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Preface

Adaptive immune cells (lymphocytes) are equipped with unique antigen receptors, termed
immunoglobulins (IG) and T cell receptors (TR), which collectively form a highly diverse
repertoire. In the lymphocytes, IG/TR diversity is actually created at the DNA level, thus
giving rise to an enormous adaptive immune receptor repertoire (also known as the immu-
nome) that can be studied in healthy and diseased subjects in the context of research
questions and clinical applications. This field of (fundamental and translational) research is
known as immunogenetics.

The immunogenetics domain has rapidly evolved in the last ten years or so, mainly
through the introduction of high-throughput technologies. With these new technologies,
unprecedented insight into the adaptive immune receptor repertoire could be obtained with
much more sequencing depth and coverage of the repertoire than ever before. In this
volume, many chapters are dedicated to lab protocols, bioinformatics, and immunoinfor-
matics analysis of this high-resolution immunome analysis, exemplified by many different
applications. Additionally, the newest technological variations on these protocols are dis-
cussed, including non-amplicon, single-cell, and cell-free strategies. Collectively, the chap-
ters illustrate the impact that immunogenetics has achieved and will further expand in all
fields of medicine, from infection and (auto)immunity, to vaccination, to lymphoid malig-
nancy and tumor immunity.

As the guest editor of this volume on immunogenetics in the Methods in Molecular
Biolggybook series, I am very pleased with the content and quality of this book. I am gratetul
to all authors who contributed to the success of this book volume with their valuable and
informative chapters that collectively cover a broad spectrum of methodologies for applica-
tions in research and clinical diagnostics. I sincerely hope that readers will find the protocols
and the method descriptions as useful as I did, for their own laboratory studies. Enjoy
reading!

Rotterdam, The Netherlands Anton W. Langevak
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The Advent of Precision Inmunology: Inmunogenetics
at the Center of Inmune Cell Analysis in Health and Disease

Anton W. Langerak

Abstract

Adaptive immune cells (i.e., lymphocytes of the B and T lineage) are equipped with unique antigen
receptors, which collectively form a highly diverse repertoire. Within the lymphocytes, the antigen receptor
diversity is created at the DNA level through recombination processes in the immunoglobulin (IG) and T
cell receptor (TR) genes that encode these receptors. This gives rise to an enormous immune repertoire
(a.k.a. the “immunome”) that can be studied in health and disease, both in a scientific and clinical context.
In fact, the inherent distinctiveness of the IG/TR rearrangements on a per cell basis allows their usage as
unique DNA fingerprints, which enables precision medicine, or for that matter “precision immunology.”
The field of (fundamental and translational) research on IG/TR repertoire diversity is the topic of the
Immunogenetics volume in the Methods in Molecular Biology series.

Key words Immunoglobulin, T cell receptor, Immunogenetics, Inmunome, Precision immunology

1 Introduction

Our current understanding of the diversity of antigen receptors
started with the publication on “Somatic generation of antibody
diversity” by Susumu Tonegawa in 1983 [1], which resulted in the
Nobel Prize in Physiology for the author in 1989. In this seminal
publication, Tonegawa introduced the concept of genetic recombi-
nation mechanisms of V (variable), D (diversity), and J (joining)
genes in the loci encoding the immunoglobulin (IG) chains,
which—as was subsequently discovered—also applies to the T cell
receptor (TR) loci. These recombinations lead to an enormous
repertoire diversity of B and T lymphocytes, referred to as the
“immunome.” The research into the genetics of the immune cell
repertoire has been termed “immunogenetics.” Besides 1G/TR
gene diversity, the field of immunogenetics formally also includes
diversity in the human leukocyte antigens (HLA), but this is largely
beyond the scope of the current Immunogenetics volume in the
Methods in Molecular Biology series.

Anton W. Langerak (ed.), Immunogenetics: Methods and Protocols, Methods in Molecular Biology,
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2 Immunogenetics in the Hematology-Immunology Domain

B and T lymphocyte populations and their respective IG /TR reper-
toires are mostly studied in the context of immune diseases (auto-
immune diseases, allergies, immune deficiencies) and immune
responses (infections, inflammation, vaccinology, cancer), but also
frequently in the context of hematological malignancies of immune
cells (leukemias and lymphomas).

Irrespective of the application, it is important, when evaluating
IG and TR repertoire diversity in B and T cell populations, to
consider the repertoire data as being part of a spectrum ranging
from broadly diverse (polyclonal), to restricted (oligoclonal), to
dominant (clonal +/— poly/oligoclonal background) (Fig. 1).
This spectrum reflects the minimal to moderate to dominant out-
growth of B or T lymphocytes of a particular specificity, which are
selected based on their antigen reactivity.

Immunogenetic analysis can provide in-depth insight into the
diversity of immune cells and immune responses in the context of
different research questions. Additionally, the diversity or clonality
of the immune repertoire can also help to address clinical and
diagnostic questions. In the hematological domain, this relates to
the distinction between reactive lymphoproliferations (poly- to
oligoclonality) and malignantly transformed lymphocytes
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Fig. 1 Spectrum of IG/TR immune repertoire diversity, ranging from diverse (polyclonal) to highly restricted
(clonal), which can be disclosed using high-throughput sequencing technologies. (Adapted from Langerak, J

Immunol 2017;198:3765 [2])
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(clonality) or to detection of minimal residual disease of a clone
upon treatment (weak clonality in background). In other areas of
medicine, immunogenetic analysis can shed light on proper or
defective immune responses in infected and vaccinated individuals
and/or can help to distinguish between disease entities (e.g., in due
time for particular autoimmune 1G/TR profiles).

3 Immunogenetics Methods

Historically, immunogenetic analysis has been performed using
low-resolution methodologies, such as Southern blot analysis, frag-
ment analysis or spectratyping, and Sanger sequencing of cloned,
rearranged IG/TR genes [3]. Even though these approaches
enabled us to grasp the diversity of antigen receptors to some
extent, they suffered from limitations in completely disclosing the
depth and broadness of the IG/TR immune repertoire. The intro-
duction of high-throughput technologies some 15 years ago
allowed for a more high-resolution immune repertoire analysis via
massively parallel sequencing (Fig. 2). These next-generation

traditional bulk massively parallel single cell sequencing

sequencing

sequencing
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Fig. 2 Graphical representation of different sequencing approaches for IG/TR repertoire analysis. By means of
traditional (Sanger) bulk sequencing, only the dominant immune repertoire (in green) can be identified over the
background (grey), which strongly contrasts with the high-resolution output of many individual 1G/TR
rearrangements (represented by the different colors) through massively parallel sequencing. The additional
advantage of single-cell sequencing technologies is that the high-resolution IG/TR repertoire analysis can be
traced back to individual cells, which allows evaluation of paired 1G or TR chains at the single-cell level and/or
combination of immune repertoire and differentiation or maturation stage features
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sequencing methods have the advantage that thousands to millions
of IG/TR rearrangement sequences can be analyzed in parallel,
thus approximating the true 1G/TR repertoire diversity much
more closely. A further development has been the introduction of
single-cell sequencing technologies (Fig. 2), allowing paired analy-
sis of different IG or TR chains at the single-cell level and the
combination of immune repertoire analysis with RNA
sequencing-based cell characteristics (e.g., naive vs. memory, acti-
vated or exhausted cells).

4 (Pre- and Post-)Analytical Aspects of Imnmunogenetics

As with any experimental method, immune repertoire analysis also
entails pre-analytical, analytical, and post-analytical phases. For
immune repertoire studies, the pre-analytical considerations specif-
ically focus around the choice of sample type, nucleic acid type, IG/
TR targets, etc., whereas the analytical phase relates to the pros and
cons of the applied method (next-generation sequencing, quantita-
tive PCR, droplet digital PCR). Finally, the post-analytical phase
involves the readouts and tools for data analysis, but also the
immuno-informatics to accurately annotate the IG/TR sequences
and the bioinformatic pipelines and platforms that allow sophisti-
cated analysis of the IG/TR data and all of their characteristic
features (gene usage, CDR3, somatic mutations, clustering,
and clonal evolution and competition).

In this volume of the Methods in Molecular Biology series, all of
the above aspects of the pre-analytical, analytical, and
post-analytical phases of IG/TR repertoire analysis are addressed
in different methodological chapters that together cover a spec-
trum of technologies, ranging from quantitative and droplet digital
PCR approaches to various NGS methodologies such as amplicon-
based, capture-based, and single-cell NGS. Additionally, bioinfor-
matic approaches are discussed that allow for extraction of IG/TR
repertoire sequences from -omics data sets, i.e., RNA sequencing,
whole genome sequencing, and whole exome sequencing. Finally,
several novel approaches in the immunogenetic domain are cov-
ered, concerning cell-free IG/TR analysis, analysis of germline
areas of the TR loci, analysis of aberrantly rearranged 1G genes
leading to IG translocations, and engineering of TR sequences in
view of adoptive therapy.

5 Immunogenetics at the Basis of Precision Immunology

Collectively, the chapters in this volume are a perfect illustration of
the central position that immunogenetics has obtained in the
hematology-immunology domain in both health and disease
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Fig. 3 Precision immunology through immunogenetic analysis. Characteristic 1G/
TR CDR3 profiles allow identification of individual patients. These profiles have
implications to define immune responsiveness, to make diagnosis and/or sub-
classification, or even support therapeutic choices

[2]. Immunogenetic profiles constitute physiological and patho-
physiological signatures of cell populations, thereby allowing a
more personalized approach in terms of immune responsiveness,
diagnostics and classification, and even therapeutic choices
[4]. This form of precision medicine involving immunogenetics
could therefore best be referred to as “precision immunology”
(Fig. 3). The future of immunogenetics is bright!
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Next-Generation Sequencing-Based Clonality Detection
of Immunoglobulin Gene Rearrangements in B-Gell
Lymphoma

Diede A. G. van Bladel, Jessica L. M. van der Last-Kempkes,
Blanca Scheijen, Patricia J. T. A. Groenen,
and on behalf of the EuroClonality Consortium

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 1G

Anton W. Langerak (ed.), Immunogenetics: Methods and Protocols, Methods in Molecular Biology,
vol. 2453, https://doi.org/10.1007/978-1-0716-2115-8_2, © The Author(s) 2022
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1.1 Immunoglobulin
Gene Rearrangements

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.

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
BCRis 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
RAGI 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 ] 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 VD] 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-IGK]J rear-
rangement, additional rearrangements will occur that inactivate
the IGK locus by removal of the IGKC region and the enhancers.
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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 5’ 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]

These rearrangements involve the KDE sequence that can rear-
range to one of the kappa V genes and thereby delete the initial
IGKV-1GK] 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 x 10°[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].
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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]

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-IGH] rearrangements but also
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incomplete IGHD-IGH] rearrangements, which are not affected
by somatic hypermutation either. For IGK gene rearrangements,
not only IGKV-IGK]J 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
150400 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.

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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1.4 Different NGS
Platforms for Glonality
Testing: lon Torrent
Versus lllumina

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.

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-
IGH]J and IGHD-IGH]) and IGK (IGKV-IGK]J, 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
Ton 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
Tllumina sequencing platform that will be described in this chapter
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Multiplex PCR for target amplification

Tube: IGHV-FR3 Tube: IGHD Tube: IGK
Forward primers
i Forward primers “=+ Forward primers == IGKV:11x
IGHV-FR3: 22x IGHD: 8x | IGK-Intron RSS: 1x
Reverse primers / Reverse primers \ Reverse primers
IGHJ: 3x \ IGH.J: 3x \ IGK.J: 3x
IGK-DE: 1x
+ 4
] [ & B
|0ntorrent Adapter ligation protocol i | | umina Two-step PCR protocal
Target amplification Target amplification
.
+
End-repair

Barcode adapter ligation & nick repair

LLECg  Amplicon o Adapter |
BC P1

Barcode amplification

Library amplification g
\ '-‘-' e — »

> § Amplicon ——1
Barcode-labeled amplicon — [NEN ’“'Tap,
4 P

I |

+ +

|ARResT/Interrogate |

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 lon Torrent (left panel) or lllumina
(right panel) is shown. The lon 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 lllumina 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

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
Ton Torrent protocol (Table 1) (see Note 1).
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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

2.2 DNA Isolation

. Volume-adjustable single-channel and multichannel pipettes.
. Filter tips.

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

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

. Vortex.

N O W N

. 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 (T19Eg1): 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 (M] Research) or equivalent
equipment.

1. Xylene (molecular biology quality grade).

2. TET lysis bufter: 10 mM Tris/HCI pH 8.5, 1 mM EDTA
pH 8.0, 0.01% Tween-20.



2.3 IG-NGS Clonality
Assays

2.3.1 Target
Amplification and
Purifications

2.3.2 lon Torrent Library
Preparation and
Sequencing

2.3.3 llumina Library
Preparation and
Sequencing

NGS-Based |G Clonality Detection in B-cell Lymphoma 17

3. Chelex-100 (Bio-Rad).

4. TSE: 10 mM Tris-HCI 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).

1. dNTDs.

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

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

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

5. Agencourt AMPure XP Beads (Beckman Coulter).
6. Dyna Mag-96side Magnet (Thermo Fisher Scientific).

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

2. Ton 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).

1. dNTDs.

2. HPLC purified Illumina M13-barcoded primers to be dis-
solved in Low TE-butffer at 100 pmol /pl (100 pM stock solu-
tion, dilute to 5 pM 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 Final

Primer

Primer Sequence (with M13 adapter

nomenclature concentration direction ;(:rt‘; 331;9/1‘6\'61'56)
IGH-V-FR3- () 5 GTAAAACGACGGCCAGTAAGTTCCAGGGC
A-1 s AGAGTCAC
IGH-V-FR3- () 5 GTAAAACGACGGCCAGTGTCCATCAGCAC
B-1 s AGCCTACA
IGH-V-FR3- () o 5 GTAAAACGACGGCCAGTGACATGTCCACA
C-1 s AGCACAGC
IGH-V-FR3- (o 5 GTAAAACGACGGCCAGTTCTCCAAGGACA
D-1 s CCTCCAAGA
IGH-V-FR3- (o 5 GTAAAACGACGGCCAGTCAGGCTCACCAT
E-1 s CTCCAAGG
IGH-V-FR3- 5 GTAAAACGACGGCCAGTCCATCTCTGAAG
F-1 als AGCAGGCT
IGH-V-FR3- () 5 GTAAAACGACGGCCAGTTGAAGGGCCGAT
G-1 s TCACCATC
IGH-V-FR3- (4 o 5 GTAAAACGACGGCCAGTAGGCAGATTCAC
H-1 s CATCTCAAGA
IGH-V-FR3- o, 5 GTAAAACGACGGCCAGTAGCGCCGATTCA
I-1 s TCATCTCC
IGH-V-FR3- (o 5 GTAAAACGACGGCCAGTCCAAAAGCATCA
J-1 s CCTATCTGCA
IGH-V-FR3- (o 5 GTAAAACGACGGCCAGTGAAGGGCCGGTT
K-1 s CACCATC
IGH-V-FR3- (o 5 GTAAAACGACGGCCAGTACCTCCAGAGAT
L-1 s AACGCCAAG
IGH-V-FR3- (o 5 GTAAAACGACGGCCAGTCAGGAAGGGCAG
M-1 s ATTCACCA
IGH-V-FR3- (o 5 GTAAAACGACGGCCAGTGAAGGGCCGATT
N-1 s GACCATCTC
IGH-V-FR3- (o 5 GTAAAACGACGGCCAGTCTCCGTGAAGGG
0-1 s CAGATTCA
IGH-V-FR3- (o 5 GTAAAACGACGGCCAGTGATGATTCAAAG
P-1 s AACACGGCGT
IGH-V-FR3- () o 5 GTAAAACGACGGCCAGTCCGTCCCTCAAG
Q-1 s AGTCGAGT
IGH-V-FR3- /o 5 GTAAAACGACGGCCAGTCCGTCCCTCAAG
R-1 s AGTCGAAT
IGH-V-FR3- (o 5 GTAAAACGACGGCCAGTGTCACCATCTCA
S-1 s GCCGACAA
IGH-V-FR3- (o o 5 GTAAAACGACGGCCAGTCAAGTCCATCAG
T-1 s CACTGCCT
IGH-V-FR3- ) 5 GTAAAACGACGGCCAGTCAGTTCTCCCTGC
U-1 s AGCTGAA
IGH-V-FR3- ( , o 5 GTAAAACGACGGCCAGTGGCTTCACAGGA
V-1 s CGGTTTGT

, TAATACGACTCACTATAGGGCTTACCTGAG
IGH-J-A-1 02 uM 3 GAGACGGTGACC

IGH-J-B-1 0.2 uM

IGH-J-C-1 0.2 uM

TAATACGACTCACTATAGGGCTCACCTGAG
GAGACAGTGACC
TAATACGACTCACTATAGGGCTCACCTGAG
GAGACGGTGACC

“ For the Ion Torrent protocol, primers without the M13 sequence are used
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Primers included in the multiplex PCR reaction for NGS-based clonality
assessment: Tube IGHD

Primer Sequence (with MI13  adapter

Primer Final Primer

nomenclature concentration direction ts(: rt\(: :;r’ii/rcvcrsc)
IGH-D-A-1 0.2 uM 5 (ngééﬁér}:g:CGGCCAGTGATTCYGAACAGC
IGH-D-B-1 0.2 uM 5 giééﬁéq(ﬂjgACGGCCAGTGATTTTGTGGGGG
IGH-D-C-1 0.2 uM 5 ?g? é _?‘ (?15(:(,; ACGGCCAGTGTTTGRRGTGAGG
IGH-D-D-1 0.2 uM 5 gg?é?é;éi%(}(i(;(‘cAGTGTTTRGRRTGAGG
IGH-D-E-1 0.2 uM 5 ggéé?&(ﬁ‘r(;ACGGCCAGTCTTTTTGTGAAGG
IGH-D-F-1 02 uM 5 g;?é{*\é\igg\ccGGCCAGTGTTATTGTCAGGS
IGH-D-G-1 0.2 uM 5 gé?éééigﬁgGGCCAGTGTTATTGTCAGGG
IGH-D-H-1 0.2 uM 5 ?g?é?%%ﬁccGGCCAGTGTTTCTGAAGSTG
IGH-J-A-1 02 uM 3 Z}/Z é]/;AC(G ((:g(G ZLTCACCTATA(j(,}GCTTACCTGAG
IGH-J-B-1 02 uM 3 Z}i/é]/‘\/%c% ((}g((;TACCACCTATA( iGGCTCACCTGAG
IGH-J-C-1 0.2 uM 3 '(I;&AG’LAC((?}((}},%((;;((T:AC('T'I‘A'I‘AG('}GCTCACCTGAG

* For the Ton Torrent protocol, primers without the M13 sequence are used

3.2 DNA Isolation

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).

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.



20 Diede A. G. van Bladel et al.

Table 4

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

Primer Sequence (with MI13 adapter

Primer Final Primer
. . . forward/reverse)

nomenclature concentration direction 5 t0 37"

) GTAAAACGACGGCCAGTAAGTGGGGTCCC
IGK-V-A-1 - 0.2pM > ATCAAGGTTCAG

. GTAAAACGACGGCCAGTAGTCCCATCTCG
IGK-V-B-1 ~ 0.2uM 3 GTTCAGTGGCAG

. GTAAAACGACGGCCAGTGAAACAGGGGTC
IGK-v-C-1 0.2uM 3 CCATCAAGGTTC

, GTAAAACGACGGCCAGTTCCCAGACAGAT
IGK-V-D-1 — 0.2uM > TCAGTGGCAGTG

, GTAAAACGACGGCCAGTCTGGAGTGCCAG
IGK-V-E-1 — 0.2uM > ATAGGTTCAGTG

. GTAAAACGACGGCCAGTCCCTGGAGTCCC
IGK-V-F-1 0.2 uM 3 AGACAGGTTCAG

. GTAAAACGACGGCCAGTGCATCCCAGCCA
IGK-V-G-1  02uM 5 sy o

. GTAAAACGACGGCCAGTGTCCCTGACCGA
IGK-V-H-1 02 uM 5 e

; GTAAAACGACGGCCAGTAATCCCACCTCG
IGK-V-I-l  02uM 5 P Eay

. GTAAAACGACGGCCAGTCTCAGGGGTCCC
IGK-V-I-1 02uM 5 CTeoneo

i GTAAAACGACGGCCAGTAGACACTGGGGT
IGK-VK-1  02uM 5 Ceenaai
IGK-INTR- (o 5 TAATACGACTCACTATAGGGGAGTGGCTTT
A-1 i GGTGGCCATGC

. TAATACGACTCACTATAGGGGCAGCTGCA
IGK-DE-A-1 0.2 1M 3 GACTCATGAGGAG

. TAATACGACTCACTATAGGGACGTTTGATC
IGK-J-A-1- 0.2uM 3 TCCACCTTGGTCCC

. TAATACGACTCACTATAGGGACGTTTGATA
IGK-J-B-1  0.2uM 3 TCCACTTTGGTCCC
GKIC-l 02uM N TAATACGACTCACTATAGGGACGTTTAATC

TCCAGTCGTGTCCC

“ For the Ton Torrent protocol, primers without the M13 sequence are used

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 pm sections of FFPE tissue (of approxi-

mately 1 ¢m? in size) into a 1.5 ml Eppendorf tube (see

Note 4).

. Add 1000 pl xylene and vortex thoroughly for 10 s (work in a

protective cabinet) (see Note 6).

. Centrifuge for 5 min, 20,000 x 4.

4. Remove the supernatant carefully and dispense it in specific

waste containers.

. Add 1000 pl 99% ethanol.

6. Centrifuge for 5 min, 20,000 x g.

. Remove carefully the ethanol.
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Table 5
M13 adapter barcoded primers for the Second PCR of the lllumina protocol
Primer Final Primer Barcoded primer sequence with M13 adapter (forward/reverse) 5’ to 3’
I e ation direction

III-D501-F 0.2uM 5’ AATGATACGGCGACCACCGAGATCTACACTATAGCCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT
1II-D502-F 0.2uM 5 AATGATACGGCGACCACCGAGATCTACACATAGAGGCACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT
I1I-D503-F 0.2uM 51 AATGATACGGCGACCACCGAGATCTACACCCTATCCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT

g Ill-D504-F 0.2uM 5 AATGATACGGCGACCACCGAGATCTACACGGCTCTGAACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT

g 11I-D505-F 0.2uM 5 AATGATACGGCGACCACCGAGATCTACACAGGCGAAGACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT

* 11I-D506-F 0.2uM 5 AATGATACGGCGACCACCGAGATCTACACTAATCTTAACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT
IIl-D507-F 0.2puM 51 AATGATACGGCGACCACCGAGATCTACACCA GTACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT
I1I-D508-F 0.2uM 5’ AATGATACGGCGACCACCGAGATCTACACGTACTGACACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAAAACGACGGCCAGT
1II-D701-R 0.2uM 3’ CAAGCAGAAGACGGCATACGAGATCGAGTAATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG
1II-D702-R 0.2uM 3’ CAAGCAGAAGACGGCATACGAGATTCTCCGGAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG
II-D703-R 0.2puM 3 CAAGCAGAAGACGGCATACGAGATAATGAGCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG
1I-D704-R 0.2uM 3 CAAGCAGAAGACGGCATACGAGATGGAATCTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG
II-D705-R 0.2uM 3" CAAGCAGAAGACGGCATACGAGATT TCTGAATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

g 1I-D706-R 0.2uM 3 CAAGCAGAAGACGGCATACGAGATACGAATTCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

§ 1I-D707-R 0.2puM 3 CAAGCAGAAGACGGCATACGAGATAC TCAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG
III-D708-R 0.2uM 3 CAAGCAGAAGACGGCATACGAGATG ATTAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG
1II-D709-R 0.2uM 3’ CAAGCAGAAGACGGCATACGAGATCATAGCCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG
11I-D7010-R 0.2uM 3’ CAAGCAGAAGACGGCATACGAGATT TCGCGGAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG
III-D7011-R 0.2uM 3 CAAGCAGAAGACGGCATACGAGATGCGCGAGAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG
III-D7012-R 0.2uM 3 CAAGCAGAAGACGGCATACGAGATCTATCGCTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGGG

11.
12.
13.
14.
15.

