with and without PD-L1 3’-UTR structural variations. J. Clin. Exp. Hematop. JCEH 2022, 62, 106–113.
[CrossRef]

152. Sakakibara, A.; Inagaki, Y.; Imaoka, E.; Sakai, Y.; Ito, M.; Ishikawa, E.; Shimada, S.; Shimada, K.; Suzuki, Y.; Nakamura, S.; et al.
Divergence and heterogeneity of neoplastic PD-L1 expression: Two autopsy case reports of intravascular large B-cell lymphoma.
Pathol. Int. 2019, 69, 148–154. [CrossRef]

153. Montesinos-Rongen, M.; Terrao, M.; May, C.; Marcus, K.; Blumcke, I.; Hellmich, M.; Kuppers, R.; Brunn, A.; Deckert, M.
The process of somatic hypermutation increases polyreactivity for central nervous system antigens in primary central nervous
system lymphoma. Haematologica 2021, 106, 708–717. [CrossRef] [PubMed]

154. Thurner, L.; Preuss, K.D.; Bewarder, M.; Kemele, M.; Fadle, N.; Regitz, E.; Altmeyer, S.; Schormann, C.; Poeschel, V.; Ziepert, M.; et al.
Hyper-N-glycosylated SAMD14 and neurabin-I as driver autoantigens of primary central nervous system lymphoma. Blood 2018,
132, 2744–2753. [CrossRef] [PubMed]

155. Montesinos-Rongen, M.; Purschke, F.G.; Brunn, A.; May, C.; Nordhoff, E.; Marcus, K.; Deckert, M. Primary central nervous system
(CNS) lymphoma B cell receptors recognize CNS proteins. J. Immunol. 2015, 195, 1312–1319. [CrossRef] [PubMed]

156. Montesinos-Rongen, M.; Kuppers, R.; Schluter, D.; Spieker, T.; Van Roost, D.; Schaller, C.; Reifenberger, G.; Wiestler, O.D.; Deckert-
Schluter, M. Primary central nervous system lymphomas are derived from germinal-center B cells and show a preferential usage
of the V4-34 gene segment. Am. J. Pathol. 1999, 155, 2077–2086. [CrossRef] [PubMed]

157. Thompsett, A.R.; Ellison, D.W.; Stevenson, F.K.; Zhu, D. V(H) gene sequences from primary central nervous system lymphomas
indicate derivation from highly mutated germinal center B cells with ongoing mutational activity. Blood 1999, 94, 1738–1746.
[CrossRef]

158. Montesinos-Rongen, M.; Purschke, F.; Kuppers, R.; Deckert, M. Immunoglobulin repertoire of primary lymphomas of the central
nervous system. J. Neuropathol. Exp. Neurol. 2014, 73, 1116–1125. [CrossRef]

159. Gandhi, M.K.; Hoang, T.; Law, S.C.; Brosda, S.; O’Rourke, K.; Tobin, J.W.D.; Vari, F.; Murigneux, V.; Fink, L.; Gunawardana, J.; et al.
EBV-associated primary CNS lymphoma occurring after immunosuppression is a distinct immunobiological entity. Blood 2021,
137, 1468–1477. [CrossRef] [PubMed]

160. Pasqualucci, L.; Neumeister, P.; Goossens, T.; Nanjangud, G.; Chaganti, R.S.; Kuppers, R.; Dalla-Favera, R. Hypermutation of
multiple proto-oncogenes in B-cell diffuse large-cell lymphomas. Nature 2001, 412, 341–346. [CrossRef]

161. Dojcinov, S.D.; Venkataraman, G.; Raffeld, M.; Pittaluga, S.; Jaffe, E.S. EBV positive mucocutaneous ulcer—A study of 26 cases
associated with various sources of immunosuppression. Am. J. Surg. Pathol. 2010, 34, 405–417. [CrossRef]

162. Satou, A.; Banno, S.; Hanamura, I.; Takahashi, E.; Takahara, T.; Nobata, H.; Katsuno, T.; Takami, A.; Ito, Y.; Ueda, R.; et al.
EBV-positive mucocutaneous ulcer arising in rheumatoid arthritis patients treated with methotrexate: Single center series of nine
cases. Pathol. Int. 2019, 69, 21–28. [CrossRef]

163. Daroontum, T.; Kohno, K.; Eladl, A.E.; Satou, A.; Sakakibara, A.; Matsukage, S.; Yakushiji, N.; Ya-In, C.; Nakamura, S.; Asano, N.; et al.
Comparison of Epstein-Barr virus-positive mucocutaneous ulcer associated with treated lymphoma or methotrexate in Japan.
Histopathology 2018, 72, 1115–1127. [CrossRef] [PubMed]

