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Abstract: Diffuse large B-cell lymphoma (DLBCL) is the most common non-Hodgkin lymphoma. It is
a clinically and morphologically heterogeneous entity that has continued to resist complete subtyping.
Molecular subtyping efforts emerged in earnest with the advent of gene expression profiling (GEP).
This molecular subtyping approach has continued to evolve simultaneously with others including
immunohistochemistry and more modern genomic approaches. Recently, the veritable explosion
of genomic data availability and evolving computational methodologies have provided additional
avenues, by which further understanding and subclassification of DBLCLs is possible. The goal of
this review is to provide a historical overview of the major classification timepoints in the molecular
subtyping of DLBCL, from gene expression profiling to present day understanding.

Keywords: molecular; diagnostics; diffuse large B-cell lymphoma; cell-of-origin; immunohistochem-
istry; gene expression profiling; cytogenetics/FISH; minimum criteria for diagnosis

1. Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common non-Hodgkin lymphoma
in the western hemisphere [1]. Diagnosis and subtyping of DLBCL has come far to date,
from just requiring morphological assessment based on a single H & E slide to now, where
numerous ancillary tests are a prerequisite, including immunohistochemistry, cytogenet-
ics, flow cytometry, and molecular testing. Whilst these technologies continue to allow
refinements in diagnostic subtyping, the highly heterogeneous nature of the disease con-
tinues to evade full subtyping efforts. Furthermore, continued efforts to understand the
underlying molecular pathophysiology of the disease are needed, given the propensity
of the disease to relapse beyond standard and even precision therapies. The aim of this
review is to provide an overview of the historical and current state of DLBCL molecular
subtyping. Furthermore, we review recent reports that aid in the understanding of the
pathophysiology of DLBCL and also explore evidence of how this entity interacts with its
surrounding microenvironment.

2. Gene Expression Profiling

It was not long ago that the diagnosis of liquid tumors rested on morphology, im-
munohistochemical analyses, and cytogenetics. The original diffuse large B-cell lymphoma
(DLBCL) molecular subclassification followed the advent of DNA microarrays, a technol-
ogy that allows the analysis of thousands of expressed genes simultaneously; see Figure 1
for a theoretical example [2]. This DNA microarray-based technology allowed for tran-
scriptional gene pattern expression (e.g., Lymphochip by Alizadeh et al. [3]) analysis under
defined conditions that delineated the seminal molecular study classifying a liquid cancer
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DLBCL into the so-called cell of origin (COO) subtypes [4]. This accomplishment resulted
in the subtyping of approximately 80-85% of all DLBCL cases and importantly showed
subtype prognostic values that were greater than that of the standard clinical predictor, the
International Prognostic Index (IPI) [4]. In addition, this critical work paved the way for
immunohistochemical (IHC) determination of COO.
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Figure 1. An example of gene expression profiling comparing the relative gene expression levels and
grouping of cases by clusters. For example, the indicated boxed area indicates that Genes 1-10 have a
relative increase in expression, thereby potentially clustering cases together for classification purposes.

Although the study population was small by current standards, with imperfect subtyp-
ing, the classification was adopted and continues today as the standard of diagnostic care,
recognized within the World Health Organization’s Revised Fourth Edition of the Classifi-
cation of Tumors of the Hematopoietic and Lymphoid Tissues [5] as germinal center B-cell
like (GCB) and activated B-cell like (ABC), with the remainder left as unclassified. Novelty
is never without controversy as other approaches, including an unbiased a priori approach
which used supervised machine learning to analyze GEP, did not find molecular correlates
of COO to be independently prognostic [6]. Nevertheless, the same group reported differ-
ing GEP signatures that predicted response to CHOP chemotherapy (cyclophosphamide,
doxorubicin hydrochloride, vincristine, and prednisone). Indeed, in that vein, groups
like Rosenwald et al. [7] reported cell specific and non-cell specific genetic signatures that
differed depending on response to standard chemotherapies. Regardless of molecular
prognostication and subtyping, molecular investigation was certain to provide increasing
identification of precision therapeutic targets based on biochemical pathways [4,6-8].

Despite the reasonable success of standard CHOP and R-CHOP, and the growing
number of precision therapies, heterogeneity remained an issue, as evidenced by incon-
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sistent treatment responses and relapses despite COO subtyping. Although gaining favor
and resolving power, it was thought perhaps that the transcriptionally based GEP was
an inadequate representation of underlying aberrant genetic programming (e.g., a DNA
repair protein with single nucleotide polymorphism). However, practically, other technical
hurdles, such as the logistical necessity for fresh tissue specimens, stood in the way of
immediate clinical adoption of GEP in the subcategorization of DLBCLs. Initially, this was
a difficult step to overcome, however several novel testing options were eventually able to
surmount this issue, including Nanostring [9], HTG [10], and Roche [11]. These options
allowed the use of formalin fixed paraffin embedded (FFPE) tissues, which was in keeping
with standard pathologic workflow and also allowed for an increase in analytical case
numbers to be studied.

Meanwhile, through whole exome sequencing and transcriptome sequencing, onco-
genic drivers of DLBCL were mapped [12]. These findings reported that the most un-
favorable prognoses were DLBCL cases with MYC aberrations along with MYC IHC
over-expression. Other studies using mouse modelling also supported the molecular ideas
emerging from GEP, showing oncogenic driver mutations in genes such as EZH2 and
MYD88 that promoted lymphoma development [13,14]. Simultaneously on the molecular
subclassification side, other analytic hurdles, such as setup and integration of the multiple
platforms (e.g., whole-exome sequencing and RNA sequencing), were required to ade-
quately identify different types of genetic aberrations, including mutations, translocations,
and copy number alterations [15,16].

Through previously mentioned genomic methods, Chapuy et al. [15] utilized cluster-
ing analytic methods to identify low-frequency alterations, captured recurrent mutations,
somatic copy number alterations, and structural variants, and created five differential
genetic signatures to further subtype DLBCL (Figure 2). C1 was ABC-related, associated
with NOTCH?2 mutations and favorable outcome; C2 was unrelated to GCB and ABC,
had frequent biallelic TP53 inactivation, CDKN2A deletion, and poor outcomes; C3 was
GCB-related, associated with BCL2 translocation, PTEN aberrations, epigenetic modifiers
(KMT2D, CREBBP, and EZH?) and unfavorable outcome; C4 was GCB-related, with BCR-
PI3K, NF-kB, or RAS-JAK signal transducer, was an activator of transcription (BRAF and
STAT3) pathway aberrations, histone gene mutations, cluster of differentiation proteins
associated with immune evasion (CD83, CD70, and CD58), and had favorable outcomes; C5
was ABC related, gained BCL2, MYD88L265P, CD79B, PIM1, and PRDM1 mutations, and
had unfavorable outcome. The prognostic capability of the subtypes was also independent
of the clinical gold standard IPI [15].

Concurrently, Schmitz et al. [16] simultaneously characterized four DLBCL subsets via
their GenClass algorithm, termed MCD (MYDS88L265P, CD79B co-mutation), BN2 (BCL6
fusions or NOTCH2 mutation), N1 (NOTCH1 mutations), or EZB (EZH2 mutation or
BCL2 translocation), based on a more homogenous set of genomic aberrations (Figure 3).
Interestingly, they were able to identify precision targets within the high-risk subtypes,
showing, for example, that MCD could be more responsive to ibrutinib secondary to
constitutive BCR signaling [16].

To compare, the Chapuy C1, C3, and C5 clusters overlapped with the Schmitz GenClass
BN2, EZB, and MCD groups, respectively. The Chapuy C2 and C4 subtypings did not
overlap with any of the other Schmitz subtypings. This non-concordance was perhaps
thought secondary to differences in bioinformatic analytic approaches.