16.

17.

. Add again 1000 pl 99% ethanol and mix carefully by inverting

the tube.

. Centrifuge for 5 min, 20,000 x 4.

. 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.

Resuspend the pellet in 180 pl Butfer ATL.
Add 20 pl proteinase K, and mix by vortexing.
Incubate overnight at 56 °C (see Note 7).
Incubate at 90 °C for 1 h (see Note 8).

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

Add 200 pl ethanol (96-100%), and mix again thoroughly by
vortexing (see Note 9).

Continue with the extraction and DNA purification as
described in Subheading 3.2.3, before starting the sample pre-
parations for clonality assessment.
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3.2.2 DNA Extraction
from Formalin-Fixed
Paraffin-Embedded (FFPE)
Tissue Starting with the
Chelex Method

3.2.3 DNA Purification
with QlAamp DNA
Microcolumn

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.

2.

11

12.

13.

14.
15.

16.
17.

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

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

. Incubate for 5 min at 95 °C in a thermo shaker at 350 rpm.
. Cool down for 5 min at room temperature.

. Add 20 pl of proteinase K and incubate o/n at 56 °C in a

thermo shaker at 350 rpm (se¢ Note 7).

. Incubate for 10 min at 95 °C in a thermo shaker at 350 rpm (see

Note 8).

. Centrifuge for 10 min, 20,000 x g at room temperature.
. Transfer the supernatant to a clean 1.5 ml Eppendorf tube.
. Centrifuge for 10 min, 20,000 x g at room temperature.
10.

Transfer the supernatant to a clean 1.5 ml Eppendorf tube.

. Add 180 pl ATL bufter (QIAamp DNA Micro Kit), vortex for

10 s, and incubate at room temperature for 30 min.

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

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

Add 200 pl buffer AL and vortex briefly.

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

Add 250 pl of ethanol 96%, vortex briefly.
Continue the procedure with the DNA purification as

described in Subheading 3.2.3, before starting the sample pre-
parations for clonality assessment.

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 x g
for 1 min (sec Note 10).

Place the QIAamp MinElute column in a clean 2 ml collection
tube, and discard the collection tube containing the flow-
through.



3.2.4 DNA Extraction
from Fresh Frozen Tissue:
TSE Method

12.
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. Add 500 pl Buffer AW1 on the column and centrifuge at

6000 x g for 1 min (sec Note 11).

. Discard the flow-through and add 500 pl Bufter AW2 to the

column (see Note 11).

. Centrifuge at 6000 x g for 1 min and discard the flow-through.
. Centrifuge at full speed (20,000 x 4) for 3 min to dry the

membrane completely (see Note 12).

. Place the QIAamp MinElute column in a clean 1.5 ml Eppen-

dorf tube, and discard the collection tube containing the flow-
through.

. Apply 20-100 pl Buffer ATE (QIAamp DNA FFPE Kit) or

20-100 pl Buffer AE (QIAamp DNA Micro Kit) to the center
of the column membrane (see Note 13).

. Incubate at room temperature for 5 min.
10.
11.

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

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

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

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

1.

2.
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11.
12.
13.
14.

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

Add 21 pl SDS 20% and 37.5 pl proteinase K (20 mg,/ml) and

mix manually.

. Incubate o/n at 56 °C on a thermo shaker at 350 rpm (see

Note 7).

. Keep the lysate in the 1.5 ml Eppendorf tube.

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

. Centrifuge for 15 min at 18,000 x 4.

. Transfer the supernatant to a clean 2 ml Eppendorf tube.
. Centrifuge for 15 min at 18,000 x 4.

. 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 (sec Note 16).

Centrifuge for 10 min at 18,000 x 4.

Remove the supernatant carefully using a pipette.
Wash the pellet with 1 ml ethanol 70%.
Centrifuge for 10 min at 18,000 x 4.
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3.3 Ion Torrent
Protocol for IG-NGS
Clonality Assessment

3.3.1  Multiplex PCR for
Amplification of IGH-FRS3,
IGHD, and I1GK

3.3.2 Cleanup of IGH-
FR3, IGHD, and IGK
Amplicons

15.
16.

17.

18.

19.

Remove the supernatant carefully using a pipette.

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

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

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.

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

. Prepare three different 0.2 ml PCR tubes per sample:

IGH-FR3, IGHD, and IGK (se¢ Table 1, panel “Ion Torrent
protocol for clonality detection”).

. Add 40 ng DNA (Qubit measured; se¢ Note 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 pl with MQ (see Note 17).

. 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.

. Run the PCR in a thermocycler with heated lid, according to

the program in Table 1 (panel “Ion Torrent protocol for clon-
ality detection”).

. After completing the PCRs, combine the tree targets

IGH-FR3, IGHD, and IGK per sample (~75 pl total volume).

. 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).

. Pipette the pooled samples in a DNA LoBind plate, and add

1.8 times (135 pl) volume Agencourt AMPure XP magnetic
beads per sample (sec Note 19).

. 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.

. Place the samples for 2-5 min in a magnetic stand until the

solution is clear (see Note 20).

. Carefully remove the supernatant using a 200 pl pipette (see

Note 21).

. Add 150 pl freshly made 70% ethanol per sample (see Note 22).



3.3.3 End Repair of
Amplicons

10.

11.
12.

13.

14.
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. 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.

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

. Repeat steps 6-8 once.
Carefully remove any remaining supernatant using a 10 pl
pipette, and air-dry the beads for 5 min to allow complete
evaporation of residual ethanol (see Note 23).
Resuspend the samples in 25 pl Low TE-butffer.
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.
Place the samples for 2 min in the magnetic stand until the
solution is clear (sec Note 20).
Collect the purified DNA by pipetting the solution (~25 pl)
into a new PCR strip (see Note 24).

. Measure the DNA concentration of every individual sample

using Fluorometric Quantitation (using 2 pl of the sample for
the Qubit high sensitivity assay).

. 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 pl with Low TE-buftfer.

. 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).

. 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 (sec Note 26).

. Perform a cleanup as described in Subheading 3.3.2 with 1.8

times volume Agencourt AMPure XP magnetic beads (90 pl)
and elution volume of 25 ul Low TE-buffer.

Table 6
Protocol of the end repair reaction for lon Torrent

Component Volume (ul)
Pooled amplicons (40 ng) adjusted to 39.5 pl 39.5
with low TE-bufter
5x End Repair Buffer 10
End Repair Enzyme 0.5

Total volume 50
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Table 7
Protocol of the adapter ligation/nick repair reaction for lon Torrent

Component Volume (ul)
Pooled amplicons (40 ng) 24.5
10x 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
Ton Xpress barcode X 1
Total volume 50
Table 8
Adapter ligation program for lon Torrent
1 cycle 25 °C 15 min
1 cycle 72 °C 5 min
1 cycle 4°C 10 min
4°C (%)
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
toa 0.2 ml PCR tube according to Table 7 (see Note 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 pl) and
elution volume of 13 pl Low TE-butffer (see Note 29).

3.35 Library 1. To amplity the libraries, for each sample, add the purified
Amplification adapter-ligated amplicons (se¢e 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.
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Composition of the library amplification reaction for lon Torrent

Component Volume (ul)
Pooled amplicons (unamplified library) 12.5
Platinum PCR SuperMix High Fidelity 50
Library amplification primer mix 2.5
Total volume 65
Table 10
Library amplification PCR program for lon Torrent
1 cycle Initial 95°C 5 min
denaturation
8 cycles Denaturation 95 °C 15
Annealing 58 °C 15s
Extension 70 °C 1 min
1 cycle Hold 4°C ()

3.3.6 lon Torrent
Sequencing Run

3.4 Illlumina Protocol
for 1G-NGS Clonality
Assessment

. Run the PCR in a thermocycler with heated lid, according to

the program in Table 10.

. Perform a cleanup as in Subheading 3.3.2 with 1.4 times

volume Agencourt AMPure XP magnetic beads per sample
(90 pl) and elution volume of 25 pl Low TE-buffer.

. Measure the DNA concentration of all samples using Fluoro-

metric Quantitation.

. Pool all samples at an equivalent DNA amount and measure the

total pool DNA concentration with Fluorometric quantitation.

. 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 TagMan Quantification Kit (220-250 pM final
concentration).

. Run ITon 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 (sec Note 30).

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 a MiniSeq
(Illumina), but other equipment may be used according to the
instructions of the local Sequence Facility.
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3.4.1  Multiplex PCR for
Amplification of IGH-FR3,
IGHD, and I1GK

3.4.2 Cleanup of IGH-
FR3, IGHD, and I1GK
Amplicons

1.

11.

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

. Add 40 ng DNA (Qubit measured; se¢ Note 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 pl with MQ.

. 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.

. Run the PCR in a thermocycler with heated lid, according to

the program in Table 1 (panel “Two-step Illumina protocol for
clonality detection”).

. After completion of the PCR protocol, combine tube

IGH-FR3, IGHD, and IGK per sample (~75 pl total volume).

. 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).

. Pipette the pooled samples in a DNA LoBind plate and add 1.8

times (135 pl) volume Agencourt AMPure XP magnetic beads
per sample (see Note 19).

. 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.

. Place the samples for 2-5 min in a magnetic stand until the

solution is clear (see Note 20).

. Carefully remove the supernatant using a 200 pl pipette (see

Note 21).

. Add 150 pl freshly made 70% ethanol per sample (see Note 22).

. 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.

. Carefully remove the supernatant using a 200 pl pipette (see

Note 21).

. Repeat steps 68 once.
10.

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

Resuspend the samples in 25 pl Low TE-butffer.
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Table 11
Composition of the barcode amplification reaction for lllumina. Primer sequences and final
concentrations are provided in Table 5

Component Concentration
Purified amplicons (1:50 diluted) 1 pl

FastStart buffer 10x + 18 mM MgCl, 1x

FastStart ANTP’s 10 mM 0.2 mM

Fast start High Fidelity polymerase 5 U /pl 08U

M13 adapter barcoded forward primer X 0.2 yM

M13 adapter barcoded reverse primer X 0.2 yM

MQ Adjust to 25 pl
Total volume 25

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 (sec Note 20).

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

3.4.3 Second PCR to 1. Dilute the purified amplicons 1:50 in Low TE-buffer.
Generate Barcoded 2. Use a Roche FastStart™ High Fidelity PCR kit (Sigma-
Amplicons 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 pl.
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 The cleanup procedure described below is based on a double
Barcode-Labeled purification procedure, where the first step (0.6x volume beads)
Amplicons is a negative selection and the second step (0.25 x 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 1.0x volume beads for the products from tubes
IGHV-FR3 and IGK and 0.9x volume beads for the products
from tube IGHD.
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Table 12

PCR program for the barcode amplification reaction for lllumina. 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 Initial denaturation 95 °C 2 min
the header of this Table is missing, please include a header.

20 cycles this row should not be in bold Denaturation 94°C 30s
Annealing 63°C 30s
Extension 72°C 30s
1 cycle Final extension 72°C 5 min
1 cycle Hold 12°C oo
1. Allow the AMPure XP magnetic beads to warm to room tem-

10.

11.

12.
13.

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).

. Transfer the PCR reaction from each sample (25 pl) in a DNA

LoBind plate (one sample per well), and add 0.6x volume
(15 pl) Agencourt AMPure XP magnetic beads per sample
(see Note 19).

. 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.

. Put the plate for 2-5 min in a magnetic stand, or until the

solution is clear (see Note 20).

. Carefully transfer the supernatant (40 pl) into a new well (see

Note 21).

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

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.

Put the plate on the magnetic rack and incubate for 5 min.
Remove and discard the supernatant.

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

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

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

Repeat steps 10-12 once.



3.4.5 lllumina
Sequencing Run

3.5 Post-Analytical
Data Analysis
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14. Carefully remove any remaining supernatant using a 10 pl
pipette, and air-dry the beads for 5 min to allow complete
evaporation of residual ethanol (se¢ Note 23).

15. Remove the plate from the magnet and add 10 pl 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 (sec Note 20).

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

19. Continue with setting up the 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).

The obtained sequencing results can be analyzed with the bioinfor-
matics tool ARResT /Interrogate (http://arrest.tools /interrogate)
[18] (see Note 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 5’ gene, junction, and 3’ 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-IGH] (FR3), IGHD-IGH], and IGKV-IGK]J 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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V-gene (5') "Junction” J-gene (3")
Clonotype: V3-19 E@//@ J6
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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 5’ gene (V-gene), the junction, and the 3’ gene
(J-gene). The junction consists of three parts: the first and last numbers are the
amount of nucleotides that is removed from the 5'- or 3'-genes, respectively.
The middle number is the amount of nucleotides that is present between the 5'-
and 3’-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 5’- and 3’-genes and their junctions

2. A bar chart for each 1G 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-IGH]J 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
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amplicon length or the 5'- or 3'-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 .xIsx 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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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

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 /] 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.
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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-IGH],
IGHD-IGH]J, IGKV-IGK]J, 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 MRD marker 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



36

Diede A. G. van Bladel et al.

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.

. 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 reccommended
to prepare 25x concentrated primer pools, where 1 pl primer
pool can be used for each PCR reaction. Within the pool, 5 pM
or 10 pM concentrations of each primer should be added,
according to Tables 2, 3, and 4, which yields 0.2 pM or
0.4 pM final concentration within the reaction, respectively.
For instance, if 600 pl primer pool is prepared, add the different
primer volumes from 300 pM stock concentrations, i.e., 10 pl
for 5 pM primer pool concentration and 20 pl for 10 pM
primer pool concentration, and adjust the final volume to
600 pl 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.

. To assess whether the tissue slices used for DNA extraction is

representative for the disease, 4 pm 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).

. A negative control sample should be included to monitor

possible contaminations throughout the entire procedure. To
this end, H,O 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 successtul
and to identify the V and ] 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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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 deparatfinization solution, and continue the
protocol with step 15.

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

. 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.

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.

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.

Bufters 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.

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

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 pl are used.

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].

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.

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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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.

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.

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.

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.

. Be aware that as little beads as possible are taken up. This will

lower the target specific amplicon vyield 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 pl) and adjust with
the appropriate beads volume in the next step.

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

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.

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

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.

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

It is very important to use the Ion Pl 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.

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.

When collecting the supernatant containing the amplicon pro-
ducts, only 12.5 pl 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 pl of pooled amplicons.

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.

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.

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 pl. 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.

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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One-Step Next-Generation Sequencing of Inmunoglobulin
and T-Cell Receptor Gene Recombinations for MRD Marker
Identification in Acute Lymphoblastic Leukemia

Patrick Villarese, Chrystelle Abdo, Matthieu Bertrand, Florian Thonier,
Mathieu Giraud, Mikaél Salson, and Elizabeth Macintyre

Abstract

Within the EuroClonality-NGS group, immune repertoire analysis for target identification in lymphoid
malignancies was initially developed using two-stage amplicon approaches, essentially as a progressive
modification of preceding methods developed for Sanger sequencing. This approach has, however, limita-
tions with respect to sample handling, adaptation to automation, and risk of contamination by amplicon
products. We therefore developed one-step PCR amplicon methods with individual barcoding for batched
analysis for IGH, IGK, TRD, TRG, and TRB rearrangements, followed by Vidjil-based data analysis.

Key words Next-generation sequencing, One step, T cell receptor, B cell receptor

1 Introduction

Recombination of the V (D) J genes of immunoglobulin (IG) and
T cell receptor (TR) loci is an essential step in the differentiation of
B and T cells, allowing the production of a unique antigen receptor
which is present in all clonal progeny. As such, acute lymphoblastic
leukemias (ALLs) are characterized by clonal, homogeneous 1G/
TR rearrangement patterns that are widely used for clonal tracking
during evaluation of response to treatment, commonly referred to
as quantification of minimal (or measurable) residual disease
(MRD) [1]. The EuroMRD group has played a seminal role in
developing, standardizing, and accompanying optimized use of
IG/TR clonal markers in lymphoid malignancies, essentially using
CDR3 clone-specific quantitation by PCR. Initial IG/TR target
identification was based predominantly on EuroClonality/
BIOMED-2 multiplex PCR-based protocols for IG/TR targets
combined with heteroduplex analysis or fragment length
(GeneScan) analysis, followed by Sanger sequencing and design of
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CDR3-specific PCR primers [2—4]. With the development of NGS
immunogenetics [5-9], the EuroClonality-NGS working group
developed a standardized two-step multiplex amplicon approach
to IG/TR target identification in ALL that enabled switching of
sequencing adaptors and a reduction of the total number of primers
required for individual sample identification in mixed libraries [10].

Two-step PCR approaches, however, have several limitations,
particularly in MRD laboratories, where contamination by PCR
products can be a risk of false-positive results. These include more
extensive sample handling with consequent increased overall cost
and risk of contamination and reduced suitability for automation.
We therefore developed a single-step PCR approach to screening
for IG/TR rearrangements in lymphoid malignancies, as
described here.

2 Materials

2.1 Sample
Preparation

22 PCR
Amplification

2.3 Sample
Purification

1. 15 mL polypropylene tubes.

. Phosphate-buffered saline (1xPBS) without Ca2+ and Mg2+
pH 7.4 (Invitrogen).

. Sysmex XE 2100.

. Maxwell RSC instrument (Promega).

. Maxwell RSC Buffy Coat DNA kit (Promega).
. Nanodrop ND2000 (Thermo Fisher Scientific).
. Centrifuge (1000 x g).

. 2 mL tubes (Eppendorf).

[\

O NN O\ Ul B W

—

. UltraPure Distilled Water DNase-/RNase-Free (Invitrogen).
. SafeSeal Microcentrifuge Tubes (Sorenson).

3. 0.2 mL Thin-walled Tubes with Flat Caps (Thermo Fisher
Scientific).
4. Kit FastStart High Fidelity PCR System, dntPack (Roche
Diagnostic).
. Thermocycler BioRad T100 or Applied Biosystem Veriti 96.

[\

ul

. Agencourt AMPure XP (Beckman Coulter).

. 0.8 mL 96-well storage plate (Thermo Fisher Scientific).

. TE buffer pH 8 (Invitrogen).

. MicroAmp Optical Adhesive Film (Thermo Fisher Scientific).
. DynaMag-96 Side Skirted Magnet (Thermo Fisher Scientific).

[ AN O I S
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2.4 Sample Assay

2.5 Pool Sample
(2 nM)

2.6 Denaturation
Step Before
Sequencing

2.7 Sequencing

2.8 Bioinformatic

p—

1. Assay plate, 96 well (Costar).

2. Kit QuantiFluor ONE dsDNA System (Promega).
3. GLOMAX (Promega).

4.
5
6
7

Qubit 4 fluorometer (Thermo Fisher Scientific).

. Qubit assay tubes (Thermo Fisher Scientific).
. 2100 Bioanalyzer Instrument (Agilent Technologies).
. Agilent High Sensitivity DNA Kit (Agilent Technologies).

. TE buffer (Invitrogen).
. DNA low bind tubes 1.5 mL (Eppendort).

. Sodium Hydroxide solution, 10 M in H,O (Sigma Aldrich).

2. PhiX Control v3 (Illumina).

w

92NN NS I S R

. UltraPure Distilled Water DNase-/RNase-Free (Invitrogen).

. UltraPure Distilled Water DNase-/RNase-Free (Invitrogen).
. Tween 20 (Euromedex).

. Precision wipes (KIMTECH Science).

. MiSeq Reagent Kit V2 2x250pb (Illumina).

. MiSeq System (Illumina).

Access to a Vidjil server allowing hosting of patient data [11] (see

Analysis http: //www.vidjil.org /doc/healthcare /).
3 Methods
3.1 Sample 1. Use blood or bone marrow cells.
Preparation 2. Enumerate white blood cells, e.g., with theSysmex XE2100
system.
3. Extract DNA from ten million white blood cells with the
Maxwell RSC Buffy Coat DNA Kkit.
4. After extraction, quantify DNA by Nanodrop.
5. If necessary, adjust DNA concentration to 100 ng/pL with TE
buffer pH 8.
32 PCR . Prepare the primer mix for IGH VD] FR2 (see Note 1).
Amplification . Prepare the primer mix for IGH DHJH (see Note 2).

3.2.1 Prepare a Mix of
Primers for each Target of
Interest (See Notes Below)

920N NS I S

. Prepare the primer mix for IGK (see Note 3).
. Prepare the primer mix for TRG (see Note 4).
. Prepare the primer mix for TRD (see Note 5).
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6.
7.

Prepare the primer mix for TRB DJ (see Note 6).
Prepare the primer mix for TRB VD] (see Note 7).

Importantly, each primermix should be prepared with the same

index.

3.2.2 PCR Amplification

1.
2.
3.
4.
5.

Prepare the PCR mix for each reaction on ice (see Table 1).
First, mix H,0, buffer, and MgCl, on ice.

Then prepare a 0.1 x dilution of Taq polymerase with H,O.
Add primer indexes to the mix.

Lastly, add 100 ng of patient DNA to each PCR (or 250 ng
DNA for the TRG reaction).

6. Run amplification protocol in a thermocycler (see Table 2).
3.3 Sample Remark: TRG samples do not need to be purified, but other targets
Purification must be purified with double purification ratio 0.6x /0.25x. Take

out the AMPure XP Kit at least 30 min before use.

1.

NoR- "B Tc NS S NV

—
=]

11.
12.
13.
14.

15.
16.
17.
18.
19.
20.

Take a storage plate and add 28.8 pL of Agencourt beads
per well.

. Add 48 pL of sample to the beads per well.

. Cover with an adhesive film.

. Centrifuge at 280 x g for 1 min.

. Put the plate on a microplate shaker at 200 x g for 2 min.
. Incubate the plate for 5 min at room temperature.

. Centrifuge at 280 X g for 1 min.

. Put the plate to the side skirted magnet for 5 min.

Transfer 76 pL of supernatant to a new storage plate.

. Add to the new wells 19 pL beads for the IGH VDJ/IGK/

TRD/TRB DJ/TRB VD] reactions and 15.2 pL for the
IGH-DJ reaction.

Cover with adhesive film.
Centrifuge at 280 x g for 1 min.
Put the plate to the side skirted magnet for 5 min.

Discard the supernatant and wash the beads twice with 190 pL
70% ethanol.

Shift the plate on the side skirted magnet and wait 1 min.
Discard all supernatant and wait 1 min.

Leave the plate on the side skirted magnet and add 10 pL. TE.
Centrifuge at 280 x g for 1 min.

Put the plate to the side skirted magnet for 5 min.

