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ABSTRACT

Patients with lymphoplasmacytic lymphoma/Waldenstrém macroglobulinemia (LPL/WM) occasionally develop diffuse large B-cell
lymphoma (DLBCL). This mostly results from LPL/WM transformation, although clonally unrelated DLBCL can also arise. LPL/WM is
characterized by activating MYD88%" (>95%) and CXCR4 mutations (~30%), but the genetic drivers of transformation remain to be
identified. Here, in thirteen LPL/WM patients who developed DLBCL, the clonal relationship of LPL and DLBCL together with mutations
contributing to transformation were investigated. In 2 LPL/WM patients (15%), high-throughput sequencing of immunoglobulin gene
rearrangements showed evidence of >1 clonal B-cell population in LPL tissue biopsies. In the majority of LPL/WM patients, DLBCL
presentations were clonally related to the dominant clone in LPL, providing evidence of transformation. However, in 3 patients (23%),
DLBCL was clonally unrelated to the major malignant B-cell clone in LPL, of which 2 patients developed de novo DLBCL. In this study
cohort, LPL displayed MYD88-2%F mutation in 8 out of eleven patients analyzed (73%), while CXCR4 mutations were observed in 6 cases
(55%). MYD88"T LPL biopsies present in 3 patients (27 %) were characterized by CD79B and TNFAIP3 mutations. Upon transformation,
DLBCL acquired novel mutations targeting BTG1, BTG2, CD79B, CARD11, TP53, and PIM1. Together, we demonstrate variable clonal
B-cell dynamics in LPL/WM patients developing DLBCL, and the occurrence of clonally unrelated DLBCL in about one-quarter of LPL/
WM patients. Moreover, we identified commonly mutated genes upon DLBCL transformation, which together with preserved mutations

already present in LPL characterize the mutational landscape of DLBCL occurrences in LPL/WM patients.

INTRODUCTION

Lymphoplasmacytic lymphoma (LPL) is an incurable B-cell
neoplasm composed of a spectrum of small B lymphocytes,
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lymphoplasmacytoid cells, and plasma cells. The majority of
LPL patients (>90%) are clinically diagnosed with Waldenstrom
macroglobulinemia (WM), characterized by bone marrow (BM)
infiltration of clonal lymphoplasmacytic cells and serum mono-
clonal immunoglobulin M (IgM) paraprotein.’?> LPL/WM is a
heterogeneous disease and mostly follows an indolent clinical
course with a median survival of 10 years. However, in 2%-10%
of LPL/WM patients development of diffuse large B-cell lym-
phoma (DLBCL) is observed, often resulting from LPL transfor-
mation, and associated with a poor prognosis.’ Here, different
models of clonal evolution have been proposed, including lin-
ear and divergent clonal evolution.”® DLBCL presentations in
antecedent LPL/WM are often localized at extranodal sites,
frequently with an activated B-cell phenotype.>® Extranodal
DLBCL includes cutaneous involvement, and lymphomas
located at immune-privileged (IP) sites, such as central nervous
system (CNS) and testis. Besides transformation, the occurrence
of clonally unrelated DLBCL has been reported in LPL/WM.7!!
Clonotypic V(D)J analysis has also demonstrated biclonality in
a subset of LPL/WM,'>'* but it is still unclear whether these
patients are at increased risk of DLBCL development.

The molecular hallmark of LPL/WM is the activating
p.L265P hotspot mutation in the MYD88 (MYD886F) gene in
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>95% of the patients,'>'$ which triggers anti-apoptotic NF-kB
signaling enabling cell survival during B-cell development. LPL/
WM patients with wild-type MYD88 gene (MYD88¥T) show a
shorter survival with a higher incidence of DLBCL-associated
events.!”?® The CXCR#4 gene, encoding the chemokine receptor
of ligand CXCL12, is the second most common target for muta-
tions in LPL/WM, and CXCR4 mutations (CXCR4MUT) are
detected in ~30% of patients.?'2* The majority of CXCR4 muta-
tions introduce a premature stop codon within the regulatory
cytosolic domain that impairs receptor internalization, thereby
prolonging signaling and downstream activation of AKT and
MAPK upon binding to CXCL12.2 CXCR4MUT patients show
a more aggressive disease at diagnosis.?>?> Other recurrently
affected genes in LPL/WM involve KMT2D, ARID1A, CD79B,
and TP53,2* but the genetic alterations driving transformation
remain to be identified.

Here, we describe the clonal relationship and B-cell dynam-
ics of LPL and DLBCL presentations within the same patient,
which was investigated by next-generation sequencing (NGS)-
based detection of immunoglobulin heavy chain (IGH) and
kappa light chain (IGK) gene rearrangements. This represents
a sensitive assay to detect small clonal B-cell populations, as
demonstrated recently with clonality assessment in classic
Hodgkin lymphoma tissue specimens.?® In addition, targeted
mutation analysis was performed in paired LPL and DLBCL
tissue samples to determine which mutations contributed to the
transformation.

MATERIALS AND METHODS

LPL/WM patient cohort

The study cohort consisted of 13 patients from whom LPL
and DLBCL tissue biopsies were available with clinically con-
firmed LPL/WM and DLBCL diagnoses. Archival material
from 1997 to 2019 was obtained from the Pathology depart-
ments of Radboud University Medical Center (Nijmegen, the
Netherlands), Rijnstate Hospital (Arnhem, the Netherlands),
and Jeroen Bosch Hospital (‘s-Hertogenbosch, the Netherlands).
All LPL and DLBCL tissue biopsies were reviewed by experi-
enced hematopathologists according to the 2022 World Health
Organization classification. Clinical and pathological informa-
tion is summarized in Suppl. Table S1. Monoclonal IgM para-
protein was detected in 8 patients confirming WM diagnosis,
and for uniformity, all LPL/WM tissue biopsies were described
as LPL in our study descriptions. All samples and clinical infor-
mation were collected in accordance with the Declaration of
Helsinki and the Declaration of Taipei and received approval
from the local medical ethical review board (CMO Approval
Number: 2020-6390).

