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Abstract

Background There is growing evidence supporting multidisciplinary molecular tumor boards (MTB) in solid tumors whereas
hematologic malignancies remain underrepresented in this regard.

Objective The present study aimed to assess the clinical relevance of MTBs in primary refractory diffuse large B-cell lym-
phomas/high-grade B-cell lymphomas with MYC and BCL2 rearrangements (prDLBCL/HGBL-MYC/BCL2) (n = 13) and
HGBL, not otherwise specified (NOS), with MYC and BCL6 rearrangements (prHGBL, NOS-MYC/BCL6) (n = 6) based on
our previously published whole-exome sequencing (WES) cohort.

Patients and Methods For genomic analysis, the institutional MTB WES pipeline (University Cancer Center Schleswig-Hol-
stein: UCCSH), certified for routine clinical diagnostics, was employed and supplemented by a comprehensive immunohis-
tochemical work-up. Consecutive database research and annotation according to established evidence levels for molecularly
stratified therapies was performed (NCT-DKTK/ESCAT).

Results Molecularly tailored treatment options with NCT-DKTK evidence level of at least m2A were identified in each
case. We classified mutations in accordance with biomarker/treatment baskets and detected a heterogeneous spectrum of
targetable alterations affecting immune evasion (IE; n = 30), B-cell targets (BCT; n = 26), DNA damage repair (DDR; n
= 20), tyrosine kinases (TK; n = 13), cell cycle (CC; n = 7), PI3K-MTOR-AKT pathway (PAM; n = 2), RAF-MEK-ERK
cascade (RME; n = 1), and others (OTH; n =11).

Conclusion Our virtual MTB approach identified potential molecularly targeted treatment options alongside targetable
genomic signatures for both prDLBCL/HGBL-MYC/BCL?2 and prHGBL, NOS-MYC/BCL6. These results underline the
potential of MTB consultations in difficult-to-treat lymphomas early in the treatment sequence.

1 Introduction

The 5th edition of the World Health Organization Classifi-
cation of Haematolymphoid Tumors (WHO-HAEMS) took
recent findings concerning a distinctive mutational pathogen-
esis as well as gene expression signatures into account and
renewed the former provisional entity of high-grade B-cell
lymphomas with MYC and BCL2 and/or BCL6 rearrange-
ments (HGBL-DH/TH) [1-4]. The novel term is diffuse large
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B-cell lymphoma/high-grade B-cell lymphoma with MYC
and BCL2 rearrangements (DLBCL/HGBL-MYC/BCL2).
Lymphomas with dual MYC and BCL6 rearrangements
were excluded and are now classified either as DLBCL, not
otherwise specified (NOS) or HGBL, NOS based on cyto-
morphologic characteristics [1]. However, there still exists a
relevant subset of aggressive B-cell non-Hodgkin lymphoma
(B-NHL) cases harboring both MYC and BCL6 rearrange-
ments presenting with insufficient response rates to standard
immunochemotherapy and poor prognosis [3]. Such cases as
well as DLBCL/HGBL-MYC/BCL?2 affiliate to a spectrum of
difficult-to-treat aggressive B-NHL.

Recent advances in oncology include the comprehen-
sive implementation of multidisciplinary molecular tumor
boards (MTB) moving from omnidirectional and unspecific
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The approach of a virtual molecular tumor board (MTB)
reveals a vast potential for molecularly stratified treat-
ment options with reasonable molecular evidence

levels in primary refractory cases of diffuse large B-cell
lymphomas/high-grade B-cell lymphomas (HGBL) with
MYC and BCL2 and HGBL, not otherwise specified,
with MYC and BCL6 rearrangements beyond the spec-
trum of standard treatment strategies.

Addressing an urgent unmet medical need, the present
study aims to draw attention to the potential benefits of
a more frequent inclusion of rare hematologic malignan-
cies in MTB settings.

to personalized and targeted treatment strategies. In congru-
ence, recent advances in genomic profiling and increasing
availability of such complex diagnostics led to rapid devel-
opment of novel molecularly targeted therapeutics in cancer
patients [5, 6]. However, there is still room for improvement
as recommended treatments can be realized only in a small
fraction of cases due to prolonged turn-around periods for
molecular diagnostic workups, rapid progression of the dis-
ease, or limited performance status after heavy pretreatments
[6]. Moreover, the performance of molecular diagnostics
and the procedure for communicating MTB recommenda-
tions is still not well standardized [7, 8]. As the majority of
molecularly stratified treatment options are not covered by
health insurances, meeting the costs of individual treatments
represents a common challenge in the realization of MTB
recommendations [9].

Major publications reporting on MTB approaches reveal a
disproportionally low representation of hematologic malig-
nancies, as MTB activities focus on solid tumors to a great
extent [6, 10]. In concert with expanding publicly available
datasets in repositories and growing experience regarding
molecularly stratified therapies, clinical outcomes in person-
alized treatment strategies are continually improving [11].

Comprehensive genomic profiling decisively refined the
taxonomy and uncovered potential therapeutic vulnerabili-
ties in a relevant fraction of the aforementioned difficult-to-
treat entities across the spectrum of hematologic malignan-
cies such as primary refractory (pr) DLBCL/HGBL-MYC/
BCL2 and DLBCL/HGBL, NOS. Dismal prognosis in such
cases is explained by extraordinarily aggressive tumor biol-
ogy, underlining the urgent yet unmet clinical need for the
expansion of treatment strategies.

Applying the institutional MTB whole-exome
sequencing (WES) pipeline (University Cancer Center
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Schleswig-Holstein; UCCSH), which is certified for routine
clinical diagnostics, the present study aimed to evaluate 19
cases with prDLBCL/HGBL-MYC/BCL2 and prDLBCL/
HGBL, NOS from a previous study by our group from the
precision hematologist’s perspective in a virtual MTB set-
ting [2, 12]. MTB recommendations for immunologically
and/or molecularly stratified treatment options were gener-
ated based on WES data. Each potential target was indi-
vidually annotated in the light of recurrence and therapeutic
addressability.

