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Abstract

Immunoglobulin (IG) clonality assessment is a widely used supplementary test for the diagnosis of
suspected lymphoid malignancies. The specific rearrangements of the immunoglobulin (IG) heavy and
light chain genes act as a unique hallmark of a B-cell lymphoma, a feature that is used in clonality
assessment. The widely used BIOMED-2/EuroClonality IG clonality assay, visualized by GeneScanning
or heteroduplex analysis, has an unprecedented high detection rate because of the complementarity of this
approach. However, the BIOMED-2/EuroClonality clonality assays have been developed for the assess-
ment of specimens with optimal DNA quality. Further improvements for the assessment of samples with
suboptimal DNA quality, such as from formalin-fixed paraffin-embedded (FFPE) specimens or specimens
with a limited tumor burden, are required. The EuroClonality-NGS Working Group recently developed a
next-generation sequencing (NGS)-based clonality assay for the detection of the IG heavy and kappa light
chain rearrangements, using the same complementary approach as in the conventional assay. By employing
next-generation sequencing, both the sensitivity and specificity of the clonality assay have increased, which
not only is very useful for diagnostic clonality testing but also allows robust comparison of clonality patterns
in a patient with multiple lymphoma’s that have suboptimal DNA quality. Here, we describe the protocols
for IG-NGS clonality assessment that are compatible for Ion Torrent and Illumina sequencing platforms
including pre-analytical DNA isolation, the analytical phase, and the post-analytical data analysis.

Key words Clonality analysis, Next-generation sequencing, B-cell lymphoma, Immunoglobulin gene
rearrangements, ARResT/Interrogate

1 Introduction

Clonality assessment of the immunoglobulin (IG) or T-cell recep-
tor genes is a useful supplementary tool for the diagnosis of B-cell
and T-cell lymphoid malignancies. Cancer cells have a unique fea-
ture that they originate from a single transformed cell. The malig-
nant cells of a B-cell lymphoma all have the same rearranged IG
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DNA sequences encoding for a unique antigen-receptor molecule,
also called the B-cell receptor (BCR). Clonality assessment makes
use of this feature. In patients suspected for having a B-cell lym-
phoma, clonality assessment enables demonstration of a clonal
expansion of clonally related B cells, all having the identical molec-
ular footprint of the antigen receptor encoded by the IG genes.

1.1 Immunoglobulin

Gene Rearrangements

The BCR consists of two IG heavy chains (IGH) and two light
chains, IG kappa (IGK) or IG lambda (IGL), with unique nucleo-
tide sequences at the antigen binding region that are generated
during lymphoid development. The proper assembly of a functional
BCR is controlled by several checkpoints at different stages of B-cell
development [1–3]. Once a mature B cell has encountered an
antigen, it will undergo somatic hypermutation (SHM) in the
germinal center. During this process that is mediated by the
enzyme activation-induced cytidine deaminase (AID), random
sequence alterations [mostly point mutations, but deletions or
insertions can occur as well] are introduced to improve antigen
binding, a phenomenon called affinity maturation [2, 3].

The BCR is generated by a stepwise process involving rearran-
gements of the different germline variable (V), diversity (D), and
joining (J) IG genes, called V(D)J recombination. This process is
initiated by the recombination-activating gene (RAG) products
RAG1 and RAG2 [4, 5], which relies on the recognition of recom-
bination signal sequences (RSSs) flanking the individual genes. V
(D)J recombination starts with the IG heavy chain, by the recom-
bination of one of the D genes with one of the J genes, followed by
the subsequent joining of one of the V genes to the rearranged DJ
gene (Fig. 1). This random recombination of V, D, and J genes
generates the so-called combinatorial diversity. Imprecise joining of
the genes by the activation of exonucleases, as well as the addition
of non-template DNA nucleotides by the enzyme terminal deox-
ynucleotidyl transferase (TdT), results in junctional diversity, on
top of the combinatorial diversity. As a consequence of the combi-
natorial and junctional diversity, only one out of three VDJ rear-
rangements will be able to express a functional BCR. This high
frequency of out-of-frame rearrangements may explain why many
of the B lymphocytes have rearranged both their IGH genes,
so-called biallelic IGH gene rearrangements. Lymphomas with
biallelic gene rearrangements occur frequently, whereas lymphomas
that are truly bi-clonal are rare [7].

For the light chain (IGK or IGL), a direct V to J gene rear-
rangement takes place, where the IGK locus will first undergo gene
rearrangement. When there is no productive IGKV-IGKJ rear-
rangement, additional rearrangements will occur that inactivate
the IGK locus by removal of the IGKC region and the enhancers.
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These rearrangements involve the KDE sequence that can rear-
range to one of the kappa V genes and thereby delete the initial
IGKV-IGKJ rearrangement, resulting in an IGKV-KDE rearrange-
ment or to an isolated recombination signal sequence (RSS) that is
located in the J kappa-C kappa intron (intron RSS), resulting in an
Intron RSS-KDE rearrangement [8] (Fig. 2). If there is no proper
IGK rearrangement, the IGL genes will rearrange. Theoretically, all
mature B-cell malignancies should possess IGK rearrangements,
regardless of the light chain expression [9]. Based on the amount
of functional genes, the estimated number of unique BCRs gener-
ated by combinational diversity of both the heavy and light chain is
4.6 � 106 [10]. However, the actual number of unique receptors is
lower, since not all genes are used at the same frequency, and not
every heavy and light chain can pair to form a functional BCR.

The junctional diversity further increases BCR diversity by a
factor 10.

B cells that assembled a functional BCR will further diversify by
undergoing somatic SHM to extend the IG repertoire upon anti-
gen recognition within the germinal center of a lymph node
[2, 11]. When B cells fail or become autoreactive during this
process, they will be silenced and eliminated [1, 3].

Fig. 1 Detection of V(D)J gene rearrangements at the immunoglobulin heavy chain locus. After a functional DJ
rearrangement has been generated, a V gene is joined to this DJ fragment. Each B cell may generate one
(productive rearrangement) or two (an unproductive and productive rearrangement) specific clonotypes that
consist of one IGHV, IGHD, and IGHJ gene segment. The locations of the primers used for IG-NGS clonality
assessment are indicated by arrows. For detection of IGHV-IGHD-IGHJ gene rearrangements, the forward
primers are located in framework region 3 (VH FR3), which are combined with IGHJ reverse primers. The
detection of unproductive, incomplete IGHD-IGHJ rearrangements makes use of forward IGHD primers
(located 50 of the IGHD genes) and reverse IGHJ primers, hence enabling detection of incompletely rearranged
IGHD-IDHJ joining. Once an IGHV gene is recombined to the IGHD-IGHJ segment, the IGHD primer binding site
will be removed. Successful amplification will result in DNA fragments that cover the junctional region with a
specific amino acid length. Figure adapted from Scheijen et al., 2019 [6]

NGS-Based IG Clonality Detection in B-cell Lymphoma 9



1.2 Clonality

Detection in B-Cell

Lymphoma Based on

BIOMED-2/

EuroClonality Assays

Clonality assessment by detecting IG gene rearrangements is widely
used for diagnostics, and multiple assays have been developed over
the years, which differ in the level of sensitivity [12]. The current
gold standard are the PCR-based BIOMED-2/EuroClonality
assays, visualized with either GeneScan fragment analysis or hetero-
duplex analysis [13, 14]. In this assay, standardized PCR protocols
are used that cover IGH and IGK gene rearrangements. These
include complete IGHV-IGHD-IGHJ rearrangements but also

Fig. 2 IGK rearrangements involving Kappa deleting element. IGK gene rearrangement starts with an initial
IGKV-IGKJ recombination. If this results in a productive rearrangement, no subsequent recombination events
will occur within the IGK locus. However, in case there is an unproductive IGKV-IGKJ rearrangement, this may
lead to inactivation of the IGK locus involving rearrangements with the Kappa deleting element (KDE)
sequence. This can include a rearrangement between KDE and Intron RSS-KDE recombination on the same
allele (Allele A). The initially formed unproductive IGKV-IGKJ segment remains present on that allele. Both the
unproductive IGKV-IGKJ and Intron RSS-KDE rearrangements are detectable with clonality analysis. The
second option, involves a recombination of an upstream IGKV gene with the KDE sequence, thereby deleting
the preexisting unproductive IGKV-IGKJ rearrangement on that allele (Allele B). Potentially, up to four distinct
IGK rearrangements can be generated that go along in one B cell clone. The locations of the primers used for
IG-NGS clonality assessment are indicated by arrows. Figure adapted from Scheijen et al., 2019 [6]
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incomplete IGHD-IGHJ rearrangements, which are not affected
by somatic hypermutation either. For IGK gene rearrangements,
not only IGKV-IGKJ rearrangements are included but also rear-
rangements involving KDE, which are not affected by somatic
hypermutation. Notably, these occur on one or both alleles in
virtually all IgLambda-positive B-cell malignancies and in
one-third of the IgKappa-positive B-cell malignancies. The primers
and protocols of the BIOMED-2/EuroClonality PCR assays allow
detection of virtually all clonal B-cell proliferations, and the primer
design has been based on family primers and consensus primers
relevant for the IG genes. A clonal cell population gives rise to one
or two dominant PCR products of a given size on GeneScan. A
polyclonal cell population will result in a range of differently sized
PCR fragments, corresponding to the presence of different V(D)J
gene rearrangements showing Gaussian distribution with respect to
the amount of inserted or deleted nucleotides in the junctional
region.

