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Diffuse Large B-Cell Lymphoma’s New Genomics:
The Bridge and the Chasm
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INTRODUCTION

The clinical and molecular heterogeneity of diffuse
large B-cell lymphoma (DLBCL), even beyond the
recent WHO reclassification,1 is well recognized. (For
simplicity, this review will still use the term DLBCL to
cover all the related WHO entities, including high-
grade B-cell lymphoma [HGBL].) Yet, efforts to in-
dividualize therapy on the basis of this recognition
have thus far been met with limited success.2,3 Why
this may be, and why this may soon change, is the
topic of this review. Recent comprehensive multi-
platform genomic analyses have deeply probed and
systematically organized the heterogeneity of DLBCL.
This new knowledge could facilitate a major paradigm
shift in DLBCL, which would finally allow for the
successful deployment of precision medicine–based
approaches. The goal is clear, and we now have new
tools to build a bridge to it. Yet, the chasm that remains
is wide, and successfully bridging it will require much
foresight and collaboration. Here, we examine the
foundation for the traditional classification tools that
remain in use today and review the major efforts to
personalize therapy on the basis of them. We briefly
describe the new genomic categories, highlighting
both their potential to profoundly transform the ap-
proach to DLBCL treatment and the significant chal-
lenges this will entail.

TRADITIONAL CLASSIFICATIONS

While approximately two thirds of patients with DLBCL
are cured after frontline chemoimmunotherapy, the
remaining patients with relapsed or refractory (RR)
disease have poor outcomes.4-6 This variability in
sensitivity to standard chemoimmunotherapy could
plausibly reflect the underlying molecular heteroge-
neity of DLBCL, in which case characterizing this
heterogeneity could be a critical step in the quest for
improved cure rates. A variety of categorization sys-
tems are currently available, principally the In-
ternational Prognostic Index (IPI) and its derivatives,
the cell-of-origin (COO) classification, and the various
methods that capture double-hit lymphoma (DHL) and
related subtypes.

Despite its venerable age and construction before
the introduction of rituximab, the IPI has remained
the most important and successful clinical risk

stratification tool for DLBCL2,7 and has spawned sev-
eral variants.8,9 Yet despite its powerful and re-
producible prognostic value, it has not, with few
exceptions,10,11 translated into therapeutic stratifica-
tion likely because it does not align directly with the
molecular heterogeneity of DLBCL. Indeed, in all the
major classification studies, old and new, the genomic
classification’s prognostic value is complementary,
and not substitutable, to that of the IPI.

The first major step toward deciphering the genomic
complexity of DLBCL was taken through the inven-
tive application of gene expression profiling (GEP).
Using hierarchical clustering algorithms on cDNA
microarrays of DLBCL tumors, two principal subtypes
of DLBCL were identified: the germinal center
B-cell–like (GCB) and the activated B-cell–like (ABC)
subtypes.12,13 This COO classification provided im-
portant prognostic information.14,15 With the sub-
sequent development of the popular Hans algorithm
that is based on a more wieldy immunohistochemistry
(IHC) platform, this classification became more
broadly used. However, using GEP as the gold stan-
dard, the sensitivity of IHC to assign COO is only
~70% for the GCB group and ~90% for the non-GCB
group.16 Over the past decade, advancements in GEP
technologies, especially the ability to use RNA from
formalin-fixed paraffin-embedded tissue, has enabled
the development of assays that can be more reliably
applied to patient samples.17 The Lymph2Cx assay, for
example, utilizes a NanoString platform (NanoString
Technologies, Seattle, WA) and provides a highly
concordant COO classification compared with GEP on
fresh tissue, with consistent results across laborato-
ries.18 Thus, RNA-based approaches have become
the standard method to assign COO for research
purposes.

In addition to the COO classification, another tran-
scriptional profiling classification, known as compre-
hensive consensus clustering (CCC), has identified
distinct variants of DLBCL.19 This classification iden-
tified important distinctions in predominant fuel utili-
zation pathways associated with the presence or
absence of B-cell receptor signaling and features of
the tumor immune/inflammatory infiltrate.19-21 While
CCC, like COO, identifies important biologic hetero-
geneity within DLBCL, it has had a more limited role in
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clinical practice to date and has not been used to test
individualized treatment approaches.

