Journal of

4

Molecular Pathology

Article

Next-Generation-Sequencing of the Human B-Cell Receptor
Improves Detection and Diagnosis and Enhances Disease
Monitoring in Patients with Gastric Mucosa-Associated
Lymphoid Tissue Lymphoma

Chidimma Agatha Akpa L* Cora Husemann 1, Chris Allen 2, Ann-Christin von Briinneck 100, Jana Ihlow 13

and Michael Hummel !

check for
updates

Citation: Akpa, C.A,; Husemann, C;
Allen, C.; von Briinneck, A.-C.; Ihlow, J.;
Hummel, M.
Next-Generation-Sequencing of the
Human B-Cell Receptor Improves
Detection and Diagnosis and
Enhances Disease Monitoring in
Patients with Gastric
Mucosa-Associated Lymphoid Tissue
Lymphoma. J. Mol. Pathol. 2024, 5,
292-303. https://doi.org/10.3390/
jmp5030021

Academic Editor: Giancarlo Troncone

Received: 29 April 2024
Revised: 5 June 2024
Accepted: 1 July 2024
Published: 4 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Experimental Hematopathology, Institute of Pathology, Charité Medical University,
10117 Berlin, Germany; husemann.cora@gmail.com (C.H.); bruenneck@hp-hamburg.de (A.-C.v.B.);
jana.ihlow@charite.de (J.I.); michael. hummel@charite.de (M.H.)

2 Thermo Fisher Scientific, Paisley PA4 9RF, UK; chris.allenl@thermofisher.com

3 Berlin Institute of Health (BIH), Charité-Universititsmedizin Berlin, 10117 Berlin, Germany

*  Correspondence: chidimma.akpa@charite.de

Abstract: Mucosa-associated lymphoid tissue (MALT) lymphomas are slow-growing B-cell lym-
phomas mainly diagnosed in the stomach and termed gastric MALT lymphoma (G-MALT). Despite
histological evaluation, immunostaining, and additional B-cell clonality analysis by fragment analy-
sis, a clear-cut diagnosis is not feasible in all cases, especially for clinical follow-up of patients after
treatment. We examined clonally rearranged immunoglobulin heavy- and light-chain gene sequences
of 36 genomic DNA samples from six different patients obtained at different time points over the
course of several years using the Oncomine™ B-cell receptor pan-clonality next-generation sequenc-
ing (NGS) assay. Each case consisted of samples diagnosed with G-MALT and samples without
evidence of lymphoma, based on histological examinations. We show a robust correlation (100%) of
the results between the applied NGS method and histology-diagnosed G-MALT-positive patients.
We also detected malignant clonotypes in samples where histology assessment failed to provide
clear evidence of G-MALT (15 out of 19 samples). Furthermore, this method revealed malignant
clonotypes much earlier in the disease course, with NGS of the immunoglobulin light chain being
crucial in complementing immunoglobulin heavy-chain analysis. Hence, the value of NGS in routine
lymphoma diagnostics is greatly significant and can be explored in order to provide better diagnoses
and proffer the early detection of lymphoma relapse.

Keywords: B-cell receptor; next-generation sequencing; gastric mucosa-associated lymphoid tissue
lymphoma; minimal residual disease

1. Introduction

An efficient diagnosis of 10-15% of B-cell lymphomas remains difficult when using
conventional diagnostic procedures, encompassing clinical evaluation, immunophenotyp-
ing, and histology [1-3]. Gastric MALT lymphoma (G-MALT), which comprises about
7-9% of all B-cell lymphomas, is a non-Hodgkin lymphoma originating from the marginal
zone B-cells of the stomach, whose pathogenesis has been strongly linked to infection
with Helicobacter pylori [4,5]. Routine diagnosis of this lymphoma subtype is made by an
examination of all features of endoscopic biopsies, and, interestingly, many patients display
a history of long-lasting gastritis [6,7].