The BIOMED-2/EuroClonality assays are used worldwide and
have resulted in increased clonality detection of lymphoid malig-
nancies [15, 16]. However, there are still some drawbacks that
could potentially yield (mainly) false-negative results. The
BIOMED-2/EuroClonality assays have been designed for high-
quality DNA samples generating amplicons in the range of
150–400 bp. However, formalin-fixed paraffin-embedded (FFPE)
tissue specimens, which are mostly used in a diagnostic setting, may
yield DNA samples of inferior quality. Clonal rearrangements that
correspond to relatively longer amplicons may therefore potentially
be missed [13, 15, 17]. Furthermore, detection of minor clones in
a background of nonmalignant B cells is highly dependent on the
position of the clonal product within the Gaussian curve of the
polyclonal background, where it can be difficult or even impossible
to detect these minor clones.

1.3 NGS-Based

Clonality Detection in

B-Cell Lymphomas

To further improve the application potential of clonality assess-
ment, the EuroClonality-NGS Working Group has developed a
novel next-generation sequencing (NGS)-based clonality assay for
detection of IG gene rearrangements (IG-NGS) [6], together with
the bioinformatics tool ARResT/Interrogate [18]. New primers
were designed for the incomplete and complete IGH gene rearran-
gements, the complete IGK rearrangements as well as for the IGK
rearrangements involving KDE, again making use of the comple-
mentary approach that is one of the strengths of the conventional
BIOMED-2/EuroClonality assays. The primer design for the
NGS-based clonality assay is based on gene-specific primers for
the relevant genes and, importantly, on the generation of shorter
amplicon sizes, which makes it more suitable for clonality detection
in samples of inferior DNA quality. Furthermore, the IG-NGS assay
immediately provides the nucleotide sequences of the identified
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clonotypes from both the malignant clone and the nonmalignant
background B cells. Using this sequence information, reliable
detection of minor clones is possible, resulting in a high sensitivity
of the clonality analysis as recently described by Scheijen et al.
[6]. Clonal rearrangements of lymphomas with a high tumor load
still can be traced back when diluted in a concentration of 5% and
2.5% in a polyclonal background of tonsil DNA. The detection rate
of 2.5% is not possible by the conventional assay combined with
GeneScanning or heteroduplex, because the clonal product will
be blurred by the polyclonal background [13]. Furthermore, the
sequence information, the design for suboptimal DNA specimen,
and the sensitivity are extremely valuable for comparison of sequen-
tial lesions or multiple lymphomas at different locations in a single
patient.

1.4 Different NGS

Platforms for Clonality

Testing: Ion Torrent

Versus Illumina

Similar to the BIOMED-2 approach, the IG-NGS clonality assay is
based on a multiplex PCR to amplify the target regions and by
subsequent ligation of adaptors for sequencing. The targets
detected in the NGS clonality assay include IGH (IGHV-IGHD-
IGHJ and IGHD-IGHJ) and IGK (IGKV-IGKJ, IGKV-KDE, and
Intron RSS-KDE) gene rearrangements. After purification of the
PCR products, the library preparation is performed, followed by
sequencing on Ion Torrent or Illumina platforms (Fig. 3).

The initial IG-NGS workflow described the protocols for the
Ion Torrent platform [6], a technique that makes use of electro-
chemical detection of hydrogen ions that are released during DNA
synthesis [19]. The Illumina platform represents also a widely used
NGS application in diagnostic laboratories, and both are very suit-
able for high-throughput NGS-based molecular assays. In contrast
to Ion Torrent-based sequencing, Illumina employs fluorescently
labeled nucleotides that are incorporated during complementary
DNA strand synthesis [20]. Depending on the type of Illumina
sequencer, this can be a 2-channel (e.g., MiniSeq, NextSeq, Nova-
Seq) or 4-channel chemistry (e.g., MiSeq, HiSeq).

The Ion Torrent and the Illumina sequencing technologies
require specific adapters for sequencing and barcodes for sample
identification. In the workflow that was developed for Ion Torrent
sequencing, the adapters and barcodes are ligated to the amplicons
(adapter ligation protocol). For Illumina sequencing platforms, the
sequencing adapters need to be incorporated in the amplicon pri-
mers. Recently, the EuroClonality-NGS Working Group described
a two-step PCR assay for minimal residual disease (MRD) target
identification using an Illumina-compatible workflow [21]. With
this approach, the barcoded adapter sequences are incorporated in
the second PCR of the two-step PCR assay with universal barcoded
M13-tailed primers. The workflow for clonality detection using the
Illumina sequencing platform that will be described in this chapter
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is based on this previously described two-step PCR protocol [21],
with some minor modifications in the first PCR reaction and puri-
fication steps of the amplicons as well as the PCR conditions of the
Ion Torrent protocol (Table 1) (see Note 1).

Fig. 3 Schematic workflow for IG-NGS clonality assay. A multiplex PCR is performed on extracted DNA of
specimens suspect for lymphoproliferations to amplify IGHV-IGHD-IGHJ, IGHD-IGHJ, IGKV-IGKJ, and IGKV/
Intron RSS-KDE gene rearrangements. Library preparation for sequencing on Ion Torrent (left panel) or Illumina
(right panel) is shown. The Ion Torrent library preparation is an adapter ligation protocol, requiring end repair of
the obtained amplicons and the ligation of barcode and adapters to them and nick repair, followed by a final
library amplification step. Library preparation for Illumina is a two-step PCR protocol in which the target-
specific amplicons are generated using primers containing an M13 adapter, which is used in the second PCR
to add specific barcodes to them. Obtained sequencing data is analyzed using the bio-informatics tool
ARResT/Interrogate

NGS-Based IG Clonality Detection in B-cell Lymphoma 13
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In the subsequent paragraphs, we present a complete overview
of the different steps of IG-NGS clonality analysis in suspected
B-cell malignancies that are compatible for either Ion Torrent or
Illumina sequencing platforms. For complete IGH rearrangements,
in this NGS approach, framework-3 (FR3) primers are used in
contrast to the BIOMED-2/EuroClonality assay that employs
additional FR1 and FR2 primers, generating larger-sized products.
Data analysis with ARResT/Interrogate and the technical interpre-
tation and reporting of the obtained results will be addressed. It is
of utmost importance that molecular clonality results are eventually
interpreted in the context of available clinical, morphological, and
immunophenotypic data. Also detailed knowledge of the immuno-
biology of IG gene rearrangements is mandatory to be able to
correctly interpret the different molecular patterns.

2 Materials

2.1 General

Materials and

Equipment

1. Volume-adjustable single-channel and multichannel pipettes.

2. Filter tips.

3. Eppendorf tubes (0.5 ml, 1.5 ml, and 2 ml).

4. 0.2 ml PCR tubes/strips (and caps).

5. Vortex.

6. Centrifuge, e.g., Eppendorf Centrifuge 5420 or equivalent
equipment.

7. Microcentrifuge, e.g., MiniStar/MiniStar blueline with tube
and PCR rotors (VWR).

8. Ethanol 99%, absolute pro analyse (molecular biology quality
grade).

9. Low TE-buffer (T10E0.1): 10 mM Tris-HCl pH 8.0 and
0.1 mM EDTA.

10. Nuclease-free water/Milli-Q (MQ).

11. Qubit dsDNA High Sensitivity Assay Kit (Thermo Fisher
Scientific).

12. Qubit Assay tubes (Thermo Fisher Scientific).

13. Qubit Fluorometer (Thermo Fisher Scientific).

14. Thermal cyclers, e.g., Veriti 96-Well Thermal Cycler (Thermo
Fisher Scientific), PTC-0200 (MJ Research) or equivalent
equipment.

2.2 DNA Isolation 1. Xylene (molecular biology quality grade).

2. TET lysis buffer: 10 mM Tris/HCl pH 8.5, 1 mM EDTA
pH 8.0, 0.01% Tween-20.
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3. Chelex-100 (Bio-Rad).

4. TSE: 10 mM Tris–HCl pH 7.5, 0.4 M NaCl, 2 mM EDTA
pH 8.0.

5. SDS 20%.

6. Proteinase K (QIAGEN).

7. Genomic DNA isolation kit, e.g., QIAamp DNA FFPE Tissue
Kit (QIAGEN), QIAamp DNA Micro Kit (QIAGEN) (see
Note 2).

2.3 IG-NGS Clonality

Assays

2.3.1 Target

Amplification and

Purifications

1. dNTPs.