Collect 8.5 pL of each sample.
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Table 2
Amplification protocols for different IG and TR targets

IGH V-J FR2 IGH D-J IGK TRD TRG TRB V-J TRB D-J
(35 cycles) (35 cycles) (30 cycles) (35 cycles) (35 cycles) (35 cycles) (35 cycles)
94 °C 10’ 94 °C 10’ 94°C 10" 94°C¥ 94 °C 8’ 94 °C 10’ 94 °C 10’
94°C 1’ 94°C 1’ 92°C 30" 94°C45" 94°C45" 94°C1l 94°C 1’
63°Cl’ 63°Cl 61°C40" 62°C1 57°C1' 65°C1’ 63°C1l
72 °C 30" 72 °C 30" 72°C40" 72°C 72 °C 72 °C 30" 72 °C 30"
1'30” 1'30”
72 °C 30’ 72°C 30’ 72°C30° 72°C10" 72°C10" 72°C 30 72 °C 30’
15 °C final 15 °C final 15 °C final 15 °C final 15 °C final 15 °C final 15 °C final
3.4 Sample Assay 1. Take an assay plate.
Quantification 2. Prepare a dilution of 199 pLL ds DNA Dye buffer +1 pL purified
library.

3. Measure the concentration in ng/pL of samples at GLOMAX.
4. Transform ng/pL into nM with this formula:

= (conc ng/pL x 10°)/(size of library in base pairs x 660).

Option: One can verify the size of each library by electro-
phoresis on a Bioanalyzer 2100. Analyze 1 pL sample with the
DNA High Sensitivity Agilent kit.

After migration, profiles and sizes should be as illustrated
below (example is shown for TRB VDJ).

Locus IGHR2 IGHDJ IGK TRG TRD TRBDJ TRB VDJ
Median size (pb) 430 250 300 260 300 300 300

[FU]

200

100

0

i 1T 17T 01T 71T 1T 111 11T 011
35 150 300 500 1000 10380 [bp)

3.5 Pool Preparation 1. Make a dilution at 2 nM of each sample with TE.
(2 nv) 2. Make an equimolar pool at 2 nM with 5 pL of each sample.
3. Measure the concentration of the pool by Qubit.
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3.6 Denaturation
Step

3.7 Bioinformatic
Analysis with the Vidjil
Platform

o~

Transform ng/pL into nM with this formula:

= (conc ng/pL x 10°)/(size of library in base pair x 660).

. Normalize the library pool to 2 nM in Resuspension Buffer.
. Prepare 0.1 N NaOH: 5 pL. 2 N NaOH +95 pL. H,O (or 1 pL.

10 N NaOH +99 pL H,0).

. Vortex.

4. Put the HT1 tube in ice.

ul

NeRC BERN BN

10.
11.
12.
13.

14.
15.
16.

. Add in an Eppendorf tube: 5 pL library pool 2 nM + 5 pL

0.1 N NaOH.

. Vortex.

. Centrifuge quickly.

. Incubate for 5 min at room temperature (DNA denaturation).
. Add 823 pL ice-cold HT1 to prepare a 12 pM denatured

library pool.

Vortex.

Centrifuge quickly.

Place the Eppendort tube on ice until it settles in the cartridge.

Add in another Eppendorftube 120 pL 20 pM denatured PhiX
library +80 pL ice-cold HT1 to prepare a 12pM denatured
PhiX library.

Vortex.
Centrifuge quickly.
Place the Eppendorf tube on ice.

Adding 10% of PHIX control in pool library:

1.
2.

3.

In 2 mL low bind tube: 540 pL. 12pM denatured library pool
+60 pL 12pM denatured PhiX library.

Vortex.
Centrifuge quickly.
Place the Eppendorf tube in ice.

Load 600 pL into the “load sample” well of the MiSeq
cartridge V2.

Copy each of the FASTQ files in the folder MiSeq Output.

Connect to the Vidjil server [11] with a personal login and
password.

Create a “run” and as many “patients” as necessary (see Fig. 1).
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Add patients, runs, of sets

!v’ic'

Fig. 1 Adding patients and runs in Vidjil

Add samples A
Pre-process scenario

If you have two R1/R2 files per sample, please select an appropriate pre-procesy - 1= M+R2: Merge paired-end reads [only fastq / fastq.gz files] ~
Patient, run or set association

Samples have to be assoclated with at least one patient, run or set. You can also assoclate them with any combination of the three.
All the samples added here will be associated to the “comman patient/run/sets”. Moreover, in the sample list, you can assoclate individually some samples to some other patient, run or sets.

Common sets:  x run ABC (2021-05-20) (62)

w‘: Name Z First name Z (1980-01-01) (45) IS
Sample list B ]
Click o 0 add at once mare than ane sample. Last Name ¥ First name ¥ (1570:01-01) (64)
Sample 1 Hata_patient_X_R1.fastq Browse... [data_patient X_R2fastq = 2021-05-01 Wdiagnosis TR X (19600101) (83)

Sample 2 Hata_patient_¥_R1.fastq Browse... [data_patient Y _R2.fastq  2021-05-01 #diagnosis

un fun ABC (2021-05-20) (62)

Sample 3 .. |[ata_patient_Z_R1.fastq Browse... [Qdata_patient_ Z R2.fastq  2021-05-01 #diagnosis |
submitsamplesa D E

Fig. 2 Adding samples in Vidjil. The rectangles refer to the different steps described in the main text

(a) Click on 7uns and then on new runs.

(b) Fill information on the run (date, metadata on the sample
using tags prefixed with a #). Afterwards, the samples can
be searched by tags.

(c) Add as many patientsas required and specify a first and last
name for each case.

4. Open the created run and click on the Add samples button.
(a) Select the pre-process M + R2: Merge paived-end veads
(A'in Fig. 2).
(b) Click on Add other sample to have as many sample lines as
required (B in Fig. 2).
(c) Add each sample one by one.
e Select the FASTQ file for the R1 reads in the first field
(Cin Fig. 2).
e Sclect the FASTQ file for the R2 reads in the second
field (D in Fig. 2).
¢ Enter the sampling date.
e In the last field, type the last name of the patient and
select the corresponding one in the list that appears
(E in Fig. 2). This will associate the sample to the

patient, which will then be available from run or
patient.
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HEE wuns Sets  news

€ > & |unABC

(2021-05-20)

System Administrator #  (logout)

config | multi+inchon > |

file name sampling date info size assoclat... pre-proc... uploader last processing  status

(40) data_patient_x fastq 20210501  @diagnostic 0 Last Name % 1Admini... # & @ vidjikalge 2%
(41) data_patient_Y.Fastq 20210501  wdlsgnostic 0 Last Name ¥ 1Admini... # 4 @ mulwnc "
(42) data_patient_Z fastq 2021-05-01 wedagnastic 0 Last Name 1 admini... # + @ ALl
Sub groups
IGH
# Launch on #llimina #miseq Lo
Experimentals
idjil.cintab

| + add samples ] | compare some of these samples |

<< back  reload

Fig. 3 Selecting configuration and launching Vidjil-algo processes

5.

Submit the samples.

6. Choose the configuration of the algorithm: “multi+inc+xxx.”

10.

This is the advised configuration for target identification as it
will detect both complete and incomplete recombinations
(Fig. 3).

. Launch the analysis with the selected configuration for each

sample.

. Click on 7eload, at the bottom left, to see the job status going

through the different steps: QUEUED — ASSIGNED —
RUNNING — COMPLETED. It is possible to launch several
processes at the same time (some will wait in the QUEUED/
ASSIGNED states).

. Once the jobs are completed, return to the patient list to

visualize the results by clicking on the configuration name.

Analyze the sample to determine the markers of interest

(Fig. 4).

(a) The percentage of analyzed reads should normally be
above 90%; otherwise the sequencing run may be of
poor quality (A in Fig. 4).

e In case this percentage is too low, investigate the
reason why by clicking on the info button in the
upper left panel (B in Fig. 4).

e Specifically, check the percentage of reads that are
classified as:

— UNSEG only V /5’ (reads only matching V genes).
— UNSEG only J /3’ (reads only matching J genes).

— UNSEG too few V/]J (reads matching no V or
J gene).
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@ A isa
@ 12%
selected locus 506 574 (98.16% 8%
6%
4%
2%
4 - x v @ 0%
(] * plat
o * ICHD1-T  IGHD2:2  IGHDZ:8  IGHD3-9  undefined Vv
| @ IGHD1-7 0/27/12 J4*02 * i | c
| ®1GHD3-9 15/13/12 Ja*02 * i |
4 @ TRD
B IGKV2D-30 0/G/3 KDE * O IGHJ4 [+] [} I
® IGHV3-21 0/22/10 D2-2*02 2/AfS D2-15 3/GG(7.251% % & @ TROD+ %
] * IGHJE ®icH a0
L * e
@ IGHV3-38-3 1/7/0 D2-15 8/10/6 D417 2//12 J4.115% % undefined J o
ROV * i Bick: 38"
.-vn f Iy n/a *)
n & 4 = MET ()] 1GHV3-30-3*03 0//16 IGHD3-16*01 10/GACCCCGEG3 2 clones, 100 807 reads (19.89%) * 2
* IGHD1-7 0/27/12 J4*02 1055% % i GTGGGTATAACTGGAACTACCAGAGGATATTTTGGCCCCCTAGAAGAACTGGGGCC
X IGHD3-9 15/13/12 J4*02 9346% K i CT=GOTATTA( = e c e cc == GATATTTTGGCCCCCTAGAAGAACTGGGGCC

Fig. 4 Analyzing the clonotypes in the Vidjil client. Clonotypes are viewed at the same time in a Genescan-like
view, a grid view (depending on V/J genes) and in a list. Moreover, the sequences of the selected clonotypes

appear at the bottom

11.
12.
13.

14.

15.

(b) Identify the loci of interest, with at least 10,000 reads
(Cin Fig. 4).
Study each clonotype of interest one by one.

Switch in order to each of those loci.

Cluster all sub-clonotypes linked to the clonotype being
studied.

(a) Selectall the clonotypes with the same Vand J genes as the
studied clonotype.

(b) Align the sequences (D in Fig. 4).

(¢) Remove the sequences that do not align properly with the
studied clonotype.

(d) Realign the sequences.

(e) Restartsteps c and d until all the sequences align with only
few differences.

(f) Cluster the aligned sequences (button c/uster, E in Fig. 4).

Send the clonotypes to IMGT /V-QUEST [12-15], by click-
ing on the IMGT button (F in Fig. 4). Next the V, D, and ]
genes as computed by IMGT /V-QUEST are underlined. This
must be taken into account for the design of the patient-
specific primer in case of MRD analysis by qPCR.

Save the analysis by going to the menu at the top left corner
and click on save.
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4 Notes

1.

Primer mix for IGH VDJ FR2. Each primer should be mixed
with the same index; mixing of primers needs to be repeated for
each unique index. Prepare a 1.5 mL low bind tube for primer
mixes A, B, and C:

(a) Tube A: combine primer for index D502.

e Add 2 pL of each primer at 100 pM + 396 pL. H,O;
each primer is at 10 pM.

IGHVFR2-5 IGHVFR2-21 IGHVFR2-33 IGHVFR2-44
IGHVFR2-10 IGHVFR2-22 IGHVFR2-38 F93
IGHVFR2-11 IGHVFR2-23 IGHVFR2-39 F83
IGHVFR2-12 IGHVFR2-27 IGHVFR2-41 F88
IGHVFR2-13 IGHVFR2-28 IGHVFR2-42 F75
IGHVFR2-32 IGHVFR2-43

(b) Tube B: combine primer for index D502.
e Add2 pL ofeach primerat 100 pM + 90 pL. H,O; each
primer is at 10 pM.

IGHVFR2-18 IGHVFR2-36
IGHVFR2-19 IGHVFR2-45
IGHVFR2-20

(¢) Tube C: combine primer for index D701.

e Add2 pL ofeach primer at 100 pM + 36 pl. H,O; each
primer is at 10 pM.

T7-JH consensus
T7-1GJH-137(faham)

Primer mix for IGH DHJH. Each primer should be mixed with
the same index; mixing of primers needs to be repeated for each
unique index. Prepare a 1.5 mL low bind tube for primer mixes
of DH primers and JH primers:

(a) Tube DH primer: combine primer for index D502.
e Add 2 pL of each primer at 10 pM; each primer is at

10 pM.
DH1 DH4
DH2 DH5a
DH3a DH5b
DH3b DH6

(b) Tube JH primer: combine primer for index D701.
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e Add2 pL ofeach primerat 100 pM + 36 pL. H,O; each
primer is at 10 pM.

T7-JH consensus
T7-1GJH-137(faham)

3. Primer mix for IGK. Each primer should be mixed with the
same index; mixing of primers needs to be repeated for each
unique index. Prepare a 1.5 mL low bind tube for primer mix
Vkappa, Intron, Jkappa, and Kde:

(a) Tube Vkappa: combine primer for index D502.

e Add 5 pL of each primer at 100 pM + 585 pL. H,O;
each primer is at 10 pM.

VK1-A VK5
VK1-D VK7
VK1-E VK2-A
VK1-F VK2-Bdef
VKé-D VK2-D
VK4 VK3-B
VK3-C

(b) Tube Intron: primer for index D502.
e Dilute 5 pL of each primer at 100 pM + 45 pLL H,O.
(c) Tube Jkappa: combine primer for index D701.

e Add 4 pL of each primer at 100 pM + 108 pL. H,O;
each primer is at 10 pM.

JK1-4
JKS
JK3

(d) Tube Kde: primer for index D701.
e Dilute 5 pL of each primer at 100 pM + 45 pL. H,O.

4. Primer mix for TRG. Each primer should be mixed with the
same index; mixing of primers needs to be repeated for each

unique index. Prepare a 1.5 mL low bind tube for primer mix A
TCRGV, mix B TCRGV, and mix C TCRGJ, TCRGV11:

(a) Tube mix A TCRGV: combine primer for index D502.

® Add2 pL ofeach primerat 100 pM + 90 pL. H,O; each
primer is at 10 pM.

TRGV2 TRGV3/5
TRGV4 TRGV10
TRGV8
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(b) Tube mix B TCRGV: combine primer for index D502.

e Add2 pL ofeach primerat 100 pM + 36 pL. H,O; each
primer is at 10 pM.

TRGV7
TRGV9

(¢) Tube TCRGV11: primer for index D502.

e Dilute 1 pL of each primer at 100 pM + 36 pL H,O.
(d) Tube mix C TCRGJ: primer for index D701.

e Mix 7 pL of each primer at 20 pM.

TRGJ1/2 TRGJP1
TRGJPO1 TRGIP2

. Primer Mix for TRD. Each primer should be mixed with the

same index; mixing of primers needs to be repeated for each
unique index. Prepare a 1.5 mL low bind tube for primer mix
VDD2 and mix JDD:

(a) Tube mix VDD2: combine primer for index D502.
e Mix 5 pL of each primer at 100 pM.

VD1 VD5
VD2 VD6
VD3 VD8
VD4 VD7
DD2-5'

(b) Tube mix JDD: combine primer for index D701.
* Mix 5 pL of each primer at 100 pM.

DD3-3' JD4

JD1 Jalpha29
D2

JD3

. Primer mix for TRB DJ. Each primer should be mixed with the

same index; mixing of primers needs to be repeated for each
unique index. Prepare a 1.5 mL low bind tube for primer mix
TRB DB and mix TRB JB:

(a) Tube mix TRB DB: combine primer for index D502.
® Mix 2 pL of each primer at 10 pM + 36 pL H,O.

TRBDB1
TRBDB2
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(b) Tube mix TRB JB: combine primer for index D701.
e Mix 2 pL of each primer at 10 pM + 252 pL. H,O.

TRBJ1.1 TRBJ2.1
TRBJ1.2 TRBJ2.2
TRBJ1.3 TRBJ2.3
TRBJ1.4 TRBJ2.4
TRBJ1.5 TRBJ2.5
TRBJ1.6 TRBJ2-6_1
TRBJ2-6_2
TRBJ2.7

7. Primer mix for TRB VD]J. Each primer should be mixed with
the same index; mixing of primers needs to be repeated for each
unique index. Prepare a 1.5 mL low bind tube for primer mix
TRB VB and mix TRB JB:

(a) Tube mix TRB VB: combine primer for index D502.
® Mix each primer at 100 pM with the volume below:

primer volume (pl) |primer volume () | primer volume (ul)
TRBV2 TRBV3-1 TRBV5-6
TRBV4 TRBV5-1univ TRBV10-3
TRBV5-5 TRBVE-4 TRBV11-1
TRBV5-3 TRBV7-7 TRBV12-3
TRBV5-4 TRBV28 TRBV19
TRBV5-8 TRBV30 TRBV20-1
TRBV6-2 TRBV23-1
TRBV6-6
TRBV6-7
TRBV7-3
TRBV7-5
TRBV7-8
TRBV9
TRBV10-2
TRBV12-5
TRBV13
TRBV14
TRBV15
TRBV16
TRBV18
TRBV21-1
TRBV24-1
TRBV25-1
TRBV27
TRBV29-1

L

00 00 00 00 00 00 0o

N NN N NN NNDNNNMDNNNNNNMNNMNNNOMNNNMNNNMNNNNDNNDDN




(b) Tube mix TRB JB: combine primer for index D701.
e Mix 2 pL of each primer at 10 pM + 252 pL. H,O.
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Abstract

Identification of immunoglobulin (IG) and T-cell receptor (TR) gene rearrangements in acute lympho-
blastic leukemia (ALL) patients at initial presentation are crucial for monitoring of minimal residual disease
(MRD) during subsequent follow-up and thereby for appropriate risk-group stratification. Here we
describe how RNA-Seq data can be generated and subsequently analyzed with ARResT /Interrogate to
identify possible MRD markers. In addition to the procedures, possible pitfalls will be discussed. Similar
strategies can be employed for other lymphoid malignancies, such as lymphoma and myeloma.

Key words Minimal residual disease, Acute lymphoblastic leukemia, Immunoglobulin, T-cell recep-
tor, Gene rearrangements, RNA-Seq, Whole exome sequencing, Whole genome sequencing, Marker
identification

1 Introduction

Most clinical protocols for patients with acute lymphoblastic leuke-
mia (ALL) nowadays include minimal residual disease (MRD)-
based stratification [1—4]. Molecular MRD analysis is, at least in
Europe, most commonly used and is generally based on analysis of
rearranged immunoglobulin (IG) and T-cell receptor (TR) genes
according to international guidelines [5-8]. In a diagnostic setting,
IG/TR gene rearrangements are generally identified using
DNA-based PCR analysis, followed by classical Sanger sequencing
or next-generation sequencing (NGS) [5, 8]. In recent years, whole
transcriptome RNA sequencing (RNA-Seq) is increasingly used to
identify fusion genes and to assign patients into distinct molecular
subgroups according to the WHO 2016 classification, or for
protocol-based clinical decisions [9]. Clearly, it would be beneficial
if RNA-Seq data could also be used for the identification of IG/TR
gene rearrangements pertaining to the leukemic clone. A recent
study already showed that RNA-Seq data allowed the identification
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of IG heavy chain (IGH) gene rearrangements in approximately
90% of B-ALL patients [10]. It should however be noted that the
majority of ALL rearrangements is unproductive; this is in clear
contrast to rearrangements present in normal B cells, which virtu-
ally all are functional. Therefore, caution is warranted in the analysis
of RNA-Seq data for IG/TR marker screening in ALL (and in other
lymphoproliferative disorders requiring multiple RNA /DNA ana-
lyses) [11, 12], and applying computational methods that only
focus on productive rearrangements (e.g., like for most repertoire
analyses) will clearly result in incomplete interpretation of IG/TR
data for marker identification [13].

In this chapter, we describe how RNA-Seq data can be obtained
and subsequently evaluated using the ARResT /Interrogate immu-
noprofiling platform [arrest.tools/interrogate] to identify possible
1G/TR markers. Similar strategies can likely be employed for other
lymphoid malignancies, such as lymphoma and myeloma. Finally,
comparable data analysis tools may be used for whole genome
sequencing and whole exome sequencing data.

2 Materials

2.1 RNA-Input
Quality Check

2.2 Preparation of
RNA-Seq Library

The following equipment, materials, and reagents (or equivalents)
should be available:

1. Agilent 2100 Bioanalyzer (Agilent Technologies).

2. Chip priming station (supplied with the Agilent 2100
Bioanalyzer).

3. IKA vortex mixer (supplied with the Agilent 2100
Bioanalyzer).

4. 16-pin bayonet electrode cartridge (supplied with the Agilent
2100 Bioanalyzer).

5. Agilent RNA 6000 Nano Kit (Agilent Technologies).
6. Microcentrifuge (>1300 x g).

1. Hllumina TruSeq® Stranded mRNA Library Prep Kit,
96 Sample.

2. TruSeq® RNA CD Index Plate (96 Indexes, 96 Samples)
(Illumina).

3. 96-well storage plates, round well, 0.8 ml (“midi” plate)
(Thermo Fisher Scientific).

4. Agencourt AMPure XP 60 ml kit (Beckman Coulter
Genomics).

5. Agilent DNA 1000 Kit (Agilent Technologies).
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6. Ethanol 200 proof (absolute) for molecular biology (500 ml)
(Sigma-Aldrich).
7. Microseal “B” adhesive seals (Bio-Rad).
8. Nuclease-free ultrapure water.
9. RNaseZap (to decontaminate surfaces).
10. RNase- /DNase-free 8-tube strips and caps.

11. RNase-/DNase-free multichannel reagent reservoirs, dispos-

able (VWR).

12. SuperScript II Reverse Transcriptase (1 vial per 48 reactions)
(Thermo Fisher Scientific).

13. Tris—-HCI 10 mM, pH 8.5.
14. Tween 20 (Sigma-Aldrich).
15. 96-well thermal cycler (with programmable heated lid).
16. Magnetic stand-96 (Thermo Fisher Scientific).
17. Microplate centrifuge.
18. Vortex.
The following supplies are specifically required for the “HS”

workflow described in this protocol (see Note 1).

1. 96-well Hard-Shell 0.3 ml PCR plate (Bio-Rad).

2. Microseal “A” film (Bio-Rad).

3. High-Speed Microplate Shaker (VWR).

4

. Midi plate insert for heating system (Illumina) (two inserts
recommended for successive heating procedures).
5. Stroboscope.
6. SciGene TruTemp Heating System (Illumina) (115 V) or
SC-60-504 (220 V).

7. Hybex Microsample Incubator (SciGene) 1057-30-0 (115 V)
or 1057-30-2 (230 V) (two systems recommended for succes-
sive heating procedures).

3 Methods

Be careful when handling RNA samples (see Note 2).

Here we describe the workflow for RNA-Seq using the Illu-
mina® TruSeq Stranded mRNA Kit (Illumina® Document #
1000000040498 v00) Library Kit chemistries and workflows
[https: //support.illumina.com//sequencing/sequencing_kits/
truseq-stranded-mrna/documentation.html]. Before you proceed,
please check carefully for any changes issued by the manufacturer
regarding the kit or protocol (se¢ Note 3).


https://support.illumina.com//sequencing/sequencing_kits/truseq-stranded-mrna/documentation.html
https://support.illumina.com//sequencing/sequencing_kits/truseq-stranded-mrna/documentation.html
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3.1 RNA Isolation
and Quality
Assessment

Input RNA quality and quantity is essential to transcriptome
sequencing. Illumina True Seq mRNA library Kit requires
0.1-1 pg total RNA as input (see Note 4). To assess the RNA
quality, use the Agilent RNA 6000 Nano Kit:

1.
2.

Ensure a correct setup of the chip priming station (see Note 5).

The following kit components need to be prepared before first
time use according to the manufacturer’s instructions:

(a) RNA ladder aliquots, stable at —70 °C for extended time
periods.

(b) Agilent RNA 6000 Nano gel matrix aliquots (65 pl), can
be stored at 4 °C for 1 month (protect from light
during use).