For the last two decades, R-CHOP has been the standard of treatment in previously
untreated DLBCL. With the molecular subtyping of DLBCL, it was proposed that a subtype
specific treatment could improve response rates specially for patients who do not achieve
complete remission or develop disease relapse (around 40% treated with R-CHOP) [17].
Ibrutinib, a first-in-class oral covalent inhibitor of Bruton’s tyrosine kinase (BTK) showed
some preferential activity in ABC DLBCL [18]. In a randomized multicenter study [19],
the goal was to determine if addition of ibrutinib would improve efficacy of R-CHOP
in ABC DLBCL. Interestingly, the addition of ibrutinib to R-CHOP improved event-free
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survival and overall survival in patients younger than 60 years. Unfortunately, older
patients (>60 years of age) had increased serious adverse effects with ibrutinib plus R-
CHOP. Of note, molecular subtyping increased median time to diagnosis by 27 days,
which may have excluded patients necessitating immediate treatment. This study shows
the potential of subtype specific treatment as well the need for reasonable turnaround
diagnostic times if integrating molecular subtyping. Subsequently, the PHOENIX trial
continued to demonstrate superior outcomes in younger patients treated with ibrutinib and
R-CHOP, but also better overall survival in specific molecular subsets including the MCD
and N1 subgroups compared to R-CHOP alone [20]. Landsburg and colleagues found
that ibrutinib monotherapy had a 60% response rate in relapsed/refractory patients with a
non-germinal center, and MYC and BCL2 double expressor phenotype [21].
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Figure 2. Chapuy and colleagues’ genetic cluster classification of DLBCL subtype, as compared to
cell of origin. CO-C5 = cluster 0 to cluster 5.

The ROBUST study is a phase 3 clinical trial that compared the addition of lenalido-
mide to rituximab plus cyclophosphamide, doxorubicin, vincristine, and prednisone (R-
CHOP) therapy with R-CHOP therapy alone for treatment of activated B-cell-like (ABC)
subtype of diffuse large B-cell lymphoma (DLBCL). ABC-type DLBCL has traditionally
been shown to resist typical R-CHOP therapy, however, emerging phase 2 studies are
demonstrating promise of the addition of lenalidomide to R-CHOP (R2-CHOP) in ABC-
type therapy. The primary end point of the study was progression-free survival (PFS) of
participants receiving R2-CHOP, compared to those receiving R-CHOP only. Although PFS
was not met (hazard ratio 0.85), the median PFS was not reached for either group. PFS
tended to favor R2-CHOP over placebo group in patients with higher-risk disease, but
adverse events of R2-CHOP compared to placebo were neutropenia (60% vs. 48%), anemia
(22% vs. 14%), thrombocytopenia (17% vs. 11%), and leukopenia (14% vs. 15%). Of note,
ROBUST was the first phase 3 study to highlight biomarker identification of ABC patients
and was able to demonstrate a consistent safety profile of R2-CHOP.

Initial hopes were high that the development of molecular GEP would have significant
effects on prognostic DLBCL classification, leading to therapeutic tailoring. With the advent
of GEDP, studies naturally attempted retrospective gene expression profiling analyses on
their DLBCL cohorts, unfortunately, with conflicting results. Davies et al. (REMoDL-B)
were the first to show that GEP for therapeutic assignment was possible prospectively [22].
However, their randomized phase 3 clinical trial results were disappointing, reporting
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that the addition of bortezomib to suppress the GEP apparently increased NF-kB gene
expression to standard R-CHOP, and failed to improve survival in ABC DLBCLs. While
the trial itself was not without criticism, the study lent some doubt as to whether GEP
classification was a prognostic and therapeutic breakthrough.

N1

EZB

GCB

BN2
Unclassified

Figure 3. Schmitz and colleagues’ genetic classification of DLBCL subtype as compared to cell of
origin. ABC = activated B-cell, GCB = germinal-center B-cell, N1 = notch 1, MCD = MYDS88L265P,
CD79B co-mutation, EZB = EZH2 mutation or BCL2 translocation, and BN2 = Notch 2.

3. Imnmunohistochemistry

While the clinical and translational utility of multi-platform genomic analyses were
clear, especially given the increasing interest in personalized medicine, the practicality
of implementing complex genomic workflows into daily clinical practice with unclear
remuneration and logistical difficulties coordinating fresh tissue samples was evident. This
drove interest in immunohistochemical (IHC) staining to both confirm and temporarily
bypass genomic efforts. Concurrently, with genomic studies, the utilization of standard
immunohistochemistry was investigated.

The current diagnosis of DLBCL was primarily accomplished by utilizing immunohis-
tochemistry (IHC) analysis, using a standard panel of antibodies following morphological
review as per the current 2017 WHO Classification of Tumors of the Hematopoietic and
Lymphoid Tissues [5]. Although there were various algorithms proposed (see Table 1), the
current WHO Classification supports the utilization of the Hans criteria classification for
COO subtyping (Figure 4). Although IHC has long been of standard use in the diagnosis of
DLBCL, it is known that the Hans criteria itself has approximately an 80% concordance
with GEP derived GC-DLBCL and ABC-DLBCL differentiation [23].
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Table 1. Various proposed algorithms for cell of origin subtyping. The Hans criteria is currently
accepted and adopted by the most recent WHO classification of hematopoietic and lymphoid tissues.

Algorithm Antibodies Comments
Hans [23] CD10, BCL6, MUM1 >30% staining to be considered positive
Choi [24] CD10, BCL6, MUM1, GCET, >80% QCET, FOXP1, MUM1
FOXP1 >30% staining for CD10 and BCL6
Muris [25] BCL2, CD10, MUM1 BCL2 > 50% and CD10 or BCL6 > 30%
Nyman [26] MUM1, FOXP1 >30% staining to be considered positive

G ¥ H ELRR e

Figure 4. Utilization of the Hans algorithm to determine cell of origin in the diagnosis of diffuse large
B-cell lymphoma. (A) H & E, (B) CD10 positive (membranous), (C) BCL6 positive (nuclear), and
(D) MUM1 positive (nuclear) indicating a germinal center origin. (E) H & E (F) CD10 negative (non-
specific stromal staining), (G) BCL6 negative, and (H) MUMI1 positive (nuclear) demonstrating non-
germinal center origin. CD20 is positive in large cells (not shown). Credit: Case from Massachusetts
General Hospital.

Clearly, the major advantage of IHC was its ability to be performed on formalin-
fixed paraffin-embedded tissue (FFPET). This pathology-based workflow has long been
established with relatively quick turnaround and provides a fairly robust subtyping.
However, IHC diagnostic accuracy is challenged by GEP as staining interpretation of
FFPE can show artifacts, variations in staining strength, and inter-observer variations in
histopathologic diagnosis.

Nevertheless, as GEP and multi-genomic platform analytic efforts continued, IHC
was also employed to validate genomic findings [27]. IHC was directed towards finding
localizing cell types and assessing numerous types of prognostic variables, including tumor
infiltrating lymphocytes [28], tumor microenvironment proteins [29], tumor suppressor
expression [30], SPARC positive macrophages [31], immune checkpoints modifiers [32], and
others. However, as IHC can be variably interpretable and further restricted to phenotypic
appearance, the prognostics derived from such techniques can be controversial. As costs
began to decrease and access to genomic data and novel computational tools concomitantly
increased, this has allowed for deeper and more precise molecular analyses that can help
elucidate the genetic programming of both tumor cell and microenvironment [27].

Another vital use for immunohistochemistry is the prognostic value of double expres-
sor DLBCLs, which indicates poorer patient outcomes. Double expressors are defined as
having expression of both MYC > 40% and BCL2 > 50% within lymphoma cells. Initially
studied by Green et al. [33], they established a correlation with the double-hit score, which
was a strong predictor of patient outcomes, including poor performance status, advanced-
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stage disease, higher Ki67 proliferative index, and inferior complete response to R-CHOP
chemotherapy. Other studies have also supported this, with demonstration of reduced
progression free survival or overall survival [34-36].