2. AmpliTaq Gold DNA Polymerase, kit with GeneAmp 10�
Gold Buffer and MgCl2 (Applied Biosystems).

3. Standard purified primers to be dissolved in Low TE-buffer at
300 pmol/μl (300 μM) (e.g., from Sigma-Aldrich; see Tables 2,
3, and 4 and Note 3).

4. DNA LoBind, Deepwell plate 96/500 μl, white border
(Eppendorf).

5. Agencourt AMPure XP Beads (Beckman Coulter).

6. Dyna Mag-96side Magnet (Thermo Fisher Scientific).

2.3.2 Ion Torrent Library

Preparation and

Sequencing

1. Ion Plus Fragment Library kit (Life Technologies).

2. Ion Xpress Barcode Adapters kit (Life Technologies).

3. Ion 318™ Chip Kit v2 BC (Thermo Fisher Scientific) or Ion
520™ Chip Kit (Thermo Fisher Scientific).

4. Ion Torrent template preparation (Ion One Touch system, Ion
Chef system) and sequencing equipment (Ion PGM, Ion Gen-
eStudio S5).

2.3.3 Illumina Library

Preparation and

Sequencing

1. dNTPs.

2. HPLC purified Illumina M13-barcoded primers to be dis-
solved in Low TE-buffer at 100 pmol/μl (100 μM stock solu-
tion, dilute to 5 μM work solution) (e.g., from Sigma-Aldrich;
see Table 5).

3. FastStart High Fidelity PCR system, dNTPack (Roche).

4. Sequencing equipment and associated Illumina Reagent Kit
(e.g., MiniSeq sequencer and MiniSeq Mid Output Kit).

3 Methods

3.1 Samples and

Quality Controls

IG-NGS clonality analysis can be performed on DNA extracted
from any preserved human lymphoid tissue. However, each sample
type requires a specific extraction procedure for DNA isolation. We
here describe DNA extraction methods for formalin-fixed paraffin-
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Table 2
Primers included in the multiplex PCR reaction for NGS-based clonality
assessment: Tube IGHV-FR3

Primer 
nomenclature

Final 
concentration

Primer 
direction

Primer Sequence (with M13 adapter 
forward/reverse)
5’ to 3’*

IGH-V-FR3-

A-1
0.4 µM 5’

GTAAAACGACGGCCAGTAAGTTCCAGGGC

AGAGTCAC

IGH-V-FR3-

B-1
0.4 µM

5’ GTAAAACGACGGCCAGTGTCCATCAGCAC

AGCCTACA

IGH-V-FR3-

C-1
0.4 µM

5’ GTAAAACGACGGCCAGTGACATGTCCACA

AGCACAGC

IGH-V-FR3-

D-1
0.2 µM

5’ GTAAAACGACGGCCAGTTCTCCAAGGACA

CCTCCAAGA

IGH-V-FR3-

E-1
0.2 µM

5’ GTAAAACGACGGCCAGTCAGGCTCACCAT

CTCCAAGG

IGH-V-FR3-

F-1
0.2 µM

5’ GTAAAACGACGGCCAGTCCATCTCTGAAG

AGCAGGCT

IGH-V-FR3-

G-1
0.4 µM

5’ GTAAAACGACGGCCAGTTGAAGGGCCGAT

TCACCATC

IGH-V-FR3-

H-1
0.4 µM

5’ GTAAAACGACGGCCAGTAGGCAGATTCAC

CATCTCAAGA

IGH-V-FR3-

I-1
0.4 µM

5’ GTAAAACGACGGCCAGTAGCGCCGATTCA

TCATCTCC

IGH-V-FR3-

J-1
0.2 µM

5’ GTAAAACGACGGCCAGTCCAAAAGCATCA

CCTATCTGCA

IGH-V-FR3-

K-1
0.2 µM

5’ GTAAAACGACGGCCAGTGAAGGGCCGGTT

CACCATC

IGH-V-FR3-

L-1
0.2 µM

5’ GTAAAACGACGGCCAGTACCTCCAGAGAT

AACGCCAAG

IGH-V-FR3-

M-1
0.2 µM

5’ GTAAAACGACGGCCAGTCAGGAAGGGCAG

ATTCACCA

IGH-V-FR3-

N-1
0.2 µM

5’ GTAAAACGACGGCCAGTGAAGGGCCGATT

GACCATCTC

IGH-V-FR3-

O-1
0.4 µM

5’ GTAAAACGACGGCCAGTCTCCGTGAAGGG

CAGATTCA

IGH-V-FR3-

P-1
0.2 µM

5’ GTAAAACGACGGCCAGTGATGATTCAAAG

AACACGGCGT

IGH-V-FR3-

Q-1
0.4 µM

5’ GTAAAACGACGGCCAGTCCGTCCCTCAAG

AGTCGAGT

IGH-V-FR3-

R-1
0.4 µM

5’ GTAAAACGACGGCCAGTCCGTCCCTCAAG

AGTCGAAT

IGH-V-FR3-

S-1
0.2 µM

5’ GTAAAACGACGGCCAGTGTCACCATCTCA

GCCGACAA

IGH-V-FR3-

T-1
0.2 µM

5’ GTAAAACGACGGCCAGTCAAGTCCATCAG

CACTGCCT

IGH-V-FR3-

U-1
0.4 µM

5’ GTAAAACGACGGCCAGTCAGTTCTCCCTGC

AGCTGAA

IGH-V-FR3-

V-1
0.4 µM

5’ GTAAAACGACGGCCAGTGGCTTCACAGGA

CGGTTTGT

IGH-J-A-1 0.2 µM 3’
TAATACGACTCACTATAGGGCTTACCTGAG

GAGACGGTGACC

IGH-J-B-1 0.2 µM 3’
TAATACGACTCACTATAGGGCTCACCTGAG

GAGACAGTGACC

IGH-J-C-1 0.2 µM 3’
TAATACGACTCACTATAGGGCTCACCTGAG

GAGACGGTGACC

* For the Ion Torrent protocol, primers without the M13 sequence are used
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embedded (FFPE) and fresh frozen tissue using the Chelex method
(FFPE), TSE (fresh frozen), and column-based extraction proce-
dure of QIAGEN; equivalent isolation systems are also possible (see
Note 2).

To perform reliable clonality assessment it is important to
determine whether a representative tissue section is used, whether
obtained DNA is of sufficient quality (see Note 4) and using a
standardized DNA input per PCR. Furthermore, robust perfor-
mance of the multiplex PCR reaction should be assessed by includ-
ing control samples such as a polyclonal control sample (e.g., tonsil
or mononuclear peripheral blood cells) and negative control
(water), while preparing the samples for IG-NGS clonality assess-
ment (see Note 5).

3.2 DNA Isolation For isolation of genomic DNA from FFPE tissue, different meth-
ods are available. Here two of such protocols are described, a
commercially available DNA isolation kit (QIAGEN) and the Che-
lex method. Both protocols use a microcolumn purification of the
extracted DNA; this is an important step in preparing DNA samples
for clonality assays and is described in Subheading 3.2.3. Finally, a
protocol for isolation of genomic DNA from fresh frozen tissue is
described.

Table 3
Primers included in the multiplex PCR reaction for NGS-based clonality
assessment: Tube IGHD

Primer 
nomenclature

Final 
concentration

Primer 
direction

Primer Sequence (with M13 adapter 
forward/reverse)
5’ to 3’*

IGH-D-A-1 0.2 µM 5’
GTAAAACGACGGCCAGTGATTCYGAACAGC

CCCGAGTCA

IGH-D-B-1 0.2 µM 5’
GTAAAACGACGGCCAGTGATTTTGTGGGGG

YTCGTGTC

IGH-D-C-1 0.2 µM 5’
GTAAAACGACGGCCAGTGTTTGRRGTGAGG

TCTGTGTCA

IGH-D-D-1 0.2 µM 5’
GTAAAACGACGGCCAGTGTTTRGRRTGAGG

TCTGTGTCACT

IGH-D-E-1 0.2 µM 5’
GTAAAACGACGGCCAGTCTTTTTGTGAAGG

SCCCTCCTR

IGH-D-F-1 0.2 µM 5’
GTAAAACGACGGCCAGTGTTATTGTCAGGS

GRTGTCAGAC

IGH-D-G-1 0.2 µM 5’
GTAAAACGACGGCCAGTGTTATTGTCAGGG

GGTGYCAGRC

IGH-D-H-1 0.2 µM 5’
GTAAAACGACGGCCAGTGTTTCTGAAGSTG

TCTGTRTCAC

IGH-J-A-1 0.2 µM 3’
TAATACGACTCACTATAGGGCTTACCTGAG

GAGACGGTGACC

IGH-J-B-1 0.2 µM 3’
TAATACGACTCACTATAGGGCTCACCTGAG

GAGACAGTGACC

IGH-J-C-1 0.2 µM 3’
TAATACGACTCACTATAGGGCTCACCTGAG

GAGACGGTGACC

* For the Ion Torrent protocol, primers without the M13 sequence are used
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3.2.1 DNA Extraction

from Formalin-Fixed

Paraffin-Embedded Tissue

with Genomic DNA

Isolation Kit

All steps are performed at room temperature, unless specified
otherwise.