Other biologic features have also emerged as key con-
tributors to prognosis. The presence of MYC translocations
has been shown to portend an unfavorable outcome.22,23

Tumors that harbor translocations in MYC and trans-
locations in BCL-2 or BCL-6, the so-called double- (or triple-)
hit lymphoma (DHL/THL) have been reproducibly shown
to bemore chemorefractory.24,25 Intensified regimens, such
as dose-adjusted rituximab plus etoposide, prednisone,
vincristine, cyclophosphamide, and doxorubicin (R-EP-
OCH), have been associated with a better outcome (al-
though only retrospectively) in patients with DHL/THL and
are preferentially used in many centers.26-28 While such
intensified regimens are not targeted therapy, this repre-
sents one of the few examples of genomically stratified
therapy in DLBCL. The majority of DHL tumors fall within
the GCB subtype of DLBCL.29 Efforts to distinguish DHL
from the remainder of GCB DLBCLs using RNA sequencing
have led to the recognition of a distinct molecular subgroup
characterized by a double-hit signature (DHITSig), which in
one study, comprised 27% of GCB DLBCLs (only half of
which were DHL).30 Similarly, GEP of a large cohort of
DLBCL samples identified a distinct subgroup of patients
with a molecular high-grade (MHG) profile, which corre-
lated with a significantly worse progression-free survival
(PFS).31 Of note, patients with DHL lacking the MHG sig-
nature had a similar outcome to patients with GCB DLBCL,
which suggests that chromosomal rearrangements are an
imperfect way to identify this more aggressive variant.
These studies suggest that more sophisticated tools may
better predict the chemorefractoriness exhibited by DHL
and may provide a surer way to select patients for in-
tensified chemotherapy today—and for more targeted
therapies tomorrow.

In several series, tumors with an increase in both MYC and
BCL-2 protein expression determined by IHC, without the
rearrangements that define DHL, termed double-expressor

lymphomas (DELs), were also associated with inferior
outcomes.32,33 DELs usually fall within the non-GCB cat-
egory, but their adverse prognosis seems to be in-
dependent of COO.32 In the Alliance/CALGB 50303
randomized study that compared rituximab plus cyclo-
phosphamide, doxorubicin, vincristine, and prednisone
(R-CHOP) with R-EPOCH in DLBCL, there was no clear
advantage of more intensive therapy in the DEL subgroup
(although the trial was not powered to detect such a dif-
ference).26 Thus at present, DELs are typically treated like
other DLBCLs, and the biologic substructure and clinical
relevance of this category remain unclear.

TRIALS INCORPORATING MOLECULAR CLASSIFICATION

The availability of classifications such as the COO enabled
a search for agents with differential activity among different
DLBCL subtypes and the incorporation of those agents in
frontline therapy.34,35 The main studies are listed in Table 1
and briefly discussed here. Initial studies targeted ABC (or
non-GCB) DLBCL, given the generally poorer prognosis
associated with this subgroup. Because these tumors often
show constitutive activation of nuclear factor-kB (NF-kB), it
seemed logical that inhibitors of NF-kBwould be selectively
more active in ABC DLBCLs. Bortezomib is a proteasome
inhibitor that blocks degradation of IkBa, resulting in in-
hibition of NF-kB activity. Initial studies suggested that
bortezomib could overcome the poor prognosis associated
with ABCDLBCLs.36,37 However, a randomized phase II trial
in patients with non-GCB DLBCL (as determined by IHC)
showed no improvement with the addition of bortezomib to
chemotherapy.38 More recently, the phase III REMoDL-B
trial, which used whole-transcriptome GEP for COO
determination, also failed to show an improvement in
PFS with the addition of bortezomib, regardless of COO
classification.39

Similarly disappointing results were seen with the Bruton
tyrosine kinase (BTK) inhibitor ibrutinib. ABC DLBCLs are
also characterized by chronic activation of the B-cell
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receptor immediately upstream of BTK, which implies
possible sensitivity to ibrutinib.40 Here again, preclinical
data and a promising phase I/II trial suggested improved
responses in ABC DLBCLs.40 This prompted the phase III
PHOENIX trial that compared ibrutinib plus R-CHOP with
R-CHOP in non-GCB DLBCL.40 Unfortunately, there was no
improvement in event-free survival overall.41 Patients were
categorized using Hans-based IHC, with retrospective
validation of COO by GEP when possible. In exploratory
analyses, there seemed to be an advantage of adding
ibrutinib in patients , 60 years of age and in patients with
DEL, although this benefit was not limited to patients with
true ABC tumors.41,42