4. Genetic Classification

With THC, cytogenetics, and fluorescence in-situ hybridization (FISH) already a stal-
wart presence in the diagnosis of hematopoietic tumors, the molecular movement continued
to build in liquid tumors for the improved understanding of molecular pathophysiology,
subtyping, and discovery of precision targets. However, DLBCL heterogeneity continued to
plague analyses and the ultimate realization of personalized therapy, with some cases being
unable to be definitively subtyped into a category. For example, Schmitz et al.’s finding of
singular TET2 gene mutations in a portion of their unclassifiable DLBCL population would
suggest subtyping was incomplete.

In one more niche subtyping area, researchers were able to further subtype DLBCL
cases into the so called double and triple hit DLBCL categories that were previously cryptic
to FISH. Ennishi et al. [37] utilized targeted resequencing, whole-exome sequencing, RNA
sequencing, and immunohistochemistry to develop a gene-expression signature (DHITsig)
that was able to distinguish HGBL-DH/TH-BCL2 from GCB-DLBCL. Simultaneously, Sha
et al. [38] reported a group termed molecular high grade (MHG) with gene expression
signatures between that of DLBCL and Burkitt lymphoma. Both novel aggressive subtypes
roughly doubled the number of DLBCL tumors that could be classified as HGBL-DH/TH-
BCL2 based on FISH alone, with DHITsig further demonstrating that at least 19% of
HGBL-DH/TH-BCL2 were cryptic to FISH [39].

Building and unifying prior nosological molecular classifications [15,16], Wright et al.
probabilistically defined seven genetic subtypes of DLBCL based on subtype predictor
genes (i.e., mutations, copy number alterations, fusions) that showed distinct GEPs, im-
mune microenvironments, and outcomes following immunochemotherapy [40]. This pub-
licly accessible algorithm was termed LymphGen, and more specifically classified tumors
via a Bayesian prediction model into seven distinct genetic subtypes (i.e., MCD, N1, A53,
BN2, ST2, EZB/MYC+, and EZB/MYC-) with genetic themes and further identification of
precision drug targets within each subtype. They studied the effects of inhibiting relevant
canonical biochemical pathways found in their analyses via utilization of loss-of-function
CRISPR/Cas9 on cell lines modeled after each of the seven subtypes. This allowed further
interrogation of the tumor’s natural history and a better understanding of the putative
drug effects on the canonical biochemical pathways [40].

Interestingly, some of the LymphGen subtypes had more indolent features. Follicular
lymphomas were represented by EZBs, marginal zone by BN2, and ST2 by signatures
similar to both nodular lymphocyte predominant Hodgkin’s lymphoma and T cell histio-
cyte rich large B-cell lymphoma. Notably, the MCD subtypes harbored genetic profiling
that hinted at immune escape mechanisms, with many being involved in immune privi-
leged sites [40]. They argue that their results are concordant with the idea that multiple
genetic hits (e.g., dysregulation of MHC class I, T, and /or NK cell activation) were required
to escape immunosurveillance and allow development within more immune privileged
sites [41].

In the realm of double and triple hit lymphomas, they refined the DHIT signature by
focusing applicability onto GCB cases with poorer outcomes. They suggest that sequential
somatic genetic aberrations occur with EZB-MYC subtypes that underlie evolution to
EZB-MYC+, with only 38% of EZB-MYC+ cases being double hit (i.e., 38% cases had
MYC abnormality, and 78% with a BCL2 translocation). Ultimately, they showed, in GCB
cases without EZB mutations, the DHITsig did not correlate adversely with outcomes [40].
These findings shed more light into the natural history of DLBCL and the histologic
phenomenon in which diagnostic evidence of more than one lymphoma was present in the
same specimen (e.g., composite [42]) or there was evidence of clonal genomic evolution
into another entity [43] (e.g., transformation [44]).
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Finally, each subtyping established independent differences in standard R-CHOP
treatment response and further identified potential areas in which molecular targets could
be amenable to existing precision drugs, such as BTK inhibitors (BN2, MCD, A53), lenalido-
mide (MCD, BN2), BET inhibitors (MCD, BN2), JAK1 inhibitor (MCD), IRAK4 (MCD),
EZH2 inhibitors (EZB with EZH2 mutations), venetoclax, or navitoclax (MCD) [40]. If the
LymphGen classification continues to gain speed, it will aid in the future establishment of
nosology and clinical trial definition.

Cytogenetics and/or Fluorescence In-Situ Hybridization

Cytogenetics and FISH studies, in addition to identifying abnormalities associated with
DLBCL, has the role of excluding more aggressive high-grade lymphomas including double
or triple hit lymphomas (Figure 5). These require at least a rearrangement of the MYC gene,
BCL6, and/or BCL2 (Figure 6). Historically, FISH for MYC rearrangements on DLBCL was
performed in the presence of high-grade morphologic features or high proliferation rate.
However, these features do not reliably identify double hit or triple hit lymphomas [45]. A
more simplified algorithmic approach was adopted by the Royal College of Pathologists
(UK) as outlined in the 2015 lymphoma dataset [46], which recommends testing MYC and
BCL2 by FISH. If the cell of origin is of GCB subtype, then MYC FISH +/— BCL2 FISH
or BCL2 IHC testing is recommended. Similar guidelines were adopted by the College
of American Pathologists (CAP), in which MYC IHC may be helpful in predicting MYC
translocations with subsequent FISH confirmation [47].

High Grade B-Cell Lymphoma

Morphology IHC Flow
Hans Algorithm

SN

Germinal center type Non-germinal center type

Burkitt Lympho
t(8; 14) IGHIMYC

t(2;8) IGK/MYC

t(8:22) IGL/MYC

Diffuse Large B-cell Lymphoma

t(14;18) IGH/BCL2
t(8;14) MYC/IGH
BCL6 rearrangement

(Activated B-cell type)
Karyotype and FISH
“Double Hit” Lymphoma
t(14;18) IGH/BCL2 and
t(8;14) MYC/IGH*
or Diffuse Large B-cell Lymphoma
BCL6 rearrangement and Negative for IGH/BCL2 and

t(8;14) MYC/IGH MYC and BCL6 rearrangements
or
. Positive for BCL6 rearrangement
Burkitt-like Lymphoma and/or gain of BCL6, MYC and BCL2

Negative for MYC rearrangement
Positive for gain and loss of 11q

Figure 5. After application of morphologic, immunophenotypic, and the Hans algorithmic assess-
ment, additional cytogenetic analysis can help exclude “double” or “triple” hit lymphomas, a distinct
entity as indicated by the 2016 WHO. *Although “double-hit” lymphomas most commonly have an
IGH/MYC rearrangement, according to the WHO classification, any MYC rearrangement can occur.
Credit: Dr. Christine Bryke, MD at Beth Israel Deaconess Medical Center, Boston, MA.
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(A) (B)

Figure 6. (A) Normal MYC break apart probe result with two fusions (two red signals, two green
signals). (B) MYC FISH break apart probe demonstrating one fusion (one yellow signal) and one
broken apart (one green signal and one red signal) indicating a translocation of the MYC gene. This
was an example of a high-grade B-cell lymphoma with MYC, BCL2, and BCL6 rearrangements
(“triple-hit” lymphoma). Credit to Center for Integrated Diagnostics Laboratory at Massachusetts
General Hospital.

According to Scott et al. [48], the best method for detecting all high-grade B-cell
lymphomas with MYC and BCL2 and/or BCL6 rearrangements (HGBL-DH/TH) among
tumors with DLBCL morphology is to screen all DLBCLs for MYC rearrangements. When
the result is positive, it should be further tested for BCL2 and BCL6 gene rearrangements.
In contrast, FISH testing limited to GCB DLBCLs would decrease FISH testing to half
of DLBCLs and would still detect almost all HGBL-DH/TH with BCL2 rearrangements.
This method is suitable for MYC/BCL2 HGBL-DH detection, but would miss a significant
number of MYC/BCL6 HGBL-DH where the prognostic value is still debated [49,50]. In
addition, this approach would fail to identify DLBCLs with isolated MYC rearrangement
and ABC/non-GCB phenotype. A major point of the study was to show that selecting
DLBCLs with double expressor status and/or COO subtyping results in missing ~235% of
all HGBL-DH.