. To prepare the gel-dye matrix, allow one aliquot Agilent RNA

6000 Nano gel matrix (65 pl) and RNA 6000 Nano dye
concentrate (blue cap) to come to room temperature for
30 min.

4. Vortex the dye concentrate for 10 s and spin down.

10.

11.
12.

13.

14.

15.

. Pipette 1 pl of dye concentrate to 65 pl of gel matrix (one

aliquot) in a microcentrifuge tube.

. Vortex thoroughly and check for proper mixing of gel and dye.

. Spin at room temperature for 10 min at 13,000 x g, protect

from light, and use within 1 day. Store at 4 °C if not used
immediately.

. To load the gel-dye matrix, check proper setup of the chip

priming station, and place an unused RNA 6000 Nano chip
on the chip priming station.

. Pipette 9.0 pl of the gel-dye mix to the bottom of the well “G”

with black background.

Position the plunger of the syringe in the chip priming station
to 1 ml; then close the chip priming station and pressurize
quickly by pressing down the plunger. Keep for exactly 30 s.
Release the plunger and pull back gently to the 1 ml mark.

Open the chip priming station and pipette 9.0 pl gel-dye matrix
to the bottom of the two wells marked “G” without
background.

To load ladder and sample to the chip, pipette 5 pl of RNA
marker (green cap) to all sample wells and the well that is
marked with the ladder symbol.

Add 1 pl of ladder (prepared in step 2, Subheading 3.1) to the
well that is marked with the ladder symbol.

Add 1 pl of RNA of interest to all sample wells (see Note 6). If
there are less than 12 samples to measure, put 1 pl of RNA
marker (green cap) to wells that are not used.
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Fig. 1 RNA quality assessment by Bioanalyzer. RNA from bone marrow samples
of patients with first diagnosis of ALL was isolated by silica columns (Qiagen,
AllPrep) and subjected to microcapillary electrophoresis on the Agilent 2100
Bioanalyzer using the Agilent RNA 6000 Nano Kit as described. (a) Electrophe-
rogram representing a high-quality RNA sample (RIN 9.4). (b) Electropherogram
representing a low-quality RNA sample with ongoing RNA degradation (RIN 4.2)

16. Vortex the chip horizontally in the IKA vortex (1 min,
2400 rpm), and insert to the Bioanalyzer 2100 station within
5 min to perform analysis using 2100 Expert Software.

Analysis will deliver a microcapillary electropherogram
together with the RNA concentration measured and the RNA
integrity number (RIN). The presence of a marker peak and two
ribosomal RNA peaks (18S and 28S) will indicate a successful
measurement of RNA with at least intermediate quality. Integrity
of RNA is quantified on a scale from 1 (poor) to 10 (best) by RIN,
based on a proprietary algorithm developed by Agilent © [14]. Fig-
ure 1 shows a good and a poor RIN example. In the poor RIN
example, the ribosomal peaks are hardly detectable and RNA deg-
radation is observed as a smear of RNA with decreasing size.
Tllumina True Seq protocols recommend a RIN of 8.0 or higher
to be used for library preps (see Note 7).
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3.2 Library
Preparation

3.2.1 Purification and
Fragmentation of mRNA

The following protocol will describe how to obtain a sequencing-
ready RNA-Seq library using the Illumina TruSeq® Stranded
mRNA library prep kit (October 2017) [https://support.
illumina.com//sequencing/sequencing_Kkits /truseq-stranded-
mrna/documentation.html]. Sequencing kit chemistries and pro-
tocols are subject to change by the manufacturer. Before beginning,
please check with the current version of the Kit and protocol you
are using.

The original protocol includes two workflow options based on
the number of samples to be processed. We are here describing the
“HS” option for >48 samples (se¢ Note 8).

In this step, polyadenylated mRNA is pulled down from the total
RNA sample using oligo dT-attached magnetic beads (se¢ Note 9).
The isolate is then purified and fragmented.

1. Bring 0.1-1.0 pg of total RNA to 50 pl volume using nuclease-
free ultrapure water and transfer to the individual wells of the
RNA bead plate.

2. Vortex RNA purification beads and transfer 50 pl to each well.

3. Seal the plate with Microseal “B” and shake plate (1 min,
1000 rpm).

4. Heat the plate in the microheating system (5 min, 65 °C, lid
closed), and cool down on ice (1 min).

5. Incubate the plate at room temperature (5 min). Meanwhile
bring the microheating system to 80 °C.

6. For magnetic pull-down, remove the seal and put the plate on
the magnetic stand. Inspect visually until the liquid is clear
(ca. 5 min).

7. Remove the supernatant from all wells. Then remove the plate
from the stand.

8. Pipette 200 pl Bead Washing Bufter to all wells; seal the plate
and mix by shaking (1 min, 1000 rpm).

9. Repeat steps 6 and 7 of Subheading 3.2.1.

10. Pipette 50 pl Elution Buffer to all wells; seal the plate and mix
by shaking (1 min, 1000 rpm).

11. Heat the plate in the microheating system (2 min, 80 °C, lid
closed), and cool down on ice (1 min).

12. Place the plate at the bench and remove the seal.

13. To prepare for RNA fragmentation, pipette 50 pl Bead Binding
Butffer to all wells; seal the plate and mix by shaking (1 min,
1000 rpm).

14. Incubate the plate at room temperature (5 min).


https://support.illumina.com//sequencing/sequencing_kits/truseq-stranded-mrna/documentation.html
https://support.illumina.com//sequencing/sequencing_kits/truseq-stranded-mrna/documentation.html
https://support.illumina.com//sequencing/sequencing_kits/truseq-stranded-mrna/documentation.html

3.2.2 First Strand cDNA
Synthesis

3.2.3 Second Strand
¢DNA Synthesis

15.

16.

17.

18.

19.
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Repeat steps 6-9 of Subheading 3.2.1 (magnetic pull-down,
bead washing, another magnetic pull-down).

Pipette 19.5 pl Fragment, Prime, Finish Mix to all wells, seal
the plate, and mix by shaking (1 min, 1000 rpm).

Remove the seal and transfer the samples well by well to the
RNA fragmentation plate.

Seal the plate and run the following program on the thermo-
cycler with preheated lid:

(a) 94 °C for 8 min
(b) Hold at 4 °C.
Quickly spin down.

Purified RNA fragments are reverse transcribed to first strand
c¢DNA using random hexamer primers.

1.

For magnetic pull-down, put the plate on the magnetic stand.
Inspect visually until the liquid is clear (ca. 5 min).

Remove the seal and transfer 17 pl supernatant well by well to
the cDNA plate.

Spin down the First Strand Synthesis Act D Mix (5 s, 600 x g).

Mix SuperScript 11 veverse transcriptase and the First Strand
Synthesis Act D Mix at a 1:10 ratio (1 pl SuperScript II reverse
transcriptase plus 9 pl First Strand Synthesis Act D Mix (can be
stored for extended time periods at —20 °C).

. Pipette 8 pl of this mix to each well of the cDNA plate and mix

by shaking (20 s, 1600 rpm).
Spin down by centrifugation (1 min, 280 x g4).

Run the following program on the thermocycler with the lid
preheated to 100 °C:

(a) 25 °C for 10 min.
(b) 42 °C for 15 min.
(¢) 70°C for 15 min.
(d) Hold at 4 °C.

To maintain strand specificity during ¢cDNA synthesis and to

remove the mRNA template, dUTP is replaced by dTTP in second
strand cDNA synthesis. Second strand cDNA synthesis results in
blunt-end double-stranded cDNA, which can be stored for 1 week
(first safe stopping point).

1.
2.

Add 5 pl Resuspension buffer to each well.

Spin down Second Strand Marvking Mix (5 s, 600 x g), and
pipette 20 pl to each well, and mix by shaking (20 s, 1600 rpm).
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3.2.4 3 End Adenylation
and Adapter Ligation

10.

11.
12.

. Spin down the plate (1 min, 280 x g).
. Place the plate on the thermocycler with lid preheated to 30 °C

and run at 16 °C for 60 min. Allow to come to room tempera-
ture afterwards.

. Pipette 90 pl of AMPure XP beads to new cDNA Clean-Up

Plate, and transfer the content of the cDNA plate well by well
to cDNA Clean-Up Plate. Mix by shaking (2 min, 1800 rpm).

. Incubate at room temperature (15 min), and then spin down

(1 min, 280 x g).

. Put the plate on the magnetic stand. Inspect visually until the

liquid is clear (ca. 5 min). Remove 135 pl supernatant from
each well.

. Wash the beads with the plate retained on the magnetic stand

by adding 200 pl ethanol 80% to all wells (see Note 10). After
30 s, remove all supernatant from each well (se¢ Note 11).

. Repeat step 8 of Subheading 3.2.3 and carefully remove all

remaining ethanol (using a small-volume pipette). Let the
samples air dry on the magnetic stand (15 min).

Remove the plate from the stand and pipette 17.5 pl Resuspen-
sion bufter to all wells. Mix by shaking (2 min, 1800 rpm). Let
stand at room temperature (2 min).

Spin down (1 min, 280 x g).

Put the plate on the magnetic stand. Inspect visually until the
liquid is clear (ca. 5 min). Transfer 15 pl supernatant to the new
plate (adapter ligation plate). This is the first safe stopping

point, where the sealed plate can be stored at —20 °C for
1 week.

During these steps, single adenine nucleotides are added to the 3’
fragment ends to prevent fragment ligation during addition of
adapters. Next, indexing adapters are ligated to 3’ fragment ends.
These will later hybridize fragments to the flow cell. The ligated
fragments can be stored for 1 week (second safe stopping point).

1

. Add 2.5 pl Resuspension buffer to all wells of the adapter

ligation plate and spin down (5 s, 600 x g).

. Pipette 12.5 pl A-Twiling Mix to each well and mix by shaking

(2 min, 1800 rpm).

. Cover plate with Microseal “B” and spin down (1 min,

280 x g).

. Incubate on 37 °C microheating system (30 min), then transfer

to 70 °C microheating system (5 min, lid closed), and cool
down on ice (1 min).

. Spin down TruSeq® RNA CD Index Plate (1 min, 280 x g).



3.2.5 DNA Fragment
Enrichment

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.
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. Transfer to all wells of the adapter ligation plates in this order:

(a) 2.5 pl Resuspension buftfer
(b) 2.5 pl Ligation mix

(¢) 2.5 pl RNA Adapters from the Index adapter Plate
(to each corresponding well).

And mix by shaking (2 min, 1800 rpm).

. Spin down (1 min, 280 x g) plate and transfer to the micro-

heating system (10 min, 30 °C, lid closed), and then cool down
on ice.

. Spin down the Stop Ligation Buffer (5 s, 600 X 4) and add 5 pl

to every well. Mix by shaking (2 min, 1800 rpm).
Spin down the plate (1 min, 280 x g).

Add 42 pl AMPure XP beads to every well. Mix by shaking
(2 min, 1800 rpm).

Incubate at room temperature (15 min), and then spin down
the plate (1 min, 280 x g).

Put the plate on the magnetic stand. Inspect visually until the
liquid is clear (ca. 5 min). Remove all supernatant.

Wash the beads with the plate retained on the magnetic stand
by adding 200 pl ethanol 80% to all wells. After 30 s remove
ethanol.

Repeat step 13 of Subheading 3.2.4 and carefully remove all
remaining ethanol (using a low-volume pipette). Let samples
air dry on the magnetic stand (15 min).

Remove plate form stand and pipette 52.5 pl of Resuspension
buffer to every well, and mix by shaking (2 min, 1800 rpm).

Incubate at room temperature (2 min).

Spin down the plate (1 min, 280 X g) and place it on the
magnetic stand. Inspect visually until the liquid is clear
(ca. 5 Min).

Transter 50 pl supernatant well by well to a novel plate (Clean
Up ALP Plate).

Repeat steps 10-17 of Subheading 3.2.4, but use 50 pl
AMPure XP beads in step 10 and 22.5 pl Resuspension buffer
in step 15.

Transfer 20 pl supernatant well by well to a novel plate (PCR
plate). Sealed plate can be kept at —20 °C for 1 week (this is the
second safe stopping point).

PCRis used to amplify the library and to select for DNA fragments
with successful adapter ligation.
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3.2.6 Library Quality
Check, Normalization, and
Pooling

10.

. On ice, pipette 5 pl PCR Primer Cocktail and 25 pl PCR

Master Mix to each well, mix by shaking (20 s, 1600 rpm),
and spin down (1 min, 280 x g).

. Transfer to thermocycler with the preheated lid set to 100 °C

and run the program:
(a) 98°Cfor 30s.
(b) 15 cycles of:
e 98°Cfor10s
e 60°Cfor30s
e 72°Cfor 30s.
(¢) 72°Cfor 5 min.
(d) Hold at 4 °C.

. Spin down plate (1 min, 280 x g) and pipette 47.5 ul AMPure

XP beads to every well. Mix by shaking (2 min, 1800 rpm).

. Incubate at room temperature (15 min), and then spin down

(1 min, 280 x 4).

. Put the plate on the magnetic stand. Inspect visually until the

liquid is clear (ca. 5 min). Remove all supernatant.

. Wash the beads with the plate retained on the magnetic stand

by adding 200 pl ethanol 80% to all wells. After 30 s, remove
ethanol.

. Repeat step 6 of Subheading 3.2.5 and carefully remove all

remaining ethanol (using low-volume pipette). Let the samples
air-dry on magnetic stand (15 min).

. Resuspend the beads in 32.5 pl Resuspension bufter. Mix by

shaking (2 min, 1800 rpm).

. Incubate at room temperature (2 min), and then spin down

(1 min, 280 x g).

Put plate on magnetic stand. Inspect visually until the liquid is
clear (ca. 5 min), and transfer 30 pl supernatant to a novel plate
(Target sample plate 1). Libraries can be kept at —20 °C for
1 week (this the third safe stopping point).

Library quantity and fragment size are determined using the Bioa-
nalyzer. Indexed libraries are pooled prior to sequencing (see
Note 12).

1.

Quantify library concentration by qPCR as outlined in manu-
facturers protocol (lluminaSequencing Library qPCR Quanti-
fication Guide (document # 11322363) [https://support.
illumina.com/content/dam /illumina-support/documents/
documentation/chemistry_documentation /qpcr/sequenc
ing-library-qpcr-quantification-guide-11322363-c.pdft].


https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/qpcr/sequencing-library-qpcr-quantification-guide-11322363-c.pdf
https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/qpcr/sequencing-library-qpcr-quantification-guide-11322363-c.pdf
https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/qpcr/sequencing-library-qpcr-quantification-guide-11322363-c.pdf
https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/qpcr/sequencing-library-qpcr-quantification-guide-11322363-c.pdf

3.2.7 Sequencing

3.2.8 Raw Data
Processing

3.2.9 Quality Control
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2. Run 1 pl of each sample on the Agilent Bioanalyzer 2100 using
the DNA 1000 chip. The principle follows the outline given for
RNA quality control (Subheading 3.1). Average fragment size
of a typical library will be ca. 260 bp.

3. Pipette 10 pllibrary well by well to a novel plate (diluted cluster
template plate), and adjust the concentration of the libraries to
10 nM using Tris—HCI 10 mM, pH 8.5 with 0.1% Tween 20.
Mix by shaking (2 min, 1000 rpm) and spin down (1 min,
280 x g).

4. Pool the libraries according to the system guide of the Illumina
sequencing platform that is used. Pooling and normalization
should be performed immediately before sequencing to avoid
index hopping.

Sequencing of the libraries is performed on an Illumina® sequenc-
ing system. Multiple configurations exist which provide the tar-
geted output of 30 million reads per sample (e.g., Illumina’s
NextSeq 550, 1000 & 2000 and NovaSeq 6000 systems). Depend-
ing on the selected sequencing system, flow cell, and read length,
between 4 and 132 samples (maximum: two S4 flow cells on
NovaSeq 6000 with 2x100 bp sequencing) can be multiplexed in
one sequencing run (see also Notes 12 and 13). For further details,
please refer to standard protocol of the manufacturer for the pre-
ferred sequencing system.

When sequencing multiple samples on the same sequencing run,
outputs have to be demultiplexed to create individual FASTQ files
for each respective sample. This is most commonly done using
bcl2fastq, a tool developed by Illumina® and pre-installed on
most Illumina® sequencers (https://support.illumina.com/
sequencing/sequencing_software /bcl2fastq-conversion-software.
html). Note that run outputs usually include already demultiplexed
reads using default bcl2fastq options (mainly allowing one mis-
match in the barcode sequence). Alternatively, bcl2fastq can be
run on a Linux system using different (usually more stringent, to
avoid in silico contamination) options.

FASTQ files include quality information per sequence base, which
can be visualized either using the Illumina graphical software
(“Sequencing Analysis Viewer”) that is pre-installed on the
sequencing machines or by external software that takes the demul-
tiplexed FASTQ files as input. The most commonly used are
FastQC (https: //www.bioinformatics.babraham.ac.uk/projects/
fastqc/), which outputs an HTML file per sample, and multiqc,
which processes multiple FastQC-outputs into a single HTML file
to analyze batches [15]. FastQC was developed for DNA applica-
tions and might output QC failures for some parameters when used
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3.2.10 Aaapter Trimming

3.3 Bioinformatic
Analysis of the
Sequencing Data Using
ARResT/Interrogate

for RNA-Seq reads. Nonetheless, it can be used to quickly and
easily check per base sequencing quality, the number of input
reads, and adapter content in the reads.

When read length exceeds DNA insert size, a run can sequence
beyond the DNA insert and read bases from the sequencing
adapter. To prevent these bases from appearing in FASTQ files,
the adapter sequence is trimmed from the 3’ ends of reads.
Trimming the adapter sequence improves alignment accuracy and
performance in Illumina FASTQ generation pipelines [https://
support-docs.illumina.com/SHARE /AdapterSeq/
DNAandRNACDIndexes.html].

We use the ARRest/Interrogate immunoprofiling platform for data
analysis, which has been developed and validated within
EuroClonality-NGS [16-18].

1. ARResT/Interrogate can be accessed at http://arrest.tools/
interrogate and requires an account that can be created by
emailing contact@arrest.tools (see Note 14).

2. Once logged in, select the “Interrogate.WholeMark” user
mode at the top-left of the user interface.

3. Switch to the “processing” panel, and follow the instructions
to upload the samples in compressed FASTQ format (the
extension should be “.fastq.gz”) (see Note 15).

4. Click on the blue “test it” button. If the test was OK, one
should be able to click on the green “process” button. If not,
check the “process output” tab for feedback; email con
tact@arrest.tools if necessary.

5. When the run is complete (se¢ Note 16), follow the instruc-
tions on the user interface to retrieve the result files.

6. The main result file is a table in both tab-delimited and Micro-
soft Excel formats.

7. The table contains information on the analyzed samples and on
the reported rearrangements. The “usable” column refers to
the sum of fragments with rearrangements and should be in the
1000s. Other columns currently include the rearranged genes
and their approximate genomic coordinates; the junction class
(rearrangement type), amino acid and nucleotide sequence,
and its segmentation; the absolute and relative abundances, in
fragments and in reads; technical comments; and the consensus
nucleotide sequence of the rearrangement. Column descrip-
tions are provided.

8. The sorting and filtering to obtain a meaningful set of rearran-
gements depends on the context (see Notes 17 and 18). We
will be releasing further guidelines for interpretation over time;
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please stay updated via ARResT/Interrogate [arrest.tools/
interrogate| and EuroClonality-NGS [euroclonalityngs.org]
(see Note 19).

4 Notes

. Alternatively, an “LS” workflow (for <48 samples) is also

described in the manufacturer’s protocol which requires no
additional technical equipment.

. RNA degrades at room temperature. Keep RNA on ice at all

times. On warm days, ensure that the ice does not melt. Always
wear gloves. Use RNAse-free materials and reagents. Clean
surfaces of bench and flow cabinets with RNaseZap before use.

. If you prepare an RNA-Seq library for the first time, we

strongly advise to take note of the manufacturer’s protocol,
which includes further systematic considerations.

. We have successfully performed transcriptome sequencing

using RNA isolated by silica columns (Qiagen®©), guanidinium
thiocyanate-phenol-chloroform extraction (TRIzol©), or
automated RNA-purification (Maxwell ©).

. Note that syringes have to be replaced with each reagent kit.

Make sure that the electrode cartridge is inserted to the Bioa-
nalyzer and that the vortex mixer is adjusted to 2400 rpm. It is
recommended to follow a daily electrode decontamination to
avoid decomposition of the RNA samples.

. Heat samples (70 °C, 2 min) before loading to minimize

secondary structure.

. Tllumina® TruSeq Stranded mRNA Kit protocol requires a RIN

of 8.0 or higher. RNA from primary patient samples is a pre-
cious and often irreplaceable material. Therefore, we have also
used samples with RINs between 6.0 and 8.0 to allocate ALL
samples to molecular disease subtypes based on gene expres-
sion profiling and calling of driver gene fusions. However, the
frequency of samples which could not be allocated to a specific
leukemia driver subtype increased substantially with decreasing
RIN. While still more than half of the samples could be classi-
fied with a RIN between 6.00 and 8.00, this rate was markedly
lower in a small sample set with RINs <6.0. This should be
kept in mind when processing samples with low RINs. How-
ever, PCR-based approaches might still be successfully per-
formed in samples with reduced RNA quality.

. Safe stopping points are indicated throughout the protocol.

Before proceeding to the next step, carefully read the protocol,
and make sure that you have all reagents required brought to
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10.

11.

12.

13.

the indicated temperatures, that heating systems are preheated
to the temperatures required, and that thermal cyclers have
been programmed according to the given programs.

Magnetic bead wash steps are critical for nucleic acid and
sequencing quality. Make sure to vortex the beads thoroughly
before use and then pipette immediately, to avoid settling of
the beads within the container. It might be helpful to prepare
aliquots in smaller tubes and vortex more often. When using
multistep pipettes with beads, choose smaller volumes, and
pipette quickly to avoid settling of the beads (concentration
gradient) within the pipette tip.

Ethanol is hygroscopic (attracts and holds water from environ-
ment). Fresh aliquots of absolute alcohol should be used for
every library preparation and dilutions, for example, 80% etha-
nol in water should be made on the day of use to ensure correct
concentrations. Incorrect ethanol concentrations can decrease

yield of DNA/RNA.

Remnants of wash buffer (typically including alcohol) can dis-
rupt further library preparation steps. On the other hand,
overdried beads can crack and destroy the bound nucleic
acids. If unsure whether beads are dry, fanning and smelling
the tubes can be an indicator for remaining ethanol.

We use RNA-Seq to simultaneously analyze 1G/TR gene rear-
rangements in ALL samples and to perform molecular sub-
group allocation based on gene expression profiles and driver
gene fusions. For this approach, we have successfully used
75 bp or 100 bp paired end sequencing on Illumina
HiSeq2000, NextSeq, and NovaSeq systems, aiming for
30 million reads per sample on all sequencers. Currently, we
pool 66 samples on a NovaSeq $4 flow cell for 100 bp paired
end sequencing, which yields on average 30—40 million reads
per sample.

Sequencing systems offer different read lengths for RNA-Seq,
typically ranging from 50 bp to 150 bp. Longer reads
(100-150 bp) provide a better coverage of transcripts and
splice sites, while shorter reads (50-75 bp) are typically used
when gene expression profiling is the only intended use. In a
small patient subset, molecular subgroup allocation and driver
fusion calling was equally effective when the sequencing read
length was 75 bp, compared to our standard of 100 bp. Also
based on general considerations, we would recommend a read
length of 100 bp or more for marker identification from tran-
scriptome data sets. We typically aim for a sequencing depth of
30 million reads, which is suitable for gene expression
profiling, fusion calling, and marker identification. Less
sequencing depth (5-25 million reads) is required for gene
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expression profiling only. Increasing sequencing depth to >30
million reads will improve the detection of subclonal and less
covered markers.