Lenalidomide, an immunomodulatory agent, was also
suggested to have preferential activity in ABC DLBCLs in
preclinical models.43 Lenalidomide binds to the E3 ubiq-
uitin ligase complex, modulating its substrate specificity
and resulting in the proteasomal degradation of disease-
related proteins.44 In ABC DLBCL cells, lenalidomide leads
to downregulation of IRF4 and SPIB, transcription factors
that together prevent interferon b production and augment
NF-kB.45 As with bortezomib, despite an encouraging
single-arm phase II study,46 the phase III randomized
ROBUST trial in non-GCB DLBCL failed to show an ad-
vantage with the addition of lenalidomide to R-CHOP.46-49

These results contrast with those of a randomized phase II
study in which the addition of lenalidomide to R-CHOP
seemed to confer a PFS benefit, although with a one-sided

P value just above the threshold of significance and without
clear selectivity for ABC versus GCB.50

In addition to COO, BCL-2 and MYC overexpression and
gene rearrangements have been evaluated in studies in-
volving targeted therapy. In the phase Ib/II CAVALLI trial, in
which chemoimmunotherapy was combined with the BCL-
2 inhibitor venetoclax, the potential predictive impact of
COO and DEL was explored.51,52 Compared with historical
data from the GOYA trial, outcomes seemed to be improved
with the addition of venetoclax in DEL tumors, although not
in tumors categorized by COO type. Such cross-trial
comparisons must naturally be made with caution, and
follow-up randomized studies will be needed to prove the
potential therapeutic benefit of venetoclax.53 A trial of
venetoclax in combination with R-EPOCH for the treat-
ment of DHL is also ongoing (ClinicalTrials.gov identifier:
NCT03036904).

Studies that incorporate targeted therapy in the mainte-
nance setting for patients with DLBCL have also yielded
mostly disappointing results to date. The PRELUDE study,
for example, found no benefit to adding the PKCb inhibitor
enzastaurin after R-CHOP, regardless of COO subtype.54

The PILLAR-2 trial found no benefit to the addition of
everolimus in patients with high-risk DLBCL, as defined by
IPI, after completion of frontline therapy.55 While lenali-
domide maintenance was associated with an improvement
in PFS in elderly patients with DLBCL, the increased toxicity

TABLE 1. Negative Frontline Trials in DLBCL
Trial Name Design Diagnosis Outcome Notes First Author

REMoDL-B Phase III randomized trial
of R-CHOP v R-CHOP
plus bortezomib

DLBCL 30-month PFS rate:
70.1% (95% CI, 65.0% to
74.7%) v 74.3% (95% CI,
69.3% to 78.7%);

(HR, 0.86; 95% CI, 0.65 to 1.13;
P 5 .28)

No difference in PFS or OS for GCB
or ABC DLBCL

COO determined by GEP
Bortezomib added in cycle 2

Davies39

PHOENIX Phase III randomized trial
of R-CHOP v R-CHOP
plus ibrutinib

Non-GCB
DLBCL

No improvement in EFS with
addition of ibrutinib (HR,
0.934; 95% CI, 0.726 to 1.200;
P 5 .5906)

COO by Hans-based IHC
COO retrospectively evaluated by GEP
Ibrutinib plus R-CHOP improved EFS

(HR, 0.579), PFS (HR, 0.556),
and OS (HR, 0.330) in patients
age , 60 years

Younes41

ROBUST Phase III randomized trial
of R-CHOP v R-CHOP
plus lenalidomide

ABC
DLBCL

No difference in PFS between
arms (HR, 0.85; 95% CI, 0.63 to
1.14; P 5 .29)

COO determined by Lymph2Cx GEP Vitolo49

CAVALLI Phase Ib/II trial of R-CHOP
plus venetoclax or
G-CHOP plus venetoclax

High-risk
DLBCL

CR rate of 69.2% similar to
CR rate in GOYA trial

PFS higher than expected (per GOYA)
in BCL-2 IHC-positive patients

Zelenetz51

Morschhauser52

Abbreviations: ABC, activated B-cell like; COO, cell-of-origin; CR, complete remission; DLBCL, diffuse large B-cell lymphoma; EFS, event-free survival;
GCB, germinal center B-cell like; G-CHOP, obinutuzumab plus cyclophosphamide, doxorubicin, vincristine, and prednisone; GEP, gene expression profiling;
HR, hazard ratio; IHC, immunohistochemistry; OS, overall survival; PFS, progression-free survival; R-CHOP, rituximab plus cyclophosphamide, doxorubicin,
vincristine, and prednisone.
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and lack of a documented overall survival benefit have
limited the use of this strategy.56,57