2 Patients and Methods
2.1 Study Design and Patient Characteristics

Corresponding to the 4th edition of the WHO Classifica-
tion of Tumors of the Haematopoietic and Lymphoid Tissue
(WHO-HAEM4), our institutional database was screened
for the provisional entity high-grade B-cell lymphoma with
MYC and BCL2 and/or BCL6 rearrangement (HGBL-DH/
TH) within the scope of this retrospective proof-of-concept
study [13]. From our previously published WES cohort, re-
screening identified 19 cases with primary-refractory disease
indicating potential benefits from the application of a virtual
MTB approach. All cases were redefined in accordance with
the latest version of the WHO-HAEMS in December 2022.

2.2 Genomic Analysis

Sample preparation and WES from formalin-fixed, paraffin-
embedded (FFPE) tissue sections in addition to bioinfor-
matic data processing (raw data preparation, filtering, the
detection of single-nucleotide variants [SNV], short inser-
tions and deletions [indels] and somatic copy number aber-
rations [SCNA]) were performed as previously published by
Kiinstner et al. [2]. The median coverage was 234X (standard
deviation + 195x; average depth of 304X). Quality-filtered
sequencing data was mapped against the human reference
genome (hg19) using the Medical Informatics for Research
and Care in University Medicine (MIRACUM) pipeline.
The certified institutional UCCSH MTB pipeline comprises
several steps of bioinformatic analysis, which are described
below.

2.3 Molecular Tumor Board (MTB) Data Preparation

MTB database research standardized genomic reports, pro-
vided by the Medical Systems Biology Group (University
of Luebeck), were constituted individually for each case
upon MIRACUM pipeline analysis. Individual genomic
reports provided information on tumor mutational burden
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(TMB), the tumor heterogeneity based on tumor subclones,
the percentual content of tumor cells, the variant allele fre-
quency (VAF) for each genomic alteration, microsatellite
instability (MSI) status, the result of BRCAness calcula-
tion (cut-off >20%) and combined annotation dependent
depletion (CADD) phred-score calculation (cut-off >20)
as this score indicates the deleteriousness of an alteration.
A detailed description of bioinformatics, especially filter-
ing processes, is provided in the Electronic Supplementary
Material (ESM).

2.4 MTB Annotation and Data Analysis

First, the databases COSMIC, OncoKB (prognostic and
diagnostic levels), ClinVar (clinically relevant variation),
and cBioPortal were applied in order to approve the recur-
rence of a genomic alteration. Second, ProteinPaint was
exerted to check the functional relevance of an alteration.
Third, the therapeutic vulnerability was annotated for each
recurrent alteration of functional relevance by means of the
databases CIVIC, OncoKB (therapeutic and FDA levels),
the Cancer Genome Interpreter (CGI), and the Drug—Gene
Interaction database (DGIdb). Additional potential thera-
peutic targets identified by MSI status, BRCAness scoring
or immunotherapeutic rationales based on high TMB status
(=10 mut/Mb) were similarly checked. Molecularly strati-
fied treatment options were allocated to evidence levels in
accordance with the National Center for Tumor Diseases/
German Cancer Consortium NCT/DKTK-MASTER pro-
gram (Supplementary Fig. 1, see ESM) and with the Euro-
pean Society for Medical Oncology Scale for Actionability
of Molecular Targets (ESCAT; Supplementary Fig. 2, see
ESM) [14, 15]. For targets amenable to multiple agents, we
favored agents with the highest level of evidence accord-
ing to the NCT/DKTK classification. As proposed by Horak
et al., annotated genomic alterations were classified by bio-
marker/treatment baskets [6].

Finally, ongoing trials were checked if no treatment rec-
ommendation was available for a recurrent and functionally
relevant alteration (https://clinicaltrials.gov). Alternatively,
literature was evaluated for preclinical evidence of targetable
vulnerabilities corresponding to DKTK levels m3/4. Only
resources open for academic research purposes were con-
sidered for MTB recommendations.

2.5 Prioritization of Therapeutic Vulnerabilities

The prioritization of potential molecularly stratified treat-
ment options simultaneously considers several variables and
therefore represents a multifactorial process. Genomic alter-
ations were assessed in regard to their biological relevance

and conclusiveness based on CADD score calculation, VAF
and gene-set enrichment analysis. Variants of unknown
significance were excluded from further analyses unless
such variants were associated with high CADD scores or
functional relevance. Each recommended drug was either
approved by the US Food and Drug Administration (FDA)
and/or European Medicines Agency (EMA) or at least desig-
nated for FDA fast-track development as a minimum require-
ment for consideration within the scope of this study (cutoff
date 1 February 2023). More detailed information on the
treatment prioritization process including the calculation of
a modified Matching Score (mMS) is provided in Supple-
mentary Table 1 (see ESM). Potential drug combinations
were evaluated in accordance with the [-PREDICT study by
Sicklick et al. [28] and screened for potential drug interac-
tions by the attending pharmacist.

2.6 Virtual MTB Setting

In accordance with the institutional standards of UCCSH,
four rounds of virtual multidisciplinary MTB were per-
formed in which 19 prDLBCL/HGBL-MYC/BCL2 and
prDLBCL/HGBL, NOS cases were retrospectively dis-
cussed (first to third round: 5 cases; fourth round: 4
cases). The four conferences were conducted on the vir-
tual meeting platform ‘VidyoConnect’ (Vidyolnc., Hack-
ensack, New Jersey; United States). A conference was
quorate if a molecular oncologist, a bioinformatician, a
pathologist, and a pharmacist were present. This funda-
mental requirement was equivalent to the conventional
MTB setting. Decision making for each case reflected
a multifactorial process based on molecular diagnostics,
performance status, prior therapies, and prioritization of
therapeutic vulnerabilities in light of drug approval and
data on the efficacy for each drug (see also Sect. 2.5).
This process was also equivalent to the routine clinical
MTB setting. As the required information for each case
was collected prior to the conference, each case had to
be comprehensively reconstituted in one session start-
ing from case presentation right up to MTB treatment
recommendations. Centralized documentation of MTB
recommendations was conducted in each case analogue
to the conventional MTB setting. Figure 1 illustrates the
detailed workflow of our virtual MTB.