1. Place two to five 10 μm sections of FFPE tissue (of approxi-
mately 1 cm2 in size) into a 1.5 ml Eppendorf tube (see
Note 4).

2. Add 1000 μl xylene and vortex thoroughly for 10 s (work in a
protective cabinet) (see Note 6).

3. Centrifuge for 5 min, 20,000 � g.

4. Remove the supernatant carefully and dispense it in specific
waste containers.

5. Add 1000 μl 99% ethanol.

6. Centrifuge for 5 min, 20,000 � g.

7. Remove carefully the ethanol.

Table 4
Primers included in the multiplex PCR reaction for NGS-based clonality
assessment: Tube IGK

Primer 
nomenclature 

Final 
concentration 

Primer 
direction 

Primer Sequence (with M13 adapter 
forward/reverse) 
5’ to 3’* 

IGK-V-A-1 0.2 µM 5’ 
GTAAAACGACGGCCAGTAAGTGGGGTCCC

ATCAAGGTTCAG 

IGK-V-B-1 0.2 µM 5’ 
GTAAAACGACGGCCAGTAGTCCCATCTCG

GTTCAGTGGCAG 

IGK-V-C-1 0.2 µM 5’ 
GTAAAACGACGGCCAGTGAAACAGGGGTC

CCATCAAGGTTC 

IGK-V-D-1 0.2 µM 5’ 
GTAAAACGACGGCCAGTTCCCAGACAGAT

TCAGTGGCAGTG 

IGK-V-E-1 0.2 µM 5’ 
GTAAAACGACGGCCAGTCTGGAGTGCCAG

ATAGGTTCAGTG 

IGK-V-F-1 0.2 µM 5’ 
GTAAAACGACGGCCAGTCCCTGGAGTCCC

AGACAGGTTCAG 

IGK-V-G-1 0.2 µM 5’ 
GTAAAACGACGGCCAGTGCATCCCAGCCA

GGTTCAGTG 

IGK-V-H-1 0.2 µM 5’ 
GTAAAACGACGGCCAGTGTCCCTGACCGA

TTCAGTGGCA 

IGK-V-I-1 0.2 µM 5’ 
GTAAAACGACGGCCAGTAATCCCACCTCG

ATTCAGTGGC 

IGK-V-J-1 0.2 µM 5’ 
GTAAAACGACGGCCAGTCTCAGGGGTCCC

CTCGAGGTT 

IGK-V-K-1 0.2 µM 5’ 
GTAAAACGACGGCCAGTAGACACTGGGGT

CCCAGCCA 

IGK-INTR-

A-1 
0.2 µM 5’ 

TAATACGACTCACTATAGGGGAGTGGCTTT

GGTGGCCATGC 

IGK-DE-A-1 0.2 µM 3’ 
TAATACGACTCACTATAGGGGCAGCTGCA

GACTCATGAGGAG 

IGK-J-A-1 0.2 µM 3’ 
TAATACGACTCACTATAGGGACGTTTGATC

TCCACCTTGGTCCC 

IGK-J-B-1 0.2 µM 3’ 
TAATACGACTCACTATAGGGACGTTTGATA

TCCACTTTGGTCCC 

IGK-J-C-1 0.2 µM 3’ 
TAATACGACTCACTATAGGGACGTTTAATC

TCCAGTCGTGTCCC 

* For the Ion Torrent protocol, primers without the M13 sequence are used
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8. Add again 1000 μl 99% ethanol and mix carefully by inverting
the tube.

9. Centrifuge for 5 min, 20,000 � g.

10. Remove all ethanol and air-dry the remaining tissue by leaving
the tube open, and incubate for 10–15 min at 37 �C in a
thermo block.

11. Resuspend the pellet in 180 μl Buffer ATL.
12. Add 20 μl proteinase K, and mix by vortexing.

13. Incubate overnight at 56 �C (see Note 7).

14. Incubate at 90 �C for 1 h (see Note 8).

15. Add 200 μl Buffer AL to the sample, and mix thoroughly by
vortexing (see Note 9).

16. Add 200 μl ethanol (96–100%), and mix again thoroughly by
vortexing (see Note 9).

17. Continue with the extraction and DNA purification as
described in Subheading 3.2.3, before starting the sample pre-
parations for clonality assessment.

Table 5
M13 adapter barcoded primers for the Second PCR of the Illumina protocol

Primer 
nomenclature

Final 
concentration

Primer 
direction

Barcoded primer sequence with M13 adapter (forward/reverse) 5’ to 3’ 

Fo
rw

ar
d

Ill-D501-F 0.2 µ M 5’ AATGATACGGCGACCACCGAGATCTACACTATAGCCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT

Ill-D502-F 0.2 µ M 5’ AATGATACGGCGACCACCGAGATCTACACATAGAGGCACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT

Ill-D503-F 0.2 µ M 5’ AATGATACGGCGACCACCGAGATCTACACCCTATCCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT

Ill-D504-F 0.2 µ M 5’ AATGATACGGCGACCACCGAGATCTACACGGCTCTGAACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT

Ill-D505-F 0.2 µ M 5’ AATGATACGGCGACCACCGAGATCTACACAGGCGAAGACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT

Ill-D506-F 0.2 µ M 5’ AATGATACGGCGACCACCGAGATCTACACTAATCTTAACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT

Ill-D507-F 0.2 µ M 5’ AATGATACGGCGACCACCGAGATCTACACCAGGACGTACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT

Ill-D508-F 0.2 µ M 5’ AATGATACGGCGACCACCGAGATCTACACGTACTGACACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT

R
ev

er
se

Ill-D701-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATCGAGTAATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

Ill-D702-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATTCTCCGGAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

Ill-D703-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATAATGAGCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

Ill-D704-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATGGAATCTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

Ill-D705-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATTTCTGAATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

Ill-D706-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATACGAATTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

Ill-D707-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATAGCTTCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

Ill-D708-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATGCGCATTAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

Ill-D709-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATCATAGCCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

Ill-D7010-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATTTCGCGGAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

Ill-D7011-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATGCGCGAGAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

Ill-D7012-R 0.2 µ M 3’ CAAGCAGAAGACGGCATACGAGATCTATCGCTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG
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3.2.2 DNA Extraction

from Formalin-Fixed

Paraffin-Embedded (FFPE)

Tissue Starting with the

Chelex Method

This Chelex-based DNA extraction protocol is developed as com-
mon workflow that is suitable for the majority of the molecular tests
used in diagnostics. However, for clonality assessment, it is impor-
tant to purify the DNA obtained with this protocol before use in
the clonality assay in order to obtain good quality results.

All steps are performed at room temperature, unless specified
otherwise.

1. Deparaffinize two to five 10 μm tissue sections as described in
Subheading 3.2.1 until step 10.

2. Add 200 μl of 5% Chelex-100 homogeneously mixed in TET
lysis buffer.

3. Incubate for 5 min at 95 �C in a thermo shaker at 350 rpm.

4. Cool down for 5 min at room temperature.

5. Add 20 μl of proteinase K and incubate o/n at 56 �C in a
thermo shaker at 350 rpm (see Note 7).

6. Incubate for 10 min at 95 �C in a thermo shaker at 350 rpm (see
Note 8).

7. Centrifuge for 10 min, 20,000 � g at room temperature.

8. Transfer the supernatant to a clean 1.5 ml Eppendorf tube.

9. Centrifuge for 10 min, 20,000 � g at room temperature.

10. Transfer the supernatant to a clean 1.5 ml Eppendorf tube.

11. Add 180 μl ATL buffer (QIAamp DNA Micro Kit), vortex for
10 s, and incubate at room temperature for 30 min.

12. Incubate at 80 �C for 10 min, and then allow to cool down to
room temperature.

13. Briefly centrifuge the 1.5 ml tube to remove drops from the
inside of the lid.

14. Add 200 μl buffer AL and vortex briefly.

15. Incubate at 70 �C for 10 min, and then allow to cool down to
room temperature.

16. Add 250 μl of ethanol 96%, vortex briefly.

17. Continue the procedure with the DNA purification as
described in Subheading 3.2.3, before starting the sample pre-
parations for clonality assessment.

3.2.3 DNA Purification

with QIAamp DNA

Microcolumn

All steps are performed at room temperature.

1. Carefully transfer the entire lysate to the QIAamp MinElute
column (in a 2 ml collection tube) and centrifuge at 6000 � g
for 1 min (see Note 10).

2. Place the QIAamp MinElute column in a clean 2 ml collection
tube, and discard the collection tube containing the flow-
through.
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3. Add 500 μl Buffer AW1 on the column and centrifuge at
6000 � g for 1 min (see Note 11).

4. Discard the flow-through and add 500 μl Buffer AW2 to the
column (see Note 11).

5. Centrifuge at 6000� g for 1 min and discard the flow-through.

6. Centrifuge at full speed (20,000 � g) for 3 min to dry the
membrane completely (see Note 12).

7. Place the QIAamp MinElute column in a clean 1.5 ml Eppen-
dorf tube, and discard the collection tube containing the flow-
through.