Details for accessing the bioinformatics pipeline and its results
may change. In any case, the latest information will always be
available either through the user interface of ARResT /Inter-
rogate at http://arrest.tools/interrogate or through the
authors.

Dependent on the number of samples and quality of internet
connection, uploading data can take time.

Progress of the bioinformatic pipeline can be followed in the
“process output” tab. The user does not have to wait; one may
even close the browser and either log in later or better make
sure to provide an email address to receive email notifications.

. In ALL patients, many rearrangements are incomplete or non-

productive, and therefore it is crucial to include such rearran-
gements in the analysis and not to filter on productive
rearrangements only. In mature lymphoid malignancies, by
definition, at least one productive IGH rearrangement should
be present.

. Incomplete and nonproductive rearrangements may not be

transcribed or only at very low levels (Fig. 2). It is not yet
known to what extent transcription levels of cross-lineage TR

B RNA-Seq

ODNAamp

T

o

500

1000 1500 2000 2500 3000 3500 4000

Number of rearrangements

Fig. 2 Comparison between IG/TR rearrangements detected by RNA-Seq and amplicon-based assays
(“DNAamp”) in 165 ALL patients [13]. Average number of rearrangements detected for the various IG/TR

loci per case
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gene rearrangements in leukemic rearrangements differ from
transcription levels in reactive T cells. Higher read depth may
facilitate identification of lowly expressed 1G/TR mRNA.

19.

Of note, IG/TR rearrangements may also be derived from

whole exome sequencing (WES) or whole genome sequencing
(WGS) data sets that, in contrast to RNA-Seq data, do not
depend on the transcriptional level of rearrangements. This
creates a clear advantage as was recently showcased in work
introducing IgCaller for WGS-derived IGH data [19].
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Minimal Residual Disease Analysis by Monitoring
Immunoglobulin and T-Cell Receptor Gene Rearrangements
by Quantitative PCR and Droplet Digital PCR
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Abstract

Analysis of immunoglobulin and T-cell receptor gene rearrangements by real-time quantitative polymerase
chain reaction (RQ-PCR) is the gold standard for sensitive and accurate minimal residual disease (MRD)
monitoring; it has been extensively standardized and guidelines have been developed within the EuroMRD
consortium (www.euromrd.org). However, new generations of PCR-based methods are standing out as
potential alternatives to RQ-PCR, such as digital PCR technology (dPCR), the third-generation imple-
mentation of conventional PCR, which has the potential to overcome some of the limitations of RQ-PCR
such as allowing the absolute quantification of nucleic acid targets without the need for a calibration curve.
During the last years, droplet digital PCR (ddPCR) technology has been compared to RQ-PCR in several
hematologic malignancies showing its proficiency for MRD analysis. So far, no established guidelines for
ddPCR MRD analysis and data interpretation have been defined and its potential is still under investigation.
However, a major standardization effort is underway within the EuroMRD consortium (www.euromrd.
org) for future application of ddPCR in standard clinical practice.

Key words Minimal residual disease, Immunoglobulin, T-cell receptor, Rearrangement, RQ-PCR,
ddPCR

1 Introduction

After a single lymphoid cell undergoes clonal neoplastic transfor-
mation, all progeny leukemic cells will contain the same rearranged
clonal Immunoglobulin (IG) and T-cell receptor (TR) genes, thus
representing highly specific molecular targets for minimal residual
disease (MRD) detection in lymphoproliferative disorders [1].
MRD monitoring has been proven to be a compelling tool for
advising therapeutic choices especially in acute lymphoblastic leu-
kemia (ALL), the first neoplasm where MRD has been used to
assess early response to therapy [2—6]. The availability of drug
combinations capable of unprecedented complete clinical responses
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leads to a growing interest for MRD assessment also in other
lymphoid malignancies over time, i.e., chronic lymphocytic leuke-
mia, multiple myeloma, as well as mantle cell lymphoma [7-10].

Currently, antigen-receptor gene analysis by real-time quanti-
tative polymerase chain reaction (RQ-PCR) is the gold standard for
sensitive and accurate MRD monitoring and has been extensively
standardized within the EuroMRD consortium (www.euromrd.
org), which established guidelines for the analysis and interpreta-
tion of RQ-PCR data [11] to favor a homogeneous application of
MRD studies within different lymphoid malignancies and treat-
ment protocols all over the world. However, the measurement of
a dynamic process, such as the rate of target amplification, carries
some intrinsic fluctuations that cannot be fully eliminated. The
digital PCR technology (dPCR) [12], the new generation of con-
ventional PCR, is based on partitioning by nanofluidics and emul-
sion chemistries which allow performing a limiting dilution of
DNA into individual (partitioned) PCR reactions. The DNA tem-
plate can thus be randomly distributed and the Poisson statistics can
be applied to quantify the DNA amount in positive partitions. In
comparison with RQ-PCR, dPCR allows the quantification of
nucleic acid targets without the need of calibration curves
[13]. Moreover, it has the potential to overcome some of the
limitations of RQ-PCR. Based on the dynamic nature of these
two methods, dPCR appears more accurate than RQ-PCR with a
greater amplification efficiency, since each sample is partitioned and
each partition is analyzed individually, so small changes in fluores-
cence intensity are more readily detected [14, 15].

Recently, droplet digital PCR (ddPCR) technology, a type of
dPCR characterized by partitioning the sample in droplets, has
been applied in comparison to RQ-PCR in several hematologic
malignancies, and its additional technical and clinical value to the
gold-standard RQ-PCR was demonstrated [16-22]. However, no
established guidelines for ddPCR MRD analysis and interpretation
have been defined so far, and its potential is still under investiga-
tion. A major standardization effort is underway within the ddPCR
group of the EuroMRD consortium (www.curomrd.org) for its
future application in standard clinical practice.

The PCR approach for IG/TR screening and RQ-PCR MRD
analysis have been recently described in this book series, on behalf
of the EuroMRD consortium [23]. Briefly, to identify IG/TR
markers at diagnosis, either a standard multiplex-PCR/Sanger
sequencing [23] or the new and more efficient NGS-based
approaches [24, 25] can be applied to define the unique V-(D-)J
junctional regions. Complementary patient- and allele-specific oli-
gonucleotide (ASO) primers and common fluorescent probes must
be designed for each target of any patient for its MRD monitoring.
To perform the MRD relative quantification by RQ-PCR,
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amplification conditions and sensitivity testing for each
ASO-primer are established on the diagnostic material serially
diluted in normal mononuclear cells, before quantifying MRD in
bone marrow samples collected during treatment. Interpretation
guidelines developed and continuously refined within the
EuroMRD group are fundamental for issuing comprehensive clini-
cal reports and for comparing independent studies applying the
1G/TR RQ-PCR MRD monitoring [11].

Since the PCR approach for IG/TR screening and RQ-PCR
MRD analysis in lymphoproliferative disorders has been recently
described [23], in this chapter we will focus on the ddPCR
protocol.

2 Materials

. Supermix for probes (no dUTP).

. Albumin gene primers and probe.

. HINFI (optional) (see below and notes).
. Target gene primers and probe.

. Thermal cycler.

. ddPCR droplet generator.

. PCR plate sealer.

. ddPCR droplet reader.

. PC and software for analysis of ddPCR data (Quantasoft,
Bio-Rad Laboratories, Hercules, CA, USA) (note: not available
for Mac).

10. DGS cartridges, DG8 gaskets, ddPCR droplet generation oil
for probes, ddPCR 96-well plates, pierceable foil heat seals,
ddPCR droplet reader oil (Bio-Rad Laboratories).

11. QX100 or QX200 System.

12. 96-well PCR plates and optical adhesive films or 0.2 ml strip
tubes with cups (used for mix preparation and collection before
droplets generation).

O 0 N O\ Ul W N

13. Oligo Analyzer 3.1 (www.eu.idtdna.com).

14. PrimerQuest (Integrated DNA Technologies, www.idtdna.
com).

15. Primer3Plus (www.primer3plus.com).
Along this chapter, the Bio-Rad system (Bio-Rad Laboratories)

is described. Alternative instruments will require adaptation of this
protocol.


http://www.eu.idtdna.com
http://www.idtdna.com
http://www.idtdna.com
http://www.primer3plus.com

82 Irene Della Starza et al.

3 Methods

3.1 ddPCR MRD
Quantification for the
Target Genes

To identity IG/TR markers at diagnosis, either a standard multi-
plex PCR/Sanger sequencing [23] or the new and more efficient
NGS-based approaches [24, 25] can be applied to define the
unique V-(D-)J junctional regions. Complementary ASO primers
and common fluorescent probes must be designed for each target
of each patient, for MRD monitoring [23]. Several tools are avail-
able for assay design and optimization, such as Oligo Analyzer 3.1
(www.eu.idtdna.com), PrimerQuest (Integrated DNA Technolo-
gies, www.idtdna.com), Primer3Plus (www.primer3plus.com), or
others.

No standard curve generation is needed for a ddPCR experiment
setup. However, as for any kind of PCR experiments, a positive
control is mandatory (i.e., either a 10-1 dilution or 10-4 dilution
point performed in 2-wells could be used). Follow-up samples must
be tested in triplicate (two replicates are acceptable only in cases
with insufficient DNA or failed technical criteria in third replicate).

To check for unspecific amplifications, nonspecific DNA con-
trols (PB-MNC) should be run in 3 or 6 replicates (se¢ Note 1) and
a no template control (NTC) at least in duplicate, for each specific
target quantification, respectively.

The specific oligonucleotide primers and probe, as selected
based on available IG/TR targets and sensitivity testing, must be
used (see Note 2).

1. Prepare the reaction mixture for each sample /well as follows:

2 x ddPCR Supermix for Probes (no dUTP) 11.0 pl
20x target primers/probe mix 1.1l
(HINFI (2 U/ul) - optional) (1.1 pul)
H,0 4.4 pl

(volume must be modified if the enzyme is used)

Total volume 16.5 pl (see Note 3)

2. Dispense the mix in the plate or in 0.2 ml strip tubes.
. Add 5.5 pl of the DNA (100 ng/ul) sample for each well.

4. Seal the plate or the strips with optical adhesive film or caps,
mix and spin down briefly.

w

5. Proceed with droplets generation (see Note 4).

(a) Load 20 pl of reaction mix and 70 pl of droplet generation
oil into the proper DGS8 cartridge wells.
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(b) Carefully remove any bubble created into the DGS8 car-
tridge “sample” well during sample loading.

(c) Put the DGS8 gasket and start the droplets generation.

Carefully transfer 40 pl of generated droplets into a ddPCR
96-well plate.

Seal with a pierceable foil on PX1 PCR plate sealer.

. Start the amplification using the default Bio-Rad thermal

cycling protocol (95 °C, 10 min; 94 °C, 30 s; proper Tm°C,
1 min for 40 cycles; 98 °C for 10 min) adjusting the Tm
according to the ASO-primers annealing temperature.

. Load the post-PCR 96-wells plate into the QX100,/QX200

droplet reader and follow the manufacturer’s instructions. Fig-
ure 1 shows a schematic diagram of a ddPCR experiment.

A reference gene must be tested to correct the MRD value in the
actual follow-up sample based on the quantity of DNA loaded.
Although no consensus has been reached on reference gene
usage, the albumin gene is the most frequently used housekeeping
control gene. Details on primers and probe concentrations to
amplify a portion of the albumin gene as a reference are indicated
in Note 2. The reference gene is recommended to be tested (in a
single well) in the same ddPCR plate as for the target gene.

1. Prepare the reaction mixture for each sample /well as follows:
2x ddPCR Supermix for Probes (no dUTP) 11.0 pl

20x target primers/probe mix 1.1l

(HINFI (2 U/ul) -optional) [1.1ul]

H20 8.8l

(volume must be modified if the enzyme is used)

Total volume 20.9 pl (see Note 3)

2. Dispense the mix in the plate or 0.2 ml strip tubes.

w

. Add 1.1 pl of the DNA (100 ng/ul) sample in each well.
. Seal the plate or the strips with optical adhesive film or caps,

mix, and spin down briefly.

. Proceed with droplets generation (se¢ Note 4).

(a) Load 20 pl of reaction mix and 70 pl of droplet generation
oil into the proper DGS8 cartridge wells.

(b) Caretully remove any bubble created into the DGS8 car-
tridge “sample” well during sample loading.

(c) Put the DG8 gasket and start the droplets generation.
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STEP 1: Reaction mix and DNA molecules are
partitioned into droplets

N

Positive droplet

) Negative droplet

Empty droplet

STEP 3: Fluorescence detection
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Fig. 1 ddPCR MRD quantification: schematic diagram of a ddPCR experiment.
Step 1: the reaction mix is prepared with the same primer/probes as for the
RQ-PCR assay. Both the reaction and the DNA samples are partitioned into
20,000 droplets of identical volume through a microfluidic system. Step 2: in a
thermal cycler, 20,000 PCR reactions are amplified and fluorescence is the
output during the reaction of polymerization. Step 3: a droplet reader analyzes
each droplet individually and detects an increased fluorescence in positive
droplets, which contain at least one copy of the target DNA
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Analysis

3.4 Interpretation of
ddPGR MRD Results
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6. Carefully transfer 40 pl of generated droplets in ddPCR 96-well
plates.

7. Seal with a pierce able foil on PX1 PCR plate sealer.

8. Start the amplification using the default Bio-Rad thermal
cycling protocol (95 °C, 10 min; 94 °C, 30 s; annealing
60 °C, 1 min for 40 cycles; 98 °C for 10 min).

9. Load the post-PCR 96-wells plate in the QX100,/QX200
droplet reader and follow the manufacturer’s instructions.

10. At the end of the ddPCR reaction, analyze the plots. Check
that no amplification is seen in the NTC and exclude samples
with very low or high values, outside the range of 300-7500
copies/pl (corresponding theoretically to 20-500 ng) [21].

The analysis must be performed by QuantaSoft or QuantaSoft PRO
according to the following criteria:

1. Only replicates with equal or more than 9000 droplets and
equal or less than 20,000 must be considered for the analysis.

2. The threshold must be established manually. The threshold
should be settled below the positive control cloud and as
close as possible to the background signal (see Note 5).

3. Set a single threshold, based on the patient specific positive
control, for all those samples that use the same set of
ASO-primers. However, for those samples presenting
unaligned amplitude signal (due to different background
amplification signal related to the follow-up DNA quality), a
sample specific threshold must be set.

4. In case of few positive events in follow-up samples, NTC or
PB-MNC wells, verify the consistency of the amplification
signal by checking for the presence of positive droplets in
channel 2 (ch2). If a signal in ch2 is detected, in the same
position of the chl signal, this represents an unspecific amplifi-
cation (false-positive signal) and must be excluded from the
analysis (Fig. 2).

An excel sheet can be used to report all IG/TR target amplification
values for all follow-up samples. In the process of setting an inter-
national standardization, ddPCR results have been interpreted so
far with different guidelines [21, 22]. See Table 1 for the provi-
sional EuroMRD guidelines.

Interpretations must be incorporated into the clinical report.
Although it has not been standardized so far, just as for RQ-PCR, a
clinical report ideally should contain the following information for
each follow-up sample analyzed: date and type of sampling, the
actual MRD value, and the corresponding quantitative limit (QL).
If the MRD value is positive but below the quantitative limit, the
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Table 1

Provisional EuroMRD guidelines for ddPCR

Data interpretation

Provisional EuroMRD guidelines [20]

MRD positive sample

MRD negative sample

MRD positive below the
quantitative limit

MRD quantification

A merge of events >3, regardless of number of positive replicates

After verification for unspecific signals, in the presence of positive
background, the calculation has to be: Copies MRD sample - copies
background

All acceptable replicates with a merge of no or only one event

A merge of event = 2

After verification for unspecific signals, in the presence of positive
background, the calculation has to be: Copies MRD sample - copies
background

Target copies in 500 ng of DNA are calculated as the mean values of
replicates (mean copies/pl x 20 pl)
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value can be reported as “POS < QL” (i.e., POS < 1.0 x 10~ %). As
already established for RQ-PCR results, this qualitative result can-
not be further interpreted: it only means that the sample is positive
and lower than the QL, but it cannot be quantified precisely and
should not be used for clinical decision, in particular not for
upgrading the therapy, because of the intrinsic risk of false-
positivity. In case of negative MRD, the actual QL and the specific
time point need to be considered for clinical interpretation and
decision-making.

During the last years, many publications have reported on the
ddPCR application in different hematological diseases. Its intrinsic
characteristics (accuracy, sensitivity, quantification without the need
of'a standard curve, etc.) make this method also attractive for MRD
evaluation. However, at the moment, the use of ddPCR as a MRD
molecular method in clinical protocols is prevented by the lack of
published international guidelines for data interpretation, which is
a fundamental requirement to ensure reproducibility and to com-
pare MRD data in different clinical protocols. For this reason, a
major standardization effort is underway within the EuroMRD
consortium groups, and five ddPCR QC rounds have so far been
performed, involving 24 laboratories around the world [21]. The
further challenges will be to achieve this goal and to assess the
prognostic relevance of ddPCR in large studies in the light of its
future application in clinical practice.

4 Notes

1. Since ddPCR allows accurate quantification of rare events, we
suggest to use the same number of replicates (=3) for patients
and for PBMNC samples.

2. Primers and probe should be used at a final concentration of
500 nM and 200 nM, respectively. For 25 pl total volume of
20X target primers/probe mix: 1 pl probe (100 pM), 2.5 pl
each primers (100 pM), and 19 pl H,O. For ddPCR analysis,
BHQI or MGB or Zen probes should be used. TAMRA probes
must be avoided since they lead to high background and noise
signals.

3. Prepare the ddPCR mix for a volume increased by 10% to be
sure to have enough reaction mix volume for each replicate,
and not to risk the generation of air bubbles into the DG8
cartridges, when loading the samples.

4. Based on the DNA extraction method, gDNA could be viscous
and this characteristic can affect the droplets generation. In
case of sticky DNA, add 2 U/pl of enzyme (1.1 pl) to the
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ddPCR reaction mix, adjusting properly with water. Impor-
tantly, before using the enzyme, verify that target sequences
or primers and probes will be not damaged.

5. In case of one or two positive droplets, in the PB-MNC wells,
just above the background signal, threshold line could be
settled just above these observed droplets of the PB-MNC. In
case of positive droplets in the PB-MNC samples at higher
amplitude respect to the cloud of positive control, these are
unspecific signals and must be omitted from the analysis.
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Quality Control for IG/TR Marker Identification and MRD
Analysis

Eva Fronkova, Michael Svaton, and Jan Trka

Abstract

Selection of the proper target is crucial for clinically relevant monitoring of minimal residual disease (MRD)
in patients with acute lymphoblastic leukemia using the quantitation of clonal-specific immunoreceptor
(immunoglobulin/T cell receptor) gene rearrangements. Consequently, correct interpretation of the
results of the entire analysis is of utmost importance. Here we present an overview of the quality control
measures that need to be implemented into the process of marker identification, selection, and subsequent
quantitation of the MRD level.

Key words Minimal residual disease, Acute lymphoblastic leukemia, Quality control, Next-generation
sequencing, PCR

1 Introduction

Minimal residual disease (MRD) monitoring became the standard
tool for acute lymphoblastic leukemia (ALL) patient risk stratifica-
tion. Development of the methodology, as started by the leading
pediatric international consortia, has led to the wide acceptance of
this approach by both pediatric and adult hematologists alike.
Among all potentially available strategies for MRD follow-up anal-
ysis, detection and subsequent quantitation of immunoreceptor
gene (immunoglobulin/T cell receptor; 1G/TR) rearrangements
have become the gold standard. IG/TR-based MRD monitoring is
currently not only used in frontline treatment of ALL patients but
also for the prediction of outcome after relapse of ALL and for
follow-up analysis of patients before and after hematopoietic stem
cell transplantation (SCT).

As really crucial treatment decisions are being made based on
the results of MRD measurement, the accuracy of the method is
critical. At particular time-points of treatment, both potential false-
negative and false-positive results may have serious consequences.
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Therefore, quality controls must be an integral part of this approach
throughout all the critical procedures of MRD marker identifica-
tion, selection, and follow-up analysis.

Here, we summarize the critical steps in marker identification
and MRD analysis together with the description of related quality
control measures.

2 |IG/TR Marker Identification

2.1 PCR-Based
Marker Identification

2.1.1  Control Samples

2.1.2 Distinguishing
Between Monoclonal and
Polyclonal PCR Products

A classical approach of clonal marker identification includes PCR
amplification, clonality assessment, and Sanger sequencing of PCR
products. The strategy for choosing 1G/TR markers for amplifica-
tion differs based on the type of malignancy. In CLIP laboratories,
we prefer to use separate singleplex PCR reactions for ALL (25 for
B-ALL, 20 for T-ALL), as described by the BIOMED-1 consor-
tium [1, 2], with frozen premixes including primer pairs and poly-
merase for each rearrangement, complemented by T cell receptor
beta (TRB) detection via three multiplex PCR reactions, as
described by the BIOMED-2 consortium [3].

Cell line or patient samples with respective rearrangements are used
as positive control, and water is used as negative control to check
for possible contamination. Using 20-25 single reactions, it is not
possible to add positive and negative controls to each mix. One
positive control and one negative control are used for each marker
screening, with positive control changing (rotating) for each
screening round to control all the PCR premixes.

In case of positive amplification, it is necessary to distinguish
monoclonal PCR products from oligo/polyclonal ones. This was
previously done using heteroduplex analysis on polyacrylamide gels
[3]. Currently, GeneScan analysis or technologies of automated
electrophoresis (Agilent Bioanalyzer or similar) are preferred due
to significantly reduced hands-on time. We use Agilent Bioanalyzer
on-a-chip electrophoresis for clonality detection, because it does
not require fluorescently labeled primers as in GeneScan, while
providing a similar degree of size distinction. Moreover, PCR
products can be directly used for further analysis. The TRB multi-
plex interpretation is difficult due to possible unspecific bands.
Therefore, polyclonal control samples consisting of a mix of at
least ten healthy donor “buffy coat” samples should be used for
each TRB multiplex tube, together with positive controls and
water, to discern nonspecific bands. The monoclonal products are
then sequenced and clone-specific primers are designed (see
below).



2.2 NGS-Based
Marker Identification

2.2.1 Quality Control of
the Library Preparation

2.2.2 Data Analysis
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Alternatively—and currently more frequently—the methods used
for the screening of IG/TR gene rearrangements as clonal markers
in ALL are routinely based on next-generation sequencing (NGS),
providing a rapid and full overview of the rearrangements present in
the sample. These methods, usually based on amplicon sequencing
for particular markers (IG/TR rearrangements), rely on multiplex
PCR with a large number of specific primers, and thus a reliable and
standardized quality control is needed in routine practice to obtain
reliable results. When focusing on noncommercial and thus freely
available solutions, EuroClonality-NGS assays and approaches that
were developed to standardize routine diagnostic practice for both
the wet lab and bioinformatic parts of marker identification are
optimal [4].

To ensure that all possible IG/TR gene rearrangements that are
present in the diagnostic DNA sample can be detected, a routine
control of the PCR primer mixes should regularly be performed
using a polyclonal quality control sample (PC-QC). A mixture of
polyclonal DNA samples isolated from the PBMCs obtained from
multiple healthy donors is easily accessible in routine laboratory
practice and provides a diverse repertoire of IG/TR gene rearran-
gements. NGS library preparation from the PC-QC is required
each time a new working dilution of the primer mix is prepared to
test the correct performance of all primers and should be periodi-
cally repeated to assess stable primer mix composition over longer
periods of time.