164. Hiam-Galvez, K.J.; Allen, B.M.; Spitzer, M.H. Systemic immunity in cancer. Nat. Rev. Cancer 2021, 21, 345–359. [CrossRef]
[PubMed]

http://doi.org/10.1182/blood.2020007245
http://www.ncbi.nlm.nih.gov/pubmed/33512416
http://doi.org/10.1158/2159-8290.CD-22-0561
http://www.ncbi.nlm.nih.gov/pubmed/36264161
http://doi.org/10.1007/s00401-016-1536-2
http://www.ncbi.nlm.nih.gov/pubmed/26757737
http://doi.org/10.1056/NEJMoa1408617
http://doi.org/10.1186/s13073-022-01110-1
http://doi.org/10.1016/j.cell.2020.01.029
http://doi.org/10.1016/j.cell.2020.05.049
http://doi.org/10.1038/s41467-022-30050-y
http://doi.org/10.3960/jslrt.21028
http://doi.org/10.1111/pin.12757
http://doi.org/10.3324/haematol.2019.242701
http://www.ncbi.nlm.nih.gov/pubmed/32193251
http://doi.org/10.1182/blood-2018-03-836932
http://www.ncbi.nlm.nih.gov/pubmed/30249786
http://doi.org/10.4049/jimmunol.1402341
http://www.ncbi.nlm.nih.gov/pubmed/26116512
http://doi.org/10.1016/S0002-9440(10)65526-5
http://www.ncbi.nlm.nih.gov/pubmed/10595937
http://doi.org/10.1182/blood.V94.5.1738
http://doi.org/10.1097/NEN.0000000000000133
http://doi.org/10.1182/blood.2020008520
http://www.ncbi.nlm.nih.gov/pubmed/33202420
http://doi.org/10.1038/35085588
http://doi.org/10.1097/PAS.0b013e3181cf8622
http://doi.org/10.1111/pin.12745
http://doi.org/10.1111/his.13464
http://www.ncbi.nlm.nih.gov/pubmed/29314151
http://doi.org/10.1038/s41568-021-00347-z
http://www.ncbi.nlm.nih.gov/pubmed/33837297


Cancers 2023, 15, 835 20 of 20

165. Harrison, O.J.; Powrie, F.M. Regulatory T cells and immune tolerance in the intestine. Cold Spring Harb. Perspect. Biol. 2013, 5,
a018341. [CrossRef] [PubMed]

166. Ishikawa, E.; Kato, S.; Shimada, K.; Tanaka, T.; Suzuki, Y.; Satou, A.; Kohno, K.; Sakakibara, A.; Yamamura, T.; Nakamura, M.; et al.
Clinicopathological analysis of primary intestinal diffuse large B-cell lymphoma: Prognostic evaluation of CD5, PD-L1, and
Epstein-Barr virus on tumor cells. Cancer Med. 2018, 7, 6051–6063. [CrossRef]

167. Ishikawa, E.; Tanaka, T.; Shimada, K.; Kohno, K.; Satou, A.; Eladl, A.E.; Sakakibara, A.; Furukawa, K.; Funasaka, K.;
Miyahara, R.; et al. A prognostic model, including the EBV status of tumor cells, for primary gastric diffuse large B-cell
lymphoma in the rituximab era. Cancer Med. 2018, 7, 3510–3520. [CrossRef]

168. Miyagi, S.; Ishikawa, E.; Nakamura, M.; Shimada, K.; Yamamura, T.; Furukawa, K.; Tanaka, T.; Mabuchi, S.; Tsuyuki, Y.;
Kohno, K.; et al. Reappraisal of primary Epstein-Barr virus (EBV)-positive diffuse large B-Cell lymphoma of the gastrointestinal
tract: Comparative analysis among immunosuppressed and nonimmunosuppressed stage I and II-IV patients. Am. J. Surg. Pathol.
2020, 44, 1173–1183. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1101/cshperspect.a018341
http://www.ncbi.nlm.nih.gov/pubmed/23818502
http://doi.org/10.1002/cam4.1875
http://doi.org/10.1002/cam4.1595
http://doi.org/10.1097/PAS.0000000000001499

	Introduction 
	Genomic Aberrations of DLBCL Affecting Immune Status 
	Tumor Microenvironment of DLBCL 
	Systemic Immunity 
	DLBCL in Immune-Privileged Sites 
	Conclusions 
	References