8. Apply 20–100 μl Buffer ATE (QIAamp DNA FFPE Kit) or
20–100 μl Buffer AE (QIAamp DNA Micro Kit) to the center
of the column membrane (see Note 13).

9. Incubate at room temperature for 5 min.

10. Centrifuge at full speed (20,000 � g) for 1 min.

11. Discard the column and keep the 1.5 ml tube containing the
DNA solution.

12. Determine the DNA concentration and dilute if necessary to a
working solution of 20–40 ng/μl with the used elution buffer
or MQ (see Note 14).

3.2.4 DNA Extraction

from Fresh Frozen Tissue:

TSE Method

All steps are performed at room temperature, unless specified
otherwise.

1. Place five to ten 10 μm tissue sections in a 1.5 ml tube with
400 μl TSE (see Note 15).

2. Add 21 μl SDS 20% and 37.5 μl proteinase K (20 mg/ml) and
mix manually.

3. Incubate o/n at 56 �C on a thermo shaker at 350 rpm (see
Note 7).

4. Keep the lysate in the 1.5 ml Eppendorf tube.

5. Add 168 μl NaCl 5 M and shake the tube for 15 s.

6. Centrifuge for 15 min at 18,000 � g.

7. Transfer the supernatant to a clean 2 ml Eppendorf tube.

8. Centrifuge for 15 min at 18,000 � g.

9. Transfer the supernatant to a clean 2 ml Eppendorf tube.

10. Add 1.2 ml ethanol 100% and turn around the tube a few times
so the DNA will precipitate (see Note 16).

11. Centrifuge for 10 min at 18,000 � g.

12. Remove the supernatant carefully using a pipette.

13. Wash the pellet with 1 ml ethanol 70%.

14. Centrifuge for 10 min at 18,000 � g.

NGS-Based IG Clonality Detection in B-cell Lymphoma 23



15. Remove the supernatant carefully using a pipette.

16. Air-dry the pellet for at least 1 min until the pellet is
completely dry.

17. Add Low TE-buffer to the pellet (20–50 μl when there is not a
clearly visible pellet present; use larger volumes when the DNA
pellet is bigger).

18. Incubate for at least 2 h at room temperature on a roller bank
or incubate for longer time (o/n or longer) at 4 �C to allow the
DNA to dissolve completely.

19. Determine the DNA concentration and dilute if necessary to a
working solution of 20–40 ng/μl with Low TE-buffer or MQ
(see Note 14).

3.3 Ion Torrent

Protocol for IG-NGS

Clonality Assessment

3.3.1 Multiplex PCR for

Amplification of IGH-FR3,

IGHD, and IGK

1. Prepare three different 0.2 ml PCR tubes per sample:
IGH-FR3, IGHD, and IGK (see Table 1, panel “Ion Torrent
protocol for clonality detection”).

2. Add 40 ng DNA (Qubit measured; seeNote 14) and the other
components of the reaction, according to Table 1 (panel “Ion
Torrent protocol for clonality detection”), and adjust the total
PCR volume to 25 μl with MQ (see Note 17).

3. Use a pipette to mix the prepared PCR reaction with sample
thoroughly while avoiding air bubbles in the reaction mix and
perform a quick spin to collect all liquid to the bottom of the
PCR tube.

4. Run the PCR in a thermocycler with heated lid, according to
the program in Table 1 (panel “Ion Torrent protocol for clon-
ality detection”).

5. After completing the PCRs, combine the tree targets
IGH-FR3, IGHD, and IGK per sample (~75 μl total volume).

3.3.2 Cleanup of IGH-

FR3, IGHD, and IGK

Amplicons

1. Allow the AMPure XP magnetic beads to warm to room tem-
perature for at least 30 min before use. Ensure that the beads
are homogeneous prior to use by mixing the tube by hand for
20 s (see Note 18).

2. Pipette the pooled samples in a DNA LoBind plate, and add
1.8 times (135 μl) volume Agencourt AMPure XP magnetic
beads per sample (see Note 19).

3. Use a pipette to mix the solution thoroughly (avoid air bub-
bles), until the beads and sample are homogeneously mixed,
and incubate for 5 min at room temperature.

4. Place the samples for 2–5 min in a magnetic stand until the
solution is clear (see Note 20).

5. Carefully remove the supernatant using a 200 μl pipette (see
Note 21).

6. Add 150 μl freshly made 70% ethanol per sample (seeNote 22).
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7. Move the plate in the magnetic stand approximately 4 times
from left to right, and make sure the bead pellet migrates and is
washed clean.

8. Carefully remove the supernatant using a 200 μl pipette (see
Note 21).

9. Repeat steps 6–8 once.

10. Carefully remove any remaining supernatant using a 10 μl
pipette, and air-dry the beads for 5 min to allow complete
evaporation of residual ethanol (see Note 23).

11. Resuspend the samples in 25 μl Low TE-buffer.

12. Use a pipette to mix the solution thoroughly (avoid air bub-
bles), to generate a homogeneously mixed solution, and incu-
bate for 2 min at room temperature.

13. Place the samples for 2 min in the magnetic stand until the
solution is clear (see Note 20).

14. Collect the purified DNA by pipetting the solution (~25 μl)
into a new PCR strip (see Note 24).

3.3.3 End Repair of

Amplicons

1. Measure the DNA concentration of every individual sample
using Fluorometric Quantitation (using 2 μl of the sample for
the Qubit high sensitivity assay).

2. Transfer max. 40 ng DNA to a 0.2 ml PCR tube for the end
repair step. In case the total yield is less than 40 ng, use as much
as possible. Adjust the volume to 39.5 μl with Low TE-buffer.

3. Add the reagents for the end repair reaction from the Ion Plus
Fragment Library kit to the amplicons according to Table 6 (see
Note 25).

4. Use a pipette to mix the suspension thoroughly, perform a
quick spin to collect all liquid to the bottom, and incubate
30 min at room temperature (see Note 26).

5. Perform a cleanup as described in Subheading 3.3.2 with 1.8
times volume Agencourt AMPure XP magnetic beads (90 μl)
and elution volume of 25 μl Low TE-buffer.

Table 6
Protocol of the end repair reaction for Ion Torrent

Component Volume (μl)

Pooled amplicons (40 ng) adjusted to 39.5 μl
with low TE-buffer

39.5

5� End Repair Buffer 10

End Repair Enzyme 0.5

Total volume 50
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3.3.4 Adapter Ligation 1. To ligate adapters to the amplicon and to perform nick repair,
for each sample, add the amplicons and reagents from the Ion
Plus Fragment Library kit and Ion Xpress Barcode Adapter kit
to a 0.2 ml PCR tube according to Table 7 (seeNote 27). Make
sure that for each sample a different barcode is used (see
Note 28).

2. Run the adapter ligation program according to Table 8.

3. Perform a cleanup as in Subheading 3.3.2 with 1.8 times
volume Agencourt AMPure XP magnetic beads (90 μl) and
elution volume of 13 μl Low TE-buffer (see Note 29).

3.3.5 Library

Amplification

1. To amplify the libraries, for each sample, add the purified
adapter-ligated amplicons (see Note 29) and reagents from
the Ion Plus Fragment Library kit to a 0.2 ml PCR tube
according to Table 9.

2. Use a pipette to mix the suspension thoroughly and perform a
quick spin to collect all liquid from the sides of the tube.

Table 7
Protocol of the adapter ligation/nick repair reaction for Ion Torrent

Component Volume (μl)

Pooled amplicons (40 ng) 24.5

10� Ligase Buffer 5

Ion P1 adapter from the Barcode Kit (not the one within the Library Kit) 1

dNTP mix 1

Nuclease-free water 12.5

DNA Ligase 1

Nick Repair Polymerase 4

Ion Xpress barcode X 1

Total volume 50

Table 8
Adapter ligation program for Ion Torrent

1 cycle 25 �C 15 min

1 cycle 72 �C 5 min

1 cycle 4 �C 10 min

4 �C 1
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3. Run the PCR in a thermocycler with heated lid, according to
the program in Table 10.

4. Perform a cleanup as in Subheading 3.3.2 with 1.4 times
volume Agencourt AMPure XP magnetic beads per sample
(90 μl) and elution volume of 25 μl Low TE-buffer.

3.3.6 Ion Torrent

Sequencing Run

1. Measure the DNA concentration of all samples using Fluoro-
metric Quantitation.

2. Pool all samples at an equivalent DNA amount andmeasure the
total pool DNA concentration with Fluorometric quantitation.

3. Dilute each pooled sample to a final DNA concentration of
12 ng/ml with Low TE-buffer (Qubit measured). Alterna-
tively, library quantification can be performed with the Ion
Library TaqMan Quantification Kit (220–250 pM final
concentration).

4. Run Ion Torrent on a 318-chip (Ion PGM) or 5S Chip (Ion
GeneStudio S5) for a total of 24–32 samples, according to your
local Sequence Facility (see Note 30).