Standard quality control (QC) of the NGS library is required
for each sequencing run and consists of gel electrophoresis of the
final products to assess a good specific amplification of the library at
the expected amplicon length and quantitation of the purified
specific products.

For the purpose of assessing correct PCR amplification during
each NGS library preparation, a central in-tube quality/quantita-
tion control (cIT-QC) is used and added to the PCR reaction to
undergo the whole process in parallel with the diagnostic sample.
The cIT-QC consists of selected human B and T cell lines with
defined IG/TR rearrangements [5] and serves as a positive control
for all the IG/TR gene loci, including the ones that were not
rearranged in the patient’s malignant cells and would otherwise
lack specific rearrangements. Reads from the cIT-QC are used
during the bioinformatic analysis to confirm correct NGS library
preparation and aid with the normalization of all the other reads to
cell counts.

A large number of specifically developed software tools exist for the
analysis of IG/TR gene rearrangements, with the ARResT /Inter-
rogate [6] and Vidjil [7] applications being developed in collabora-
tion with the EuroClonality-NGS working group to be well suited
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Fig. 1 Primer usage in a mixed polyclonal sample. Individual primers from the EuroClonality-NGS 1GK-VJ-Kde
primer mix are shown with 5’ primers on the x axis and 3’ primers in different colors. The y axis shows the
relative abundance of reads identified with the respective primer sequence in the NGS library

for MRD marker identification including the automatic quality
control of the libraries prepared according to the EuroClonality-
NGS working group protocols. An essential prerequisite for the
analysis is sufficient sequencing coverage of the NGS libraries with
good base quality for reliable identification of all IG /TR rearrange-
ments present in the DNA sample, including the cIT-QC. This is
taken into consideration during the bioinformatic analysis with
these tools.

Using correct primer annotation, the usage of specific 5" and 3’
primers can be examined in each sample to assess their individual
performance. An example of such analysis of IGK-V]-Kde primer
usage in a polyclonal sample is shown (Fig. 1). Although influenced
by the gene usage in a healthy polyclonal repertoire, it is a reliable
indicator of any errors that may have occurred during the primer
mix preparation. Primer mix performance should be checked regu-
larly using a PC-QC.

Reads corresponding to the cIT-QC are identified during the
bioinformatic analysis and serve as an amplification control for each
individual library. An automatic QC determines that all expected
rearrangements of the cIT-QC are present in the respective libraries
and a quantitation factor is calculated based on the DNA input of
the cIT-QC as well as the patient’s sample. A potential failure to
detect some of the cIT-QC rearrangements may occur in a situation
with a low coverage of the NGS library and a high infiltration of
blasts in the patient’s sample with monoclonal rearrangement. In
such cases usually only some of the cIT-QC rearrangements are not
covered and the MRD marker can still be clearly identified. In
samples with limited polyclonal IG/TR background, the cIT-QC
makes up a large proportion of reads.



2.3 Choosing
Markers for MRD and
Optimization of the
Clonal-Specific RQ-
PCR Systems

Quality Control for IG/TR Marker Identification and MRD 95

There have been many debates on the subject of (preferential)
selection of the most specific and stable markers. However, in the
real-life situation, prioritization of markers is not really an issue; for
the sake of time of routine diagnostic throughput, usually all avail-
able (mono)clonal markers identified from Sanger sequencing are
used for clonal-specific primer design and subsequent RQ-PCR
optimization. Sequential testing of potential markers and primers
is not preferred as the total time spent on the entire selection-
optimization process must fit in the diagnostic window for MRD
monitoring. Markers are therefore mostly selected based on their
real, rather than predicted performance during the optimization
process.

However, with the advent of NGS-based marker identification,
more information is available on every marker. First, the real abun-
dance of the clonal marker in the analyzed DNA sample can be
estimated based on the cIT-QC and the background, and second,
and perhaps most importantly, its specificity can be confirmed
against a large dataset of IG/TR rearrangements from other
patients and polyclonal samples. Detailed description of this is
well beyond the scope of this chapter.

Ultimately, the real performance of the selected clonal marker-
primer in RQ-PCR is the criterion for its use in MRD monitoring.

The EuroMRD (former ESG-MRD-ALL) consortium has
established strict criteria for defining sensitivity and specificity of
RQ-PCR systems [8].

Reaching adequate sensitivity and specificity based on
EuroMRD criteria represents a QC of a well-designed RQ-PCR
system per se. Similar rearrangements in normal B and T cells are
the source of possible false-positivity, and background amplification
is unavoidable in some markers. The extent of nonspecific amplifi-
cation (NSA) depends on the involved genes and the number of
inserted and deleted nucleotides in the junction. It has been esti-
mated that NSA occurs in 35% of IGH markers and in more than
90% of TCRG markers [9]. IGK markers are also highly prone to
NSA. IGK-KDE rearrangements are recommended as first-choice
markers due to their stability, but based on our NGS data, the
presence of highly similar rearrangements with resulting NSA is
extremely high in polyclonal controls (unpublished data).

Therefore, it is mandatory to use adequate polyclonal controls.
At least six wells of polyclonal DNA (preferentially from at least
10 healthy donors PB samples) should be used together with MRD
samples in the RQ-PCR assay. Usually, 2—-3 specific primers are
tested for each monoclonal rearrangement, and two independent
markers with the lowest NSA and sufficient sensitivity are selected
and further optimized if needed. To reduce NSA, it is possible to
slightly correct RQ-PCR conditions, i.e., to increase the annealing
temperature by 2—4 °C or to titrate the primer concentration,
usually by decreasing the clonal marker-specific primer
concentration.
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3 Interpretation of RQ-PCR MRD Analysis Results

3.1 Identification of
False-Positive and
False-Negative Results

The EuroMRD consortium has also defined and published guide-
lines for the correct interpretation of RQ-PCR MRD monitoring
results. These criteria not only reflect the potential biological issues
of the approach but also the clinical relevance of the result.

Consequently, the criteria for MRD positivity were defined
more strictly for situations, where possible false-positivity would
lead to unjustified treatment intensification. This is typically the
situation of an emerging molecular relapse, most commonly during
regular follow-ups after stem cell transplantation (SCT). In the
opposite situation, i.e., when treatment reduction would be the
outcome of false-negative MRD result, the criteria are intentionally
stricter toward negativity [8].

In summary, sample is considered to be MRD positive in the
context of therapy reduction (e.g., risk group stratification into
lower risk group) if:

e The CT value of at least one of the three replicates is >1.0 CT
lower than the lowest CT of background

and.
e The CT value of at least one of the three replicates is within 4.0
CT from the highest CT value of the previously defined
“sensitivity.”

A sample is considered to be MRD positive in the context of
therapy intensification (e.g., therapeutic intervention after SCT) if:

e The CT value of at least one of the three replicates is >3.0 CT
lower than the lowest CT of background

and.
e The CT value of at least one of the three replicates is within 4.0
CT from the highest CT value of the previously defined
“sensitivity.”

In an intra-laboratory setting, a newly emerged low MRD positivity
remains a diagnostic challenge. Before the era of NGS methods, the
extent of false-positivity was assessed only indirectly. Van der Velden
et al. retested the low-positive samples in different timepoints of
ALL using MRD assays designed for different (irrelevant) markers
and concluded that the NSA differs between timepoints and mar-
kers and is mostly present in IGH markers with background ampli-
fication in PB (bufty coats) in post-maintenance treatment phases.
Their study concluded that the background for IGH markers was
lowest at the end of induction treatment (day 33) and that
EuroMRD criteria sufficiently excluded most of the false-
positives [10].
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Our group focused on MRD positivity during the post-SCT
period. Starting 140 days post-SCT, we frequently observed posi-
tive results fulfilling EuroMRD criteria for therapy intensification in
patients who turned negative in the following examinations. Using
indirect methods, we showed that the positives were nonspecific
and their occurrence correlated with intense B cell regeneration,
which is usually very intense post-SCT [11]. With the development
of NGS-based MRD methods, we expanded the previous cohort
and reanalyzed post-SCT RQ-PCR-positive samples by NGS. A
vast majority of RQ-PCR positive samples in patients who subse-
quently did not progress into hematological relapse were negative
using NGS. NGS sequences of amplified physiological rearrange-
ments were highly similar to ASO primer sequences, suggesting
that RQ-PCR amplification was not specific [12].

Based on these data, we decided to recheck every MRD result
post-SCT that was concluded by RQ-PCR to be “positive, non-
quantifiable.” The size of the nonspecific RQ-PCR products is
usually different from the expected size of the amplified marker.
Therefore, it is helpful to keep RQ-PCR products and check their
size using the Agilent Bioanalyzer together with products of the
standard curve dilution (usually 10-1 and 10—4) as size standard
and with bufty coats that previously showed positive signals. Based
on our experience, up to 30—40% of low-positive (nonquantifiable)
RQ-PCR results can be identified as false-positive, because the
length of the “clonal-specific” product differs from its original
size and overlaps with buffy coat amplification (unpublished
data). In the remaining cases, the sizes of all products including
bufty coat are in the same size range and thus cannot be distin-
guished. With IG /TR NGS available, it is possible to reevaluate the
remaining positive RQ-PCR result via NGS. However, to ensure
that NGS has the same (or better) sensitivity as RQ-PCR, it is
crucial to test the sensitivity of NGS using the diluted sample
(e.g., 10—4), preferentially in a separate NGS run to avoid sample
cross-contamination.

4 Conclusion

MRD monitoring using an 1G/TR-based quantitation method is
an elegant and clinically relevant approach. However, as several
steps are prone to technical and interpretational errors, adequate
quality control measures must be included throughout the process.
Some of the basic and more advanced tips have been listed in this
chapter. On top of these, intra-laboratory procedures and interla-
boratory measures can be introduced as well.
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Abstract

Liquid biopsy is a novel diagnostic approach at first developed to characterize the molecular profile of solid
tumors by analyzing body fluids. For cancer patients, it represents a noninvasive way to monitor the status
of the solid tumor with respect to representative biomarkers. There is growing interest in the utilization of
circulating tumor DNA (ctDNA) analysis also in the diagnostic and prognostic fields of lymphomas. Clonal
immunoglobulin (IG) gene rearrangements are fingerprints of the respective lymphoid malignancy and
thus are highly suited as specific molecular targets for minimal residual disease (MRD) detection. Tracing of
the clonal IG rearrangement patterns in ctDNA pool during treatment can be used for MRD assessment in
B-cell lymphomas. Here, we describe a reproducible next-generation sequencing assay to identify and
characterize clonal IG gene rearrangements for MRD detection in cell-free DNA.

Key words Cell-free DNA, Plasma, Immunoglobulin rearrangements, Therapy monitoring, Liquid
biopsy, Minimal residual disease, Digital droplet PCR, Next-generation sequencing

1 Introduction

Circulating cell-free DNA (cfDNA) is fragmented extracellular
DNA, which is released from apoptotic and necrotic cells in small
fragments of <200 bp [1]. c¢fDNA is typically isolated from the
blood stream; however, it is also possible to detect cfDNA in other
biological fluids such as urine or cerebrospinal fluid [2-6]. Interest-
ingly, in cancer patients, a fraction of 0.01-60% of the total cfDNA
consists of circulating tumor DNA (ctDNA), which originates from
neoplastic lesions [7].

The fact that ctDNA shares the same biological features as the
cellular DNA of the tumor, such as point mutations, gene amplifi-
cations, and immunoglobulin (IG) and T-cell receptor (TR) gene
rearrangements in lymphoma, makes utilizing c¢tDNA as a nonin-
vasive biopsy in diagnostic approaches and monitoring the status of
minimal residual diseases (MRD) very attractive.
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The ideal markers for MRD detection in B-cell lymphomas are
clonal IG gene rearrangements. The IG heavy chain (IGH) gene
rearrangements are frequently used as target due to their unique
junctional regions. However, IGH rearrangements may not be that
reliable because of the somatic hypermutations (SHM) mainly in
the V gene regions taking place during B-cell development and
maturation. This might result in mismatches in primer binding
[8]. Alternatively, incomplete IGHD-IGH] rearrangements and
IGK gene rearrangements could be used as targets for MRD.
Both rearrangement types are mainly unmutated. Incomplete rear-
rangements in the IGH locus do not contain SHM in the majority
of cases, because transcription only starts from the promoters in the
V genes [9]. The finding of hypermutation in a small proportion of
incomplete DJH rearrangements suggests important biological
implications concerning the process of SHM. The rearrangements
of the IGK genes can also be an important complementary MRD
target, as in rearrangements involving the kappa deletion element
(Kde), no SHM can occur after Kde recombination, since the
deletion of the JK-CK introns removes the IGK enhancer that is
essential for SHM [10].

PCR-based methods like allele-specific real-time quantitative
PCR or digital droplet (dd) PCR targeting the clonal IG rearrange-
ments are currently the gold standard for MRD quantification in
cfDNA but are limited by a sensitivity of 1xE-05 in a polyclonal
B-cell background. Since ctDNA is present at a very low overall
amount in the peripheral blood, highly sensitive technologies are
needed to detect MRD in cfDNA. Next-generation sequencing
(NGS) of IG rearrangements (IG-NGS) is the technology that
can overcome the limitation of PCR-based approaches with a
potential higher sensitivity.

MRD assessment in ¢fDNA by IG-NGS requires the identifica-
tion of the lymphoma-associated clonotypes in diagnostic tumor
tissue. Therefore, fresh or formalin-fixed paraffin-embedded
(FFPE) lymph node material or diagnostic peripheral blood or
bone marrow with sufficient tumor infiltration is required for the
initial marker identification. The EuroClonality-NGS working
group has recently shown that IGH and IGK rearrangements are
highly suitable for detecting clonality in frozen and FFPE-
embedded tissue specimens [11]. Due to the small fragment size
of cfDNA (~166 bp) and the high frequency of SHM in the variable
heavy framework region 3 (IGHV-FR3), the EuroClonality-NGS
IGHV-FR3 multiplex PCR was redesigned and optimized for the
specific requirements of MRD detection in ¢fDNA. IGHD-IGH]
and IGK (IGKV-IGK]J, IGKV-KDE, and intron RSS-KDE) primer
sets remained unchanged; only the reaction conditions and primer
concentrations were modified to facilitate balanced amplification of
all rearrangements also in this type of material.
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As illustrated in Fig. 1, using a one-step NGS PCR protocol,
clonal IG rearrangements are amplified in ¢fDNA and combined
with molecular barcodes and sequencing adapters. The amplicons
bind the flow cell of the Illumina MiSeq through the introduced
adapters and are sequenced by synthesis. A standardized bioinfor-
matic analysis of the high-throughput sequencing data allows the
verification of clonal IG rearrangements and their precise quantita-
tion. The bioinformatic platform ARResT /Interrogate (at http: //
arrest.tools/interrogate /), developed within the EuroClonality-
NGS working group, allows identification of clonotypes and
MRD follow-up in the same workflow.

The EuroClonality-NGS “central intra-tube quality/quantifi-
cation control” (cIT-QC), comprising of known copy numbers of
clonal rearrangements, is added to each reaction to enable the
quantification of ctDNA as fraction of ¢fDNA and the correction
of potential amplification biases. The cIT-QC is used to calculate
the coverage of each single rearrangement copy in order to calculate
the read coverage per cell and to determine the MRD level. The
utility of this approach has been published recently [12].

Here we provide detailed instructions on amplicon sequencing
of clonal IG rearrangements in cfDNA using modified
EuroClonality-NGS protocols for IGH (V] + DJ) and IGK
(V] + intron-Kde/V-Kde) (http://www.euroclonality.org/
protocols/). The process of marker identification in FFPE samples
or diagnostic bone marrow or peripheral blood is not part of this
chapter; for that we refer to the publication of Scheijen et al. [11].

2 Materials

2.1 Sample
Gollection

2.2 CcfDNA Extraction

Solutions must be prepared with double-distilled water (supplied as
ultrapure water or purified by filtering of 18 MQ-cm at 25 °C). All
reagents should be stored at 18-25 °C unless otherwise indicated.

1. Blood collection tubes (S-Monovette” EDTA, PAXgene®,
Cell-free DNA BCT™ Blood collection tubes [Streck]).

1. QIAamp® Circulating Nucleic Acid Kit (QIAGEN). Add
200 ml isopropanol (100%) to 300 ml buffer ACB concentrate
to prepare ready-to-use buffer ACB. Add 25 ml ethanol
(96-100%) to 19 ml buffer ACW1 concentrate to prepare
ready-to-use buffer ACWI1. Add 30 ml ethanol (96-100%) to
13 ml buffer ACW2 concentrate to prepare ready-to-use
buffer ACW2.

2. QIAvac 24 Plus vacuum pump (QIAGEN) or any vacuum
pump capable of producing a pressure of —800 to
—900 mbar. Alternatively, use the Maxwell® RSC instrument
(Promega) with the corresponding Maxwell® RSC ccfDNA
Plasma Kit (Promega) for automated extraction.
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Fig. 1 Schematic representation of the cfDNA-based NGS IG rearrangement analysis in lymphoma. Adapted
from “Next Generation Sequencing (lllumina),” by BioRender.com (2021). Retrieved from https:/app.biorender.
com/biorender-templates
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List of target primers used for quantification using digital droplet PCR as described previously [14]

Genome
Target loci

Hydrolysis probe fluorophore/
Primer/probe sequence (5'-3') quencher

Albumin 4ql3.3

GAPDH 12pl3

TERT  5pl5.33

F: CTGGAAGTCGATGAAACATACGTT FAM/TAM
R: CTCTCCTTCTCAGAAAGTGTGCATA
P: TGCTGAAACATTCACCTTCCATG

CAGA

F: AGGTTTACATGTTCCAATATGATTCCA FAM/TAM
R: ATGGGATTTCCATTGATGACAAG
P: CCGTTCTCAGCCTTGACGGTGC

F: CCTCACATAAATGCTACCAAACGA FAM/TAM
R: TTCCAAGAAGGAGGCCATAGTC
P: AAGAAATGAACAGACCCATCCCC

CAGG

2.3 Digital Droplet
PCR (ddPCR)

2.4 One-Step Next-
Generation

Sequencing (NGS) PCR

. Vortexer.

. Centrifuge.
. Heat block.
. Water bath.

. Sterile 50 ml conical tubes.

N QN U W

—

. 2x ddPCR™ Supermix (no dUTP, Bio-Rad).

. ddH,0.

. Forward and reverse primers (see Table 1 for ddPCR
primer list).

. Extracted ccfDNA samples.

. DG8 Cartridges for QX200 Droplet Generator (Bio-Rad).

. DG8 Gaskets for QX200 Droplet Generator (Bio-Rad).

. QX200™ Droplet Digital PCR system (Bio-Rad).

. Twin.tec PCR Plate 96 (Eppendort).

. Pierceable Foil Heat Seal (Bio-Rad).

10. Thermal cycler.

11. PX1 PCR plate sealer (Bio-Rad).

12. Centrifuge.

w N

O 00 N O\ Ul

13. Vortexer.

1. FastStart™ High Fidelity reaction buffer (Roche) w/0 MgCl,.
2. FastStart™ High Fidelity Taq polymerase (Roche).
3. MgCl, (Roche).
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N O\ Ul W

. dNTDs.
. ddH,O (HPLC purified).
. Library preparation target primers (desalted) (see Table 2).

. High sensitivity dsDNA concentration measuring kit (i.e.,

Qubit® dsDNA HS Assay Kit (ThermoFisher Scientific) or
QuantiT PicoGreen dsDNA Assay Kit (ThermoFisher
Scientific)).

. Qubit assay 0.5 ml tubes.

9. 2x 250 MiSeq Reagent Kits (Illumina) (i.e., v2, v2-Nano Kit

10.

11.
12.

13.
14.
15.
16.
17.
18.

(500 cycles), or v3 Kit (600 cycles), depending from number of
samples and sequencing depths).

PhiX Control v3 (Illumina) (10 nM). Dilute the PhiX (10 nM)
to 4 nM by mixing 2 pl 10 nM PhiX with 3 pl EBT buftfer.

HT1 (Hybridization buffer) (Illumina).

NaOH. Prepare a fresh 0.2 N NaOH daily by mixing 20 pl
10 N NaOH with 980 ul ddH,O.

EBT-Buftfer (Illumina).

Tween 20",

Thermal Cycler.

Low binding tubes.

Illumina MiSeq sequencer.

Light Cycler LC480,/Qubit Fluorometer.

2.5 Purification of 1. Gel electrophoresis chamber.
Subpools by Gel 2. Gel Red (VWR).
Extraction 3. Gel loading dye.
4. MinElute Gel extraction kit (Qiagen).
5. Scalpel or X-Tracta tips.
6. Agarose.
7. TBE (or TAE) Bufter.
3 Methods
All experimental procedures should be carried out at room temper-
ature unless otherwise indicated.
3.1 Sample 1. Centrifuge blood collection tubes at 2000 x g for 10 min. If
Preparation using S-Monovette"EDTA tubes, processing time should not

2.

be longer than 4 h after sample taking.

Carefully move the supernatants (plasma) into a 5 ml tube with
a conic bottom without damaging the buffy coat phase.
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3.

4.

Centrifuge the isolated plasma at 16,000 x g, 4 °C for 10 min
(see Note 1).

Move supernatants to a clean 5 ml tube. Proceed immediately
to cfDNA extraction (Subheading 3.2) or store at —80 °C (see
Note 2).

3.2 CcfDNA Extraction ~ ctDNA should be extracted from 4 ml purified blood plasma (set
samples to 4 ml by adding phosphate-buffered saline if the volume
is less than 4 ml).

1.

Prior to starting the extraction the following should be done:

(a) Equilibrate samples and buffers to room temperature
(18-25 °C).

(b) Heat a water bath or heating block to 60 °C for use with
50 ml tubes.

(c) Heat a heating block to 56 °C for use with 2 ml Eppen-
dorf tubes.

. Pipet 400 pl QIAGEN Proteinase K into a pre-labeled

50 ml tube.

. Add 4 ml plasma to the tube.

4. Add 3.2 ml buffer ACL to the tube. Mix well by vortexing for

o NN O u

10.

11

12.

30 s.

. Incubate for 30 min at 60 °C.
. Add 7.2 ml buffer ACB, mix well by vortexing for 15-30 s.
. Incubate the mixture for 5 min on ice.

. Insert the QIAamp Mini column into the VacConnector on the

QIAvac 24 Plus. Insert a 20 ml tube extender into the open
QIAamp Mini column. Make sure that the tube extender is
firmly inserted into the QIAamp Mini column to avoid leakage
of the sample.

. Caretully pour the mixture from step 6 into the tube extender

of the QIAamp Mini column. Set the vacuum pump to produce
a vacuum of —800 mbar to —900 mbar until all lysates are
drawn through (takes up to 15 min) (see Note 3).

Release the pressure to 0 mbar, discard the tube extenders
carefully and leave the QIAamp Mini columns attached to the
VacConnector on the QIAvac 24 Plus.

. Add 600 pl washing buffer ACW1 to the QIAamp Mini col-

umn. Switch on the vacuum pump (—800 mbar to
—900 mbar) while the lid is open (see Note 3). After the entire
washing buffer has been drawn through the column, switch the
vacuum pump off and release the pressure to 0 mbar.

Add 750 pl washing bufter ACW2 to the QIAamp Mini col-
umn. Switch on the vacuum pump (—800 mbar to
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13.

14.

15.

16.

17.
18.