As aresult, Scott et al. [48] demonstrates the impact of various FISH testing strategies to
identify HGBL-DH/TH in tumors with DLBCL morphology. FISH testing for MYC, BCL2,
and BCL6 should be incorporated in the routine diagnostic workup of all DLBCLs in an
integrated approach together with gene expression assays and next-generation sequencing.
If this is not cost-effective, another alternative is a two-step method with initial testing
for the MYC rearrangement, and to perform FISH for BCL2 and BCL6 if there is a MYC
rearrangement. Other screening strategies to limit the costs should be discussed at each
institution depending on the local resources and with the knowledge of the limitations of
each strategy.

5. Microenvironment

While the vast attention of treating DLBCL is focused on the more autonomous phe-
notypic and functional characteristics of the entity itself, it is relatively easy to overlook the
idea of the tumor microenvironment (TME) having any direct or perhaps multi-directional
effect on the disease process, especially in liquid tumors. Although the morphologic appear-
ance of DLBCL is that of a single cloned entity effacing its environmental niche, it is thought
that other immune and non-immune cells likely play a part in the story. More recently, some
groups have begun querying the interactions between DLBCL and its microenvironmental
niche, an area in which solid carcinomas have already been well investigated [51,52].
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A revisitation of Alizadeh et al. [4] notes that among their GEP COO classification
schema, they report an additional bulk GEP signature within the DLBCL milieu consisting
of T cells, macrophages, stromal factors, and cytokines with overlapping genetic expression
in samples of normal lymph nodes. This is consistent with generally what TMEs are
thought to be comprised of, including fibroblasts, endothelial cells, lymphoendothelial cells,
tumor associated macrophages, mast cells, lymphocytes, and extracellular matrix/proteins;
all, additionally, with active crosstalk [53]. In support of the compositional aspect as well
as the idea that the TME can influence the natural history of lymphomas in general, studies
have shown TME cell types contribute to crosstalk and, thereby, evolution of liquid tumors
and their response to treatment [54-56].

Lenz et al. [8] reported two microenvironmental gene expression signatures (i.e.,
stromal-1 and stromal-2) that predicted survival in patients receiving CHOP and R-CHOP
chemotherapies for DLBCL. Stromal-1 was associated with improved overall survival and
included GEP signatures associated with mesenchymal and macrophage activity. Stromal-2
was associated with poorer overall survival and showed endothelial cell activity signatures
along with expression of key angiogenic regulators, leading to increased vasculogenic
burden [8]. This data was also seen by Cioronianu et al. [57] and the growing idea then,
that TME stroma could be protective, piqued further interest.

However, as mentioned, the cost of technology and scarcity of fresh tissue greatly ham-
pered research efforts. As such, attempts were made to confirm and perhaps circumvent
GEP via flow cytometry and immunohistochemistry /immunofluorescence (IHC/IF) of FF-
PET by taking strong GEP prognosticators and attempting to confirm their value [28,29,58,59].
Unfortunately, the studies were inconsistent and hence controversial, though secondary to
issues inherent to IHC/IF such as staining and inability to capture actual functionality of
the TME [59].

With the advent of new technologies, including NanoString, whole-exome and whole-
transcriptome sequencing coupled with new deconvolutional computational methods
and increasing availability of genomic data, the dissection of TMEs more deeply from
bulk to the single-cell level was rendered possible and economically feasible, delivering
a surge of interest in the search for novel prognostications and therapeutics based on
microenvironmental interactions [60,61].

Recently, Ciavarella et al. [60] analyzed available genomic data in DLBCLs using
the CIBERSORT computational methodology to map and discover prognostic variables
within the TME. NanoString was utilized to validate the findings, wherein they discovered
two profiles that were predictive of survival independent of COO. Specifically, cases with
increased myofibroblasts, CD4 positive T-cells, and dendritic cells showed better overall
survival when compared with cases showing activated NK and plasma cells. Although,
interestingly, Ghorab and colleagues found no association with T-cell mediated immunity
and tumor progression [62]. This may speak more to the nature of the tumor heterogene-
ity. Evaluating the tumor microenvironment may potentially play a significant role in
treatment algorithms for patients with relapsed or refractory DLBCL, as highlighted by Soli-
mando et al. [63]. Notably, the integration of the TME with standard COO prognostication
improved overall survival prediction [60].

Most recently, Kotlov et al. [64] performed a transcriptomic analysis from multiple
cohorts by developing functional gene expression signatures of single cells (e.g., fibroblasts,
tumor infiltrating lymphocytes and macrophages), cytokines, extracellular matrix, cell
proliferation signatures, cell secretion signatures, and canonical cell signaling pathways
(e.g., PI3K, NFkB) to ultimately describe four independently prognostic communities of
the TME. Further, through mouse modeling, they provided evidence for tumor epigenetic
hypermethylation mechanisms and a rationale for the use of DNA hypomethylating agents
and extracellular matrix proteins to decrease tumor burden [64].

Given growing evidence that the prognostic power of the TME holds significance
independent of current standards including COO and the international prognostic index
(IPI), it is an area of clear pathophysiologic importance (Figure 7). Future studies will likely
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Figure 7. Overview of various DLBCL classification schemes including cell of origin, genetic subtyp-
ing with identified genes, and tumor microenvironment.

6. Minimal Diagnostic Criteria

The revised WHO 2017 classification uses the examination of tumor cell morphology
and immunophenotype, testing for recurrent chromosomal rearrangements, and integration
with clinical and radiologic information, including the disease location and presence
of immunosuppression [65]. As discussed, recent studies using genomic, epigenomic,
transcriptomic, proteomic, and microenvironmental alterations have additionally expanded
the knowledge of DLBCL pathophysiology. These technologies may help to identify
new predictive biomarkers and drug targets, allowing for clinical trials and ultimately
personalized treatment.

As those technologies remain directly available mostly only in academic centers
and are associated with significant costs, rational and methodic approaches for the initial
evaluation of DLBCL for community practice pathology still remains the base of any further
genomic workup (Table 2) [66]. It is important to mention that there is balance between
forcing classification of individual tumors and leaving tumors unclassified because of
insufficient classification confidence. Using the classical immunophenotyping, DLBCL
can be divided into ABC and GCB subtypes, leaving about 20% unclassified. Subprofiling
based on genomic and gene expression markers has allowed profiling of more subgroups
which show a differential response to chemotherapy and targeted agents, as reported in
Chapuy et al. [15] and Schmitz et al. [16]. Up to 43.4% remain unclassified, and even with
recent algorithms incorporating genomic data from multiple analytic platforms, such as
the LymphGen [40], up to 32.9% of the cases cannot be classified in one of the defined
subgroups, such as MCD, BN2, EZB, ST2, or A53.
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Table 2. Diagnostic approaches to diffuse large B-cell lymphoma with comparative advantages and
disadvantages to each method.

Diagnostic Technology Advantages Disadvantages MS:;‘::;:;?:;;E);%
Fast turnaround time
Cost effective
e  Antibodies o Decreased sensitivity e  Hans classifier
Immunohistochemistry readily available and specificity (Hans et al. 2004)
e  Hans classifier adopted
by the WHO

. Decreased
turnaround time

° Increased expense

e  Increased sensitivity Cell of Origin (Alizadeh

Gene expression profiling and specificity CAllccesab}hty in routine et al. 2000)
1agnostic setting
e  Not mandatory for
WHO diagnosis
e  Exclude high-grade B
e Increased expense cell lymphoma with
Cytogenetics and fluorescence o Rapid turnaround time e Requires a separate MYC and
in-situ hybridization (FISH) cytogenetics lab e BCL2and/or BCL6
rearrangements
e  Clusters C1-C5 (Chapuy
et al. 2018)
) Increased sensitivity ° MCD, N1, BN2, and EZB
and specificity e  Increased cost (Schmitz et al. 2018)
Next generation sequencing ~ ® Identify genetic e Increased e  Stromal 1 and 2
subgroups and potential turnaround time signatures of the
new therapeutic options microenvironment (Lenz
et al. 2008; Cioronianu
et al. 2019)

In countries with limited resources, following H & E review, an immunohistochemistry
panel with the markers for CD20, CD5, CD21, and Ki67 reaches a correct diagnosis of
DLBCL in 83% of the cases [67]. Additionally, to allow detection of EBV-positive DLBCL,
all potential cases should be worked up for EBV using in situ hybridization for EBV-
encoded small RNA (EBER). The Hans algorithm still remains as one of the cornerstones
of an initial DLBCL assessment, without the need for gene expression studies. CD10,
BCL6, and IRF4/MUM!1 IHCs are necessary to perform the algorithm. Finally, IHC for
BCL2 and MYC should be performed to identify double expressor DLBCL, which were
shown to be associated with a relatively poor prognosis [68]. Cytogenetic FISH testing for
rearrangements of MYC and BCL2 and/or BCL6, helps to identify double-hit or triple-hit,
high grade B-cell lymphoma with even poorer outcome and the need for more intensive
treatment plans [69].