3.4 Illumina Protocol

for IG-NGS Clonality

Assessment

This two-step PCR protocol is based on a previously published
protocol for marker identification for MRD [21], with some mod-
ifications for the first PCR reaction (Table 1). Furthermore, the
protocol described below is optimized for sequencing on aMiniSeq
(Illumina), but other equipment may be used according to the
instructions of the local Sequence Facility.

Table 10
Library amplification PCR program for Ion Torrent

1 cycle Initial
denaturation

95 �C 5 min

8 cycles Denaturation 95 �C 15 s
Annealing 58 �C 15 s
Extension 70 �C 1 min

1 cycle Hold 4 �C 1

Table 9
Composition of the library amplification reaction for Ion Torrent

Component Volume (μl)

Pooled amplicons (unamplified library) 12.5

Platinum PCR SuperMix High Fidelity 50

Library amplification primer mix 2.5

Total volume 65
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3.4.1 Multiplex PCR for

Amplification of IGH-FR3,

IGHD, and IGK

1. Prepare three different 0.2 ml PCR tubes per sample:
IGH-FR3, IGHD, and IGK (see Table 1, panel “Two-step
Illumina protocol for clonality detection”).

2. Add 40 ng DNA (Qubit measured; seeNote 14) and the other
components of the reaction, according to Table 1 (panel “Two-
step Illumina protocol for clonality detection”). Adjust the
total PCR volume to 25 μl with MQ.

3. Use a pipette to mix the prepared PCR reaction with sample
thoroughly while avoiding air bubbles in the reaction mix and
perform a quick spin to collect all liquid to the bottom of the
PCR tube.

4. Run the PCR in a thermocycler with heated lid, according to
the program in Table 1 (panel “Two-step Illumina protocol for
clonality detection”).

5. After completion of the PCR protocol, combine tube
IGH-FR3, IGHD, and IGK per sample (~75 μl total volume).

3.4.2 Cleanup of IGH-

FR3, IGHD, and IGK

Amplicons

1. Allow the AMPure XP magnetic beads to warm to room tem-
perature for at least 30 min before use. Ensure that the beads
are homogeneous prior to use by mixing the tube by hand for
20 s (see Note 18).

2. Pipette the pooled samples in a DNA LoBind plate and add 1.8
times (135 μl) volume Agencourt AMPure XP magnetic beads
per sample (see Note 19).

3. Use a pipette to mix the solution thoroughly (avoid air bub-
bles), until the beads and sample are homogeneously mixed
and incubate for 5 min at room temperature.

4. Place the samples for 2–5 min in a magnetic stand until the
solution is clear (see Note 20).

5. Carefully remove the supernatant using a 200 μl pipette (see
Note 21).

6. Add 150 μl freshly made 70% ethanol per sample (seeNote 22).

7. Move the plate in the magnetic stand approximately 4 times
from left to right, and make sure the bead pellet migrates and is
washed clean.

8. Carefully remove the supernatant using a 200 μl pipette (see
Note 21).

9. Repeat steps 6–8 once.

10. Carefully remove any remaining supernatant using a 10 μl
pipette, and air-dry the beads for 5 min to allow complete
evaporation of residual ethanol (see Note 23).

11. Resuspend the samples in 25 μl Low TE-buffer.
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12. Use a pipette to mix the solution thoroughly (avoid air bub-
bles), to generate a homogeneously mixed solution, and incu-
bate for 2 min at room temperature.

13. Place the samples for 2 min in the magnetic stand until the
solution is clear (see Note 20).

14. Collect the purified DNA by pipetting the solution (~25 μl)
into a new PCR strip (see Note 24).

3.4.3 Second PCR to

Generate Barcoded

Amplicons

1. Dilute the purified amplicons 1:50 in Low TE-buffer.

2. Use a Roche FastStart™ High Fidelity PCR kit (Sigma-
Aldrich) to prepare a PCR mix for each sample according to
Table 11. Make sure that a unique barcode combination is used
for each sample (see Note 31).

3. Perform the PCR reaction in a total reaction volume of 25 μl.
Mix thoroughly and spin down. Make sure that all reagents are
at the bottom of the tube and avoid air bubbles.

4. Run the PCR in a thermocycler with heated lid, according to
the program in Table 12.

5. After completion of the second PCR, continue with a double
purification as described in Subheading 3.4.4.

3.4.4 Cleanup of

Barcode-Labeled

Amplicons

The cleanup procedure described below is based on a double
purification procedure, where the first step (0.6� volume beads)
is a negative selection and the second step (0.25� volume beads) a
positive selection. This double purification can be replaced by a
single purification protocol, as described in Subheading 3.4.2. In
that case, use 1.0� volume beads for the products from tubes
IGHV-FR3 and IGK and 0.9� volume beads for the products
from tube IGHD.

Table 11
Composition of the barcode amplification reaction for Illumina. Primer sequences and final
concentrations are provided in Table 5

Component Concentration

Purified amplicons (1:50 diluted) 1 μl

FastStart buffer 10� + 18 mM MgCl2 1�
FastStart dNTP’s 10 mM 0.2 mM

Fast start High Fidelity polymerase 5 U/μl 0.8 U

M13 adapter barcoded forward primer X 0.2 μM

M13 adapter barcoded reverse primer X 0.2 μM

MQ Adjust to 25 μl

Total volume 25
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1. Allow the AMPure XP magnetic beads to warm to room tem-
perature for at least 30 min before use. Ensure that the beads
are homogeneous prior to use by mixing the tube by hand for
20 s (see Note 18).

2. Transfer the PCR reaction from each sample (25 μl) in a DNA
LoBind plate (one sample per well), and add 0.6� volume
(15 μl) Agencourt AMPure XP magnetic beads per sample
(see Note 19).

3. Use a pipette to mix the solution thoroughly (avoid air bub-
bles), until the beads and sample are homogeneously mixed,
and incubate for 5 min at room temperature.

4. Put the plate for 2–5 min in a magnetic stand, or until the
solution is clear (see Note 20).

5. Carefully transfer the supernatant (40 μl) into a new well (see
Note 21).

6. Remove the plate from the magnetic stand, and add 0.25�
volume (10 μl) magnetic beads per sample (see Note 18).

7. Use a pipette to mix the solution thoroughly (avoid air bub-
bles), until the beads and sample are homogeneously mixed,
and incubate for 5 min at room temperature.

8. Put the plate on the magnetic rack and incubate for 5 min.

9. Remove and discard the supernatant.

10. Add 200 μl freshly made 70% ethanol to each sample to wash
the beads (see Note 22).

11. Move plate in the magnetic stand approximately 4 times from
left to right, and make sure the bead pellet migrates and is
washed clean.

12. Carefully remove and discard the supernatant (see Note 21).

13. Repeat steps 10–12 once.

Table 12
PCR program for the barcode amplification reaction for Illumina. A header of this table is missing,
please include a Header, which should be: Cycle (1st column), PCR step (column 2) Temperature
(column 3) Time (column 4)

1 cycle This row is a normal row, however
the header of this Table is missing, please include a header.

Initial denaturation 95 �C 2 min

20 cycles this row should not be in bold Denaturation 94 ˚C 30 s
Annealing 63 ˚C 30 s
Extension 72 ˚C 30 s

1 cycle Final extension 72 �C 5 min

1 cycle Hold 12 �C 1
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14. Carefully remove any remaining supernatant using a 10 μl
pipette, and air-dry the beads for 5 min to allow complete
evaporation of residual ethanol (see Note 23).

15. Remove the plate from the magnet and add 10 μl Low
TE-buffer per sample.

16. Mix thoroughly (avoid air bubbles) and incubate for 2 min at
room temperature.

17. Put the plate on the magnetic stand for 2 min or until the
solution is clear (see Note 20).

18. Collect the purified DNA by pipetting the solution (~10 μl)
into a new PCR strip.

19. Continue with setting up the Illumina sequencing run.

3.4.5 Illumina

Sequencing Run

1. Measure the DNA concentration of all samples using Fluoro-
metric Quantitation.

2. Pool all samples equimolar and measure the concentration of
the total sample pool using fluorometric quantitation.

3. Perform sequencing on the Illumina instrument employing
corresponding reagent Kit, according to the manufacturer’s
instructions and your local Sequence Facility (see Note 32).

3.5 Post-Analytical

Data Analysis

The obtained sequencing results can be analyzed with the bioinfor-
matics tool ARResT/Interrogate (http://arrest.tools/interrogate)
[18] (seeNote 33). FastQ data files are uploaded and processed for
analysis. Subsequently, the results can be visualized for further
analysis using the “reporting” or “questions” sections. Here, the
different rearrangements are referred to as clonotypes that include
information about the 50 gene, junction, and 30 gene, as shown in
Fig. 4.