Immunohistology

DLBCL biopsies were fixed in formalin, while LPL bone mar-
row biopsies were fixed in either Burkhardt or formalin and
decalcified with EDTA. For uniformity, we describe both tissue
sources as formalin-fixed and paraffin-embedded (FFPE) tis-
sues in the study descriptions. Tissue slides (4 pm) were stained
with hematoxylin and eosin and with monoclonal antibod-
ies directed against human CD20 (clone 126; Thermo Fisher
Scientific, Waltham, MA), CD79a (clone JCB117, DAKO;
Agilent Technologies Inc., Carpinteria, CA), IGKs (DAKO,
Agilent Technologies Inc.), Lambda light chains (DAKO; Agilent
Technologies Inc.), and CD138 (clone B-A38; Thermo Fisher
Scientific).

Next-generation sequencing-based detection of immunoglobulin
gene rearrangements

NGS-based clonality analysis was performed on genomic
DNA isolated from FFPE tumor tissues using approximately
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8 tissue sections of 10 pm, and the QIAamp DNA FFPE
Tissue Kit (Qiagen, Hilden Germany). DNA concentrations
were determined using Qubit (dsDNA BR Assay Kit; Life
Technologies, Carlsbad, CA). NGS-based clonality analysis
was performed as previously described by the EuroClonality-
NGS Working Group to detect productive and unproductive
IGH and IGK gene rearrangements.?*?® The 4 standard tar-
gets of the EuroClonality IG-NGS assay (framework-3 [FR3]
IGHV-IGHD-IGH]J, IGHD-IGH], IGKV-IGK]J, and IGKV/
Intron RSS-KDE) were analyzed for all LPL and DLBCL
samples using 40ng DNA input (or a minimum of 10ng for
samples with limited material available) for each of the 3 mul-
tiplex PCR reactions with M13-tailed primers. Library prepa-
rations were generated in a second step with adaptor-tailed
M13 primers compatible with sequencing on an Illumina
platform. Samples were pooled at equal molarity (4nM)
loaded on an Illumina mid-output chip and sequenced with
MiniSeq500. NGS datasets were analyzed using the bioinfor-
matics analysis tool ARResT/Interrogate (http://arrest.tools/
interrogate). Guidelines for molecular scoring of IG clonality
assessment in DLBCL have been described previously.?” For
this study cohort, the identification of clonal gene rearrange-
ments corresponding to lymphoma-associated clonotypes was
defined by the following threshold criteria: a 3.2 fold higher
abundance compared to background clonotypes for IGHV-
IGHD-IGH]J (FR3) target, >5.7 fold for IGHD-IGH]J, >5.8
fold for IGKV-IGK], and >7.6 fold for both IGKV-KDE and
Intron RSS-KDE, which were combined in clonotype analy-
sis. Clonotypes corresponding to non-malignant background
B-cells were determined as the average percentage of clono-
types 3 to 7 identified by the Arrest/Interrogate analysis pipe-
line, or the next ranked clonotypes in case of >2 dominant
B-cell clones. B-cell clonality was classified as (1) no clonal
product in case of <1000 reads due to the inability to detect
a clonal IG rearrangement, non-reproducibility after technical
replicate analysis or an ambiguous pattern; (2) polyclonal in
samples with sufficient reads and multiple clonotypes repre-
senting background B-cells without the presence of a domi-
nant B-cell clone; (3) clonal corresponding to a major B-cell
clone fulfilling all threshold criteria, or a minor B-cell clone
detected in top-15 of the most frequent clonotypes and pres-
ent as a major dominant clone in a paired sample in the same
patient.

Targeted mutation analysis with smMIP assay

Mutation analyses were performed using single molecule
molecular inversion probes (smMIPs) targeting defined exonic
regions of a dedicated panel of 11 target genes (Suppl. Table
S2). An automated workflow for smMIP pool and library
preparation was performed as described previously.’® For
each sample 100 ng input DNA was used and sequencing was
performed on the Illumina NovaSeq platform using paired-
end sequencing. NGS data output was analyzed with SeqNext
software (JSI Medical Systems), in which a minimum coverage
of n = 20 reads was required for each MIP. PCR duplicates
were eliminated by consensus clustering of reads through the
identification of a unique molecular identifier (UMI), while
FFPE artifacts were excluded by eliminating single-strand-ori-
entated cytosine deamination variants. Solely variants with a
minimum of n = 5§ combined mutant reads and a minimum
variant allele frequency (VAF) of 5% were included. For
mutational calling, synonymous variants, intronic variants
(with the exception of splice sites), and germline variants were
excluded. Several germline databases were applied and vari-
ants were only included in cases <0.1% in EXAC AF, <0.05%
in Gnomad-G-AF, and <0.1% prevalence in the in-house ger-
mline database. All identified mutations were checked for
their presence in the corresponding paired LPL and DLBCL
samples.
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RESULTS

Clinicopathological characteristics of LPL/WM patient cohort with
DLBCL occurrences