After an initial histopathological workup, the specimen could be analyzed using a
targeted sequencing panel of a limited set of genes either by sending to a sequencing
company or to a central hematopathology laboratory. A more centralized or standardized
approach would allow collection of additional data regarding predictive biomarkers, and
eventually attribution to clinical trials.
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7. Conclusions

The classification of DLBCL has come a long way, and molecular techniques have
provided a wealth of information to the underlying pathophysiology, prognostic, diagnos-
tic, and therapeutic implications. Even at the time of writing and publishing this review,
there will be undoubtedly be updates, if that is any indication of the speed of develop-
ment in molecular techniques and novel technology that are able to further enhance our
understanding of this heterogenous and diverse lymphoma.

Author Contributions: Conceptualization, R.E; methodology, R.T., D.Y. and C.H.; investigation, D.Y.,
R.T., C.H. and T.D.; writing—original draft preparation, D.Y., R.T., C.H. and T.D.; writing—review
and editing, D.Y., R.T., C.H. and R.E; visualization, D.Y. and R.T.; supervision, R.F. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References

10.

11.

12.

13.

14.

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7-30. [CrossRef] [PubMed]

Golub, T.R.; Slonim, D.K.; Tamayo, P.; Huard, C.; Gaasenbeek, M.; Mesirov, ].P.; Coller, H.; Loh, M.L.; Downing, J.R.; Caligiuri,
M.A.; et al. Molecular Classification of Cancer: Class Discovery and Class Prediction by Gene Expression Monitoring. Science
1999, 286, 531-537. [CrossRef] [PubMed]

Alizadeh, A.A.; Eisen, M.; Davis, R.; Ma, C.; Sabet, H.; Tran, T.; Powell, ].I; Yang, L.; Marti, G.; Moore, D.T; et al. The Lymphochip:
A Specialized cDNA Microarray for the Genomic-scale Analysis of Gene Expression in Normal and Malignant Lymphocytes.
Cold Spring Harb. Symp. Quant. Biol. 1999, 64, 71-78. [CrossRef] [PubMed]

Alizadeh, A.A.; Eisen, M.B.; Davis, R.E.; Ma, C.; Lossos, 1.S.; Rosenwald, A.; Boldrick, ].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]
Swerdlow, S.H.; Campo, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, J. (Eds.) WHO Classification of Tumours of
Huaematopoietic and Lymphoid Tissues, Revised 4th ed.; IARC: Lyon, France, 2017.

Shipp, M.A.; Ross, K.N.; Tamayo, P.; Weng, A.; Kutok, J.L.; Aguiar, R.C.; Gaasenbeek, M.; Angelo, M.; Reich, M.; Pinkus, G.S.;
et al. Diffuse large B-cell lymphoma outcome prediction by gene-expression profiling and supervised machine learning. Nat.
Med. 2002, 8, 68-74. [CrossRef]

Rosenwald, A.; Wright, G.; Chan, W.C.; Connors, ]. M.; Campo, E.; Fisher, R.I,; Gascoyne, R.D.; Muller-Hermelink, H.K.; Smeland,
E.B.; Giltnane, ].M.; et al. The Use of Molecular Profiling to Predict Survival after Chemotherapy for Diffuse Large-B-Cell
Lymphoma. N. Engl. . Med. 2002, 346, 1937-1947. [CrossRef]

Lenz, G.; Wright, G.; Dave, S.S.; Xiao, W.; Powell, J.; Zhao, H.; Xu, W.; Tan, B.; Goldschmidt, N.; Igbal, J.; et al. Stromal Gene
Signatures in Large-B-Cell Lymphomas. N. Engl. |. Med. 2008, 359, 2313-2323. [CrossRef]

Scott, D.W.; Wright, G.W.; Williams, PM.; Lih, C.-].; Walsh, W.; Jaffe, E.; Rosenwald, A.; Campo, E.; Chan, W.C.; Connors, ].M.; et al.
Determining cell-of-origin subtypes of diffuse large B-cell lymphoma using gene expression in formalin-fixed paraffin-embedded
tissue. Blood 2014, 123, 1214-1217. [CrossRef]

Balasubramanian, S.; Wang, S.; Major, C.; Hodkinson, B.; Schaffer, M.; Sehn, L.H.; Johnson, P.; Zinzani, P.L.; Carey, J.; Shreeve,
S.M.; et al. Comparison of immunohistochemistry and gene expression profiling subtyping for diffuse large B-cell lymphoma in
the phase III clinical trial of R-CHOP = ibrutinib. Br. . Haematol. 2021, 194, 83-91. [CrossRef]

Ta, R.; Santini, C.; Gou, P; Lee, G.; Tai, Y.C.; O’Brien, C.; Fontecha, M.; Grant, C.; Bacon, L.; Finn, S.; et al. Molecular Subtyping of
Diffuse Large B-Cell Lymphoma Using a Novel Quantitative RT-PCR Assay. J. Mol. Diagn. 2020, 23, 323-340. [CrossRef]

Reddy, A.; Zhang, J.; Davis, N.S.; Moffitt, A.; Love, C.L.; Waldrop, A.; Lepp4, 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] [PubMed]
Knittel, G.; Liedgens, P.; Korovkina, D.; Seeger, ] M.; Al-Baldawi, Y.; Al-Maarri, M.; Fritz, C.; Vlantis, K.; Bezhanova, S.; Scheel,
A.H.; et al. B-cell-specific conditional expression of Myd88p.L252P leads to the development of diffuse large B-cell lymphoma in
mice. Blood 2016, 127, 2732-2741. [CrossRef] [PubMed]

Souroullas, G.P; Jeck, W.R.; Parker, J.S.; Simon, ].M.; Liu, ].-Y.; Paulk, J.; Xiong, J.; Clark, K.S.; Fedoriw, Y.; Qi, J.; et al. An oncogenic
Ezh2 mutation induces tumors through global redistribution of histone 3 lysine 27 trimethylation. Nat. Med. 2016, 22, 632—-640.
[CrossRef] [PubMed]


http://doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://doi.org/10.1126/science.286.5439.531
http://www.ncbi.nlm.nih.gov/pubmed/10521349
http://doi.org/10.1101/sqb.1999.64.71
http://www.ncbi.nlm.nih.gov/pubmed/11232339
http://doi.org/10.1038/35000501
http://doi.org/10.1038/nm0102-68
http://doi.org/10.1056/NEJMoa012914
http://doi.org/10.1056/NEJMoa0802885
http://doi.org/10.1182/blood-2013-11-536433
http://doi.org/10.1111/bjh.17450
http://doi.org/10.1016/j.jmoldx.2020.11.013
http://doi.org/10.1016/j.cell.2017.09.027
http://www.ncbi.nlm.nih.gov/pubmed/28985567
http://doi.org/10.1182/blood-2015-11-684183
http://www.ncbi.nlm.nih.gov/pubmed/27048211
http://doi.org/10.1038/nm.4092
http://www.ncbi.nlm.nih.gov/pubmed/27135738