G-MALT arises from a single aberrant B-cell leading to the expansion of identical
clonal B-cells. Thus, the detection of uniquely rearranged (clonal) populations of B-cells
would be beneficial in aiding diagnosis in cases with unclear histological and immunophe-
notypical findings. The human B-cell receptor (BCR) complex, comprising the membrane
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immunoglobulin (IG), consists of two IG heavy chains (IGH) and two IG light chains (IGL).
The IGH locus comprises several V (variable), D (diversity), and ] (joining) gene segments,
while the IGL (Kappa (k) and Lambda (7)) loci are composed of V and ] gene segments.
Rearrangement of these gene segments during the process of V(D)] recombination occurs
during the earliest stages of B-cell development [8]. Initially, one D gene segment randomly
rearranges to one ] gene segment, and in a second recombination step, one V gene segment
rearranges to an already rearranged DJ gene segment, creating the functional VD] exon that
codes for the antigen-binding component of the IG chain [9]. In addition to the classical
V] recombination events of the IGL, rearrangement could also occur between IG Kappa
(k) V genes and a purported kappa-deleting element (kde), or to a recombination signal
sequence present in the IGk J-IGk C intron, rendering the IGk allele functionally inac-
tive [10,11]. When specific primers are used to amplify the V(D)J exon, healthy cells display
amplicons with various lengths, implying a polyclonal pattern of rearrangement, while
malignant cells predominantly display amplicons of identical sizes, implying a monoclonal
rearrangement [12]. Upon antigenic stimulation, B-cells become activated and proliferate
rapidly in the germinal centers of secondary lymphoid tissues. This is accompanied by
somatic hypermutations (SHMs) in the IG V genes, aimed at increasing diversity of the
BCR repertoire. Moreover, a large proportion of MALT lymphoma cases have been shown
to be targets of aberrant SHMs [13,14].

The Euroclonality BIOMED 2 multiplex PCR method developed over 20 years ago
has been utilized as the gold standard for the detection of clonally rearranged IGH and
IGL genes, as well as minimal residual disease in B-cell malignancies [1]. This method,
however, poses technical and biologic limitations, as well as subjectivity, with result in-
terpretation in borderline cases [9,15]. Next-generation sequencing (NGS) provides a
robust and sensitive method for detecting BCR rearrangements with single base-pair res-
olution. The Oncomine™ BCR pan-clonality assay (research use only) (ThermoFisher
Scientific, Dreieich, Germany) has been demonstrated to be valuable for clonality detec-
tion, concurrently in IGH and IGL [16-19]. This assay interrogates the BCR heavy- and
light- chain complementarity determining region 3 (CDR3) sequences, as well as rearrange-
ments involving kde using multiplexed Ion AmpliSeq™ primers (ThermoFisher Scientific,
Dreieich, Germany) in genomic DNA (gDNA). In this work, we aim to investigate this
NGS-based assay for the detection of clonally rearranged BCR heavy and light chains
in G-MALT lymphoma. We analyzed samples obtained from patients with a history of
G-MALT at different time points/different body sites over the course of several years. We
sought to examine the sensitivity and specificity of this method in detecting malignant
clonotypes early on before disease onset, as well as to what extent. We also explored
the re-emergence of novel clonotypes following therapy and probed for the exclusion of
minimal residual disease in the stomach or other body sites. The lymphoma-specific IG
rearrangements were depicted from histologically confirmed lymphoma samples.

2. Materials and Methods
2.1. Patient Identification and Sample Selection

We screened a local pathology data bank (Nexus) at the Institute of Pathology,
Charité—Universitdtsmedizin Berlin for patients with an unequivocal diagnosis of G-MALT
at least at one time point. We sought patients who were biopsied over the course of sev-
eral years with or without the manifestation of G-MALT. We then selected samples for
each of these patients whereby following therapy, there was no hint of the presence of
the pre-diagnosed G-MALT. Data curation and a review of the cases were performed by
two certified pathologists. Age ranges for the patients were between 41 and 66 years.
In total, 36 samples from 6 eligible patients were identified. A summary of the patient
characteristics is shown (Table 1). Approval for the use of patient samples was obtained
from the Charité ethics commission, Berlin (EA1/294/15).
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Table 1. Summary of patient characteristics. NOS—not otherwise specified; R-CHOP—rituximab
plus cyclophosphamide, doxorubicin, vincristine, and prednisone; BM—Bone marrow; MZL—
marginal zone lymphoma; N—negative; P—positive; MRD—minimal residual disease; B-CLL—B-cell
chronic lymphocytic leukemia.