In summary, despite robust preclinical justification and
considerable investment and enthusiasm, several large and
creative phase III trials failed to improve on R-CHOP or
provide molecularly stratified therapies in DLBCL, but why?
One concern with all studies involving aggressive lym-
phomas is the biased enrollment of healthier patients into
clinical trials. Often, the urgent need to initiate therapy must
be weighed against the time required for trial screening,
resulting in the exclusion of many patients with clinically
aggressive disease and worse expected outcome.58 In
addition, there are concerns with regard to the accuracy of
COO classification by IHC, which makes it a suboptimal
(albeit convenient) method to select patients at trial entry.59

The REMoDL-B study incorporated GEP for COO classifi-
cation, but given the resulting challenge of incorporating
molecular tools in patients in urgent need of therapy, pa-
tients did not receive bortezomib until cycle 2 once COO
could be determined. One possible solution, adopted in the
PHOENIX trial, is to enroll patients on the basis of IHC
classification but perform GEP and retroactively analyze the
results by GEP classification in prespecified analyses.

While these challenges complicate trial design and in-
terpretation, they are unlikely to entirely explain the failure
to develop a successful COO-based frontline treatment
selection strategy. Another possible explanation is that the
dichotomy of DLBCL into GCB and ABC DLBCL may not
capture enough of the underlying molecular heterogeneity
of the disease to allow therapeutic targeting. While COO
may provide valuable prognostic information, it may not, on
an individual level, provide enough granularity to accurately
guide treatment selection.

MODERN CLASSIFICATIONS

Technical advances in the past decade have improved
the tools available for genomic characterization, allowing
for a deeper understanding of recurrent aberrations in
DLBCL.60-64 The COO transcriptional framework allowed
identification of genetic alterations that are enriched in GCB
or ABC tumors.64 More recently, with the inclusion of
a broader range of genomic changes in conjunction with
new computational tools, gene expression, and functional
analyses, our understanding of the genomic underpinnings
of DLBCL has considerably deepened.

A multiplatform sequencing effort in 304 samples from
newly diagnosed patients with DLBCL (herein termed the
Harvard cohort) used genomic information to create a novel
classification.65 This study encompassed a range of ge-
nomic aberrations, including recurrent mutations, somatic
copy number alterations (SCNAs), and structural variants
(SVs), and classified tumors without a priori consideration
of COO grouping. Five genomic clusters were defined, of
which the salient features65 are listed in Table 2. Using

available RNA-based COO assignments, clusters 1 and 5
were found to be significantly enriched for ABC tumors; in
contrast, clusters 3 and 4 were enriched for GCB DLBCLs.
In each case, there were significant prognostic differences,
with an inferior outcome for patients with cluster 3 and
cluster 5 tumors. This study also identified an important
group of tumors (cluster 2), comprising approximately one
fifth of the original (unselected) tumors, without a clear COO
predominance. These results support the view that there is
significant genomic variability beyond the COO classifica-
tion, which may help to explain the variability of the
prognostic impact of COO classification across studies and,
more importantly, perhaps the difficulty of using the COO to
select patients for targeted therapies.34,35 Although co-
occurring MYC and BCL-2 alterations occurred most
commonly in cluster 3, those with MYC and BCL-6
translocations occurred most commonly in cluster 1, which
is biologically distinct from cluster 3. This strengthens the
contention that the current concept of DHL may have
prognostic relevance but not biologic homogeneity andmay
not lend itself as a group to a single therapeutic targeting
strategy. Finally, an important implication of this study is the
need to capture SCNAs and SVs to fully identify coordinate
multigene and alteration signatures.