Diagnostics 2022, 12, 1087 14 of 16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

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]

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. ]. Med. 2018, 378, 1396-1407. [CrossRef]
Nowakowski, G.S.; Chiappella, A.; Witzig, T.E.; Spina, M.; Gascoyne, R.D.; Zhang, L.; Flament, J.; Repici, ].; Vitolo, U. ROBUST:
Lenalidomide-R-CHOP versus placebo-R-CHOP in previously untreated ABC-type diffuse large B-cell lymphoma. Futur. Oncol.
2016, 12, 1553-1563. [CrossRef]

Wilson, WH.; Young, R.M.; Schmitz, R.; Yang, Y.; Pittaluga, S.; Wright, G.; Lih, C.-].; Williams, PM.; 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]
Younes, A.; Sehn, L.H.; Johnson, P,; Zinzani, P.L.; Hong, X.; Zhu, J.; Patti, C.; Belada, D.; Samoilova, O.; Suh, C.; et al. Randomized
Phase III Trial of Ibrutinib and Rituximab Plus Cyclophosphamide, Doxorubicin, Vincristine, and Prednisone in Non-Germinal
Center B-Cell Diffuse Large B-Cell Lymphoma. J. Clin. Oncol. 2019, 37, 1285-1295. [CrossRef]

Wilson, W.H.; Wright, G.W.; Huang, D.W.; Hodkinson, B.; Balasubramanian, S.; Fan, Y.; Vermeulen, J.; Shreeve, M.; Staudt, L.M.
Effect of ibrutinib with R-CHOP chemotherapy in genetic subtypes of DLBCL. Cancer Cell 2021, 39, 1643-1653.e3. [CrossRef]
Landsburg, D.J.; Hughes, M.E.; Koike, A.; Bond, D.; Maddocks, K.J.; Guo, L.; Winter, A.M.; Hill, B.T.; Ondrejka, S.L.; Hsi, E.D.;
et al. Outcomes of patients with relapsed /refractory double-expressor B-cell lymphoma treated with ibrutinib monotherapy.
Blood Adv. 2019, 3, 132-135. [CrossRef]

Davies, A.; Cummin, T.E.; Barrans, S.; Maishman, T.; Mamot, C.; Novak, U.; Caddy, J.; Stanton, L.; Kazmi-Stokes, S.; McMillan,
A_; et al. Gene-expression profiling of bortezomib added to standard chemoimmunotherapy for diffuse large B-cell lymphoma
(REMoDL-B): An open-label, randomised, phase 3 trial. Lancet Oncol. 2019, 20, 649-662. [CrossRef]

Hans, C.P; Weisenburger, D.D.; Greiner, T.C.; Gascoyne, R.D.; Delabie, J.; Ott, G.; Miiller-Hermelink, H.K.; Campo, E.; Braziel,
R.M,; Jaffe, E.S.; et al. Confirmation of the molecular classification of diffuse large B-cell lymphoma by immunohistochemistry
using a tissue microarray. Blood 2004, 103, 275-282. [CrossRef]

Choi, WW.L.; Weisenburger, D.D.; Greiner, T.C.; Piris, M.A.; Banham, A.H.; Delabie, J.; Braziel, RM.; Geng, H.; Igbal, J.; Lenz, G.;
et al. A New Immunostain Algorithm Classifies Diffuse Large B-Cell Lymphoma into Molecular Subtypes with High Accuracy.
Clin. Cancer Res. 2009, 15, 5494-5502. [CrossRef]

Muris, J.J.E; Meijer, C.J.L.M.; Vos, W.; Van Krieken, ] HJ.M.; Jiwa, N.M.; Ossenkoppele, G.]J.; Oudejans, J.J. Inmunohistochemical
profiling based on Bcl-2, CD10 and MUM]1 expression improves risk stratification in patients with primary nodal diffuse large B
cell lymphoma. J. Pathol. 2006, 208, 714-723. [CrossRef]

Nyman, H.; Jerkeman, M.; Karjalainen-Lindsberg, M.-L.; Banham, A.; Lepp4, S. Prognostic impact of activated B-cell focused
classification in diffuse large B-cell lymphoma patients treated with R-CHOP. Mod. Pathol. 2009, 22, 1094-1101. [CrossRef]
[PubMed]

Opinto, G.; Vegliante, M.C.; Negri, A.; Skrypets, T.; Loseto, G.; Pileri, S.A.; Guarini, A.; Ciavarella, S. The Tumor Microenvironment
of DLBCL in the Computational Era. Front. Oncol. 2020, 10, 351. [CrossRef] [PubMed]

Keane, C.; Gill, D.; Vari, E; Cross, D.; Griffiths, L.; Gandhi, M. CD4* Tumor infiltrating lymphocytes are prognostic and
independent of R-IPI in patients with DLBCL receiving R-CHOP chemo-immunotherapy. Am. |. Hematol. 2013, 88, 273-276.
[CrossRef]

Meyer, PN.; Fu, K,; Greiner, T.; Smith, L.; Delabie, J.; Gascoyne, R.; Ott, G.; Rosenwald, A.; Braziel, R.; Campo, E.; et al. The
Stromal Cell Marker SPARC Predicts for Survival in Patients With Diffuse Large B-Cell Lymphoma Treated With Rituximab. Am.
J. Clin. Pathol. 2011, 135, 54-61. [CrossRef]

Niitsu, N.; Tamaru, J.-I; Yoshino, T.; Nakamura, N.; Nakamura, S.; Ohshima, K.; Nakamine, H.; Okamoto, M. A study on
nm?23-H1 expression in diffuse large B-cell lymphoma that was treated with CyclOBEAP plus rituximab therapy. Ann. Hematol.
2011, 90, 185-192. [CrossRef]

Croci, G.; Au-Yeung, R.; Reinke, S.; Staiger, A.; Koch, K.; Oschlies, I.; Richter, J.; Poeschel, V.; Held, G.; Loeffler, M.; et al.
SPARC-positive macrophages are the superior prognostic factor in the microenvironment of diffuse large B-cell lymphoma and
independent of MYC rearrangement and double-/triple-hit status. Ann. Oncol. 2021, 32, 1400-1409. [CrossRef]

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

Green, T.M.; Young, K.H.; Visco, C.; Xu-Monette, Z.Y.; Orazi, A.; Go, R.S.; Nielsen, O.; Gadeberg, O.V.; Mourits-Andersen, T.;
Frederiksen, M.; et al. Immunohistochemical Double-Hit Score Is a Strong Predictor of Outcome in Patients With Diffuse Large
B-Cell Lymphoma Treated With Rituximab Plus Cyclophosphamide, Doxorubicin, Vincristine, and Prednisone. J. Clin. Oncol.
2012, 30, 3460-3467. [CrossRef] [PubMed]

Johnson, N.A.; Slack, G.W.; Savage, K.J.; Connors, ].M.; Ben-Neriah, S.; Rogic, S.; Scott, D.W,; Tan, K.L.; Steidl, C.; Sehn, L.H.; et al.
Concurrent Expression of MYC and BCL2 in Diffuse Large B-Cell Lymphoma Treated With Rituximab Plus Cyclophosphamide,
Doxorubicin, Vincristine, and Prednisone. . Clin. Oncol. 2012, 30, 3452-3459. [CrossRef]


http://doi.org/10.1038/s41591-018-0016-8
http://doi.org/10.1056/NEJMoa1801445
http://doi.org/10.2217/fon-2016-0130
http://doi.org/10.1038/nm.3884
http://doi.org/10.1200/JCO.18.02403
http://doi.org/10.1016/j.ccell.2021.10.006
http://doi.org/10.1182/bloodadvances.2018026401
http://doi.org/10.1016/S1470-2045(18)30935-5
http://doi.org/10.1182/blood-2003-05-1545
http://doi.org/10.1158/1078-0432.CCR-09-0113
http://doi.org/10.1002/path.1924
http://doi.org/10.1038/modpathol.2009.73
http://www.ncbi.nlm.nih.gov/pubmed/19448593
http://doi.org/10.3389/fonc.2020.00351
http://www.ncbi.nlm.nih.gov/pubmed/32296632
http://doi.org/10.1002/ajh.23398
http://doi.org/10.1309/AJCPJX4BJV9NLQHY
http://doi.org/10.1007/s00277-010-1060-8
http://doi.org/10.1016/j.annonc.2021.08.1991
http://doi.org/10.1182/bloodadvances.2019001390
http://doi.org/10.1200/JCO.2011.41.4342
http://www.ncbi.nlm.nih.gov/pubmed/22665537
http://doi.org/10.1200/JCO.2011.41.0985