In this study cohort, paired biopsies of thirteen LPL/WM
patients who were also diagnosed with DLBCL at any given time-
point were included for analysis. The median age of LPL/WM diag-
nosis was 58 years (range 41-72 years), and most of these patients
received chlorambucil-including chemotherapeutic regimens when
presented with symptomatic disease (Table 1; Suppl. Table S1). The
median age at first DLBCL diagnosis was 65 years (range 49-78
years), which involved stage IV DLBCL disease in 50% of patients,
and high-intermediate IPI score in 36% of patients. Upon primary
DLBCL diagnosis, all patients were treated with (immuno-)chemo-
therapy and 5-year overall survival was 38%. In most patients (n
= 11/13; 85%), LPL biopsies were available preceding the diag-
nosis of the first DLBCL (interval range first available LPL biop-
sy-DLBCL diagnosis: 0.8-18.7 years), some of which involved a
biopsy of first LPL diagnosis. In 8 patients, sequential LPL biop-
sies (before or after DLBCL) were available for molecular analysis.
From another set of 8 patients >1 DLBCL biopsy was included for
analysis, which involved either biopsies from different anatomical
locations taken at the same timepoint, or subsequent relapsed sam-
ple(s). In total, 28 LPL tissue specimens were subjected to molec-
ular analysis, which involved biopsies from different anatomical
sites, including BM (n = 22), orbit (n = 2), retroperitoneum (n = 1),
lymph node (n = 1) and spleen (n = 2). DLBCL biopsies (n = 23)
were available from 4 nodal (17%) and 19 extranodal sites (83%),
of which 7 were IP-DLBCL. These included DLBCL, not otherwise
specified located in the testis (n = 5) or CNS (n = 2).

Clinicopathological Data of LPL/WM Cohort

Gender,n =13

Female 2 (15%)

Male 11 (85%)
Age at DLBCL diagnosis, n =13

<60 3(23%)

>60 10 (77%)
Stage DLBCL, n =12

| 4 (33%)

Il 1(8%)

Il 1(8%)

v 6 (50%)
IPIDLBCL, n =11

Low 4 (36%)

Low-intermediate 3 (27%)

High-intermediate 4 (36%)

High 0 (0%)
First-Line DLBCL treatment, n = 13

Immuno-chemotherapy 12 (92%)

Chemotherapy 1(8%)
Site of DLBCL biopsy diagnosis, n = 13

Nodal 3(23%)

Extranodal 10 (77%)

Immune-privileged 6 (46%)

Included DLBCL relapses, n =13

0 7 (54%)

1 6 (46%)
Interval LPL biopsy preceding DLBCL

Interval 0.8-18.7y
LPL treatments, n =13

Chlorambucil included 9 (69%)

In the case of nodal and extranodal biopsy, only nodal is indicated here. Immuno indicates rituximab
treatment. (Immuno-)chemotherapy was combined with radiotherapy in a proportion of patients.
DLBCL = diffuse large B-cell lymphoma; IP= immune-privileged; LPL = lymphoplasmacytic
lymphoma; LPL/WM = lymphoplasmacytic lymphoma/ Waldenstrdm macroglobulinemia.

Clonality and Mutation Analysis in Paired LPL and DLBCL Tissues

Temporal and spatial clonal B-cell dynamics in LPL tissue specimens

The clonal B-cell composition in LPL tissue biopsies was
assessed by NGS-based clonality assays as developed by the
Euroclonality-NGS Working Group.2¢8 IG-NGS clonality anal-
ysis detected clonal B-cells in all but 2 LPL tissue samples (due to
inferior genomic DNA quality), based on the presence of clonal
IG gene rearrangements at either the IGH loci (n = 3/26;5 12%)
or a combination of IGH and IGK loci (n = 23/26; 88%) (Suppl.
Table S3). No obviously biased IGHV and IGKV gene usage was
observed. Two patterns of clonal LPL dynamics could be identi-
fied by IG-NGS in LPL preceding DLBCL diagnosis (n = 11): (1)
clonal expansion of 1 B-cell clone (n = 9), which remained sta-
bly present for a given time period before DLBCL occurrence,
even up to ~19 years after the initial LPL/WM diagnosis (case
2) (Figure 1); (2) clonal expansion of >1 B-cell population in
LPL biopsies at different stages of the disease (n = 2; case 4,
case 5), including a biclonal LPL that progressed over time to a
clonal LPL (case 5) (Figure 2). In 2 patients, LPL biopsies were
only available after DLBCL diagnosis, and these reflected single
clonal B-cell expansions (case 7 and case 13). Together, our data
reveal that in this study cohort, 2 out of 13 LPL/WM patients
with DLBCL presentations (15%) showed evidence of multiple
malignant B-cell clones in LPL tissue biopsies.

Besides this pattern of temporal clonal dynamics, in one of
these patients (case 4) a distinct spatial profile was observed by
IG-NGS (Figure 3; Suppl Figure S1; Suppl. Table S4). Two inde-
pendent synchronous LPL biopsies of orbit and BM displayed a
distinct pattern of clonal IG rearrangements. The dominant IGH
(IGHV3-72 -2/25/-0 J4) and IGK (IGKV1-9 -3/1/-1 J4) clono-
types of clonal B-cells observed in BM represented only a minor
subclone in the orbital LPL biopsy. The other more dominant
IGH (IGHV4-59 -0/22/-1 J1; IGHD2-2 -4/60/-5 J4) and IGK
(IGKV3-20 -1/1/-4 Kde; IGKV1-16 -0/0/-0 Kde) clonotypes in
the orbital LPL biopsy were not present as clonal B-cells in BM.
Thus, variable and distinct clonal B-cell populations were pres-
ent at different anatomical sites in this patient. LPL biopsies at
different anatomical locations in 2 other patients (spleen and
BM of case 6, retroperitoneum and BM of case 7) showed iden-
tical dominant clonotypes in each of these sites.