2.7 Data Availability
Data used in this study were downloaded from the Euro-

pean genome-phenome archive (EGA) accession number
EGAS00001005420.
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2.8 Ethics Statement

This retrospective study was approved by the ethics commit-
tee of the University of Liibeck (reference no. 18-356), con-
ducted in accordance with the Declaration of Helsinki, and
patients provided written informed consent regarding routine
diagnostic and academic investigations, including genomic
studies of their biopsy specimen as well as the transfer of
their clinical data.

3 Results
3.1 Baseline Clinicopathological Characteristics

In total, we report on 19 patients with prDLBCL/
HGBL-MYC/BCL2 and prDLBCL/HGBL, NOS (former

Individual anotation of
detected mutations

Approval

n=1

Allocation to molecular evidence levels \
9

Molecular evidence level

HGBL-DH/TH), carving out the potential of a virtual MTB
approach. The median age was 72.0 years (range 35-79)
with a pronounced male predominance (74%). Additional
DLBCL/HGBL-MYC/BCL2 and DLBCL/HGBL, NOS
cases responding to initial cytoreductive treatment served
as a comparison cohort (n = 28) [2]. The course of the dis-
ease, information on clinical characteristics, and treatment
sequences for each case are shown in Fig. 2a. Survival analy-
sis by means of the Kaplan—Meier method revealed signifi-
cantly inferior progression-free survival (p < 0.0001) and
overall survival (p = 0.0086) in primary refractory (pr) cases
compared with those cases responding to first-line treatment
(Fig. 2b/c).

Baseline clinicopathological characteristics including
treatment modalities and toxicity profiles according to
common toxicity criteria adverse events (CTCAE 6.0) are
summarized in Table 1, differentiating between prDLBCL/

MASTER E. i

Therapeuticﬁ

baskets

n=19
L 2
Therapeutic target ” “ VAF + CADD
1 > *
& N 0 .
UCCSH | o Lo EEEEw ' ‘-----
o | |
UCCSH MTB Pipeline & * L
Database research annotation s ” “ A
n=19 * *
* >
| |
A AR =
Drug combinations Comparative weighting f \-/
. Institutional HGBL-selection
Virtual MTB & =79
o o treatment prioritization V4
| | n=19 ~==
' fi
Primary refractory HGBL - .-
n=19 NI '
\ / Academic WES
- Bioinformatics n=47
n=47

Fig.1 Virtual UCCSH MTB workflow for primary refractory diffuse
large B-cell lymphomas/high-grade B-cell lymphomas with MYC and
BCL2 aberrations (prDLBCL/HGBL-MYC/BCL2) and prDLBCL/
HGBL, NOS with MYC and BCL6 rearrangements. After institutional
case selection, academic WES was performed in 47 cases. Consecu-
tively, 19 primary-refractory cases were identified and underwent
UCCSH MTB pipeline evaluation. Afterward, manual database
research annotation was conducted for each relevant variant. In a vir-
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tual MTB setting, each prDLBCL/HGBL-MYC/BCL2 and prDLBCL/
HGBL, NOS case with MYC/BCL6 was discussed. Potential thera-
peutic vulnerabilities were allocated to molecular evidence levels and
to treatment baskets. A multifactorial treatment prioritization process
guided MTB treatment recommendations. MTB molecular tumor
board, NOS not otherwise specified, UCCSH University Cancer
Center Schleswig-Holstein, WES whole-exome sequencing
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HGBL-MYC/BCL2 and prDLBCL/HGBL, NOS (includ-
ing dual MYC/BCL6 rearrangements) in accordance with
WHO-HAEMS.

3.2 Whole Exome Profiling

WES analysis identified 2433 missense mutations, 1025 in-
frame mutations, 179 nonsense mutations as well as 179
frame-shift mutations (indels) and 82 splice-site mutations
after variant filtering. In total, 1126 mutations (28.9%)
were found to be functionally relevant based on exhaustive
database research, whereas 2098 mutations (53.8%) were
inconclusive and functional neutrality was annotated for
675 mutations (17.3%) (Fig. 3a). The median TMB was

comparable (low to intermediate levels) between patients
with primary refractory disease and patients from the com-
parison cohort (Table 1; Fig. 3b). A high TMB status (18.2
mut/Mb) was detected in a single case from the compari-
son cohort. To evaluate significantly (p < 0.05) distinct
features between both subgroups, an enrichment analysis
(groupwise Fisher exact testing) was performed resulting
in three genomic events (GLE1, ODF2, SPTANI) that were
predominantly altered in primary responders, and seven
alterations (C2orf77, FASTKDI1, KLHL23, METTLS, PHOS-
PHO2, PHOSPHO2-KLHL?23, SSB) that were almost exclu-
sively detected in primary refractory cases (Supplementary
Figure 3, see ESM). As expected, and previously reported
by our group, the application of the LymphGen algorithm
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Fig.2 Clinical features in primary refractory diffuse large B-cell lym-
phomas/high-grade B-cell lymphomas with MYC and BCL2 aberra-
tions (prDLBCL/HGBL-MYC/BCL2) and prDLBCL/HGBL, NOS
with MYC/BCL6. a The swimmer plot illustrates the clinical course
of the disease for each primary-refractory case. b, ¢ Kaplan Meier

survival analysis (PFS and OS) comparing primary-refractory cases
and the comparison cohort which were not associated with primary
refractory disease. NOS not otherwise specified, OS overall survival,
PF'S progression-free survival
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Table 1 Baseline clinic-pathological characteristics in DBCL/HGBL-MYC/BCL2 and DLBCL/HGBL, NOS-MYC/BCL6 as proposed by WHO-

HAEMS

Characteristic

prDLBCL/HGBL-MYC/BCL2

prDLBCL/HGBL, NOS-MYC/BCL6

Comparison cohort

n=13 n=6 n=19/28"

Age, median (range), y 66 (42-77) 76.5 (35-79) 71.5 (35-89)
Sex

Male 9 (69%) 4 (67%) 12 (43%)

Female 4 (31%) 2 (33%) 16 (57%)
R-IPI

Very-good (0 points) 1(5%)

Good (1-2 points) 3 (23%) 10 (53%)

Poor (3-5 points) 10 (77%) 6 (100%) 8 (42%)
Ann Arbor

I-11 3 (23%) 2 (33%) 9 (47%)