19.
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—900 mbar) while the lid is open (see Note 3). After the entire
washing buffer has been drawn through the column, switch the
vacuum pump off and release the pressure to 0 mbar.

Add 750 pl ethanol (96-100%) to the QIAamp Mini column.
Switch on the vacuum pump (—800 mbar to —900 mbar)
while the lid is open (see Note 3). After the entire washing
bufter has been drawn through the column, switch the vacuum
pump off and release the pressure to 0 mbar.

Close the lid of the QIAamp Mini column. Remove it from the
vacuum manifold and discard the VacConnector. Move the
QIAamp Mini column to a clean 2 ml collection tube and
centrifuge at full speed (16,000 x ) for 3 min.

Move the QIAamp Mini column to a new 2 ml collection tube,
open the lid, and incubate at 56 °C for 10 min to dry the
membrane completely.

Move the QIAamp Mini column to a clean 1.5 ml elution tube.
Carefully pipet 20-150 pl of Buffer AVE onto the filter of the
QIAamp Mini column. Close the lid and incubate at room
temperature for 3 min (sec Note 4).

Centrifuge for 1 min at 16,000 x g. Discard columns.

For downstream processing, isolated ¢fDNA can be stored at
4 °C for up to 24 h. For longer storage freeze at <—30 °C.

Use a fragment analyzer to accurately size and qualify the
extracted cfDNA (see Note 5).

. Prepare the reaction mixture by adding 10 pl 2x ddPCR

Supermix, 0.3 pl forward primer (20 pM), 0.3 pl reverse primer
(20 pM), and 0.1 pl probe (20 pM) to 1 pl DNA and fill with
ddH,O up to 20 pl.

. Generate the droplets by pipetting 20 pl sample into the sample

wells and 70 pl QX200 Droplet generation oil into the Oil well
in the DG8 Cartridge, cover using the DG8 Gaskets and place
into the QX200 Droplet generator.

. Carefully transfer 40 pl of the generated droplets to the Twin.

tec PCR Plate by slowly pipetting using a multichannel pipette.
Seal plate using a pierceable Foil Heat Seal and a PX1™ PCR
Dlate sealer.

. Perform the PCR Reaction on a thermal cycler by incubating

the sample for 10 min at 95 °C for denaturation followed by
40 cycles of 30 s incubation at 94 °C for initial denaturation
and 1 min incubation at 60 °C for annealing. Apply a final
extension step by incubating for 10 min at 98 °C and store
the sample at 4 °C.
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3.4 NGS Library
Preparation

10.

11.

12.

. Move the plates to the QX200 Droplet Reader to measure the

amplified Droplets (see Note 6).

To measure the amplified fragments, start a new experiment in
the QuantaLife™ Software, adjust Supermix to ddPCR™
Supermix w/o dUTP for the desired wells, name targets and
select the appropriate channels as used in the probe (FAM,
HEX, etc.).

Place the plate in the reader and run the experiment, choose
DyeSet: FAM or FAM/HEX.

. Save the analysis and load the exported file into the Quanta-

Soft™ Pro software.

Set the threshold in the 1D-Amplitude to the positive fraction
(see Notes 7 and 8).

Export the results to Excel or any other spreadsheet
application.

Calculate the mean of the copies/20 pl reads and divide it by
2 to determine the copy number /cell.

Divide the copy number/cell by 150 to calculate the concen-
tration (ng/pl). Calculate the cfDNA concentration per 1 ml of
plasma.

For library preparation, keep the reagents on ice until use. Use
precooled racks for preparing the reaction mixture. Alternatively,
the reaction could be prepared by placing the tubes on ice. Use the
EuroClonality-NGS cIT-QC with known copy numbers of clonal
rearrangements, in order to calculate the read coverage per cell (see
Note 9 and [12]).

1.

2.

4.

Prepare the target-specific master mixes according to Table 3.
Vortex and centrifuge the tubes.

Add 40 pl target-specific master mix to 1500 cell equivalents of
a pre-quantified cfDNA. Adjust the volume to 50 pl with
ddH,O. Consider preparing one reaction for bufty coat (posi-
tive control) and another without added DNA (negative
control).

Perform the targeted PCR Reactions on a thermal cycler as
indicated in Table 4.

Verity the amplification of the target genes by agarose gel
electrophoresis by loading 7 pl PCR product and 3 pl DNA
loading dye into a 2% agarose gel (Fig. 2). Estimate the con-
centration of the amplified products by comparing the bands’
intensity with these of the DNA ladder. To prepare a 2% aga-
rose gel, weigh 8 g agarose and add it to 400 ml TBE buffer in a
1 I glass container. Dissolve the agarose by heating for intervals
of 15-20 s in a microwave at 800 W, swirl the container gently,
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Table 4

Thermal cycler profiles of targeted PCR reactions

IGH-VJ (cfFR3) IGH-DJ and IGK
1 cycle Initial denaturation 94 °C 10 min 94 °C 10 min
35 cycles Denaturation 94 °C 1 min 94 °C 1 min
1 cycle Annealing 50 °C 1 min 63 °C 1 min
Extension 72 °C 30s 72 °C 30s
1 cycle Final extension 72 °C 10 min 72 °C 10 min
Storage 4°C (c%) 4°C 00
IGH-VJ (cfFR3) IGH-DJ IGK
E S EZ -
5 8 & =z 5 8 & =2 5 8 & =z
1200 S 5o — =
400 00— 400
200 A0 == s

50 —
50

Fig. 2 PCR products analyzed by agarose gel electrophoresis. The target-specific band size is around 250 bp in
IGH-VJ, 300 bp in IGH-DJ, and 300 bp in IGK. Amplification reactions using buffy coat and distilled water
served as positive and negative controls, respectively

and repeat until the agarose completely dissolves. Allow the
mixture to cool to <60 °C. Add 1:10,000 Gel-Red, mix gently
and pour the dissolved agarose into the casting form, place the
comb in place, and wait until the gel sets (around 30 min).

. Pool 2-10 pl PCR products of the same target (i.e., cfFR3,

IGHDJ, IGK). Consider the differences in the bands’ intensi-
ties to pool equal amounts of the samples. Load the mixture on
a new 2% agarose gel for separation by electrophoresis. After
clear separation of the bands, extract the corresponding DNA
fragments by excising the bands out of the gel using a clean
scalpel or X-tracta tips. Using a gel extraction kit, extract the
DNA from the agarose gel and elute in 10-20 pl elution buffer.
Alternatively, pools could be purified using a magnetic beads-
based purification kit.

. Quantify the extracted DNA fragments using a Qubit® assa
Quantify g gaQ y

and use a fragment analyzer to identify the length of the
extracted fragments. Fragment length should vary from
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280 bp to 290 bp for IGH-V]J (ctFR3), 250-270 bp for
IGH-D]J, and around 300 bp for IGK.

7. Using the fragment length and the DNA concentration

(ng/ul), convert the DNA concentration (ng/pl) to nM
using the following formula:

Concentration (ng/pl)/(DNA fragment size x 650) x 1,000,000

8.

Dilute the amplified libraries to 2 nM or 4 nM when using a V3
Kit. According to the desired total reads, choose the
corresponding MiSeq Reagent Kit (V2, V3, nano V2, etc.)
(see Note 10).

9. Define the desired read count of each target and pool all targets

in the corresponding ratio.

The Illumina MiSeq instrument must be set up correctly before use.
Post-run and maintenance wash procedures must be performed
after each run.

1.

Before starting, thaw the HT1 Hybridization buffer on ice and
the cartridge in water for at least 1 h. After the cartridge thaws,
invert it 10x to mix the thawed reagents. Inspect that all
positions are thawed. If air bubbles are present, gently tap the
cartridge on the bench. Keep cool until use.

. After preparing and pooling the sequencing libraries, denature

the PhiX control using 0.2 N NaOH by mixing 5 pl 4 nM PhiX
with 5 pl 0.2 N NaOH, centrifuge for 1 min at 300 x g, and
incubate for 5 min at room temperature. Stop the denaturation
by adding 990 pl precooled HT1 buftfer. The PhiX end con-
centration of the mixture is 20 pM (se¢ Note 11).

. Denature a 2 nM library by mixing 5 pl 2 nM library with 5 pl

0.2 N NaOH, centrifuge for 1 min at 300 X g, and incubate for
5 min at room temperature. Stop the denaturation by adding
990 pl precooled HT1 buffer. The end concentration of the
library is 10 pM (see Note 12).

. Dilute both denatured PhiX and denatured library pool to the

same concentration using precooled HT1 buffer. Combine
10% denatured PhiX (60 pl) to the denatured library pool
(540 pl) for a low-diversity library (see Note 13). Mix well by
inverting the tube and centrifuge for 1 min at 300 x g. Keep
the mixture on ice until loading into the cartridge.

. Create a new sample sheet using the Illumina Experiment

Manager software by choosing the corresponding Illumina
device and selecting “other analysis followed by FastQQ Only.”
Define cycle reads for forward and reverse to 200 each. Select
the desired Index primers and save the sheet.
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6.

Load 600 pl library pool mixture into the sample position in
the cartridge. Load the cartridge and the flow cell into the
MiSeq device and start the run according to the manufacturer’s
instructions (se¢ Note 14) for monitoring data quality.

7. Export the data for demultiplexing and processing.
3.6 Bioinformatic Output data are analyzed using the previously described bioinfor-
Analysis matic platform ARResT /Interrogate [12, 13]; see below.

1. Sequencing output data are demultiplexed using the bel2fastq

tool (Illumina) with 0 mismatches allowed in the barcode
sequence (“—mismatches 0”).

. ARResT/Interrogate can be accessed at http://arrest.tools/

interrogate and requires an account which can be created by
emailing contact@arrest.tools.

. Switch to the “processing” panel, create a new analysis, and

then upload the samples in compressed FASTQ format (the
extension should be “.fastq.gz”).

. Make sure to select the “ARResT.cfDNA” pipeline scenario for

IGHfcFR3 samples and “ARResT.Routine” for IGH-DJ and
IGK samples.

. Click on the blue “test it” button. If the test was OK, one

should be able to click on the green “process” button. If not,
check the “process output” tab for feedback, and email con
tact@arrest.tools if necessary.

. Progress of the bioinformatic pipeline can be followed in the

“process output” tab. There is no need to wait; one may even
close the browser; either log in later or better make sure to
provide an email address to receive email notifications.

. When the run is complete, switch to the “file” panel and select

it from the drop-down menu, and click on “load results;” when
looking for clonotypes of very low abundance, load the “not
prefiltered” results.

. Switch to the “questions” panel.

. To access normalized values (i.e., number of cells instead of

number of reads), it is also necessary to provide the number of
cells (derived from the DNA amount) in the sample, e.g.,
~15,000 cells from 100 ng of DNA (also see Note 15)—this
will be used as the denominator for the percentage calculation.
There is a widget in the “processing” panel and the same in the
“questions” panel (Fig. 3), which sets the value for all samples;
if one needs to set different values for different samples, this
should be done in a sample sheet and its “cells” column. Do
not include spike-ins in those numbers.


http://arrest.tools/interrogate
http://arrest.tools/interrogate
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select filter by

o eroen~]

Fig. 3 Messages and widgets related to cIT-QC (spike-ins)

10. One should be able to see extra relevant widgets and messages
in “questions” (and remember to hover over the “?” tooltip
anchors) — to see normalized abundances, check the “use” box
(Fig. 3).

4 Notes

1. Precool the centrifuges to 4 °C prior sample preparation.

2. Avoid freeze-thaw cycles of plasma as this may lead to DNA
degradation.

3. In case of clogged QIAamp Mini column, close the VacValve,
carefully remove the whole assembly, and transfer the remain-
ing sample from the tube extender to a new 50 ml tube. Move
the QIAamp Mini column from the assembly into a clean 2 ml
collection tube and centrifuge it at full speed for 1 min or until
the sample has completely passed through the membrane.
Reassemble the QIAamp Mini column with Tube extender,
VacConnector, and VacValve. Transfer the remaining lysate
into the Tube extender, and proceed as described previously.

4. The recovered eluate volume will be up to 5 pl less than the
elution volume applied to the column.

5. The expected fragment length is 130-200 bp.

6. The droplet measurements must be carried out within
3—4 days.

7. The threshold must be defined manually and set closely as
possible above the fraction of negative droplets of the positive
control.

8. In the case of positive droplets in the negative controls, channel
2 should be also checked for positive droplets. Positive droplets
in channel 2 refer to nonspecific amplifications, and these
should not be considered in the analysis.

9. Central intra-tube control (cIT-QC), also known as spike-in
DNA, is a mixture of 9 cell lines, comprising 46 clonal rearran-
gements with known copy numbers. Spike-in DNA is added to
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Fig. 4 Representation of the “minitable” with the selected clonotypes and full nt sequences

10.

11.
12.

13.

14.

15.

16.

each reaction for the quantification of ctDNA as fraction of

cfDNA and for correction of potential amplification
biases [12].
MiSeq Reagent V2 Kit provides up to 1.5 x 10” Reads, V3 Kit

provides up to 2.5 x 107 Reads, V2 Micro up to 4 x 10°
Reads, and V2 Nano up to 1 x 10° Reads.

Denatured PhiX is stable for up to 3 weeks at —20 °C.

If using a V3 kit, start with a 4 nM library to end with 20 pM
library pool.

PhiX concentration varies according to the level of diversity.
For high diversity panels, use 1% PhiX.

Use the Illumina Sequencing analysis viewer (SAV) software for
monitoring the quality parameters of the running assay. Check
the cluster optimization overview for optimal control on clus-
ter density.

Input copy numbers of cfDNA might be low due to availability.
For retrieval of clonal IG rearrangements in cfDNA, we recom-
mend using 1500 cfDNA copy numbers. Define the level of
detection (lod) by dividing 1 on the amplified copy number
(in this case 1500 copies). For MRD detection during treat-
ment, the LOD has to be determined for each sample accord-
ing to the variability of input copy numbers.

Because of the nature of the ¢fDNA primers that result in short
amplicons and thus compromise the rearranged gene annota-
tions, the presented clonotypes only feature the junction amino
acid sequence. There are more feature types that can be
accessed, including the rearranged genes and the full nt
sequences themselves (click on any clonotype and check the
“minitable” or through the “forensics” panel and its
“sequences” tab) (Fig. 4).
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Targeted Locus Amplification as Marker Screening
Approach to Detect Inmunoglobulin (1G) Translocations
in B-Cell Non-Hodgkin Lymphomas

Elisa Genuardi, Beatrice Alessandria, Aurora Maria Civita,
and Simone Ferrero

Abstract

Although MRD monitoring by the classic polymerase chain reaction (PCR) approach is a powerful
outcome predictor, about 20% of mantle cell lymphoma (MCL) and 50% of follicular lymphoma
(FL) patients still lack a molecular marker and are thus resulting not eligible for MRD monitoring. Targeted
locus amplification (TLA), a new NGS technology, has been revealed as a feasible marker screening
approach able to identify uncommon B-cell leukemia/lymphoma 1 (BCL1) and B-cell leukemia/lym-
phoma 2 (BCL2) rearrangements in MCL and FL cases defined as having “no marker” by the classic PCR
approach.

Key words Mantle cell lymphoma, Follicular lymphoma, Immunoglobulin, Translocations, Molecu-
lar marker, Next-generation sequencing, Targeted locus amplification

1 Introduction

Mantle cell lymphoma (MCL) and follicular lymphoma (FL) are
non-Hodgkin lymphomas with an aggressive and indolent clinical
course, respectively [1]. Despite the high rate of success of modern
immunotherapies in the treatment of these patients, relapsing dis-
ease at variable time from disease presentation is still the rule, and
the consequent acquisition of more aggressive behavior overtime is
common [2, 3]. Therefore, it is crucial to track the disease course
by highly sensitive minimal residual disease (MRD) approaches, in
order to assess both the effective treatment efficacy and to early
identify patients at risk of relapse [4]. In the last decade several
prospective clinical trials revealed MRD as a strong outcome pre-
dictor both in MCL and FL [5-8].

Chromosomal translocations, which juxtapose oncogenes to
the immunoglobulin (IG) regions, are ideal molecular markers for
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MRD in mature B-cell lymphoproliferative diseases. In detail, MCL
and FL are characterized by chromosomal translocations that trans-
pose the B-cell leukemia/lymphoma 1 (BCLI) and B-cell leuke-
mia/lymphoma 2 (BCLZ2) genes, respectively, near the IG heavy
chain (IGH) regions; t(11;14) and t(14;18) result in the overex-
pression of cyclin D1 (CCND1) and BCL2 proteins and to the
constitutive activation of proliferative and antiapoptotic cellular
pathways, respectively [9].

Actually, fluorescence in situ hybridization (FISH) revealed
that almost 90% of MCL and 80% of FL harbor the translocation
in the diagnostic tissues, but this technology is not sensitive enough
to monitor MRD in follow-up samples [7, 10].

On the other hand, polymerase chain reaction (PCR), able to
detect up to one clonal cell among 100,000 analyzed cells, can
overcome this limitation. Currently, due to its high international
standardization level, it represents the gold-standard approach
employed for MRD monitoring purposes in MCL and FL. [7, 11].

The well-known t(11;14) and t(14;18) breakpoints concern,
respectively, (a) major translocation cluster (MTC), involving the
BCLI region at 11ql3 and the IGH locus at 14q32; (b), major
breakpoint region (MBR), and minor cluster region (mcr), occur-
ring between BCL2 gene at 18q21 and the 14q32.3 IGH region.
In FL. MBR is most frequently involved (80% of the identified
rearrangements), while mcr is less frequently identified (~15%)
[8]; some rare (<5% of cases) “minor” breakpoints involving
regions 3’ and 5’ of the MBR and mcr and named 3'MBR, 5'mecr,
and distal MBR have also been described [12].

Moreover, between the juxtaposed chromosomic regions,
nucleotides, also called N insertions, are randomly added, establish-
ing the tumor “fingerprint-like sequences” essential for MRD
monitoring allele-specific oligonucleotide (ASO) assay design [13].

Although classic PCR approaches for marker screening and
MRD monitoring have been defined and standardized within the
EuroClonality-NGS and EuroMRD working groups (/www.
euroclonality.org), about 20% of MCL and 50% of FL patients
still lack a molecular marker, thus resulting not eligible for MRD
monitoring.

In the last few years, IGH amplicon-based next-generation
sequencing (NGS) applications successfully provided new scenarios
in several hematological diseases, such as acute lymphoblastic leu-
kemia [14, 15], multiple myeloma [16, 17], and different lympho-
mas [18, 19] describing those NGS approaches as feasible tools for
marker identification and MRD monitoring, allowing clinical cor-
relations in large patient populations.

Also NGS capture panels appeared to be useful in the detection
of multiple molecular targets, but their limited sensitivity hampers
the application to the MRD context [20, 21].
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Targeted locus amplification (TLA), a NGS-based technology
firstly developed in 2014 by Cergentis B.V., allows the detection of
structural variants not identified by classic PCR methods. TLA
protocol differs from NGS capture approaches: actually, it is based
on the principle of physiological cross-linking of genome regions
placed in physical proximity. Moreover, employing the targeted
enrichment of short, locus-specific sequences, it results in the
sequencing of all single nucleotide variants (SNVs) and structural
variants, such as chromosomal translocations [22, 23].

Since its first publication, TLA approach has been employed in
different contexts such as transgene detection, vector design, and
novel SNVs identification, thus resulting in a promising technology
also for onco-hematology [24-26]. In this context, the application
of a multiplex TLA, as a marker screening tool, showed promising
results in acute leukemia through detection of cryptic rearrange-
ments and multiple (un)known translocated genes involved in leu-
kemia pathogenesis [27, 28].

Recently the implementation of TLA targeting the fusion part-
ners of the IGH enhancer described the presence of novel, uncom-
mon BCLI and BCL2 rearrangements in MCL and FL patients
lacking a MRD molecular marker by classic PCR marker screening
approach [29]. The newly identified TLA rearrangements allowed
the design of highly sensitive ASO MRD assays (up to 1E-05), thus
priming the potential use of this NGS technology to increase the
number of lymphoma patients eligible for MRD monitoring in
clinical trials.

Here we provide a detailed description of the TLA protocol as
marker screening tool in MCL and FL patients, followed by an ASO
MRD assay based on the TLA sequence (Fig. 1).

2 Materials

2.1 Reagents and
Kits

Red blood cell lysis buffer (NH4CI).

e 0.9% NaCl solution.

o Maxwell® RSC Blood DNA Kit (Promega).

¢ Go Taq G2 Flexi DNA Polymerase (Promega).
e Agarose gel electrophoresis.

e TAE Ix.

e Targeted locus amplification gDNA library prep kit (Cergentis).
e QuantiFluor® ONE dsDNA System (Promega).
e AMPure XP Beads (Beckman Coulter).

e 80% ethanol.

e MilliQ.
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Fig. 1 TLA library preparation workflow

2.2 Instruments and
Software

2-propanol.
Nextera DNA Flex Library Prep kit (Illumina).

Nextera DNA CD Indexes (24 Indexes, 24 sample-Illumina)
(Illumina).

High sensitivity D1000 ScreenTape (Agilent).
NaOH.

MiSeq Illumina v3 reagent kit (600 cycles).

50 ml conical tubes.

Centrifuge with conical tube adapters and minispin centrifuge.
1-1.5 ml vials.

2 ml reaction tubes (with safe lock caps).

0.5 ml PCR tubes.

Heating block.

Maxwell RSC (Promega).

NanoDrop2000 Spectrophotometer (Thermo Scientific).
Thermal cycler with heated lid.

Electrophoresis Systems.

Quantus fluorometer (Promega).

Magnetic rack fitting with 1.5-2 ml tubes.
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e 2200 Tapestation system (Agilent).
e MiSeq sequencer (Illumina).

e DPC, software for genome alignment and primer design.

3 Methods

3.1 Mantle Cell
Lymphoma and
Follicular Lymphoma
GCell Gollection

3.2 gDNA Extraction
and Quality Control

Collect bone marrow (BM) and peripheral blood (PB) samples in
EDTA vacutainers, ranging from 2 to 7 ml and from 7 to 14 ml for
BM and PB, respectively. Next, the red blood cell (RBC) lysis
procedure is carried out to collect total white blood cells (WBC),
as follows:

1. Mix 10-15 ml of BM or PB with lysis buffer 1x in 50 ml
conical tubes up to a final volume of 45 ml.

2. Invert to mix and incubate at room temperature (RT) for
10-15 min.

3. Centrifuge at 226 x gfor 15 min at RT.

4. Discard the supernatant and add lysis buffer up to a final
volume of 20 ml.

5. Centrifuge at 226 X g for 10 min at RT.

6. Decant the supernatant and resuspend the pellet with 0.9%
NaCl solution.

7. Aliquot 5-10 x 10° cells in 1-1.5 ml vials.
8. Centrifuge at 6440 x g for 1 min and discard the supernatant.
9. Store the samples at —80 °C.

gDNA is extracted from 5-10 x 10° BM and PB dry cell pellets (see
Note 1). High purity gDNA is obtained using semiautomated or
automated DNA extraction procedures, avoiding DNA cross-
contamination among the samples. Here we describe the Maxwell®
Rapid Sample Concentrator (RSC) Blood protocol.

1. Set the heating block at 56 °C.

2. Resuspend 5-10 x 10° dry cell pellet using 300 pl of 0.9%
NaCl solution or PBS.

. Add 300 pl of Lysis Buffer and vortex for 10 s.
. Add 30 pl of Proteinase K Solution and vortex.
. Incubate at 56 °C for 20 min.

. During sample incubation, prepare cartridges as described in
the instrument operating manual.