Clonal relationship of LPL and DLBCL occurrences

B-cell clonality analysis with EuroClonality BIOMED-2/
GeneScan assays,’'3 and more recently by IG-NGS??° has
demonstrated detection of clonal IG gene rearrangements in
~80% of DLBCL cases. In this study cohort, all DLBCL sam-
ples showed clonal IG gene rearrangements with NGS at either
IGH loci (n = 3/23; 13%) or a combination of IGH and IGK
loci (n = 20/23; 87%). From the 8 LPL/WM patients with mul-
tiple DLBCL tissue biopsies, clonal IG gene rearrangements
were identical between the different DLBCL samples of the
same patient, except for 1 patient (case 7) where the dominant
clonotypes of the extranodal DLBCL in the orbit (IGHV3-33
-0/25/-5 J4: IGKV4-1 -8/6/-2 J2; DLBCL-2) were distinct from
the testicular DLBCL (IGHV3 -0/10/-17 J4; IGKV1-5 = IGKV1-
17 -8/3/-7 J1; DLBCL-1) (Suppl. Table S3).

Next, clonal comparison of the identified dominant clono-
types between the paired LPL and DLBCL samples was per-
formed for the total cohort of LPL/WM patients (n = 13).
Clonally related DLBCL (including DLBCL-1 of case 7) was
detected in 11 out of 13 LPL/WM patients (85%), where the
clonal IG gene rearrangements in LPL were identical to the
DLBCL biopsies for most of the targets, indicating the histolog-
ical transformation of LPL to DLBCL. In the majority of cases
(n = 10), the dominant B-cell clone residing in the (consecu-
tive) LPL biopsies represented the major B-cell clone in DLBCL
(Figure 4A). However, in 1 patient the B-cell clone giving rise
to DLBCL transformation represented a minor clone in the
first BM LPL biopsy but dominated in LPL at later timepoints
(case 5). In 3 cases of paired clonally related LPL and DLBCL
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Figure 1. Histology and NGS-based clonality analysis of LPL bone marrow biopsies with stable clonal disease. (A) Representative section of an
LPL bone marrow (BM) biopsy (case 2) stained with hematoxylin and eosin (H&E) (left panel), or CD79a antibody (right panel). Images were taken at 200x
magnification, and the insert shows a zoom-in. (B) Next-generation sequencing (NGS)-based clonality assessment combined with ARResT/Interrogate bioin-
formatics reveals the distribution of clonotypes as detected by the analysis of IGHD-IGHJ and IGKV-IGKJ gene rearrangements in normal BM (left panels), and
consecutive LPL biopsies (LPL-1, LPL-2, LPL-3) of case 2 (right panels) with stable clonal expansion over a period of ~19 years. The relative abundance of
each clonotype per indicated target is depicted on the y-axis and the junction amino acid (AA) length on the x-axis. The most dominant clonotype is indicated
in green, and the identity of the dominant clonotype is shown. A clonotype is defined by the 5" and 3" gene annotation and the junctional nucleotide sequence
of the rearrangement. AA = amino acid; BM = bone marrow; HE = hematoxylin and eosin; LPL = lymphoplasmacytic lymphoma; NGS = next-generation sequencing.

biopsies, a few nucleotide differences were observed between  the dominant B-cell clone in LPL, indicating clonally unrelated
consecutive samples (Suppl. Table S5), indicative of ongoing  DLBCL (Figure 5). In 1 patient (case 7), this was the case for
somatic hypermutation (SHM) between LPL and DLBCL pre-  the orbital DLBCL (DLBCL-2), but not the testicular DLBCL
sentations, which resulted in minor differences with respect to  (DLBCL-1), showing distinct IGHV-IGHD-IGH]J and IGKV-
the clonotype annotation. IGK]J gene rearrangements (Figure 4B). The clonotypes corre-

Besides the clonally related DLBCL tissue biopsies, DLBCL  sponding to the malignant B-cell clone of the clonally unrelated
presentations of 3 patients (23%, case 4, case 7, case 13)  orbital DLBCL were non-detectable by IG-NGS in any of the
showed different clonal IG gene rearrangements as compared to  LPL samples (n = 2; case 7). In another patient (case 13), the
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Figure 2. Temporal clonal B-cell dynamics in LPL bone marrow biopsies as revealed by NGS-based detection of IG gene rearrangements.
Schematic representation of the relative distribution of 2 clonal B-cell populations (clone A, clone B) present in LPL (upper panel) as identified by next-generation
sequencing (NGS)-based clonality analysis and ARResT/Interrogate bioinformatics of consecutive LPL biopsies (case 5) (lower panels), demonstrating biclonal
LPL that progressed to a clonal disease over time. The clonal gene rearrangements of IGHV-IGHD-IGHJ, IGHD-IGHJ, and IGKV/Intron-KDE are shown for the
LPL biopsies taken at consecutive time points (T1, T2, T3). The relative abundance of each clonotype per indicated target is depicted on the y-axis and the junc-
tion amino acid (AA) length on the x-axis. A clonotype is defined by the 5” and 3" gene annotation and the junctional nucleotide sequence of the rearrangement.
AA = amino acid; BM = bone marrow; HE = hematoxylin and eosin; IG = immunoglobulin; LPL = lymphoplasmacytic lymphoma; NGS = next-generation sequencing.