-1v 10 (77%) 4 (67%) 10 (53%)

B-symptoms 8 (62%) 3 (50%) 9 (47%)
Extranodal sites

0 1 (8%) 2 (33%) 6 (32%)

1-2 12 (92%) 3 (50%) 13 (68%)

>2 1 (17%)
ECOG-PS

0-1 8 (62%) 1(17%) 11 (58%)

>2 5(38%) 5(83%) 8 (42%)
Elevated LDH 12 (92%) 6 (100%) 13 (68%)
Tumor cell content, median (range) 80% (50-100) 90% (80-100) 80% (55-100)
Morphology

DLBCL 6 (46%) 4 (67%) 22 (79%)

Burkitt-like 7 (54%) 2 (33%) 6 (21%)
Cytogenetics

Double-hit 7 (54%) 6 (100%) 25 (89%)

Triple-hit 6 (46%) 3(11%)
Median TMB (mut/Mb) 3.9 (1.6-6.4) 4.1(3.3-4.8) 3.9 (1.1-18.2)
Genomic cluster

EZB 13 (100%) 19 (68%)

BN2 3 (50%) 1 (4%)

Other 3 (50%) 8 (28%)
Frontline therapy regimen

R-CHOP like 9 (69%) 4 (67%) 12 (63%)

B-ALL protocol 3 (23%) 2 (33%) 3 (16%)

R-bendamustine 2 (11%)

Others 1(8%) 1(5%)

Refusal or no treatment 1(5%)
Frontline therapy SAE (grade 3-5)

Polyneuropathy 1 (8%) 1 (17%) 4 (21%)

Acute kidney injury 2 (15%) 1 (17%) 2 (11%)

Febrile neutropenia 1 (8%) 2 (33%) 3 (16%)

Cytopenia 5 (38%) 2 (33%) 6 (32%)

Sepsis 2 (15%) 1 (17%) 2 (11%)

ALL acute lymphoblastic leukemia, CHOP cyclophosphamide/hydroxydaunorubicin/vincristine/prednisolone, DLBCL diffuse large B-cell lym-
phoma, ECOG-PS Eastern Cooperative Oncology Group performance status, HGBL high-grade B-cell lymphoma, LDH lactate dehydrogenase,
Mb megabase, mut mutations, NOS not otherwise specified, R rituximab, R-IPI Revised International Prognostic Index, SAE severe adverse
event, TMB tumor mutational burden, WHO-HAEMS5 5th edition of the World Health Organization Classification of Haematolymphoid Tumors,

y years

#Clinicopathological workup was fully available in 19/28 cases (67.9%) within the comparison cohort
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proposed by Wright et al. allocated 13 prDLBCL/HGBL-
MYC/BCL?2 cases to the C3/EZB cluster, three prDLBCL/
HGBL, NOS cases to the C1/BN2 cluster and the remain-
ing three cases were unclassifiable [2, 16]. The predomi-
nant mutational signatures were associated with spontane-
ous deamination (AC1) and DNA MMR (AC26) (Fig. 3c,
Supplementary Table 2, see ESM) [17]. In line with pre-
vious results considering other hematologic malignancies,
we did not detect any evidence of MSI-related hypermuta-
tions regardless of the availability of germline-paired tissues
(available in two cases).

3.3 Rationale 1: Annotation of Genomic Alterations

Applying the MIRACUM pipeline revealed 111 relevant
driver mutations carried by 44 genes in the 19 pr-cases.
Comprehensive database research led to the assignment of
91 potential treatment recommendations involving 73 vari-
ants across 23 genes. An additional 16 treatment options
were recommended based on genomic clusters (3 = BN2
cluster; 13 = EZB cluster). For the C1/BN2 cluster, the rec-
ommendation of ibrutinib in combination with R-CHOP is
only relevant in cases that were not treated with an R-CHOP-
based regimen in the first-line setting or when a molecular
characterization is performed early on and a molecularly
tailored add-on therapy can be recommended. This recom-
mendation is based on results reported from the subsequent
PHOENIX trial subgroup analysis and preliminary results
presented by Zhang et al. [18-20]. Unfortunately, other
regimens containing ibrutinib such as the combination with
lenalidomide and rituximab (iR?) did not stratify according
to genomic subtypes [21]. Upon personalized annotation of
therapeutic vulnerabilities, the spectrum of targeted thera-
peutics was heterogeneous, involving novel agents such as
futibatinib, tazemetostat or defactinib and well established
drugs such as venetoclax, afatinib as well as ivosidenib.
Results from MIRACUM pipeline analysis and individual
database research are shown in Fig. 3d, e. FDA approval was
available for 15 agents, EMA approval for 14 agents, and
7 agents were designated for FDA fast-track development
(Fig. 3f). The spectrum of MTB treatment recommenda-
tions is summarized in Table 2. The median mMS was 60%,
ranging from 27 to 100%. In the majority of cases, an mMS
>50% was calculated (84%) (Supplementary Table 3, see
ESM).

3.4 Rationale 2: Immunotherapy and PARP
Inhibition

Immunotherapeutic strategies were recommended for muta-
tions that were previously associated with an objective
response towards such agents (KMT2A, KMT2C, KMT2D,
ROS1, PARPI) in vivo or in vitro [22-25]. There was no case

with a high TMB status (> 10 mut/Mb) among prDLBCL/
HGBL-MYC/BCL2 and prDLBCL/HGBL, NOS cases.

A rationale for the recommendation of PARP inhibitors
was made based on a pathological BRCAness score which
was found in one case (39.9% of mutations affecting homol-
ogous recombination deficiency [HRD], AC3 signature). In
15/19 cases we found a fraction of mutations associated with
the AC3 signature. However, in the majority of cases, the
20% cut-off leading to a PARP inhibitor rationale was not
reached. Similar to immunotherapeutic recommendations,
PARP inhibition seemed feasible in cases presenting with
mutations for which an objective response was previously
demonstrated (KMT2C, RB1) in vivo or in vitro [26, 27]. All
recommendations for immunotherapy and PARP inhibitors
are outlined in Table 2.