. Date of Initial Other .
Patient Sample Sam- Diagno- Sample Site H. . Manifesta- G-MALT Therapy EM I.nﬁl- Relapse
(Age) . : pylori . tration Comments
pling sis tions
2003/01 21.01.2003 Gastric mucosa
2003/02 28.01.2003 Gastric mucosa
Pationt 2010/01 18.05.2010 Colon mucosa Sti(l)mralsh, 2010—Field radiation 1256t {Tlgglsg
atien 2010/02 26.11.2010 21.01.2003 Gastric mucosa N eum, (stomach and gastric No o
A (41) mesentery, ) h nodes)
2013/01  11.12.2013 Gastric mucosa lung ymph odes
2nd relapse
2017/01 04.12.2017 Colon mucosa 11.12.2017
2017/02 27.12.2017 Lung
2001/01 08.08.2001 Gastric mucosa
2001/02  22.08.2001 lleum and colon
mucosa
1st relapse
Patient 2001/03 12.11.2001 Gastric mucosa 21.03.2002
B(66) 2002/01 11.102002 14062001 Gagtric mucosa N Stomach Chemotherapy, NOS No ffonl\}[g‘gn
on +
2004/01  29.09.2004 Gastric mucosa until 2009
2006/01 23.08.2006 Gastric mucosa
2009/01 23.03.2009 Colon mucosa
2010/01 08.07.2010 Gastric mucosa
2003/01 16.10.2003 Gastric mucosa
. 12/03-02/04
2004/01 26.07.2004 Gastric mucosa chemotherapy: 8
2005/01 24.08.2005 Gastric mucosa R-CHOP
. Tleum and colon
Patient ~ 2006/01  03.07.2006 16.10.2003 mucosa N Stomach, 08/06-02/07 Yes -
C (65) Coecum .
Duodenum and chemotherapy; 6 x
2007/01 26.10.2007 . R-Bendamustine 2006
gastric mucosa
2009/01  26.05.2009 Duodenum and
gastric mucosa
2011/01 26.01.2011 Gastric mucosa
2014/01 07.03.2014 Gastric mucosa
2019/01 03.09.2019 Gastric mucosa
Ileum and colon
2008/01 09.06.2008 mucosa (MZL)
Gastric mucosa Initially Stomach, 2008: Effective
Patient 2009/01  18.03.2009 14.04.2008 (MZL) N, ileum, antibiotic therapy B-CLL: Relapse
D (58) Gastric mucosa switch colon, against Helicobacter Yes 08.09.2010
2009/02  02.12.2009 (MZL) toPin jugular pylori
2008 lymph
Blood (both MZL node
2011/01 07.07.2011 and CLL)
2004/01  23.08.2004 Gastric mucosa Lst relapse
Patient 12.05.2005
23.08.2004 - N Stomach Resection (2/3 No T —
E (52) 2004/02 08.11.2004 Gastric mucosa gastrectomy 2006) ngﬁel;g();e
2008/01 05.02.2008 Tleum mucosa il
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Table 1. Cont.
. Date of Initial Other .
Patient Sample Sam- Diagno- Sample Site H. . Manifesta- G-MALT Therapy BM I‘nﬁl- Relapse
(Age) . B pylori . tration Comments
pling sis tions
2017/01  15.06.2017 Colon mucosa At initial diagnosis:
CoP
(Cyclophosphamide,
R Vincristine,
2017/02 16.06.2017 Gastric mucosa Prednisolone 3 cycles)
Patient  5017/03 30062017 91:081989  (10n mucosa N .Stomth, Chlqrambucﬂ and No 1st relapse
F (55) sigma, liver ~ Prednisolone 7 cycles 01.02.2017
1st relapse (1st relapse
2017/04 30.11.2017 Gastric mucosa 01.02.2017): 4x
Rituximab
2nd relapse (2nd
2022/01  25.04.2022 Colon mucosa relapse 01.04.2022):
Rituximab

2.2. Tissue Sectioning, Staining and gDNA Extraction

Archived formalin-fixed paraffin-embedded (FFPE) tissue blocks for each of the sam-
ples were sectioned (3 um) and stained for H&E (to examine tissue morphology), CD3
(Dako/Agilent, polyclonal, 1:100, to determine the T-cell composition of the tissue), and
CD20/PAX5 (CD20: Dako/Agilent, clone 126, 1:750, PAX5: Leica, clone 24/PAX-5, 1:10
to determine the B-cell content) using a Leica Bond Master (Leica Biosystems, Nussloch,
Germany), following the manufacturer’s instructions. gDNA was extracted from the tissue
sections (10 um) with the support of the Central Biobank Charité/BIH (ZeBanC), Berlin,
using Maxwell® (Promega, Walldorf, Germany) and following the manufacturer’s instruc-
tions. Quantification of the DNA samples was performed by spectrofluorometry using
Quantus™ Fluorometer (Promega, Walldorf, Germany).