HemaSphere (2023) 7:11

www.hemaspherejournal.com

LPL orbit

B Multiple B-cell clones in LPL
LPL orbit Case 4 LPL BM
LPL-1 E
Ta i
i
1
]
1
1
]
1
]
1
i
Cloien VAR ORI, | IGHV3-72 -2/25/-0 J4
one IGHD2-2 -4/60/-5 J4 | RS
IGKV3-20 -1/1/4 Kde |
IGKV1-16 -0/0/-0 Kde | IGKV3-20 -11/8/-0 J4
1
IGHV3-72 -2/25/0 J4 |
Clone B -
O IGKV1-9 -31/-1 J4 : 0 Clone D IGKVA4-1 -3/4/-4 J1
1
]
i IGKV2-30 -0/1/-0 J3
| ° CloneE.  |itron -5/0117 Kete
A100 o
LPL orbitand BM IGKV-IGKJ + IGKV/intron-KDE
IGKV3-20 -11/8/-0 J4 (Clone C)
80 =B
I IGKV4-1 -3/4/4 J1 (Clone D)
_——;
" IGKV3-20 -1/1/-4 Kde (Clone A)
2| 60
= 2
: L
T IGKV1-16 -0/0/-0 Kde
8| 40 IGKV1-9 -3/1/-1 J4 (Clone B) (Clone A) \
LA
- IGKV2-30 -0/1/-0 J3 (Clone E)
Intron -5/0/-17 Kde
I/‘ (Clone E) \
0, =HE s - = I
LPL-12345 ~o LPL-12345 Fog o LPL-12345 N LPL-1234§

Junction AA length

Figure 3. Temporal and spatial clonal B-cell dynamics in LPL biopsies at distinct anatomical locations. (A) Histology of 2 LPL biopsies at distinct
anatomical locations (case 4), representing orbit (left panels) and bone marrow (BM) (right panels) stained with hematoxylin and eosin (H&E), or CD79a anti-
body. Images were taken at 200x magnification. (B) Schematic representation of the different clonal B-cell populations (clone A to clone E) and their relative
frequencies present in LPL biopsies of the orbit (upper panel, left side; LPL-1 and LPL-3) or bone marrow (BM) (upper panel, right side; LPL-2, LPL-4, LPL-5)
as identified by next-generation sequencing (NGS)-based clonality analysis and ARResT/Interrogate bioinformatics (case 4). Orbital and BM biopsies at T1 and
T2 were taken at identical time points. The dominant clonotypes of IGK gene rearrangements (IGKV-IGKJ and IGKV/Intron-KDE) corresponding to the different
B-cell clones are indicated in the lower panel. The relative abundance of each clonotype is depicted on the y-axis and the junction amino acid (AA) length on the
x-axis. A clonotype is defined by the 5 and 3" gene annotation and the junctional nucleotide sequence of the rearrangement. AA = amino acid; BM = bone marrow;
HE = hematoxylin and eosin; LPL = lymphoplasmacytic lymphoma; NGS = next-generation sequencing.
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sequencing (NGS)-based clonality analysis demonstrates that diffuse large B-cell ymphoma presentations are clonally related to antecedent LPL (2 represen-
tative cases: case 3 and case 6). Left panels show schematic representation of the malignant B-cell clones in the different tissue biopsies with the specific
interval times indicated. Right panels depict the data from ARResT/Interrogate with the clonotype information of the predominant IGHV-IGHD-IGHJ or IGHD-
IGHJ gene rearrangements, respectively. (B) NGS-based clonality assessment identifies clonally unrelated DLBCL occurrences in 2 LPL/WM patients (DLBCL-2
in case 7; DLBCL-1 and DLBCL-2 in case 13) where the dominant B-cell clones were not present in the reciprocal samples, thereby demonstrating de novo
DLBCL occurrences in 2 out of 13 LPL/WM patients. Left panels show schematic representation of the B-cell clones in the different tissue biopsies with the
specific interval times indicated. Right panels depict the data from ARResT/Interrogate with the clonotype information of the predominant IGHV-IGHD-IGHJ
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Figure 5. Summary of the clonal relationship between LPL and DLBCL presentations in LPL/WM study cohort. Clonal relationship of paired LPL and
DLBCL tissue biopsies was established in 13 LPL/WM patients, in which next-generation sequencing (NGS)-based clonality assessment identified LPL- and
DLBCL-specific dominant clonotype(s) in follow-up samples for each patient. Analyses revealed clonally related paired LPL-DLBCL tissue samples (n = 10; indi-
cated in blue), and clonally unrelated LPL-DLBCL tissue samples (n = 3; indicated in red) based on the comparison of the most dominant clonotype(s) in each
tissue. Some LPL samples showed inconclusive data due to inferior genomic DNA quality (indicated in gray). Circles indicate LPL biopsies and triangles DLBCL
tissue biopsies. Location of biopsies are indicated: B, bone marrow; E, extranodal; |, immune privileged (central nervous system and testis); N, nodal. Per case
(indicated on the y-axis), the time interval between biopsies is indicated in years on the x-axis. B = bone marrow; DLBCL = diffuse large B-cell ymphoma; E = extranodal;
| = immune privileged; LPL = lymphoplasmacytic lymphoma; LPL/WM = lymphoplasmacytic lymphoma/ Waldenstrém macroglobulinemia; N = nodal; NGS = next-generation sequencing.

clonally unrelated DLBCL presentations were located at 2 IP
sites (CNS and refractory disease in testis), which showed sim-
ilar clonotypes that were distinct from LPL (Figure 4B; Suppl.
Figure S2). In this patient, the DLBCL-associated clonotypes
were also non-detectable in LPL using the standard IG-NGS
assay. Notably, for the third patient with clonally unrelated
DLBCL (case 4), the dominant B-cell clone in testicular DLBCL
was detectable as a minor subclone in LPL biopsies of the orbit
(Suppl. Figure S3), suggesting that this minor subclone trans-
formed into DLBCL. Altogether, our data showed that 2 of 3

patients with clonally unrelated DLBCL displayed a de novo
DLBCL (15%), while in the remaining LPL/WM patients
DLBCL resulted from LPL transformation (85%).