3.5 Rationale 3: Drug Combinations

Recent studies aimed to advance MTB recommendations
originating concepts for drug combinations [28]. Here,
drug combinations would be preferred if available datasets
existed, demonstrating their feasibility and effectiveness in
a specific tumor type or in basket trials (18/19 cases; 95%;
Supplementary Table 4, see ESM). For novel drug com-
binations, several considerations were taken into account
including the availability of involved agents, their molecular
evidence levels (mEL), and overlapping toxicities. In total,
our database research revealed 40 potential drug combina-
tions expanding the spectrum of MTB recommendations. In
particular, immunotherapeutic agents represent promising
combination partners (involved in 11/40 potential combina-
tions; 27.5%) as several standard treatment strategies include
such agents among a broad spectrum of malignancies [29,
30].

3.6 Molecular Evidence Levels (NCT/DKTK
and ESCAT)

The procedure of individual annotations for each genetic
alteration detected by WES in this difficult-to-treat entity
included the allocation to mEL according to NCT/DKTK
recommendations of at least m3 and ESCAT tier I[V. Among
the 107 potential MTB recommendations, 16 therapeutic
options were assigned to m1A (n = 10; 10.9%) or m1B (n =
6; 6.6%) rationales, respectively. The majority of MTB rec-
ommendations were allocated to NCT/DKTK mEL m2A (n
=26; 28.6%), m2B (n = 32; 35.2%), and m2C (n = 5; 5.5%).
Moreover, 31 recommendations were based on preclinical
data (NCT/DKTK m3 and ESCAT-tier IVA/B; 34.1%).
According to ESCAT, our proof-of-concept approach
assigned 27 recommendations to tier I (IA: n =7, 7.7%; IB:
n=3,33%;1C:n =17, 18.7%), six reccommendations to
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«Fig.3 Genomic features and results from manual database research
and annotation of relevant genomic alterations in primary refrac-
tory diffuse large B-cell lymphomas/high-grade B-cell lymphomas
with MYC and BCL2 aberrations (prDLBCL/HGBL-MYC/BCL2)
and prDLBCL/HGBL, NOS with MYC/BCL6. a Pie charts outlining
functionality, the mutational subtype and the mechanism of detected
mutations. b Comparative median TMB calculation between pri-
mary-refractory cases and the comparison group. ¢ Bar plot visual-
izes predominant mutational signatures in primary-refractory cases.
d Oncoprint summarizes targetable driver mutations detected upon
MIRACUM pipeline analysis and potential therapeutic options. e
Case-related summary of MTB recommendations and associated
molecular evidence levels according to National Center for Tumor
Diseases/German Cancer Consortium (NCT/DKTK) and European
Society for Medical Oncology Scale for Actionability of Molecular
Targets (ESCAT) tiers. f Bar plot visualizing the status of approval
for annotated therapeutic options. g Sankey plot assigning molecular
evidence levels to treatment baskets. h Sankey plot allocating patients
dependent on the assigned genomic cluster (BN2 vs EZB vs other).
The plot shows the best response of primary-refractory patients after
standard (immune) chemotherapy. Moreover, the Sankey plot illus-
trates therapeutic vulnerabilities beyond standard chemotherapy
based on genomic alterations. TMB tumor mutational burden

tier ITA (6.6%) and 46 recommendations to tier ITIA (50.5%).
The low frequency of high mEL (NCT/DKTK m1A-C and
ESCAT IA-C) reflects the lack of molecularly stratified clini-
cal trials in patients with hematologic malignancies. Bio-
logic rationales (NCT/DKTK m4) or current developments
(ESCAT tier V) were not considered in the present cohort.

3.7 Assignment to Therapeutic Baskets

The drug’s mechanism of action rather than its functional-
ity was the decisive factor for the assignment to a treatment
basket. According to baskets, MTB recommendations were
allocated to DNA damage repair (DDR; n = 20), immune
evasion (IE; n = 30), cell cycle (CC; n = 7), tyrosine kinases
(TK; n = 13), PI3K-MTOR-AKT pathway (PAM; n = 2),
RAF-MEK-ERK cascade (RME; n = 1), and others (OTH;
n = 11). Due to their specific genomic features, we added
another treatment basket called B-cell targets (BCT; n = 26),
which was one of the predominant baskets upon allocation
(Fig. 3g; Supplementary Fig. 4, see ESM).

3.8 Virtual MTB Recommendations

The turnaround time from genomic diagnostics (WES) to
virtual MTB recommendations was at least 3 weeks. The
virtual MTB focused on the recommendation of treat-
ment options but not additional diagnostics. Across the
19 prDLBCL/HGBL-MYC/BCL2 and prDLBCL/HGBL,
NOS cases, the application of the standardized institutional
UCCSH-MTB pipeline revealed 91 potential MTB recom-
mendations upon a multifactorial treatment prioritization
process. Molecularly stratified treatment recommendations
were identified in each case. According to NCT/DKTK mEL

and ESCAT tiers, the spectrum of MTB recommendations
ranged from m3 to m1A rationales and from IVB to IA
rationales, respectively. Among the entire cohort, our virtual
approach identified a median of six MTB recommendations
(range 3-9). Interestingly, the allocation to treatment baskets
was extraordinarily heterogeneous and highlights the broad
range of additional treatment options in a virtual second-line
setting and the relevance of molecular diagnostics in rare
and/or difficult-to-treat hematologic malignancies (Fig. 3h).
Additionally, we provide an overview of alternative agents
in Supplementary Table 5 (see ESM).

3.9 Review of Literature: Efficacy of Targeted
Therapeutics in Non-Hodgkin B-Cell
Lymphomas

Irrespective of a molecularly stratified intention, each
recommended drug from our virtual MTB approach was
screened for its effectiveness or its therapeutic potential
based on preclinical data in non-Hodgkin B-cell lymphomas
in a review of literature. In total, MTB recommendations
included 20 different agents. For the review of literature,
the databases Google Scholar (https://scholar.google.com),
PubMed (https://pubmed.ncbi.nlm.nih.gov) and ClinicalTri-
als.gov (https://clinicaltrials.gov) were examined using the
keywords ‘lymphoma’, ‘DLBCL’, ‘HGBL’, ‘aggressive lym-
phoma’, ‘B-cell non-Hodgkin lymphoma’, ‘phase I’, ‘phase
I’, ‘phase III’ in combination with the name of each of the
20 drugs. For nine agents (45%), the review of literature
revealed datasets indicating the efficacy against non-Hodg-
kin B-cell lymphomas. However, for 11 agents, efficacy data
from solid tumors was extrapolated to the spectrum of hema-
tologic malignancies. Three datasets report on the preclini-
cal activity of napabucasin, eprenetapopt, and the combina-
tion of tazemetostat and venetoclax. Currently, an ongoing
phase I trial is investigating the efficacy of tazemetostat and
venetoclax in DLCBL/HGBL (ClinicalTrials.gov identifier:
NCTO05618366). Results from the review of literature are
summarized in Supplementary Tables 6 and 7 (see ESM).