A parallel, large-scale sequencing effort from the National
Cancer Institute (NCI cohort) similarly highlighted the im-
portant residual genomic complexity embedded within tra-
ditional COO classification subgroups.67 Genes with recurrent
aberrations were identified among 574DLBCL samples using
exome and transcriptome sequencing, array-based copy
number analysis, and targeted amplicon resequencing. This
multiplatform analysis was layered onto the existing COO
classification to define four distinct subgroups.More recently,
the same group performed analyses to more fully charac-
terize the genomic underpinnings of their original four sub-
types and to broaden the classification scheme to tumors that
were not classified in the original analysis.68 As was done in
the Harvard analysis, mutations, SCNAs, and fusions were all
evaluated as were gene expression signatures. Among the
cases not previously characterized in the initial NCI cohort
analysis, TP53 was the most frequently mutated gene. In
addition, these mutations were associated with high rates of
aneuploidy. They therefore defined a fifth group termed A53
(aneuploid with TP53 inactivation). They also created another
seed class, ST2 (SGK1 and TET2 mutated). The previously
described DHITSig was also evaluated in the context of
genomic subgroups, which further stratified the subtype
defined by EZH2 and BCL-2 aberrations into MYC1 and
MYC2 categories. Ultimately, this led the NCI group to
define seven genomic subgroups,67,68 as listed in Table 2.
These categories more closely aligned with the previously
described genomic clusters.65 Using these classifications,
the authors created an algorithm, LymphGen, to provide
a probabilistic classification of a tumor from an individual
patient into a genetic subgroup.
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TABLE 2. Summary of Novel Genomic Categories in DLBCL65,67,68

Category Key Genomic Characteristicsa COO Risk Other Featuresb

Cluster 1
(Harvard)

BCL-6 SVs; alterations in NOTCH-2 signaling
pathway components, BCL10,
TNFAIP3(A20), and FAS mutations; genetic
bases of immune escape, including
mutations in B2M, CD70, FAS, and SVs of
PD-L1 and PD-L2

ABC Low Extrafollicular, MZL origin

BN2 (NCI) Alterations in NOTCH2 signaling, B-cell
differentiation, regulators of NF-kB pathway,
immune evasion (CD70 loss), CCND3
mutations, and BCL-6 SVs

COO
independent

5-year OS, 67% NOTCH1 mutations as seen in CLL

Cluster 2
(Harvard)

Biallelic inactivation of TP53, 17p copy loss,
9p21.13/CDKN2A and 13q14.2/RB1 copy
loss, copy gains of 1q23.3/MCL1, genomic
instability, and driver SCNAs

COO
independent

High NOTCH1 mutations as seen in CLL

A53 (NCI) TP53 inactivation/DNA damage, aneuploidy,
deletion of 6q, amplification of 3q, NFKBIZ,
CNPY3, and BCL-2, and immune evasion

ABC 5-year OS, 63% (33%ABC,
100% GCB)

Cluster 3
(Harvard)

BCL2 SVs, mutations in chromatin modifiers
(KMT2D, CREBBP, EZH2), mutations in
MEF2B, IRF8, and indirect modifiers of BCR
and PI3K signaling, and copy loss or
mutations in PTEN

GCB High Genetic alterations described in
follicular lymphoma

EZB (NCI)
MYC1,
MYC–

Alterations in epigenetic regulators (KMT2D,
CREBBP, EP300, ARID1A, IRF8, MEF2B,
EBF1), mutational activation of EZH2,
alterations affecting B-cell signaling,
inactivation of S1PR2/GN13 pathway, PTEN
deletions and mutations, BCL-2 SVs, REL
amplification, perturbed interactions with
T follicular helper cells
MYC1: MY C alterations, TP53 abnormalities,
DHITSig
MYC–: Alterations in NF-kB regulators, TP73
deletions

GCB 5-year OS
48% MYC1, 82% MYC–

Features of transformed follicular
lymphoma

Cluster 4
(Harvard)

Alterations in histone genes, immune evasion
molecules (CD83, CD58, CD70), BCR/PI3K
signaling intermediates, NF-kB modifiers,
and RAS/JAK/STAT pathway members

GCB Low

ST2 (NCI) SGK1 and TET2 mutations, alterations in
JAK/STAT signaling, NF-kB activation, and
B-cell differentiation

GCB 5-year OS, 84% Similarity NLPHL and THRLBCL

Cluster 5
(Harvard)

18q gain,MYD88L265P, CD79Bmutations, gains
of 3q, 19q13.42, inactivation of PRMD1, 18p
gain, ETV6, PIM1, GRHPR, TBL1XR1, and
BTG1 mutations

ABC High Extranodal tropism
Similar genomic features in primary CNS
lymphoma and testicular lymphoma