Diagnostics 2022, 12, 1087 15 of 16

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Hu, S.; Xu-Monette, Z.Y.; Tzankov, A.; Green, T.; Wu, L.; Balasubramanyam, A.; Liu, W.-M.; Visco, C.; Li, Y.; Miranda, R; et al.
MYC/BCL2 protein coexpression contributes to the inferior survival of activated B-cell subtype of diffuse large B-cell lymphoma
and demonstrates high-risk gene expression signatures: A report from The International DLBCL Rituximab-CHOP Consortium
Program. Blood 2013, 121, 4021-4031. [CrossRef] [PubMed]

Staiger, A.M.; Ziepert, M.; Horn, H.; Scott, D.W,; Barth, T.F; Bernd, H.-W.; Feller, A.C.; Klapper, W.; Szczepanowski, M.; Hummel,
M.; et al. Clinical Impact of the Cell-of-Origin Classification and the MYC/BCL2 Dual Expresser Status in Diffuse Large B-Cell
Lymphoma Treated Within Prospective Clinical Trials of the German High-Grade Non-Hodgkin’s Lymphoma Study Group. J.
Clin. Oncol. 2017, 35, 2515-2526. [CrossRef]

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] [PubMed]

Sha, C.; Barrans, S.; Cucco, F; Bentley, M.A.; Care, M.A.; Cummin, T.; Kennedy, H.; Thompson, ].S.; Uddin, R.; Worrillow, L.; et al.
Molecular High-Grade B-Cell Lymphoma: Defining a Poor-Risk Group That Requires Different Approaches to Therapy. J. Clin.
Oncol. 2019, 37, 202-212. [CrossRef]

Ennishi, D.; Hsi, E.D.; Steidl, C.; Scott, D.W. Toward a New Molecular Taxonomy of Diffuse Large B-cell Lymphoma. Cancer
Discov. 2020, 10, 1267-1281. [CrossRef]

Wright, G.W.; Huang, D.W,; Phelan, ].D.; Coulibaly, Z.A.; Roulland, S.; Young, R.M.; Wang, ].Q.; Schmitz, R.; Morin, R.; 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]

Matsushita, H.; Vesely, M.D.; Koboldt, D.C.; Rickert, C.G.; Uppaluri, R.; Magrini, V.J.; Arthur, C.D.; White, ].M.; Chen, Y.S.; Shea,
L.K,; et al. Cancer exome analysis reveals a T-cell-dependent mechanism of cancer immunoediting. Nature 2012, 482, 400-404.
[CrossRef]

Kiippers, R.; Diihrsen, U.; Hansmann, M.-L. Pathogenesis, diagnosis, and treatment of composite lymphomas. Lancet Oncol. 2014,
15, e435—e446. [CrossRef]

Green, M.R,; Gentles, A J.; Nair, R.V,; Irish, J.; Kihira, S.; Liu, C.L.; Kela, I.; Hopmans, E.S.; Myklebust, ] H.; Ji, H.; et al. Hierarchy
in somatic mutations arising during genomic evolution and progression of follicular lymphoma. Blood 2013, 121, 1604-1611.
[CrossRef] [PubMed]

Gonzalez-Rincén, J.; Méndez, M.; Gomez, S.; Garcia, J.F.; Martin-Acosta, P.; Bellas, C.; Pedrosa, L.; Rodriguez-Pinilla, S.M.;
Camacho, EI; Quero, C.; et al. Unraveling transformation of follicular lymphoma to diffuse large B-cell lymphoma. PLoS ONE
2019, 14, e0212813. [CrossRef] [PubMed]

Tzankov, A.; Xu-Monette, Z.Y.; Gerhard, M.; Visco, C.; Dirnhofer, S.; Gisin, N.; Dybkaer, K.; Orazi, A.; Bhagat, G.; Richards,
K.L.; et al. Rearrangements of MYC gene facilitate risk stratification in diffuse large B-cell lymphoma patients treated with
rituximab-CHOP. Mod. Pathol. 2013, 27, 958-971. [CrossRef] [PubMed]

Dojcinov, D.S.; Wilkins, D.B.; Calaminici, D.M. Standards for Specialist Laboratory Integration and Dataset for the Histopathological
Reporting of Lymphomas; Technical Report; The Royal College of Pathologists: London, UK, 2015.

Duncavage, E.; Advani, R.H.; Agosti, S.; Foulis, P.; Gibson, C.; Kang, L.; Khoury, ].D.; Medeiros, L.J.; Ohgami, R.S.; O'Malley, D.P;
et al. Template for Reporting Results of Biomarker Testing of Specimens From Patients with Diffuse Large B-Cell Lymphoma, Not
Otherwise Specified (NOS). College of American Pathologists: Northfield, IL, USA, 2014. Available online: https://documents.
cap.org/protocols/cp-diffuse-large-b-cell-lymphoma-biomarker-17-1002.pdf (accessed on 28 February 2022).

Scott, D.W.; King, R.L.; Staiger, A.M.; Ben-Neriah, S; Jiang, A.; Horn, H.; Mottok, A.; Farinha, P; Slack, G.W.; Ennishi, D.; et al.
High-grade B-cell lymphoma with MYC and BCL2 and/or BCL6 rearrangements with diffuse large B-cell lymphoma morphology.
Blood 2018, 131, 2060-2064. [CrossRef]

Bergman, C.C.; Cuilliere-Dartigues, P.; Baia, M.; Briere, J.; Delarue, R.; Canioni, D.; Salles, G.; Parrens, M.; Belhadj, K.; Fabiani, B.;
et al. MYC-IG rearrangements are negative predictors of survival in DLBCL patients treated with immunochemotherapy: A
GELA /LYSA study. Blood 2015, 126, 2466—2474. [CrossRef]

Pillai, R K.; Sathanoori, M.; Van Oss, S.B.; Swerdlow, S.H. Double-hit B-cell Lymphomas with BCL6 and MYC Translocations Are
Aggressive, Frequently Extranodal Lymphomas Distinct From BCL2 Double-hit B-cell Lymphomas. Am. J. Surg. Pathol. 2013, 37,
323-332. [CrossRef]

Hinshaw, D.C.; Shevde, L.A. The tumor microenvironment innately modulates cancer progression. Cancer Res. 2019, 79, 4557-4566.
[CrossRef]

Ingravallo, G.; Tamma, R.; Opinto, G.; Annese, T.; Gaudio, F.; Specchia, G.; Perrone, T.; Musto, P.; Cazzato, G.; Bellitti, E.; et al.
The Effect of the Tumor Microenvironment on Lymphoid Neoplasms Derived from B Cells. Diagnostics 2022, 12, 573. [CrossRef]
Hopken, U.E.; Rehm, A. Targeting the Tumor Microenvironment of Leukemia and Lymphoma. Trends Cancer 2019, 5, 351-364.
[CrossRef]

Kant, S.; Kumar, A.; Singh, S.M. Tumor growth retardation and chemosensitizing action of fatty acid synthase inhibitor orlistat on
T cell lymphoma: Implication of reconstituted tumor microenvironment and multidrug resistance phenotype. Biochim. Biophys.
Acta (BBA) Gen. Subj. 2014, 1840, 294-302. [CrossRef] [PubMed]