4 Discussion

Recent insights into the genomic landscape of DLBCL/
HGBL-MYC/BCL2 and DLBCL/HGBL, NOS revealed
several potential therapeutic vulnerabilities beyond standard
R-CHO(E)P-based immunochemotherapy and resulted in the
allocation to genomic clusters defined via the LymphGen
algorithm by Wright et al. based on distinct molecular signa-
tures [2, 3, 16]. In the primary-refractory setting, therapeutic
options beyond standard immunochemotherapy are limited
and oftentimes not applicable as a relevant subset of patients
is not eligible for intensive treatments. This constitutes an
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Table2 Summary of MTB treatment recommendations (preferred options are marked in bold)
ID Target CADD VAF Drug Approval NCT/DKTK EL ESCAT Ref.
C1/BN2 Cluster
6 FGFR2 22.6 25.2% Futibatinib FDA-FT m2A IC [47]
Bemarituzumab EMA-FT m2A IITA [48]
ROS1 27.2 20.8% Pembrolizumab EMA/FDA m2C 1IIA [24]
KMT2D - 15.5% Pembrolizumab EMA/FDA m2B IITA [23]
Cluster Ibrutinib + X EMA mlA 1A [20]
31 KMT2C 24.2 16.0% Olaparib EMA/FDA m3 IVA [26]
Pembrolizumab EMA/FDA m2B IITA [22]
RBI 39.0 77.0% Olaparib EMA/FDA m3 IVA [27]
KMT2D - 29.8% Pembrolizumab EMA/FDA m2B IITA [23]
NOTCH1 23.3 55.1% Brontictuzumab FDA-FT m2A IC [49]
Cluster Ibrutinib + R-CHOP EMA mlA IA [20]
36 CDKN2A 37.0 54.2% Palbociclib EMA/FDA m2A IIA [50]
NOTCH1 - 6.9% Brontictuzumab FDA-FT m2A IC [49]
KMT2C - 15.2% Olaparib EMA/FDA m3 IVA [26]
Pembrolizumab EMA/FDA m2B 1A [22]
STAT3 23.4 20.9% Napabucasin FDA-FT m2B IC [51]
FGFRI 23.8 46.9% Futibatinib FDA-FT m2A IC [47]
Cluster Ibrutinib + X EMA mlA 1A [20]
C3/EZB Cluster
7 EZH?2 24.9 39.2% Tazemetostat EMA/FDA mlA 1A [52]
TP53 25.3 87.7% Eprenetapopt + pembrolizumab FDA-FT m2A IC [53]
MSH6 - - Pembrolizumab + regorafenib EMA/FDA m2C IITA [54]
NOTCH]I 21.8 5.2% Brontictuzumab FDA-FT m2A IC [49]
BRCAness - 39.9% Olaparib EMA/FDA m2A JLIVN [55]
Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]
8 CREBBP 29.6 68.2% Mocetinostat FDA-FT mlA 1B [57]
ROS1 24.9 29.3% Pembrolizumab EMA/FDA m2C IITA [24]
KMT2A - 6.1% Pembrolizumab EMA/FDA m2B 1A [22]
KMT2C 24.2 17.1% Olaparib EMA/FDA m3 IVA [26]
Pembrolizumab EMA/FDA m2B 1A [22]
KMT2D 38.0 18.8% Pembrolizumab EMA/FDA m2B 1A [23]
Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]
9 BCL2 20.6 28.2% Venetoclax EMA/FDA mlB ITA [58]
EZH2 29.6 76.2% Tazemetostat EMA/FDA mlA 1A [52]
CREBBP 28.4 27.6% Mocetinostat FDA-FT mlA 1B [57]
KMT2C 36.0 13.9% Olaparib EMA/FDA m3 IVA [26]
Pembrolizumab EMA/FDA m2B IITA [22]
Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]
13 CREBBP 27.9 43.5% Mocetinostat FDA-FT mlA 1B [57]
BCL2 20.0 58.7% Venetoclax EMA/FDA mlB A [58]
KMT2C 36.0 10.1% Olaparib EMA/FDA m3 IVA [26]
Pembrolizumab EMA/FDA m2B IITA [22]
Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]
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Table 2 (continued)

ID Target CADD VAF Drug Approval NCT/DKTK EL ESCAT Ref.

15 KMT2C 36.0 5.8% Olaparib EMA/FDA m3 IVA [26]

Pembrolizumab EMA/FDA m2B 1ITA [22]

KMT2D 30.0 17.7% Pembrolizumab EMA/FDA m2B IITA [23]

TP53 - 45.8% Eprenetapopt + pembrolizumab FDA-FT m2A IC [53]

KIT - 20.0% Ripretinib EMA/FDA m2A 1IA [59]

NOTCHI 239 41.8% Brontictuzumab FDA-FT m2A 1C [49]

Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]

17 EZH2 29.5 34.8% Tazemetostat EMA/FDA mlA 1A [52]

BCL2 24.4 17.4% Venetoclax EMA/FDA ml1B ITA [58]

IDH] 33.0 34.9% Ivosidenib + azacitidine FDA m2A 1A [60]

KMT2C 242 9.2% Olaparib EMA/FDA m3 IVA [26]

Pembrolizumab EMA/FDA m2B A [22]

Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]

19 EZH2 29.5 41.4% Tazemetostat EMA/FDA mlA 1A [52]

NF2 26.2 48.8% Defactinib FDA-FT m2A IC [61]

KMT2C 24.8 16.4% Olaparib EMA/FDA m3 IVA [26]