MCD (NCI) Mutations in CD79B, MYD88L265P, CDKN2A
deletions, BCL2 copy gain/amplification, and
immune evasion

ABC 5-year OS, 40% Extranodal tropism

N1 (NCI) Alterations in NOTCH1, mutations in B-cell
differentiation regulators (ID3, BCOR) and
IKBKB, altered B-cell differentiation

ABC 5-year OS, 27% NOTCH1 mutations as seen in CLL

Abbreviations: ABC, activated B-cell like; BCR, B-cell receptor; CLL, chronic lymphocytic leukemia; COO, cell of origin; DHITSig, double-hit signature;
DLBCL, diffuse large B-cell lymphoma; GCB, germinal center B-cell like; JAK/STAT, Janus kinase/signal transducers and activators of transcription; MZL,
marginal zone lymphoma; NCI, National Cancer Institute; NF-kB, nuclear factor-kB; NLPHL, nodular lymphocyte-predominant Hodgkin lymphoma; OS,
overall survival; PI3K, phosphatidylinositol 3-kinase; SCNA, somatic copy number alteration; SV, structural variant; THRLBCL, T cell histiocyte-rich large B cell
lymphoma.

aLacked defined genetic drivers.
bEnriched for T-cell/histiocyte–rich DLBCL.
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In another study, Lacy et al69 applied a targeted 293-gene
panel to a large population-based cohort (n 5 928) of pa-
tients with DLBCL. This analysis, unlike the two previously
described, did not incorporate SCNA or SV information to
classify tumors. Despite this, it identified five distinct mo-
lecular subgroups, termed MYD88, BCL2, TET2/SGK1,
SOCS1/SGK1, and NOTCH2, on the basis of the genetic
features enriched in each cluster (Table 2). Approximately
one quarter of tumors did not fall within a category and were
termed not elsewhere classified. The subgroups generally
resembled the previously described NCI and Harvard
subgroups.65,67 This analysis did not identify a specific
subgroup enriched for TP53 mutations, as was seen in the
prior analyses, likely because the analysis did not specifically
include SCNAs, which were the most prominent feature of
cluster 2 cases in the Harvard analysis.69 Of note, this study
identified two different subgroups inwhich tumors resembled
cluster 4 tumors: the TET2/SGK1 subgroup (akin to NCI’s
ST2 subgroup)65,69 and the SOCS1/SGK1 subgroup.65,69

In summary, multiple groups have now independently
mapped the genomic heterogeneity of DLBCL (Table 2).
The resulting classifications have important distinctions
and nuances, as briefly mentioned here and listed in
Table 2. Altogether, they provide a broad and deep un-
derstanding of the biology of DLBCL, much of it beyond the
scope of this review. Yet, one remarkable feature is that
despite differences in sequencing platforms, types of ge-
nomic aberrations evaluated, variant calling algorithms,
and methods of statistical analysis, their results are broadly
similar, and several subgroups or clusters identified across
studies share unmistakable resemblances. In fact, the
public availability of sequencing data has already allowed
cross-analyses. For example, the Harvard group could

recapitulate the 5 clusters using the NCI data set without
reference to its original data.70 Similarly, the NCI group
found that each LymphGen subtype was drawn pre-
dominantly from a single genetic cluster, as defined by the
Harvard group, with 75% overall agreement between the
analytic methologies.68 The overlapping conclusions of
these seminal studies provide convincing support for the
presence of previously unrecognized distinct genomic
subgroups with coordinate biology.

BRIDGING THE CHASM

It seems inevitable, on the basis of the results of the
aforementioned classification studies, that a more detailed
genetic subclassification is poised to supersede the COO
framework. At the very least, this should provide a finer way
to assess prognosis. But naturally, the greater promise is in
its potential to allow for successfully individualized therapy.
Indeed, the novel classifications readily provide testable
predictions for specific therapeutic vulnerabilities within
some of the newly identified groups, which can be tested in
preclinical models.71 The ultimate goal can be simply
envisioned (Fig 1): On the basis of clinical variables and the
genomic classification of an individual patient’s tumor,
select a treatment of which at least a component selectively
targets the vulnerabilities implied by the genomic abnor-
malities (eg, R-CHOP plus drug X), and through the opti-
mization of therapy across all subgroups, increase the
overall cure rate for all patients.