2.3. Library Preparation, Sequencing and Clonality Analysis

High-throughput libraries were created using the Oncomine™ BCR pan-clonality
assay (ThermoFisher Scientific, Dreieich, Germany) following the manufacturer’s proto-
col. We used gDNA input ranging from 15-30 ng, and the number of PCR cycles was
increased by +3 during target amplification. Library enrichment following the standard
protocol for library amplification and 2x purification was also performed. A summary
of the library preparation protocol is depicted in Figure 1. Each of the generated libraries
were diluted to a concentration of 30 pM. Then, 10-12 samples were then pooled to a
concentration of 30 pM and loaded onto the Ion Chef™ system (ThermoFisher Scientific,
Dreieich, Germany) for template preparation. The samples were sequenced on an Ion
530™ Chip (ThermoFisher Scientific, Dreieich, Germany) using the Ion GeneStudio™ S5
series system (ThermoFisher Scientific, Dreieich, Germany). The number of reads for each
IGH and IGL are included (Supplementary Table S1). Clonality analysis was conducted
with Ion Reporter™ 5.20 software (ThermoFisher Scientific, Dreieich, Germany) using the
Oncomine IGH and IGL single-sample workflows that perform read mapping, filtering, and
output frequencies of clones identified in the BCR repertoire [19]. A summarized depiction
of the data output from the software is shown (Figure 2). Clonotypes with frequencies
below the threshold of 0.001% of the total reads were not included for clonality assessment,
as these were considered too-weak signals or background noise [20].
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FFPE Samples

Genomic DNA isolation and quantification

Library preparation
Manufacturer's protocol
15ng — 30 ng DNA input
* Library amplification + 2 rounds purification

Sequencing
Template system: lon Chef™ System
Chip: lon 530™ Chip
Sequencer: lon GeneStudio™ §5 Series System

Analysis workflow and reporting

Oncomine BCR IGH- SR —w1.4 — DNA single sample
Oncomine BCR IGKL—SR —w1.4 — DNA single sample