For basic clonality analysis, it is recommended to use the
reporting function. Here, a complete overview of the clonality
results is generated automatically for all IG loci, i.e., IGHV-
IGHD-IGHJ (FR3), IGHD-IGHJ, and IGKV-IGKJ and a com-
bined result for IGKV/Intron RSS-KDE, comparable with conven-
tional clonality testing using BIOMED-2/EuroClonality assays.
Select a sample, make sure the correct target is selected (i.e., choose
“IG” under cell type for B-cell clonality assessment), the filter is set
on 0–100% to include all detected clonotypes, and click on
“report”. The following information will be shown in the report
that is generated:

1. First, an overview of some quality parameters is shown. The
most important is the QC status: “Pass” when the data meets
all quality criteria or “Fail” when the data does not meet all
quality criteria. Under “QC report” it can be found why the
QC failed and which target failed; please interpret these targets
with caution.
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2. A bar chart for each IG locus is created with the abundancy of
detected clonotypes on the y-axis and the junction amino acid
(aa) length on the x-axis. Note IGHD-IGHJ and all rearrange-
ments involving KDE are not expressed and are “artificially”
described as clonotypes in ARResT/Interrogate. In this way,
each bar represents all clonotypes with the same junction aa
length, whereas each clonotype with a unique nucleotide
sequence is depicted with a specific color. Please note that
only the top 50 most abundant clonotypes are colored; all
other clonotypes are merged and represented by gray bars.

3. A table with more detailed information about the top 15 clo-
notypes is generated and shown next to the bar chart. This
table includes the genes and segmentation of the clonotypes,
the amino acid sequence of the junction, functionality of the
rearrangement (pro, productive; pop, potentially productive,
for incomplete rearrangements; unp, unproductive; unk,
unknown, for special rearrangements), the length of the junc-
tion in amino acids, and the number and percentage of reads
with the specific clonotype and length.

4. In a small-sized table, some general information (“stats for
junction class set”) is shown, of which especially the total
number of reads (for normalization) is important.

With the “PDF” button that is present in the reporting
function, the total report can be exported as a PDF file.

More advanced analyses can be performed using the “ques-
tions” function. In addition to the standard parameters (i.e., junc-
tion aa length and clonotype), also other ones can be chosen, like

Fig. 4 Clonotype annotation. A rearrangement (complete IGH and IGK
rearrangements) is referred to as a clonotype notated as an immunoglobulin
nucleotide sequence with a 50 gene (V-gene), the junction, and the 30 gene
(J-gene). The junction consists of three parts: the first and last numbers are the
amount of nucleotides that is removed from the 50- or 30-genes, respectively.
The middle number is the amount of nucleotides that is present between the 50-
and 30-genes and includes the so-called N-nucleotides that are added by the
enzyme terminal deoxynucleotidyl transferase (TdT) during the V(D)J
recombination process, as well as the D-gene in case of a complete VDJ
rearrangement. Incomplete, nonfunctional IGH and IGK rearrangements (IGHD-
IGHJ, IGKV-KDE, Intron RSS-KDE) are “artificially” described as clonotypes in
ARResT/Interrogate in a similar way as shown here for complete IGH
rearrangements, using the corresponding 50- and 30-genes and their junctions
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amplicon length or the 50- or 30-genes/primers to analyze the data
in more detail. Furthermore, in contrast to the reporting section, it
is possible to select 2 or more samples at the same time in the
questions section, to directly compare the nucleotide sequences in
either a bar chart or table. This is especially of added value when a
clonal comparison has to be made for a patient with multiple
tumors, for example. Using the questions function, the data can
be visualized as follows:

1. The “table” subsection can be used to create a table of all
detected clonotypes with information about the chosen para-
meters. This complete table can be exported using the small
download button (download full table in .xlsx format). Again,
it is possible to select one or more samples for the analysis.

2. Using the “bars” subsection, bar charts can be created with the
parameters of interest. This can be done for a single sample or
for the analysis of multiple samples simultaneously in case of a
clonal comparison for example. The generated bar charts can
be downloaded as image by using the button at the upper right
corner next to the legend.

Within ARResT/Interrogate, all bar charts (created within
both the reporting and questions function) are “interactive” mean-
ing that by clicking on one or more colored parts of a bar, the
corresponding clonotypes are selected. A so-called minitable pops
up at the top of the page, with the general information about the
clonotype(s), but also the most popular full nucleotide sequence of
the corresponding clonotype. This information can be downloaded
using the download button. Further analysis of the most popular
nucleotide sequence, but also all other sequences belonging to the
same clonotype, can be done within the “forensics” function. By
using the green button “run tests,” this forensics section will open
automatically or go manually to this section. Here, the following
analyses can be performed:

1. When forensics is opened, automatically the subsection “tests”
is shown. By selecting “interrogate” and choosing “run the test
on minitable,” more detailed information will appear for the
most popular nucleotide sequence, like the segmentation of the
clonotype and alignment to the germline sequences of the
corresponding genes. Also additional tools (i.e., IMGT/V-
QUEST and Vidjil) are available for further analysis of the
selected clonotypes.

2. By going to the subsection “sequences,” a table with all nucle-
otide sequences, including the number of reads, is shown that
corresponds to the selected clonotype which can be retrieved
and downloaded. Please note that when working via the
“reporting” section, first “reporting panel features” needs to
be selected before sequences can be retrieved.
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After visualization of the results, the obtained clonality patterns
of each sample, which is run under standardized conditions (input
of DNA and number of samples per run), can be interpreted. It is
strongly advised to include a polyclonal control sample in the run.
A standardized input of an FFPE-derived polyclonal control sample
under standardized run conditions should demonstrate a Gaussian
curve with differently sized junctions of the gene rearrangement
and a high variety of clonotypes represented by the presence of gray
bars as shown in the top panel of Fig. 5, as well as the detection of
the V/D/J gene families. Skewing of the curve to either short or
long amplicon lengths could imply that the library preparation was
not optimal and may interfere with the analysis of samples prepared
within the same run. The same holds true for too few reads and/or
clonotypes. Depending on the tumor load of a clonal sample, as
well as the input of DNA (per PCR-library), a dominant clonotype
will be present, as shown in the lower panel of Fig. 5.

Fig. 5 Output data generated by ARResT/Interrogate with IG-NGS clonality assay. IG-NGS clonality profiles of a
polyclonal (upper panel) and monoclonal (lower panel) sample are shown in bar charts generated by ARResT/
Interrogate (target IGHV-IGHD-IGHJ FR3). On the y-axis, the abundancy of detected clonotypes is shown in
percentage and on the x-axis, the junction length is shown in amino acids (aa). Each bar represents clonotypes
with the same junction aa length, and each color indicates a unique clonotype based on their nucleotide
sequence. Only the 50 most abundant clonotypes are colored, and all other, less frequent gene rearrange-
ments are merged and represented by the gray bars
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For correct interpretation of the clonality assay per sample,
several steps should be followed:

1. Make a technical interpretation of the obtained results per
locus and rearrangement type (i.e., IGHV-IGHD-IGHJ,
IGHD-IGHJ, IGKV-IGKJ, and IGKV/Intron RSS-KDE).
This includes the number of obtained reads, but also the num-
ber of different clonotypes detected, the run conditions, the
DNA input, and the tumor load. Based on this protocol, the
data can be analyzed reliably when at least 1000 reads are
available for a PCR-target as evaluated in the EuroClonality-
NGS biological validation study [22]. The technical interpreta-
tion per PCR target uses the terminology: “clonal,” “poly-
clonal,” or “no specific product,” with the possibility to add a
more detailed information, similar as described in the guide-
lines for conventional clonality testing [17].

2. Evaluation of the technical interpretation of the individual
rearrangement types (PCRs) into a molecular clonality conclu-
sion, according to the EuroClonality guidelines for conven-
tional clonality testing [17].

Guidelines for the technical interpretation of the obtained
result per locus and rearrangement type, as well as for the molecular
clonality conclusion, are under development. Furthermore, it
should be stressed that the clonality results should be integrated
with the clinical, morphological, and immunophenotypic data to
make a final diagnosis.

4 Notes

1. The design of the two-step Illumina protocol for clonality
detection is based on two previously developed assays: the
Ion Torrent protocol for clonality detection [6] and the
two-step Illumina protocol for marker identification [21].
The first step, i.e., target amplification, is based on the Ion
Torrent protocol, since the analyzed targets are identical.
Therefore, the PCR conditions and primer sequences for target
amplification are the same for both protocols, except the M13
sequence on the forward and reverse primers. Due to the
occurrence of SHM in most B-cell lymphomas within the
IGHV genes, the annealing temperature for IGHV-FR3 PCR
is lower (60 �C) in the two-step Illumina clonality detection
protocol compared to the MRDmarker identification protocol
(63 �C). To create uniformity in the PCR programs for all
targets, the PCR programs are similar for all targets.

2. The chosen DNA extraction method should significantly
reduce protein and RNA contamination, and thus a procedure
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that includes column-based purification is strongly recom-
mended. Extraction methods that isolate both DNA and
RNA in parallel are not suitable. RNA present in the DNA
solution negatively influences the PCR reaction resulting in
an abnormal, disturbed polyclonal pattern. The DNA should
be quantified to enable standardized DNA input in the PCR.