MYD88 and CXCR4 mutation status in LPL associated with DLBCL
development

Mutation status of MYD88 and CXCR4 harbors clini-
cally diagnostic and therapeutic consequences for LPL/WM
patients.*** To establish the presence of MYD88 and CXCR#4
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Figure 6. Overview MYD88 and CXCR4 status in LPL/WM study cohort. Targeted sequencing of MYD88 and CXCR4 in (consecutive) LPL biopsies of
11 LPL/WM patients. (A) The frequency of MYD88-%" and CXCR4™ in LPL biopsies, with inclusion of the type of mutation in case of CXCR4™ represented by
different colors. (B) Variant allele frequencies (VAF) as detected by targeted sequencing (without correction tumor percentage) of MYD88%5F and CXCR4™ in
LPL biopsies per case. LPL = lymphoplasmacytic lymphoma; LPL/WM = lymphoplasmacytic lymphoma/ Waldenstrom macroglobulinemia; VAF = variant allele frequencies.

mutations in the LPL biopsies of this study cohort, a smMIP-
based approach was employed for targeted mutation analysis
of 11 patients with sufficient genomic DNA available. A thresh-
old level for the VAF of 5% was used to identify MYD88"2657
and CXCR4MUT cases. The MYD882%" hotspot mutation was
detected in 8/11 LPL patients (73%) with a VAF in the range
of 7%-46%, indicating that 3 patients were MYD88YT (27%;
case 9, case 10, case 11) (Figure 6). Mutations targeting CXCR4
were detected in 6/11 patients (55%) in the range of 9%-36%
VAF and included 2 patients that were MYD88YT. The CXCR4
mutations were located at amino acid positions 322-347, involv-
ing a premature stop codon (n = 5) or missense mutation (n = 1).
Cases that harbored multiple LPL clones (case 4, case 5) were
MYD882%" and wild-type for CXCR4 (CXCR4Y7). Clonally
unrelated DLBCL occurred in patients classified as MYD 882657
(n = 3), of which 1 patient showed a CXCR4 mutation (case
13). In summary, LPL/WM patients with associated DLBCL
showed the following genetic features: MYD88VICXCR4Y" (n
=1), MYD88YTCXCR4MUT (n = 2), MYD88"*PTCXCR4VT (n =
4), or MYD88"2PCXCR4MUT subtype (n = 4).

10

Gene mutations contributing to LPL transformation and DLBCL
development

To obtain insight into which gene mutations contributed to
DLBCL development in LPL/WM patients, a total of 28 samples
(n =14 LPL; n = 14 DLBCL) of 10 patients with paired LPL-
DLBCL tissue specimens were investigated (Suppl. Table S6). A
substantial proportion of DLBCL biopsies in our paired study
cohort eligible for mutation analysis represented IP-DLBCL (n =
5/14; 36%), or were located at other extranodal sites (n = 6/14;
43%). Therefore, a set of target genes in addition to MYD88
and CXCR4 was selected for mutation analysis known to be
affected in IP/extranodal DLBCL (BTG1, BTG2, CARDI11,
CD37, CD79B, PIM1),%%3% associated with transformation in
indolent lymphoma (MYC, TP53),* or acting as a cooperating
tumor suppressor gene with MYD882657 (TNFAIP3).*°

In the group of LPL/WM patients with clonally related
DLBCL (n = 8, including DLBCL-1 of case 7), LPL biopsies were
characterized by MYD88"2%" gain-of-function mutation (n = 6),
in combination with either CXCR4 mutation (n = 2), CXCR4
and CD79B mutations (n = 1), TP53 (n = 1) or CD37 mutation
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Figure 7. Distribution of gene mutations in LPL and DLBCL tissue biopsies of LPL/WM study cohort. Targeted mutation analysis in paired LPL-
DLBCL tissue biopsies of 10 LPL/WM patients, which involved 1 or 2 LPL samples of each patient and available DLBCL samples for which sufficient genomic
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(n = 1) (Figure 7). Transformation in MYD88"?6?CXCR4"T
LPL (n = 3) was accompanied with recurrent acquired muta-
tions targeting TP53 (n = 2) and PIM1 (n = 2), next to main-
tained MYD88"?5" mutation in all DLBCL tissues (n = 4). In
MYDS88"24PCX CR4MUT LPL transformation (n = 3), the CXCR4
mutation was preserved after transformation in 2 patients (case
2 and case 6), but non-detectable in 2 DLBCL presentations at
distinct anatomical sites of 1 patient (case 3), which displayed a
pattern of divergent clonal evolution (Figure 8A). The DLBCL
biopsies (n = 4) following MYD88""CXCR4M'T LPL trans-
formation all maintained the MYD88"%" mutation, with a
median VAF of 69%. In these cases, LPL transformation showed
acquired CARD11 mutations (n = 2). In MYD88"T LPL that
transformed into clonally related DLBCL (n = 2), CXCR4 and
TNFAIP3 (n = 1), or CD79B (n = 1) mutations were detected in
both LPL and DLBCL, with no additional mutations observed
in DLBCL tissues (n = 3) with our targeted gene panel. These
2 MYDS88YT cases developed through linear clonal evolution
(Figure 8B). Considering all cases of clonally related LPL and
DLBCL that were included in targeted mutation analysis (n =
8), LPL transformation was characterized by acquired BTG1 (n
=2), CARD11 (n = 2), CD79B (n = 2), PIM1 (n = 2), and TP53
(n = 2) mutations.