The goal is clear, and with the newfound understanding
and classification systems, the tools for building the bridge
to it seem to be at hand. Yet before we build, it may be
useful to consider the chasm below.

Clinical variables

Pathologic and 
genomic categorization  

Selection of individualized treatment 

FIG 1. Conceptual framework for
personalized medicine in diffuse
large B-cell lymphoma.
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The first two challenges relate to the ease of classification
for an individual tumor. First is the challenge of harmoni-
zation: While there is clear overlap among the novel ge-
nomic classifications, robust clinical implementation will
require the development of a common accepted platform
for use across studies. The recent NCI analysis, which
results in a categorization more similar to that of the
Harvard group, may help the field to move toward the
implementation of a uniform framework. Without such
harmonization, lack of coordination among groups could
lead to a profusion of retrospective re-analyses of trial data
using different classifiers that only provide exploratory
hypotheses that require more trials to definitively confirm.
This would ultimately sap a significant amount of research
efficiency, especially given the time required at present to
design, conduct, and analyze prospective clinical trials.
Second is the technical challenge: Both the Harvard and
the NCI analyses relied on whole-exome sequencing
(WES). This method takes time to result, and time is of the
essence in an aggressive disease like DLBCL. As men-
tioned earlier, the ability to rapidly classify patients who start
frontline therapy is likely to be a key ingredient of successful
precision approaches in this disease. The most recent
study using a targeted next-generation sequencing (NGS)
panel instead of WES would allow for a more rapid turn-
around time. However, absent SCNA and SV data, such
panels do not capture all of the features necessary for
accurate classification.69 Similarly, the novel genomic
classifications use complex clustering algorithms that are
currently limited to research settings. The development of
parsimonious classifiers, which recapitulate the power of
WES analyses from a smaller number of targeted abnor-
malities, will allow for more broad applicability of these tools
in prospective studies.70 Finally, another practical chal-
lenge stems from the difficulty of obtaining biopsy speci-
mens, particularly in a serial fashion, that could capture
dynamic changes in a tumor’s genomic profile. The de-
velopment and availability of liquid biopsies (ie, NGS-based
assays of circulating tumor DNA [ctDNA]) that can capture
a tumor’s salient genomic characteristics through sampling
of peripheral blood will likely be an important contributor to
our ability to rapidly and dynamically characterize a tumor’s
genomic profile and designmore-efficient clinical trials.72-74

Ultimately, the ability to use assays that have a short
turnaround time and manageable cost, yet still capture all
the essential genomic elements to accurately classify tu-
mors, will be a sine qua non condition of success.

An additional concern is that the genomic subtypes dis-
cussed here have all been developed in de novo DLBCL. It
remains unknown whether the acquisition of additional
genomic aberrations over time and treatment courses alters
genomic subgroup classification. If it does, trials in patients
with multiply RR disease may not predict well the effec-
tiveness of the new therapies in earlier lines of treatment.
This may require a greater willingness to start frontline

treatments without demonstrated subgroup-specific ben-
efits in RR disease and the obvious risks this entails. Efforts
to sequence and classify samples from patients with RR
DLBCL and the use of ctDNA for easier collection and
monitoring of clonal evolution will be important to better
understand this phenomenon.

Other salient challenges await at the “splitting” end of the
granularity spectrum. Launching a phase III clinical trial in
DLBCL is relatively straightforward; testing a novel com-
bination in a specific cluster/subgroup, which may repre-
sent only # 20% of all patients, less so. Some of this work
can be done retrospectively. Indeed, it should be instructive
to evaluate the prognostic and possible predictive value of
the new classification systems by retrospectively analyzing
tumor samples from recent randomized trials. However, the
treatments used in these trials were not designed to opti-
mally target any of the new clusters or subgroups, and
ultimately, new prospective randomized studies will be
required. Those trials, like prior ones, will always fall prey to
selection bias and may not faithfully reflect the entire
spectrum of patients with DLBCL.