Mourcin, F; Pangault, C.; Amin-Ali, R.; Amé-Thomas, P.; Tarte, K. Stromal Cell Contribution to Human Follicular Lymphoma
Pathogenesis. Front. Immunol. 2012, 3, 280. [CrossRef]


http://doi.org/10.1182/blood-2012-10-460063
http://www.ncbi.nlm.nih.gov/pubmed/23449635
http://doi.org/10.1200/JCO.2016.70.3660
http://doi.org/10.1200/JCO.18.01583
http://www.ncbi.nlm.nih.gov/pubmed/30523716
http://doi.org/10.1200/JCO.18.01314
http://doi.org/10.1158/2159-8290.CD-20-0174
http://doi.org/10.1016/j.ccell.2020.03.015
http://doi.org/10.1038/nature10755
http://doi.org/10.1016/S1470-2045(14)70153-6
http://doi.org/10.1182/blood-2012-09-457283
http://www.ncbi.nlm.nih.gov/pubmed/23297126
http://doi.org/10.1371/journal.pone.0212813
http://www.ncbi.nlm.nih.gov/pubmed/30802265
http://doi.org/10.1038/modpathol.2013.214
http://www.ncbi.nlm.nih.gov/pubmed/24336156
https://documents.cap.org/protocols/cp-diffuse-large-b-cell-lymphoma-biomarker-17-1002.pdf
https://documents.cap.org/protocols/cp-diffuse-large-b-cell-lymphoma-biomarker-17-1002.pdf
http://doi.org/10.1182/blood-2017-12-820605
http://doi.org/10.1182/blood-2015-05-647602
http://doi.org/10.1097/PAS.0b013e31826cebad
http://doi.org/10.1158/0008-5472.CAN-18-3962
http://doi.org/10.3390/diagnostics12030573
http://doi.org/10.1016/j.trecan.2019.05.001
http://doi.org/10.1016/j.bbagen.2013.09.020
http://www.ncbi.nlm.nih.gov/pubmed/24060750
http://doi.org/10.3389/fimmu.2012.00280

Diagnostics 2022, 12, 1087 16 of 16

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Cayrol, E; Sterle, H.A.; Diaz Flaqué, M.C.; Barreiro Arcos, M.L.; Cremaschi, G.A. Non-genomic Actions of Thyroid Hormones
Regulate the Growth and Angiogenesis of T Cell Lymphomas. Front. Endocrinol. 2019, 10, 63. [CrossRef]

Cioroianu, A.L; Stinga, PI; Sticlaru, L.; Cioplea, M.D.; Nichita, L.; Popp, C.; Staniceanu, F. Tumor Microenvironment in Diffuse
Large B-Cell Lymphoma: Role and Prognosis. Anal. Cell. Pathol. 2019, 2019, 8586354. [CrossRef] [PubMed]

Brandt, S.; Montagna, C.; Georgis, A.; Schiiffler, PJ.; Biihler, M.M.; Seifert, B.; Thiesler, T.; Curioni-Fontecedro, A.; Hegyi, I.; Dehler,
S.; et al. The combined expression of the stromal markers fibronectin and SPARC improves the prediction of survival in diffuse
large B-cell lymphoma. Exp. Hematol. Oncol. 2013, 2, 27. [CrossRef] [PubMed]

Pileri, S.; Tripodo, C.; Melle, F; Motta, G.; Tabanelli, V,; Fiori, S.; Vegliante, M.; Mazzara, S.; Ciavarella, S.; Derenzini, E. Predictive
and Prognostic Molecular Factors in Diffuse Large B-Cell Lymphomas. Cells 2021, 10, 675. [CrossRef]

Ciavarella, S.; Vegliante, M.; Fabbri, M.; De Summa, S.; Melle, E; Motta, G.; De Iuliis, V.; Opinto, G.; Enjuanes, A.; Rega, S.; et al.
Dissection of DLBCL microenvironment provides a gene expression-based predictor of survival applicable to formalin-fixed
paraffin-embedded tissue. Ann. Oncol. 2018, 29, 2363-2370. [CrossRef]

Steen, C.B.; Liu, C.L.; Alizadeh, A.A.; Newman, A.M. Profiling Cell Type Abundance and Expression in Bulk Tissues with
CIBERSORTX. Antimicrob. Pept. 2020, 2117, 135-157. [CrossRef]

Ghorab, D.S.-D.; Helaly, A.M.; El Mahdi, H.S.; Khatatbeh, M.; Ibrahiem, A.T. Prognostic Role of Tumor Microenvironment
in DLBCL and Relation to Patients” Clinical Outcome: A Clinical and Immunohistochemical Study. Anal. Cell. Pathol. 2022,
2022, 9993496. [CrossRef]

Solimando, A.; Annese, T.; Tamma, R.; Ingravallo, G.; Maiorano, E.; Vacca, A.; Specchia, G.; Ribatti, D. New Insights into Diffuse
Large B-Cell Lymphoma Pathobiology. Cancers 2020, 12, 1869. [CrossRef]

Kotlov, N.; Bagaev, A.; Revuelta, M.V,; Phillip, ].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]

Swerdlow, S.H.; Campo, E.; Pileri, S.A.; Harris, N.L.; Stein, H.; Siebert, R.; Advani, R.; Ghielmini, M.; Salles, G.A.; Zelenetz,
A.D,; et al. The 2016 revision of the World Health Organization classification of lymphoid neoplasms. Blood 2016, 127, 2375-2390.
[CrossRef] [PubMed]

King, ].E; Lam, J.T. A Practical Approach to Diagnosis of B-Cell Lymphomas with Diffuse Large Cell Morphology. Arch. Pathol.
Lab. Med. 2020, 144, 160-167. [CrossRef] [PubMed]

Disanto, M.G.; Ambrosio, M.R.; Rocca, B.J.; Ibrahim, H.A.H.; Leoncini, L.; Naresh, K.N. Optimal Minimal Panels of Immunohisto-
chemistry for Diagnosis of B-Cell Lymphoma for Application in Countries With Limited Resources and for Triaging Cases Before
Referral to Specialist Centers. Am. |. Clin. Pathol. 2016, 145, 687—-695. [CrossRef] [PubMed]

Riedell, P.A.; Smith, S.M. Double hit and double expressors in lymphoma: Definition and treatment. Cancer 2018, 124, 4622—4632.
[CrossRef]

Dunleavy, K.; Fanale, M.A.; Abramson, J.S.; Noy, A.; Caimi, P.F; Pittaluga, S.; Parekh, S.; Lacasce, A.; Hayslip, ].W.; Jagadeesh, D.;
et al. Dose-adjusted EPOCH-R (etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin, and rituximab) in untreated
aggressive diffuse large B-cell lymphoma with MYC rearrangement: A prospective, multicentre, single-arm phase 2 study. Lancet
Haematol. 2018, 5, e609-e617. [CrossRef]


http://doi.org/10.3389/fendo.2019.00063
http://doi.org/10.1155/2019/8586354
http://www.ncbi.nlm.nih.gov/pubmed/31934533
http://doi.org/10.1186/2162-3619-2-27
http://www.ncbi.nlm.nih.gov/pubmed/24499539
http://doi.org/10.3390/cells10030675
http://doi.org/10.1093/annonc/mdy450
http://doi.org/10.1007/978-1-0716-0301-7_7
http://doi.org/10.1155/2022/9993496
http://doi.org/10.3390/cancers12071869
http://doi.org/10.1158/2159-8290.CD-20-0839
http://doi.org/10.1182/blood-2016-01-643569
http://www.ncbi.nlm.nih.gov/pubmed/26980727
http://doi.org/10.5858/arpa.2019-0182-RA
http://www.ncbi.nlm.nih.gov/pubmed/31990228
http://doi.org/10.1093/ajcp/aqw060
http://www.ncbi.nlm.nih.gov/pubmed/27247372
http://doi.org/10.1002/cncr.31646
http://doi.org/10.1016/S2352-3026(18)30177-7

	Introduction 
	Gene Expression Profiling 
	Immunohistochemistry 
	Genetic Classification 
	Microenvironment 
	Minimal Diagnostic Criteria 
	Conclusions 
	References