Figure 1. Flow chart showing summary of sample library preparation. FFPE: formalin-fixed paraffin-
embedded. * Additional manufacturer’s protocol for samples with low input quantity.
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CDR3 Nucleotide histogram
A Lineage ID Functionality Variable Joining CDR3 AA CDR3NT Diversity Variable Mutation Frequency Rank Sequence Reference Sequence
0.6 1 Productive  IGHV4-34 IGHI4 ASLHYSGSGSPYHFDY GCGAGCCTACATT/IGHD3-10 0.0 0.445585613 1 GACCGCCGCGGACAC GACCGLCGCGGACAC|
ol 2 Unproductive IGHV3-48 IGHIA AKPTT*TVVGSCCRG GCGAAACCTACTA(IGHD2-2 0.068 0.205504199) 2 GAACAGCCTGGGAGT GAACAGCCTGAGAGC]
> 3 Productive  IGHV4-34 IGHI4  ARQNYSGSGGPYYFDY GCGAGGCAAAATT IGHD3-10 0.083 0.081601051: 3 GACCGCCGCGGACAL GACCGLCGLGGACAC|
g 0a4F 4 Productive  IGHVA-34 IGHA  ASLHYS GCGAGCCTACATT/IGHD3-10 0.0 0022107127, 4 GACCGCCGCGGACAC GACCGCCGCGGACAC|
3 o3l 6 Unproductive IGHV3-11 IGHI4 ARAAT*IVVGSCCRG  GCGAGAGCTGCTA IGHD2-15 0.043 0011736806« 5 GAACAGCCTGAGAGC GAACAGCCTGAGAGC]
2 o2l 5 Unproductive IGHV4-34 IGHI4  ASLHYSGSGESLSL*LL GCGAGCCTACATTZ IGHD3-10 0.0 0.010258786! 6 GACCGCCGCGGACAC GACCGCCGCGGACAC|
- 7 Unproductive IGHVA-34 IGHI4  CEAKLQWFGGSLLF*LL GCGAGGCAAAATT IGHD3-10 0.108 0.007455070: 7 GACCGCCGCGGACAC GACCGLCGLGGACAC|
0.1} 8 Productive  IGHV4-34 IGH)4  ARQNYS GCGAGGCAAAATT IGHD3-10 0.083 0.006012153: B GACCGCCGCGGACAC GACCGCCGCGGACAC|
inldls 9 Unproductive IGHV3-11 IGHJ4 ARGAM®PAVGS*YRG GCGAGAGGTGCTAIGHD2-2 0.053 0.004041340: 9 GAGAGCCGAGGACAC GAGAGCCGAGGACA(
0.0 T r ra—" F e T 10 i IGHV3-48 IGHI4 ARSATSIVVANFYRG  GCGAGATCTGCTACIGHD2-15 0.0 0.003525174; 10 GAGAGCCGAGGACAC GAGAGCCGAGGACA
CDR3 Nucleotide length
B CDR3 leotide histogram
0.20- Lineage ID Functionality Variable Joining CDR3 AA CDR3NT Diversity Variable Mutation Frequency Rank Sequence Reference Sequence
1 Productive  IGHV4-30-2 IGHI6  VRGRWLPSGYTMDV ~ GTGCGGGGGCGATCIGHDS-18 0.031 0023993537, 1 GACCGCCGCGGACAC GACCGLCGCGGACAC)
2 Productive  IGHV4-39 IGHM ARAGISSGWVSSH GCGAGAGCCGGGATIGHD3-22 0.0 00238509571 2 GACCGCCGCGGACAL GACCGCCGCGGACAC
z 015 3 Productive  IGHV4-34  IGHJ3  ARESGDLAI GCGAGAGAGAGTGCIGHD3-3 0.0 0.023478298: 3 GACCGCCGCGGACAL GACCGLCGCGGACAL
H 4Productive  IGHV3-11  IGH4 TGEERRAHFDY ACGGGCGAAGAACEIGHDI-1 0.104 0.023262026¢ 4 GAACAGCCTGAGACC GAACAGCCTGAGAGC
Z 0.0} 5 Productive  IGHVA-30 IGHI6 ARDLSRSDVYYGMDV GCGAGAGATCTTAGHGHD3-2 0.0 0.022689540¢ 5 GACCGCCGCGGACAL GACCGLCGCGGACAC
2 6 Productive  IGHV4-39  IGH4 ARDTDITMPLGI GCGAGAGATACTGA IGHD3-10 0.051 0.022187024¢ 6 GACCGLCGCGGACAC GACCGLCGLGGACAC
0.05)- 7 Productive  IGHV1-8  IGHM GOGAG 1-26 0.062 002210433 7 GAGCAGCCTGAGATC GAGCAGCCTGAGATC
8 Productive  IGHV4-39 IGHI3 ARVRDGGVEHDAFDI  GCGAGAGTAAGGG/IGHD3-16 0.026 00205013707 8 GACCGCCGCGGACAL GACCGCCGCGGACAC
0.00L- M ‘ | Ll 9 Productive  IGHV4-39  IGHM AREMYSSTWYPDS  GCGAGAGAGATGTAIGHD4-11 0.0 0.020482287¢ 9 GACCGCCGCGGACAL GACCGLCGCGGACAC
T T & & B 1R L ive IGHV4-34  IGHIS FOP GO 1GHD2-15 0.027 0.019407285¢ 10 GACCGLCGCGGACAC GACCGLCGLGGACAC
CDR3 Nucleotide length
C CDR3 Nucleotide histogram
0.30 Lineage ID Functionality Variable Joining CDR3 AA CORINT Diversity Variable Mutation Frequency Rank Sequence Reference Sequence
1 Productive  IGHV6-1  IGHIG ARADGYNQDV GCAAGAGCAGATG(IGHDS-24 0.024 01287687384 1 CTGTGACTCCCGAGICTGTGACTCCCGAGGH
0.25 2 Productive  IGHV3-30  IGH)  AKPRSRWELPLDY GCGAAACCTCGGTC IGHDI-26 0.043 0.0651002188 2 GAACAGCCTGAGAC GAACAGCCTGAGAGC|
g 020 3 Productive  IGHV3-11 IGHI6 ARDETGVLGYNYYGMD\ GCGAGAGATGAGA(IGHDI-1 0.021 0.053300752 3 GAACAGCCTGAAAG GAACAGCCTGAGAGC
g 4 productive  IGHVA-30  IGHIG  AVQWRRHTYGMDV  GCGGTGCAGTGGCCIGHDG-19 0.0 0.0499910476 4 GACCGCCGLGGACA GACCGCCGLGGACAC
% 0.5 S Productive  IGHV1-69 IGHI4  ATLGGONFDF GCGACATIGGGAGCIGHD1-1  0.068 0.0457301667 5§ GAGCAGCCTGAGAT GAGCAGCCTGAGATC
2 6 Productive  IGHV2-5  IGHI1  AHRLDGYFHN GCACACAGACTTGA IGHD3-9  0.031 0.0431194205 6 GGACACAGCCACAT GGACACAGCCACATA
0.10 7 Productive  IGHV4-34  IGHIS ARWGADGLGNWFDP  GCGAGATGGGGAG IGHD1-26 0.0 00353713996 7 GACCGCCGCGGACA GACCGCCGCGGACAC)
0.05 ‘ 8 Productive  IGHV3-11  IGHI6 ARDIRRVVRGVIDYYTMI GCGAGAGATATACCIGHD3-10 0.026 00339397001 8 GAGAGCCGAGGAC GAGAGCCGAGGACA
9 Unproductive IGHV4-39  IGHM ARDSGRARGVF'D GCGAGAGATTCCGEIGHD3-S 0.0 00330975240 9 GACCGCCGCGGACA GACCGCCGCGGACAC
0.00 ‘ o \,l | a_h 11 Productive  IGHV2-26  IGHI3  ARKIGGDTVNTKGDDAF| GCAAGAAAGATAG(IGHDA-11 0.04 0.0315816068 10 GGACACAGCCACAT GGACACAGCCACATA]
H 0 a2 e 80 100 10 Productive  IGHV4-39 IGHIS _ARDRCGTSCRHWLDP _ GCGAGAGATCGTTGIGHD2-2 0.051 0.0315816068 10 GACCGCCGCGGACA GACCGCCGCGGACAC]
CDR3 Nucleotide length