Additional issues will further challenge our ability to le-
verage the new classifications in prospective attempts to
design cluster-specific therapies. Other important aspects
of tumors not captured in genomic studies, such as the
epigenetic profile and tumor microenvironment (which
both may also be altered by prior therapy) may yet create
finer subgroups and complicate the task of targeting ge-
nomic vulnerabilities.75 Furthermore, it may be naı̈ve to
imagine that clinical variables will not remain relevant.
Older patients may not tolerate additional therapy as easily;
indeed, this is one hypothesis behind the apparent se-
lective benefit of targeted therapy in younger patients in the
PHOENIX trial and absence of benefit in the overall pop-
ulation.41 Patients with early-stage disease, with a better
prognosis in general, may also not demonstrably benefit
from the addition of targeted therapies; combining more
selective targeting with chemotherapy de-intensification in
this subgroup will be challenging to implement in ade-
quately powered trials. Even factors such as sex and
genetic polymorphisms that have an impact on drug
metabolism may differentially affect the effectiveness of
therapy.76-80 Finally, because R-EPOCH is currently con-
sidered by many to be a preferred regimen for patients with
DHL, it may be challenging to enroll patients who meet
criteria for DHL in a study using an R-CHOP backbone. In
fine, splitting clinical trial candidates to the level of our
biologic understanding is likely impossible to reconcile with
the sample sizes required to power definitive clinical trials.
Solving this problem will require some “lumping” that will
betray our scientific knowledge. More broadly, it will require
improved collaborative structures for running large, multi-
arm, flexible, adaptive trials that can seamlessly move from
early to late phase, keep up with rapid scientific and
technical advances, and recruit from broad populations to
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ensure adequate power across subgroups. Furthermore,
the optimal treatment of a given subgroup/cluster will likely
require a combination of targeted therapies, given their
coordinate biology (eg, the association of BCL-2 trans-
location with EZH2 mutations). This will require working
with multiple pharmaceutical partners within single trials
without sacrificing speed and efficiency and with a clear
regulatory path for the approval of such combinations when
successful.

Ultimately, the recent genomic studies of DLBCL have
dramatically improved our understanding of the complex
genomic landscape of this disease. They have revealed the
genomic substructure that not only underlies but also

extends beyond the COO classification, with clear biologic
and prognostic differences among the clusters/subgroups.
The insights gained provide a plausible explanation for the
negative phase III trial results so far, a new way to retro-
spectively analyze their findings according to the new
classifications, and a platform for designing the next gen-
eration of preclinical studies and subsequent prospective
clinical trials. But they will only provide the pillars of a bridge
to successful personalized therapy, and the chasm is wide.
To build a successful bridge across it will require muchmore
from all of us scientifically, technically, and clinically, in-
cluding, possibly, a deep rethinking of our clinical research
methods and research infrastructure in this disease.
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47. Czuczman MS, Trněný M, Davies A, et al: A phase 2/3 multicenter, randomized, open-label study to compare the efficacy and safety of lenalidomide versus
investigator’s choice in patients with relapsed or refractory diffuse large B-cell lymphoma. Clin Cancer Res 23:4127-4137, 2017

48. Castellino A, Chiappella A, LaPlant BR, et al: Lenalidomide plus R-CHOP21 in newly diagnosed diffuse large B-cell lymphoma (DLBCL): Long-term follow-up
results from a combined analysis from two phase 2 trials. Blood Cancer J 8:108, 2018

49. Vitolo U, Witzig TE, Gascoyne RD, et al: ROBUST: First report of phase III randomized study of lenalidomide/R-CHOP (R2-CHOP) vs placebo/R-CHOP in
previously untreated ABC-type diffuse large B-cell lymphoma. Hematol Oncol 37:36-37, 2019

50. Nowakowski GS, Hong F, Scott DW, et al: Addition of lenalidomide to R-CHOP (R2CHOP) improves outcomes in newly diagnosed diffuse large B-cell lymphoma
(DLBCL): First report of ECOG-ACRIN1412 a randomized phase 2 US Intergroup Study of R2CHOP vs R-CHOP. Hematol Oncol 37:37-38, 2019

51. Zelenetz AD, Salles G, Mason KD, et al: Venetoclax plus R- or G-CHOP in non-Hodgkin lymphoma: Results from the CAVALLI phase 1b trial. Blood 133:
1964-1976, 2019

52. Morschhauser F, Feugier P, Flinn IW, et al: Venetoclax plus rituximab, cyclophosphamide, doxorubicin, vincristine and prednisolone (R-CHOP) improves
outcomes in BCL2-positive first-line diffuse large B-cell lymphoma (DLBCL): First safety, efficacy and biomarker analyses from the phase II CAVALLI study.
Blood 132, 2018 (suppl; abstr 782)
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