Patients who developed clonally unrelated DLBCL (n
3, including DLBCL-2 of case 7) in MYD88"*6" LPL either
acquired mutations in a subclone already present in LPL (case 4),
or showed private de novo mutations (case 7, case 13), includ-
ing BTG2 (n = 2) and PIM1 (n = 3) (Figure 7). One patient
with de novo DLBCL also harbored a MYD88"2%" mutation
in the unrelated DLBCL (DLBCL-2 case 7), while this variant
was absent in the other patient with de novo DLBCL (case 13).
In contrast, this patient showed a shared CD37 mutation both

11

in LPL and DLBCL, suggesting a CD37 driver mutation in the
B-cell-of-origin. In summary, considering all DLBCL tissue sam-
ples, the most frequently identified individual gene mutations
in DLBCL, besides MYD88 and CXCR4, were represented by
missense mutations in BTG2 (n = 10) and PIM1 (n = 18), which
both reflect known target genes for SHM in DLBCL.#-#

DISCUSSION

The clinical spectrum of LPL/WM ranges from asymptom-
atic precursor states to symptomatic disease, which can progress
to DLBCL in a small fraction of patients. However, it is still
unclear whether in all cases this progression to DLBCL results
from transformation of the malignant LPL B-cell clone(s), or
represents a de novo DLBCL that is clonally unrelated to LPL/
WM. With the current availability of NGS-based clonality
assessment, providing detailed information of (sub)clonal IG
gene rearrangements, we investigated the clonal B-cell dynam-
ics and clonal relationship of LPL and DLBCL presentations
in a cohort of 13 LPL/WM patients with the EuroClonality
IG-NGS assay.?*28 In addition, the MYD88 and CXCR4 muta-
tional status of the LPL and DLBCL biopsies was determined by
employing a targeted smMIP panel, combined with the analysis
of several candidate genes associated with extranodal DLBCL
development and transformation.

Patients that developed DLBCL in our study cohort, showed
either stable LPL/WM disease up to ~19 years before transfor-
mation to DLBCL occurred or transformed shortly after LPL/
WM diagnosis. In most cases, the identified clonotypes of the LPL
neoplasm represented single B-cell clones that remained stably
present in the consecutive LPL biopsies. However, in 2 patients
the IG-NGS deep-sequencing approach provided evidence of >1
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Figure 8. Integration genetic analysis indicates different clonal evolution models during histological transformation of LPL to DLBCL. Integrated
analysis combining the outcome of IG-NGS clonality assessment and targeted gene mutations analysis shows that DLBCL transformation in antecedent LPL
follows distinct patterns of clonal evolution. (A) Divergent clonal evolution: Two independent DLBCL neoplasms located at distinct anatomical locations (testis
and skin) in 1 LPL/WM patient (case 3) developed after LPL transformation from an identical B-cell-of-origin based on identical IG gene rearrangements, but
each DLBCL acquired distinct new mutations contributing to histological transformation. DLBCL-1 (testis) showed besides founder mutation MYD88%* also
CD79B and CARD11 gene mutations that were absent in DLBCL-2. On the contrary, DLBCL-2 acquired CD37 and BTG1 mutations, which were non-detect-
able in DLBCL-1. The tumor clone of DLBCL-2 was present in the antecedent LPL as a minor subclone by detecting the same CD37 mutation at a very low vari-
ant allele frequency in LPL (1.3%; see Suppl. Table S6). (B) Linear clonal evolution: transformation of either MYD88YCXCR4MT (case 10) or MYD88"'CXCR4"™
(case 11) LPL into DLBCL is characterized by the acquisition of at least 2 TNFAIP3 and 2 CD79B gene mutations, respectively. Superscript * indicates a loss-
of-function alteration (aberrant splicing, missense mutation leading to stop codon). DLBCL = diffuse large B-cell lymphoma; LPL = lymphoplasmacytic lymphoma; LPL/WM =
lymphoplasmacytic lymphoma/ Waldenstrém macroglobulinemia.

malignant B-cell clone in LPL, showing biclonal LPL as well as  this anatomical site.* In our study, BTG1, BTG2, CARD11,
dynamic clonal heterogeneity represented possibly by at least 3~ TP53, CD79B and PIM1 mutations were recurrently acquired
malignant B-cell clones in LPL at distinct anatomical sites. Our  in DLBCL, where BTG1, BTG2, CARD11 and PIM1 mutations
findings of detecting multiple B-cell clones in LPL confirm the = were exclusively present in DLBCL upon transformation.
observations of others performing clonotypic V(D)J analysis in Antiproliferation proteins BTG1 and BTG2 represent 2 func-
LPL/WM patients.'>* The presence of clonal diversity repre-  tionally related tumor suppressors of the BTG/TOB protein family
sented by unrelated B-cell clones has been observed in several  that play a role in multiple cellular processes, including transcrip-
other B-cell malignancies, including classic Hodgkin lymphoma,?  tion regulation, DNA repair, cell division, and messenger RNA
multiple myeloma,** and chronic lymphocytic leukemia.* stability.*” Inactivating BTG1 mutations promote lymphomagen-
To establish the clonal relationship of the consecutive LPL and  esis by dysregulating several key processes leading to enhanced
DLBCL presentations in our LPL/WM cohort, the clonotypes  oncogenic fitness and cell migration.*** The mutations we iden-
of the malignant B-cell clones identified in the corresponding  tified in CARD11 were located within the coiled-coil domain of
B-cell lymphomas were compared to each other. In 11 out of 13 scaffold protein CARD11 (K215Q and L341V), a region that is
patients, identical IG gene rearrangements were detected in LPL  often mutated in DLBCL.** CARD11 is a crucial adaptor protein
and (one of the) DLBCL tissue samples (including DLBCL-1 of  acting downstream of antigen receptor signaling, regulating sig-
case 7), arguing that these DLBCL occurrences represented the  naling pathways involved in immune function and cell survival.’!