Pembrolizumab EMA/FDA m2B 1A [22]

KMT2D - 90.6% Pembrolizumab EMA/FDA m2B 1A [23]

Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]

20 TP53 28.0 35.1% Eprenetapopt + pembrolizumab FDA-FT m2A IC [53]

KMT2D 38.0 38.1% Pembrolizumab EMA/FDA m2B 1A [23]

Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]

24 BCL2 21.8 46.9% Venetoclax EMA/FDA mlB IA [58]

KMT2C 24.2 11.4% Olaparib EMA/FDA m3 IVA [26]

Pembrolizumab EMA/FDA m2B A [22]

KMT2D - 54.1% Pembrolizumab EMA/FDA m2B A [23]

Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]

33 TET2 - 52.4% Azacitidine EMA/FDA m2B 1A [62]

EGFR 24.7 29.5% Afatinib EMA/FDA m2A 1A [63]

KMT2C 36.0 6.6% Olaparib EMA/FDA m3 IVA [26]

Pembrolizumab EMA/FDA m2B IITA [22]

Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]

34 TP53 229 17.2% Eprenetapopt + pembrolizumab FDA-FT m2A IC [53]

ERBB4 22.6 9.4% Dacomitinib EMA/FDA m2B 1A [64]

FGFR4 26.0 8.7% Futibatinib FDA-FT m2A IC [47]

GNAS 21.3 47.6% Trametinib EMA/FDA m2C 1A [65]

NF2 - 9.9% Defactinib FDA-FT m2A IC [61]

NOTCHI - 8.2% Brontictuzumab FDA-FT m2A IC [49]

KMT2C 36.0 19.3% Olaparib EMA/FDA m3 IVA [26]

Pembrolizumab EMA/FDA m2B IITA [22]

Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]

38 PARPI 24.0 36.3% Pembrolizumab EMA/FDA m3 IVB [25]

KMT2C 24.2 13.3% m2B A [22]

Olaparib EMA/FDA m3 IVA [26]

KMT2D 34.0 32.3% Pembrolizumab EMA/FDA m2B 1A [23]

EGFR 25.0 35.9% Afatinib EMA/FDA m2A 1A [63]

Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]
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Table 2 (continued)

ID Target CADD VAF Drug Approval NCT/DKTK EL ESCAT Ref.
40 CDKN2A 37.0 80.6% Palbociclib EMA/FDA m2A 1A [50]
MSH6 - 43.9% Pembrolizumab + regorafenib EMA/FDA m2C IITA [54]
KIT - - Ripretinib EMA/FDA m2A IIA [59]
KMT2C 36.0 13.0% Olaparib EMA/FDA m3 IVA [26]
Pembrolizumab EMA/FDA m2B IITA [22]
KMT2D 48.0 59.4% m2B 1A [23]
Cluster Tazemetostat + venetoclax EMA/FDA m3 IVA [56]

Other
27 KMT2C 36.0 10.4% Olaparib EMA/FDA m3 IVA [26]
Pembrolizumab EMA/FDA m2B A [22]
TP53 - 10.7% Eprenetapopt + pembrolizumab FDA-FT m2A IC [53]
NOTCH1 - 39.7% Brontictuzumab FDA-FT m2A IC [49]
ERBB4 23.8 43.4% Dacomitinib EMA/FDA m2B 1A [64]
32 BCL2 27.4 24.0% Venetoclax EMA/FDA mlB 1A [58]
KMT2A 24.1 39.8% Pembrolizumab EMA/FDA m2B 1A [22]
KIT - 69.6% Ripretinib EMA/FDA m2A 1A [59]
KMT2C 24.2 9.0% Olaparib EMA/FDA m3 IVA [26]
Pembrolizumab EMA/FDA m2B 1A [22]
41 ERBB4 254 45.3% Dacomitinib EMA/FDA m2B 1A [64]
BCL2 24.6 78.9% Venetoclax EMA/FDA mlB IA [58]
KMT2C 23.7 48.1% Olaparib EMA/FDA m3 IVA [26]
Pembrolizumab EMA/FDA m2B IIITA [22]

CADD combined annotation dependent depletion, CHOP cyclophosphamide/hydroxydaunorubicin/vincristine/prednisolone, EMA European
Medicines Agency, ESCAT European Society for Medical Oncology Scale for Actionability of Molecular Targets, FDA Food and Drug Admin-
istration, F'T fast track, MTB molecular tumor board, NCT/DKTK EL National Center for Tumor Diseases/German Cancer Consortium evidence

level, R rituximab, VAF variant allele frequency

urgent unmet medical need across the spectrum of rare and
difficult-to-treat hematologic malignancies that potentially
can be addressed by means of a more frequent integration
into precision medicine efforts. Our findings provide evi-
dence that the application of a certified MTB pipeline for
patients presenting with prDLBCL/HGBL-MYC/BCL2 and
prDLBCL/HGBL, NOS appeared to be feasible as molecu-
larly stratified treatment recommendations were identified
for each case.

The spectrum of molecularly stratified treatment options
is steadily increasing and novel agents progressively enter
the market, elevating the number of FDA (US) and/or EMA
(Europe) drug approvals. However, the vast majority of
MTB recommendations are related to solid tumors [6, 31].
As evidence for novel and innovative targeted treatment
options in the era of precision oncology is rapidly grow-
ing, improvements such as the standardized integration of
RNA-seq data into MTB decision making or comprehen-
sive regulation regarding the performance of next-generation
sequencing (NGS) approaches aiming to reduce heterogene-
ous MTB recommendations and to harmonize proceedings
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in University Cancer Centers are urgently required. The
infrequent appearance of MTB introductions of patients with
hematologic malignancies is accompanied by a lack of suit-
able basket trials for such tumors. Consecutively, findings
from solid tumors gathered from MTBs are mostly extrapo-
lated into the spectrum of hematologic malignancies, which
leads to limited molecular evidence not exceeding m2A lev-
els according to NCT/DKTK or ESCAT tier IIIA according
to ESCAT recommendations. Additionally, the majority of
MTB recommendations and ongoing basket trials consider
the applicability of single agents targeting a single molecu-
lar vulnerability. Aggressive hematologic diseases such as
DLBCL/HGBL-MYC/BCL2 and DLBCL/HGBL, NOS are
hardly manageable through the administration of single-
agent targeted therapeutics. Therefore, future treatment strat-
egies in such settings respecting the molecular background
of the disease must incorporate combination therapies or a
predefined immunochemotherapeutic backbone to control
the disease [20]. Accordingly, we favored combination thera-
pies in our approach, if applicable.
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Another open question that needs to be addressed in
future trials is the transferability into the lymphoma set-
ting of established biomarkers associated with designated
MTB rationales from solid tumors such as immunotherapy
in tumors harboring DNA MMR mutational signatures or
PARP inhibition in neoplasms with HRD deficiency [15,
32].