Figure 2. Output from the Ionreporter software with histogram showing how the CDR3 lengths of the
clonotypes in the sample are distributed. (A) Clonal (biallelic) IGH rearrangement, (B) polyclonal IGH
rearrangement, and (C) oligoclonal IGH rearrangement. CDR3 nucleotide lengths of the clonotypes
are represented and ranked according to their frequency of occurrence in the sample, with 1 being
the most dominant clonotype. A summary of the list with the top 10 clonotypes is shown.

2.4. Statistical Analysis

McNemar’s test for paired data was used for statistical analysis to compare the dif-
ference in sensitivity between histology and NGS, as well as to examine the correlation
between clonality detection by analyzing IGH versus analyzing IGL. p-values < 0.05 were
considered statistically significant.

3. Results
Correlation of Results between the Applied NGS Method and Results from Histological Diagnosis

Of the 36 samples (6 patients) analyzed, 17 samples were diagnosed with G-MALT
lymphoma based on histology assessment. A tumor-specific clonotype was also detected in
these 17 samples (100%) using the applied NGS assay. Also, in 15/19 (78%) samples where
a histology examination suggested no evidence of lymphoma, we detected the tumor-
specific clonotype by means of NGS (Figure 3). The difference between the sensitivity of
the NGS method applied and histology was statistically significant (p = 0.0003). Moreover,
in 4/19 (21%) samples without evidence of G-MALT based on histology data, we were
also unable to detect the malignant clonotype using NGS (Figure 3). We observed this
in patient A, patient B, and patient C (Table 2). In none of the cases with clinical and
histological proof of G-MALT were we unable to detect the malignant clonotype by way
of NGS. The dominant clonotypes and their occurrence in the individual patients are
shown (Supplementary Table S1). Frequencies of the tumor-specific clonotypes are shown
(Supplementary Table S1).
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Table 2. Clonality results based on NGS and correlation with histology/clinical diagnosis. Samples
were defined as clonal in each case where the clonotype was found above threshold (>0.001%).
n.d.—not detectable.

Patient Samples Lymphoma Diagnosed IGH NGS IGL NGS
(Gender) Analyzed (Histology) Clonality Clonality
2003/01 + Clonal /bi-allelic Clonal
2003/02 + Clonal/bi-allelic Clonal
. 2010/01 - Polyclonal Polyclonal
1()13:::11;3 2010/02 + Clonal /bi-allelic Clonal
2013/01 — n.d. Clonal
2017/01 — n.d. Clonal
2017/02 + Clonal Clonal
2001/01 + Oligoclonal Clonal
2001/02 - Oligoclonal Polyclonal
2001/03 — Clonal Clonal
Patient B 2002/01 + Clonal Clonal
(Female) 2004/01 + Clonal Clonal
2006/01 + Clonal Clonal
2009/01 — n.d. Clonal
2010/01 - n.d. Polyclonal
2003/01 + Clonal Clonal
2004/01 + Oligoclonal Clonal
2005/01 - Oligoclonal Clonal
Patient C 2006/01 - Ol?goclonal Clonal
(Male) 2007/01 - Oligoclonal Clonal
2009/01 — Oligoclonal Clonal
2011/01 - Oligoclonal Clonal
2014/01 — Clonal Clonal
2019/01 — Polyclonal Polyclonal
2008/01 — Clonal Clonal
Patient D 2009/01 + n.d. Clonal
(Female) 2009/02 + Clonal Clonal
2011/01 + Clonal Clonal
. 2004/01 + Oligoclonal Clonal
Patient E 2004/02 - Cglonal Clonal
(Male) 2008/01 — Polyclonal Clonal
2017/01 — Clonal Clonal
. 2017/02 + Clonal Clonal
flf"l:irelgltel; 2017/03 — Oligoclonal Clonal
2017/04 + Clonal Clonal
2022/01 + Clonal Clonal

For patient A, we noted two dominant IGH clonotypes, with one being productive and
the other non-productive (a bi-allelic case). The presence of SHMs in IGH was also evident
from minor changes in the amino acid sequence for the productive and unproductive
clonotype (Supplementary Table S1). For IGA, fewer amino acid changes in comparison
with the IGH were observed in the malignant clonotype. No changes in the malignant
clonotype amino acid sequence were noted for IGk.