actual transformation of the antecedent LPL. Integrating clon-  Whether these specific mutations identified in our study repre-
ality and mutation analysis indicated that LPL transformation  sent oncogenic gain-of-function mutations of CARD11 activat-
occurred through different patterns of clonal evolution, includ-  ing downstream NF-kB signaling remains to be investigated. The

ing linear and divergent evolution. The process of transformation  exclusive role of PIM1 in LPL transformation has also been con-
resulting in DLBCL development involved the preservation of  firmed in a previous whole-exome sequencing study of DLBCL
critical driver mutations, like MYD88"25" as well as the acquisi-  with antecedent LPL.>2 PIM1 represents a serine/threonine kinase
tion of additional gene mutations driving DLBCL development.  that acts in several signaling pathways regulating cell survival,
Many of the DLBCL occurrences represented extranodal DLBCL,  metabolism, and cell proliferation.”>** Since PIM1 is a common
which can be explained by the predilection of MYD88"%" at  off-target of activation-induced cytidine deaminase-mediated
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SHM in DLBCL, the role of these mutations in enhancing the
oncogenic potential of PIM1 remains to be established.

Besides the DLBCL occurrences that developed through LPL
transformation, in 3 out of 13 LPL/WM patients (23%) clon-
ally unrelated lymphomas were identified in one of the DLBCL
biopsies, demonstrated by the presence of different dominant
clonotypes for 2 or more IG targets. These involved a total of
4 DLBCL presentations, which included 3 IP-DLBCL located
at CNS (n = 1) and testis (n = 2), and 1 orbital lymphoma.
Primary CNS and testicular large B-cell lymphoma are char-
acterized by a high frequency of MYD88 mutations (60%-—
80% of patients),”* which involve a spectrum of MYDS88
mutations, but MYD88"25? hotspot mutation represents the
most dominant one. On the other hand, ocular adnexal large
B-cell lymphoma harbors MYD88 mutations in only ~30%
of the cases.®” In our study, in 2 patients biopsies of clonally
unrelated LPL and DLBCL located at testis and orbit (cases 4
and 7) were MYD88%F | suggesting that the LPL and DLBCL
originated from a common MYD88"%55F ancestor cell before IG
V(D)J recombination took place through divergent (branching)
evolution, or developed through independent clonal evolution
with a second MYD881265" mutation event. These 2 cases repre-
sent only a very small group of patients, and further studies in
larger cohorts of LPL/WM patients with DLBCL are required
to determine how often these events occur. Two IP-DLBCL
presentations in the third patient (case 13) were MYDS88VT,
while the LPL showed the MYDS88"%" mutations. Instead,
these IP-DLBCL harbored CD37 and PIM1 mutations, which
likely contribute to B-cell survival signaling at these IP sites.’*®!
Indeed, previous studies identified CD37 mutations exclusively
present in IP-DLBCL (23 %) and not in nodal DLBCL,*® indicat-
ing a predilection for CD37 inactivation at these IP sites.

The MYD8826 hotspot mutation is a major driver of LPL/
WM, but clearly not sufficient for LPL/WM development as also
demonstrated in mouse models.>¢* In this study, MYD88265%
was present in 8 out of 11 patients (73%) and was detected
in both LPL and DLBCL of all transformed cases. Conversely,
MYDS88™T was present in almost one-quarter of patients in
our cohort, which is higher compared to regular LPL/WM
(<5%), and is in line with previous findings where MYD88VT
has been associated with DLBCL occurrences.'” Furthermore,
CXCR4 mutations were identified in LPL biopsies of 6 out of 11
patients (55%), and correspond to the more aggressive disease
of CXCR4MUT subtype.?>?* Notably, LPL biopsies in 2 patients
harbored CXCR4 mutations without MYD8&8%%F hotspot
mutation, which has been shown to be quite rare.>* Besides
these 2 well-established hallmarks of LPL/WM disease, CD79B,
TNFAIP3, and CD37 mutations were also recurrently present
in LPL biopsies, contributing to the genomic landscape of LPL/
WM.2'3 Furthermore, we detected in 1 MYD88"2¢" LPL biopsy
TP53 mutations, which are associated with adverse outcome in
LPL/WM patients.**°¢

In conclusion, our data demonstrated temporal and spatial
clonal dynamics in LPL patients that developed DLBCL, which
occurred through transformation in the majority of LPL/WM
patients accompanied by acquired mutations targeting BTG1,
BTG2, CARDI11, CD79B, PIM1, and TP53. However, in
approximately 25% of the cases, clonally unrelated DLBCL was
observed, which involved de novo DLBCL in 15% of the patients,
suggesting that LPL/WM patients with associated DLBCL may
harbor an increased risk of second primary lymphoma.
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