3. Different primer pools need to be prepared for each of the
three multiplex PCR reactions (IGHV-FR3, IGHD, and
IGK). Each primer pool should preferably contain all forward
and reverse primers for that specific target. It is recommended
to prepare 25� concentrated primer pools, where 1 μl primer
pool can be used for each PCR reaction. Within the pool, 5 μM
or 10 μM concentrations of each primer should be added,
according to Tables 2, 3, and 4, which yields 0.2 μM or
0.4 μM final concentration within the reaction, respectively.
For instance, if 600 μl primer pool is prepared, add the different
primer volumes from 300 μM stock concentrations, i.e., 10 μl
for 5 μM primer pool concentration and 20 μl for 10 μM
primer pool concentration, and adjust the final volume to
600 μl with Low TE-buffer. Please note that for the Ion
Torrent protocol, the primer sequences without the M13
adapter (blue or green sequences) should be used.

4. To assess whether the tissue slices used for DNA extraction is
representative for the disease, 4 μm haematoxylin-eosin sec-
tions just before and after these slices should be evaluated by an
experienced hematopathologist. The tissue fixation protocol
may affect the degradation of the extracted DNA and thus
the DNA quality in terms of amplifiability. It is important that
neutral-buffered formalin is used. Prolonged fixation should be
avoided as this induces too much cross-linking between DNA
and other biomolecules resulting in inferior DNA quality for
molecular analysis. In case the sample surface of the paraffin
block has been exposed to air, it is advised to discard the first
2–3 sections before cutting sections for DNA isolation to avoid
contamination. It is strongly advised to assess the quality of the
purified DNA from FFPE samples by a quality control proce-
dure using a size ladder PCR [13] and gel system, TapeStation
(Agilent) or Bioanalyzer (Agilent).

5. A negative control sample should be included to monitor
possible contaminations throughout the entire procedure. To
this end, H2O can be used as non-template negative control. A
polyclonal positive control sample is essential as it allows to
evaluate whether the multiplex PCR reaction was successful
and to identify the V and J genes in the polyclonal sample. To
obtain a complete, polyclonal IG pattern, tonsil or reactive
lymph node DNA is preferred because of the higher B-cell
numbers compared to peripheral blood samples.
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6. For deparaffinization of FFPE tissue sections, Deparaffiniza-
tion Solution (QIAGEN) can be used instead of xylene. In that
case, replace steps 2 until 14 for the manufacturer’s protocol
supplied with the deparaffinization solution, and continue the
protocol with step 15.

7. It is important that the tissue sample is completely lysed for
optimal DNA yields. If the tissue is not yet lysed completely
after overnight incubation, add additional proteinase K
(15–20 μl), and incubate at 56 �C for a few hours on a thermo-
mixer until all tissue is dissolved.

8. In case one heating block is used, leave the sample(s) at room
temperature after the 56 �C incubation until the temperature
within the heating block has reached 90 �C or 95 �C. Also, be
aware that longer incubation at 90 �C/95 �C may result in
more fragmented DNA.

9. The DNA sample, buffer AL, and ethanol should be mixed
immediately and thoroughly by vortexing or pipetting. When
processing multiple samples, buffer AL and ethanol can be
premixed and added together in one step.

10. If the lysate has not completely passed through the membrane
after centrifugation, centrifuge again at a higher speed until the
QIAamp MinElute column is empty.

11. Buffers AW1 and AW2 are provided as concentrated solutions.
Make sure that ethanol has been added to prepare Buffer AW1
and Buffer AW2 in a correct way before use.

12. When buffer AW2, containing ethanol, is not removed
completely, this will end up in the eluate and may interfere
with downstream applications.

13. Ensure that the elution buffer is equilibrated to room temper-
ature, and add the elution buffer onto the center of the mem-
brane to ensure complete elution of bound DNA. This is
especially important when elution volumes <50 μl are used.

14. For the subsequent PCR step (both Ion Torrent and Illumina
protocol), 40 ng input DNA is standardly used per reaction as
measured by Qubit, which yields optimal results. With limited
DNA stock available, it is possible to go as low as 10 ng input
DNA per PCR reaction [6].

15. DNA extraction can be performed at a later time point. To do
so, tissue sections should be placed in an empty 1.5 ml Eppen-
dorf tube and stored at �80 �C until further processing.

16. After ethanol is added and mixed, the sample can also be
incubated for up to a few hours in the fridge. This could
potentially increase the DNA yield obtained after the complete
procedure.
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17. When multiple samples are prepared at the same time, a master
mix can be made containing the shared components of the
different reactions. This will save time and generates uniform
reaction mixtures. Please note that such master mix should be
prepared for the number of samples +10% or one extra sample,
kept cool (not frozen), and the polymerase is added as a final
component.

18. Temperature can alter the behavior of magnetic beads. These
are tested and optimized for use at room temperature. Also
make sure that the beads are homogenized before use, so the
DNA to bead ratio is correct.

19. Agencourt AMPure XP magnetic beads can also be pipetted
into the DNA LoBind plate first for each sample, after which
the pooled samples are added to the beads.

20. Make sure that the beads form a compact pellet before remov-
ing the supernatant. If not, move the plate a little bit around
the magnet, and allow them to form a more distinctive com-
pact pellet.

21. Be aware that as little beads as possible are taken up. This will
lower the target specific amplicon yield after purification, as
these molecules are bound to the beads. In Subheading 3.4.4,
step 5, the target specific amplicons are in the supernatant,
while undesired molecules are bound to the magnetic beads.
Pipetting too many beads along with the supernatant can
disturb downstream applications. To be sure no beads are
transferred together with the supernatant, it is advised to
transfer a smaller sample volume (e.g. 39 μl) and adjust with
the appropriate beads volume in the next step.

22. It is recommended to use a freshly prepared 70% ethanol
solution to wash the samples/beads, to ensure that the ethanol
concentration is correct.

23. It is important that all residual ethanol is evaporated, but make
sure not to overdry the beads as this will lower the DNA yield
after recovery.

24. After each cleanup, samples can be stored at 4 �C for up to
1 week before continuing to the next step.

25. This protocol uses half the amount of reagents per sample as
advised with the Ion Xpress kit. This has been tested extensively
and works fine for this specific assay.

26. To ensure a constant room temperature, it is recommended to
perform this incubation step in a thermocycler at 20 �C.

27. It is very important to use the Ion P1 Adapter from the
barcode kit and not the adapters that are provided in the Ion
Plus Fragment Library kit (green lid). In case the incorrect
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adapters are used, the barcode ligation will be very inefficient
and up to 85% of the generated reads will not be barcoded and
are useless.

28. For the preparation of samples for one Ion Torrent run con-
taining 24–32 samples, the same number of different barcodes
is required. Each kit of Ion Xpress™ Barcode Adapters con-
tains 16 different barcodes, so at least 2 kits are required for a
library of 24–32 samples.

29. When collecting the supernatant containing the amplicon pro-
ducts, only 12.5 μl is collected into new PCR strip for this step,
to ensure that the pellet is not disturbed. Furthermore, in this
way the samples are ready to be used for the next step which
requires 12.5 μl of pooled amplicons.

30. For sequencing and sample pool preparation, always follow the
protocols and instructions from the local Sequence Facility.
There are different Ion Torrent sequencers with associated
kits and chips (e.g., Ion PGM Template OT2 200 Kit, Ion
510TM & Ion 520TM & Ion 530TM Kit Chef, Ion Chef
[or Ion OneTouch 2 System]), which may require different
concentrations and volumes of the prepared sample pool for
optimal results. For running a 318 chip on the Ion Chef, it is
recommended to include 24–32 samples per run.

31. When preparing a set of multiple samples, PCR master mixes
can be used. Depending on the choices of the barcodes primers
and the number of samples, one of the primers (i.e., forward or
reverse) can eventually be included in the master mix. Other-
wise, add each barcoded primer separately to each sample.
Please note that each sample analyzed in a single sequencing
run should get a unique combination of a forward and reverse
barcode.

32. For sequencing and sample pool preparation, always follow the
protocols and instructions from the local Sequence Facility.
There are different Illumina sequencers that can be used, with
their associated kits and chips for sequencing (e.g., MiniSeq
sequencer and MiniSeq Mid Output Kit, or MiSeq sequencer
and MiSeq Reagent Kit v2). Depending on the sequencing
equipment, different concentrations and volumes of the
prepared sample pool may be required for optimal results.
For example, sequencing on a MiniSeq instrument using a
mid-output chip requires a sample pool of 4 nM in a volume
of 20 μl. Also the number of samples that can be analyzed in a
single sequencing run depends on the sequencing instrument
and chip. For running a mid-output chip on a MiniSeq instru-
ment, it is recommended to include 24–32 samples per run.

33. ARResT/Interrogate is best viewed using Google Chrome or
Firefox. The availability of the below described functions (i.e.,
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“reporting” and “questions”) depends on the user mode.
However, in each user mode, at least one of these functions is
available. For specific questions regarding an ARResT/Inter-
rogate account, please contact the ARResT team (con
tact@arrest.tools).
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