We observed that in certain instances, although the malignant clonotype was not
identifiable in the IGH, it was detected in the IGL at different frequencies using NGS
(see Table 2 and Supplementary Table S1), with some samples exhibiting oligoclonal IGH
rearrangements [1,9].
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OHistology positive/NGS positive  E Histology negative/NGS negative

B Histology negative/NGS positive Histology positive/NGS negative

15 samples

17 samples

4 samples

Figure 3. Pie chart showing correlation between histology/clinically diagnosed G-MALT and NGS
assay results for the 36 patient samples. Histology/clinically diagnosed G-MALT is herein simply
referred to as histology.

Furthermore, all patient cases diagnosed with G-MALT were H. pylori-negative except
one (patient D) where the organism was detected later on in the disease (Table 1).

For Patient F, samples were collected at almost the same time point (one-day interval)
but from the colonic mucosa and gastric mucosa, respectively (Tables 1 and 2; sample
2017/01 and 2017/02). In this patient, the lymphoma was undetected in the colon mucosa
but diagnosed in the gastric mucosa by means of histology examination. By way of NGS,
however, we showed—in addition to gastric mucosa association—colon involvement by
detecting the malignant clonotype in the colonic mucosa at a low frequency.

4. Discussion

A diagnosis of G-MALT may be difficult when only based on clinical evaluations of
patients, their history, and assessments of tissue histology and immunostaining. Hence,
the necessity for molecular methods that interrogate the B-cell repertoire to detect clonally
rearranged BCRs would play a pivotal role in aiding diagnosis. Moreover, in cases where
the amount/proportion of infiltrating tumor B-cells is low, the need for a method with high
sensitivity and specificity cannot be overemphasized. NGS provides a robust method for the
detection of clonal and sub-clonal populations of malignant cells and for disease monitoring
owing to its low limit of detection, high resolution, and high specificity in comparison with
other non-NGS-based methods, including histology [12,18,21,22]. The demonstration of
clonotypes on a single-nucleotide level by NGS can also be harnessed for clonal tracking.
We exploited this potential by using the Oncomine™ BCR pan-clonality assay.

We analyzed a cohort of 36 samples obtained at different time points from six patients.
Each patient had, at one time point, at least one histologically assessed G-MALT-positive
sample. The correlation between the BCR pan-clonality NGS assay and G-MALT-positive
results, based on clinical evidence and histology, highlights the value of this assay and the
detection of clonality as a useful diagnostic tool. We also reveal the high sensitivity of this
assay in detecting clones much earlier in the course of the lymphoma, even at time points
where tissue histology yielded no evidence of malignancy. This indicates an additional
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benefit of NGS in complementing routine diagnostic methods in assessing the lymphoma
status of patients.

SHMs involving point mutations that occur in the V-regions of the IGH and IGL
genes increases the affinity and diversity of activated B-cells [1,23], with clonally related
cells frequently sharing SHMs [24]. We also note this in the IGH and IGL clonotypes of
the samples of one patient (patient A), where the CDR3 amino acid sequences showed
variations. Evidence that the clonotypes showing mutated sequences stem from one clone
was confirmed by comparing the nucleic acid sequences from each of the clonotypes with
those of the germline reference sequence using the IMGT blast tool https://www.imgt.org/
IMGT_vquest/input [25] accessed on 3 January 2024. Here we found that the compared
sequences had the same V- and J- gene and allele. We also detected these point mutations in
the nucleic acid sequences (Supplementary Data S2). For IGA, fewer SHMs in comparison
with the IGH were observed in the malignant clonotype, which is in agreement with
another study [26]. Moreover, based on IGH analysis, clonality was detected in 26/32 (81%)
samples, while IGL analysis revealed clonality in all 32 samples (100%). The difference in
the number of samples in which clonality was detected in IGL as compared to IGH was
statistically significant (p = 0.0005). Our ability to detect clonality in IGL even when it was
undetectable in IGH using NGS underscores the necessity of incorporating IGL assessments
alongside IGH analysis during clonality testing. It is crucial to note that relying solely on
IGH analysis may lead to false negative results where the clonal population may be missed
during analysis. This is because the more frequent somatic hypermutations (SHMs) in IGH
genes can impede efficient primer binding to the target sequences [27].