The comparative enrichment analysis revealed ten
genomic events that were differentially altered between pri-
mary refractory cases and those that responded to initial
cytoreductive treatment. Ajorloo et al. reported SPTANI,
which was found to be altered most exclusively in responders
corresponding to our dataset, to reflect a potential treatment
target in non-Hodgkin lymphomas based on autoantibody
profiling [33]. According to literature, none of the other nine
alterations were previously associated with the occurrence
of lymphomas. However, such alterations seem to play a role
that is exceptionally restricted to lymphoma biology without
any relevance for MTB treatment recommendations.

Keeping the timeframe between initial diagnosis/relapse/
refractory setting and MTB recommendation as short as pos-
sible poses a relevant challenge concerning the realization of
MTBs, as genomic profiling requires a few weeks depending
on the availability, the workload, and the NGS method. In
light of the MIRACUM consortium, the implementation of
the UCCSH MTB pipeline which is certified for routine clin-
ical diagnostics allows an efficient bioinformation workload.
However, essentially, all processes included in the molecular
work-up had to be streamlined starting from sample prepara-
tion alongside the performance of whole exome sequencing
right up to the annotation of genomic findings and the trans-
lation into standardized treatment recommendations in order
for the program to succeed. Nevertheless, there is still room
for further improvement and this raises the question regard-
ing the optimal moment of MTB introduction for potential
candidates. Preferentially, we recommend the introduction of
a potential candidate after the first evaluation of response in
terms of interim positron emission tomography (PET2) [34].
This strategy tries to anticipate early relapses or refractory
diseases in high-risk settings and helps to overcome time
pressures in molecular diagnostics. To further optimize this
strategy, it is necessary to improve tools for optimal risk
stratification in aggressive B-cell lymphomas. However, the
spectrum of approved and effective second-line treatment
options in the setting of aggressive B-cell lymphoma relapse
has steadily increased in recent years. In this setting, the
option of chimeric antigen receptor (CAR) T-cell therapy
poses a novel effective strategy even in a relevant fraction
of patients who are ineligible for autologous hematopoietic
stem cell transplantation (AutoHSCT) [35, 36]. The present
study aimed to uncover further treatment options beyond
approved strategies. Therefore, we recommend molecularly

stratified therapies after treatment failures of approved
options or in patients who are ineligible for CAR T-cell
therapies or other approved options.

Predictably, early MTB introductions for extended diag-
nostics such as genomic profiling promise to be cost effec-
tive as MTB-related diagnostics are responsible for a frac-
tional amount of costs [37]. Tools such as machine-learning
approaches based on artificial intelligence (AI) models or the
calculation of common matching scores will help to stand-
ardize the process of MTB inclusion and MTB treatment
recommendations [38].

Liquid biopsies represent a simple, readily available and
cost-effective alternative diagnostic tool for the detection and
monitoring of targetable genomic alterations over the course
of the disease. Overcoming sensitivity issues, this technique
harbors the potential to simplify molecular diagnostics in
MTB settings [39]. Apart from diagnostics, the use of 3D
organoid cell culture approaches (in vitro) or patient-derived
xenograft (PDX) models (in vivo) for the evaluation and
anticipation of the effectiveness of recommended treatments
can be useful, particularly in hematologic malignancies in
which most targeted therapeutics remain insufficiently evalu-
ated [40, 41].

Limitations of our current study include its limited sam-
ple size and the retrospective design alongside the potential
for fragmentary data. Potential bias during the inclusion
procedure (selection bias) and during the analysis proce-
dure (detection bias) cannot be ruled out. Moreover, a more
comprehensive genomic profiling including RNA transcrip-
tome sequencing and a higher proportion of matched ger-
mline DNA would have been desirable for the verification
of the biological relevance and conclusiveness of individual
genetic alterations. The expansion of diagnostics considering
markers that are directly associated with immunotherapeutic
rationales such as programmed cell death (ligand)-1 [PD-
(L)1] or other treatment targets such as CD19 (CAR T-cell
therapy, tafasitamab or loncastuximab tesirine) probably
extend the spectrum of treatment options. Another limiting
aspect of the current approach is that a large proportion of
MTB treatment recommendations was gathered from solid
tumors and subsequently extrapolated to the setting of pri-
mary refractory aggressive B-cell lymphomas. An example
for the limited transferability is the disappointing efficacy of
immune checkpoint inhibitors in the light of monotherapy
in aggressive B-cell non-Hodgkin lymphomas (apart from
primary mediastinal B-cell lymphoma; PMBCL) compared
with the revolutionary role among a large spectrum of solid
tumors or Hodgkin lymphomas [42—45]. Novel data suggest
the application of pembrolizumab after CAR T-cell failure
in relapsed or refractory aggressive B-cell lymphomas [46].

The present study draws attention to the potential ben-
efits of a more frequent inclusion of prDLBCL/HGBL-MYC/
BCL2 and prDLBCL/HGBL, NOS serving as a role model
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in the spectrum of rare and/or difficult-to-treat hematologic
malignancies. However, our virtual MTB approach revealed
promising therapeutic vulnerabilities associated with rea-
sonable mEL. The present results aim to initiate a learning
process expanding the spectrum of individualized treatments
into the field of hematology. As our approach is solely vir-
tual in nature, the efficacy and tolerability of molecularly
stratified treatments in prDLBCL/HGBL-MYC/BCL2 and
prDLBCL/HGBL, NOS and other difficult-to-treat hemato-
logic neoplasms need to be demonstrated in further studies.
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