Disease monitoring in the context of minimal residual disease (MRD), which is charac-
terized by the minor representation of a known clonal population in the body following
disease treatment, was examined in the patients of this study. Here, we defined MRD as the
occurrence of known clonotypes with a frequency of more than 0.05% and less than 5% of
the total reads in the sample. Following therapy, histology/clinical assessment may suggest
no evidence of the previously diagnosed lymphoma type. However, the tumor-specific
clonotype may still persist in tissues, and the assessment of MRD would be a prognostic
determinant for relapse in such patients [28]. This was evident in some of the patients
we examined, for example patient A, who, after receiving field radiation therapy in 2010,
was excluded from a positive G-MALT diagnosis in 2013 based on histology and clinical
assessment, whereas the malignant clone was present and detectable by NGS. Another
good example is patient B, who, after receiving chemotherapy in 2001, showed no obvi-
ous signs of lymphoma based on histology and clinical examination in the subsequent
months of that year. Meanwhile, the tumor-specific clonotype was still present in the
patient. It is very likely that this additional information would have resulted in a more
rigorous follow-up schedule for the patient prior to the relapse in 2002. A similar scenario
also presented in patients C, E and F. Although there is no currently known treatment
approach for G-MALT patients with MRD other than watchful waiting [29], knowledge
that the malignant clonotype still exists in the patient could alter treatment course and
disease surveillance in these patients [30], particularly with regard to risk assessment for
later aggressive transformation. Furthermore, with proper awareness of their MRD status,
patients could continue making healthier life choices, which could drastically impact their
long-term survival. In light of precision medicine, our approach might also be of value for
the current classification system for MRD in extranodal marginal zone lymphoma, which is
currently based on histological /immunohistochemical criteria alone [31] and could aid in
the risk stratification of MALT lymphoma after initial therapy.

We did not observe the emergence of any new clonotype distinct from the one present
prior to therapy in any patient with relapse, whether in the gastric mucosa or at any other
body site. For patient D, however, the blood sample examined in 2011, where there was
also a clinical report of B-cell chronic lymphocytic leukemia (CLL), revealed the same
clonotype in the ileum, colon, and gastric mucosa. This could mean that the malignant
clone in the gastrointestinal tissues expanded via blood. Additionally, although the co-
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occurrence of more than one clonally distinct B-cell lymphoid malignancy is a very rare
but possible phenomenon, in one case, G-MALT was shown to be a secondary event in a
CLL patient [32]. In another patient, CLL was diagnosed 16 months following the initial
diagnosis of G-MALT [33]. Whether the clone that we detected was that which resulted in
the CLL diagnosis remains to be clarified. However, the high frequency of this clonotype in
the blood (21-89%) in comparison to gastrointestinal tissues (0.4-9.2%) could be reflective
of the higher number of tumor B-cells in blood relative to the tissues.

It is surprising that in some samples of patient C, where the histology assessment
showed the absence of B-cells in the tissues, we detected clonality in both IGH and IGL.
This could be attributed to the low limit of detection and high sensitivity of NGS [34,35].
That we detected the malignant clonotype in nearby tissues by means of NGS where this
was missed based on histology shows the usefulness and accuracy of this technique in the
early detection of malignancy and nearby tissue involvement, which could assist in timely
institution of further relevant therapeutic strategies to inhibit the spread of the tumor.

There have been many reports on the strong association and frequency of occurrence of
H. pylori infection in patients diagnosed with G-MALT [36-39]. The incidence of Helicobac-
ter pylori-negative MALT lymphoma from chronic gastritis was historically approximately
20% but has been increasing consistently over the past 20 years [40]. Out of the six patients
examined in our study, only one was positive with H. pylori—the infection being initially
absent from the patient following an initial diagnosis of G-MALT. Therapy for H. pylori was
associated with clinical remission in this patient, which was in agreement with previous
reports [5,41].

5. Conclusions

Our findings show the advantage of utilizing the Oncomine™ B-cell receptor pan-
clonality NGS assay in detecting BCR clonality, as well as MRD in G-MALT, especially
in situations where routine clinical assessment of the patient and immunostaining are
insufficient to make a diagnosis. The early detection and tracking of BCR clonotypes could
also serve as a prognostic tool for determining G-MALT patients at risk for relapse. This
would provide clinicians with information to bear in mind while making precise treatment
decisions for patients.

Supplementary Materials: The following supporting information can be downloaded at
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