N Ul R W

7. Load the samples in the cartridge and proceed with the gDNA
extraction program.



124 Elisa Genuardi et al.

Table 1
Control gene PCR mix

Concentration ul/sample

Buffer 5x
Primer Forward P8 /5

5x 10
20 pM 1

5'-TATCCTGAGTAGTGGTAATC-3’

Primer Reverse P8 /3

20 pM 1

5'- AAGTGAATCTGAGGCATAAC-3'

MgClZ
dNTDPs

15 mM 5
2 pM 5

Go Taq G2 Flexi DNA polymerase 1.25u 0.25

H,0

add to 50 pl

Table 2

Control gene thermal profile

Temperature

Time n° cycles

94 °C
94 °C
56 °C
72 °C
72 °C
12 °C

10 min 1
40s 40
30s

30s

10 min 1
Hold Hold

After extraction, gDNA quantity (ng/pl) and quality (OD ratio
A260/A280 and A260,/A230) are evaluated by the Nano-
Drop2000 Spectrophotometer (Thermo Scientific, Waltham, MA,
USA). gDNA is stored at 4 °C or —20 °C until library preparation.

Next, a control gene (P53 exon 8) amplification is performed
to further qualitatively check the gDNA [30].

1. Prepare the PCR mix and set the thermal cycler as described in
Tables 1 and 2, respectively.

2. Prepare the reaction mix on ice.

3. Add 100-500 ng as input gDNA.

4. To each run add a positive gDNA from a healthy subject and a
no-template control (NTC).

Run the PCR products on a 2% agarose gel. The P53 exon
8 amplification signal should appear as a 150 bp band; samples
without any signal should not be considered for TLA library
preparation.



3.3 Targeted Locus
Amplification (TLA)
Library Preparation

3.3.1 Assembly and
Fixation
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TLA consists of different steps that allow gDNA cross-linking and
circularization, followed by IGH target enrichment. The protocol
outline takes 4 workdays; for more detailed information and tech-
nical support, please refer to Cergentis (www.Cergentis.com).

At

Day 1:

Assembly and fixation: gDNA is assembled and fixed to fold, to
cross-link and to connect regions placed in a very close proximity
through the genome.

First enzymatic digestion, ligation, and reverse cross-linking: long
cross-linked genomic templates originating from the same locus
are obtained using restriction enzymes, ligase, and proteinase.

Day 2:

Second enzymatic digestion and ligation: the large gDNA frag-
ments are digested to obtain molecules suited for PCR amplifi-
cation and then circularized.

Day 3:

TLA PCR: the circularized gDNA molecules are amplified using
the IGH enhancer complementary primer.

Day 4:

TLA Library indexing: the TLA PCR products are fragmented
and tagged with adapter sequences using the Bead-Linked
Transposomes (BLT) kit.

TLA lLibrary sequencing on an Illumina platform.

least 5 pg of gDNA (see Note 2) is required for TLA library

preparation

1.

Measure the gDNA concentration using Quantus fluorometer
(see Note 3) and dilute the sample in the concentration range
ot 50-100 ng/pl (see Note 4).

. Add, in two separate 2 ml tubes, 290 pl Assembly Buffer (AB),

2.5 pg DNA, and dilution buffer (DB) until a 900 pl final

volume.

. Add 100ul Assembly Mix (AM) and incubate 15 min at 37 °C.
. Add 90 pl Fixation Buffer (FB) and incubate exactly 10 min at

37 °C.

. Add 90 pl Quencher Buftfer (QB) and 800 pl thoroughly mixed

AMPure XP Beads and incubate 15 min at RT.

. Place the tubes on a magnetic rack until the beads are

separated.

. Discard the supernatant and add 1800 pl of fresh 80% ethanol

to each tube and wait until the beads are completely separated.
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3.3.2 First Enzymatic
Digestion and Ligation

3.3.3 Second Enzymatic
Digestion and Ligation

334 TLA PCR

—

. Repeat step 7.
. Remove residual ethanol and air dry the beads for 5 min.
10.

Resuspend the beads in 520 pl 1x Restriction Buffer (RB),
pool the samples in one 2 ml tube, and incubate 15 min at
55 °C (see Note 5).

. Incubate the samples on ice for 5 min.

. Add 5 pl of Restriction enzyme 1 (RE1) and incubate for 2 h at

37 °C.

. Inactivate RE1 by incubating the samples 25 min at 65 °C and

then keeping them on ice for 5 min.

. Add 125 pl 10x Ligation Buffer (10xLB) and 125 pl MilliQ

(see Note 5).

. Add 5 pl Ligase (LIG) and incubate 1 h at RT.
. Reverse cross-linking by using 5 pl Proteinase K (ProtK) and

incubating the samples overnight at 65 °C.

. Mix 150 pl 10x Restriction Buffer (10xRB), 135 pl MilliQ,

and 5 pl Restriction Enzyme 2 (RE2) and incubate for 1 h at
37 °C (see Note 5).

. Inactivate RE2 for 20 min at 65 °C and then keep the samples

on ice for 5 min.

. Add 175 pl 10x LB, 70 pl MilliQQ, and 5 pl LIG; then incubate

the samples with the ligation mix for 1 h at RT.

. Divide the samples in two 2 ml tubes, add 875 pl 2-propanol

and 10 pl Magnetic Bead (MB), and incubate 1 h at RT.

. Place tubes on the magnetic rack and remove supernatant when

the beads are completely separated.

. Wash the beads, with 1800 and 900 pl 80% ethanol. Between

these two beads-wash steps, place the samples on the magnet,
wait till the beads are separated, and then discard the superna-
tant. After the second wash, leave the beads to air dry for
15 min.

. Resuspend the beads with 105 pl Elution Bufter (EB), place the

samples on the magnet, and when the beads are completely
separated, transfer 100 pl of the eluted sample in a 1.5 ml tube.

. Measure the TLA template concentration using the Quantus

fluorometer.

. Prepare 600 ng of TLA template and add MilliQ until a 90 pl

final volume.

. Set up the TLA PCR mix and thermal profile as described in

Table 3.
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Table 3
TLA PCR mix
pl/sample
PCR mix 2 x 100
Primer IGH enhancer mix 10
5'-AGCAATTAAGACCAGTTCCC-3’
5'-CTCCACAACCTCTGAATGG-3'
Table 4
TLA PCR thermal profile
Temperature Time n° cycles
98 °C 30s 1
98 °C 10s 15
67 °C to 60 °C (0.5 °C/cycles) in 30 sec 15s
65 °C 3.5 min
98 °C 10s 25
60 °C 30s
65 °C 3.5 min
65 °C 5 min
12 °C Hold Hold
. Divide the PCR mix in three PCR tubes and set up the thermal
profile as described in Table 4.
4. Pool all the three PCR tubes into a 1.5 ml tube.
. Add 200 pl of AMPure XP Beads and incubate 15 min at RT.
6. Place the samples on the magnet and remove the supernatant
when the beads are completely separated.
. Wash twice with 900 pl 80% ethanol and air dry the beads for
5 min.
. Resuspend the beads with 55 pl EB and place on the magnet for
1 min.
. Transfer 50 pl of the eluted TLA PCR products into a clean 1.5
tube and measure the concentration using Quantus fluorome-
ter (see Note 5).
3.3.5 TLA Library TLA library indexing is performed through Nextera DNA Flex
Indexing Library Prep kit (Illumina), using a Bead-Linked Transposomes

protocol to fragment and tag the TLA PCR products with adapter
sequences, according to Illumina manual protocol procedures.

1. TLA library preparation is performed using at least 50-100 ng

of TLA PCR products as starting material.
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Fig. 2 TLA library profiles obtained using High sensitivity D1000 ScreenTape (Agilent)

3.3.6 Sequencing

3.4 Bioinformatics
Analysis

3.5 TLA Sequence
Validation by Allele-
Specific
Oligonucleotide (AS0)
Approach

2. After adapter ligation, quantify the libraries using Quantus
fluorometer and check the quality using High sensitivity
D1000 ScreenTape (Agilent). Figure 2 shows typical TLA
library profiles with an average fragment size of 300450 bp
when analyzed with a size range of 150-1500 bp.

1. Pool 20 ng of each of the libraries and check the quantity and
quality to obtain the concentration (nM) of the final TLA pool.

2. Dilute the final TLA pool to 4 nM and follow the Illumina’s
MiSeq sequencing protocol to denature the library.

3. Sequence the TLA final pool spiked with 1% PhIX on a MiSeq
platform using a v3 chemistry (600 cycles, paired end-PE).

Bioinformatics analysis is performed by Cergentis. To identify
break-spanning reads, FASTQ files are mapped against the human
genome version hgl9 using BWA-SW, which is a Smith-Waterman
alignment tool. Then, the Integrated Genomic Viewer (IGV;
http: //software.broadinstitute.org/software /igv/) tool is used to
confirm rearrangements, translocations, to identify TLA-BCLI or
TLA-BCL2 defined as breakpoint sequences mapping on chromo-
some 11 (for MCL), chromosome 18 (for FL), and the mate
chromosome 14 (IGH locus).

Once bioinformatically defined, TLA-BCLI or TLA-BCL2 is fur-
ther investigated to detect the breakpoint nucleotide sequences and
to develop the ASO MRD assay based on the TLA sequence.

The free websource BlastN (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) aligns the query to the human genome version hg38,
thus defining the t(11;14) and t(14;18) translocated regions and
the N insertion nucleotides.
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Then, the ASO MRD assay based on the TLA sequence is

designed as follows:

1. An ASO forward primer is designed on the N insertions, which

are randomly inserted between the translocated regions and
which are not mapped with the Blast alignment.

. The consensus probe and reverse primer are set to anneal the

joining IGH region (JH) involved in the translocation.

. The primer annealing temperature (Tm) is established both

manually and using a primer design tool such as Integrated
DNA Technologies (IDT free websource available at https://
cu.idtdna.com/pages) following these criteria:

(a) Primer Tm ranges between 58 °C and 62 °C.
(b) Probe Tm is 10 °C higher than primer Tm.
(c) Itisrecommended that the primer GC content is 40—-60%.

Tables 5 and 6 show the list of JH primer available for TLA

validation, while the ASO forward MRD assay design is detailed in
Fig. 3.

JH consensus reverse primer used in ASO forward MRD assay

JH reverse primer

Sequence (5'-3')

R-JH1 CGCTATCCCCAGACAGCAGA

R-JH2 GGTGCCTGGACAGAGAAGACT

R-JH3 AGGCAGAAGGAAAGCCATCTTAC

R-JH4 CAGAGTTAAAGCAGGAGAGAGGTTGT

R-JH5 RP1 AGAGAGGGGGTGGTGAGGACT

R-JH5 RP2 CAAGCTGAGTCTCCCTAAGTGGA

R-JH6 GCAGAAAACAAAGGCCCTAGAGT
Table 6

JH consensus probe used in ASO forward MRD assay

JH probe Sequence (5'-3))
T-JH1.245 CCCTGGTCACCGTCTCCTCAGGTG
T-JH3 CAAGGGACAATGGTCACCGTCTCTTCA

T-JH6

CACGGTCACCGTCTCCTCAGGTAAGAA
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Chromosome 11-109192 bp at 3" side: G1/S-specific cyclin-D1 N insertions

TGAGATTAAACTGCGTCTTCTTCGTGGTTTGAACGCAAGAGCTCCCTGAACACCTGGCGCTGCCAGCCCAGATACCCAT

ASO- forward primer
T-JH 1.2.4.5 R-JH4

. Y

ACTACTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCAGGTGAGTCCTCACAACCTCTCTCC

Chromosome 14-IGHJ4

Fig. 3 ASO forward MRD assay design on TLA-BCL1 sequence

TLA-BCLI or TLA-BCL2 assay validation is performed using

highly sensitive quantification approaches as quantitative PCR
(ASO gPCR) [13], setting a tenfold standard curve starting from
500 ng BM and or PB diagnostic sample serially diluted in pooled
polyclonal healthy gDNAs or gDNA from a cell line not featuring
any of the t(11;14) and t(18;14) translocations.

TLA-BCL1 or TLA-BCL2 is confirmed as MRD molecular

markers if the validation experiment achieves a sensitivity level
that allows the identification of 1 clonal cell within 100,000 ana-
lyzed cells, defined according to EuroMRD guidelines for qPCR
data interpretation [11].

4 Notes

. High cell amounts lead to beads carryover, which is affecting

TLA library quality. On the other hand, the minimum gDNA
yield requested by TLA library preparation is not obtained
when starting from a too low cell amount. gDNA samples
should have an OD 260,/280 range 1.8-1.9 and OD
260,230 > 1.5.

. gDNA quantification is performed using a fluorometer. Nano-

drop could overestimate gDNA vyield, thus affecting TLA
library quality.

. Verify the gDNA concentration after dilution and before start-

ing TLA library preparation.

. To check the quality of TLA library preparation, “undigested

control,” “digested control,” and “ligation control” samples
can be collected and processed with ProtK for 1 h at 65 °C.
After AMPure XP beads purification, separate the samples on a
1% agarose gel. The “undigested control” is expected as
a >10 kb signal; a smear between 0.3 and 2 kb and >5 kb are
reported for the “digested control” and “ligation control.”

. Check TLA PCR products by separating the sample on a 1.2%

agarose gel. Samples with a smear between 0.3 and 5 kb can
proceed to the indexing phase.
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Abstract

In the era of genomic medicine, targeted next generation sequencing strategies (NGS) are becoming
increasingly adopted by clinical molecular diagnostic laboratories to identify genetic diagnostic and prog-
nostic biomarkers in hemato-oncology. We describe the EuroClonality-NGS DNA Capture
(EuroClonality-NDC) assay, which is designed to simultaneously detect B and T cell clonal rearrangements,
translocations, copy number alterations, and sequence variants. The accompanying validated bioinformatics
pipeline enables production of an integrated report. The combination of the laboratory protocol and
bioinformatics pipeline in the EuroClonality-NDC minimizes the potential for human error, reduces
economic costs compared to current molecular testing strategies, and should improve diagnostic outcomes.

Key words EuroClonality, Next generation sequencing, BIOMED-2, Immunoglobulin, T cell recep-
tor, Copy number alteration, Translocation, Lymphoma

1 Introduction

Lymphoproliferative disorders (LPD) can be classified based on
multiple parameters, including morphology, immunophenotyping,
and genetic analysis. While a large number of lymphoproliferative
disorders can be classified solely by assessment of morphology and
immunophenotyping, there is an increasing role for the evaluation
of genetic features as evidenced by the publication of the updated
WHO guidelines in 2016 [1]. The updated guidelines include a
vast array of genomic alterations that can significantly improve the
diagnostic criteria and the prognostic relevance of existing entities
and has led to the introduction of new disease entities. This may
result in a change in practice in clinical laboratories with the valida-
tion of multiple molecular tests covering the required genetic
alterations.
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As all cells within a tumor are presumed to arise from a com-
mon clonal progenitor, lymphoid malignancies should exhibit
clonal rearrangements of the immunoglobulin (IG) and/or T cell
receptor (TR) loci. Detection of a clonal IG/TR rearrangement,
which can aid in differentiating between a clonal B /T cell prolifera-
tion and a reactive hyperplasia, is typically performed using a
PCR-based method with primers designed, optimized, and vali-
dated during the EuroClonality BIOMED-2 study [2, 3]. PCR
products are commonly analyzed using either capillary electropho-
resis (i.e., GeneScan) or heteroduplex analysis on polyacrylamide
gels. Analysis of clonality using these detection methods is prone to
subjectivity, particularly in cases with low tumor infiltration, where
it can be difficult to distinguish a clonal peak within a polyclonal
background, or for targets with limited complementary determin-
ing region 3 (CDR3) variability (e.g., IGKV-] rearrangements).
Interpretation of the results is also subject to confounding variables
such as the impact of somatic hypermutation (SHM) on detection
of IGH, IGK, and IGL rearrangements. The presence of mutations
within the binding sites of the PCR primers can prevent annealing,
leading to false-negative results which can be addressed in the
majority of cases by performing PCR for alternate IG targets that
are less prone to SHM such as IGH D-J and IGK Kde
rearrangements [ 3].

Translocations are another genetic alteration tested for in
molecular pathology laboratories as they are a hallmark of specific
entities within non-Hodgkin lymphoma (NHL) as well as acute
lymphoblastic leukemia (ALL) or plasma cell myeloma (PCM),
among others. Translocations involving the IG/TR loci such as t
(8;14)(q24:q32) in Burkitt lymphoma (BL), t(14;18)(q32;q21) in
follicular lymphoma (FL), t(11;14)(ql13;932) in mantle cell lym-
phoma (MCL), and ALK translocations (to various partners such as
NPMI, ATIC and RANBP2) in anaplastic large cell lymphoma
(ALCL) are part of the diagnostic testing regime for those particu-
lar lymphomas. Currently, translocations are commonly assessed by
FISH or PCR methods, although a number of tests are often
required, particularly in B-NHL types to encompass different IG
loci (IGH, IGK, and IGL) and to accommodate the large region
where translocation breakpoints can occur. Multiple tests are often
required to accurately define double/triple hit lymphomas as the
recent 2016 WHO guidelines established a new classification of
high-grade B-NHL based on the presence of a MYC translocation
along with BCL2 and/or BCLG6 translocations.

Single-nucleotide DNA alterations and /or small insertions or
deletions, traditionally detected using Sanger sequencing and more
recently by amplicon and capture targeted NGS, can aid in diag-
nostic and prognostic classification of the disease [4-6]. Mutations
can often show a higher frequency in particular LPD subtypes such



IG/TR Capture Strategy for Comprehensive Immunogenetics 135

as mutations of TCF3 or ID3 which have been reported in 70% of
sporadic BL, mutations of MYD88 in >90% of Waldenstrém’s
macroglobulinemia, or mutations of TET2, IDH2, and RHOA in
alarge percentage of angioimmunoblastic T cell lymphoma (AITL).
From several sequencing studies, specific mutation profiles can
define molecular subtypes such as in diffuse large B cell lymphoma
(DLBCL) where specific mutations are associated with the germinal
center B-cell (GCB) and activated B cell (ABC) subtypes which
have pronounced survival differences with standard chemotherapy
[7-9]. The presence of TP53 mutations in chronic lymphocytic
leukemia (CLL) has been shown to be an independent prognostic
factor and predictor of chemotherapy refractoriness [ 10]; similarly,
NOTCHI and SF3B1 mutations can be independent prognostic
markers in CLL [11, 12]. Activating mutations of NOTCH]1 are
observed in approximately 60% of T-ALL cases and are reported to
be associated with shorter survival in adults [13, 14].

Finally, copy number alterations (CNA) are also prevalent in
LPD and can be associated with the underlying biology, with 17p
deletion in CLL and PCM being associated with a less favorable
outcome. The European Research Initiative on Chronic Lympho-
cytic Leukemia (ERIC) recommends analysis of del(17p) and TP53
gene mutations as an integral part of routine diagnostics for CLL
patients requiring treatment [15].

The overarching objective of the EuroClonality-NDC is to
enable a single NGS test to integrate genomic analyses that are
currently performed by a number of molecular testing strategies.
As part of the EuroClonality-NGS working group, we have devel-
oped the EuroClonality-NGS DNA capture assay (EuroClonality-
NDC) to detect clinically relevant genetic alterations in LPD using
a capture-hybridization approach. To achieve this objective,
EuroClonality-NDC was designed to capture all functional variable
(V), diversity (D), and joining (J) genes of the IG and TR loci along
with additional probes to identify structural variants (SV) in the
form of chromosomal translocations and detect CNA and somatic
mutations. The accompanying purpose-built bioinformatics pipe-
line, ARResT/Interrogate, which was originally developed for
amplicon assays, was customized and validated for the
EuroClonality-NDC [16]. An optimized standard operating pro-
cedure (SOP), which has undergone a multi-site validation, ensures
robust assay performance [17]. The development and validation of
both the EuroClonality-NDC capture panel and the bioinformatics
platform provides an end-to-end workflow which minimizes sub-
jective interpretation of results. The methods detailed in this chap-
ter relate to an updated version of the SOP to reflect recent
improvements in library preparation and target enrichment.
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2 Materials

2.1 DNA
Quantification

2.2 DNA Integrity
Assessment

2.3 DNA Library
Preparation

24 DNA
Hybridization

The following products and equipment from Thermo Fisher Scien-
tific (Waltham, MA, USA) are required:

1. Qubit dsDNA broad-range (BR) assay.

2. Qubit dsDNA high-sensitivity (HS) assay.

3. Qubit Assay Tubes.

4. Qubit Fluorometer.

The following products and equipment from Agilent Technologies
(Santa Clara, CA, USA) are required:
1. Genomic DNA Reagents.
. Genomic DNA ScreenTape.
. D1000 Reagents.
. D1000 ScreenTape.
. High Sensitivity D1000 Reagents.
. High Sensitivity D1000 ScreenTape.
. 4150,/4200 TapeStation System.

N N gLk W

The following products from Roche Sequencing Solutions (Plea-
santon, CA, USA) are required:

1. KAPA HyperPlus Kit.

2. KAPA UDI Primer Mixes.

3. KAPA Universal Adapter.

4. KAPA HyperPure Beads.

The following items will be required for the multiple bead
cleanup steps that are performed in both a pre- and post-PCR
environment:

1. 96-well magnetic plate.
2. Magnetic stands for 0.2 mL PCR strips.
3. Magnetic stands for 1.5 mL microfuge tubes.

The following products from Roche Sequencing Solutions (Plea-
santon, CA, USA) are required:

1. KAPA HyperCapture Reagent Kit.
2. KAPA HyperCapture Bead.

The following product from Univ8 Genomics Ltd. (Belfast,
UK) is required:

1. EuroClonality-NDC.
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The following products from Illumina, Inc. (San Diego, CA, USA)

Enriched DNA Library are required:

1. PhiX Sequencing Control V3.

2. NextSeq 500,550 Mid Output Kit v2.5 (150 cycles).

3. NextSeq 500,550 Sequencing System.
3 Methods
3.1 Genomic DNA 1. If the extraction of genomic DNA leads to the DNA being
Evaluation and eluted into a buffer containing EDTA (see Note 1), a column
Preparation for DNA or bead-based purification should be performed prior to
Library Generation performing any additional steps as the fragmentation enzyme

3.2 DNA Library
Generation

is sensitive to EDTA.

. The gDNA concentration is assessed using the Qubit broad

range assay. Manufacturer guidelines are followed with two
modifications: (1) the standard /sample is added to the Qubit
assay tubes first followed by the Qubit working solution, and
(2) the incubation time prior to reading the standard /sample is
20 min.

. The gDNA integrity assessment is performed using the Geno-

mic DNA ScreenTape Assay. Manufacturer guidelines are fol-
lowed without any modifications.

. For the EuroClonality-NDC protocol, a positive control, a no

template control (NTC), and 22 samples are processed in each
batch (see Note 2). In well Al of a 96-well PCR plate, place
100 ng of the positive control in a total of 35 pL, and in well
A2, place 35 pL of the NTC.

. For the EuroClonality-NDC assay, 100 ng of high-molecular-

weight genomic DNA is required or for genomic DNA
extracted from formalin-fixed DNA 100 ng (average fragment
size >1000 bp) or 200 ng (average fragment size <1000 bp) is
used in a total of 35 pL. Each sample to be prepared should be
placed into a separate well of a 96-well PCR plate (see Note 3).

. Remove the following products from the KAPA HyperPlus Kit

and thaw on ice:

(a) KAPA Frag Buffer (10x).

(b) End Repair & A-Tailing Buffer.

(c) Ligation Buffer.

(d) KAPA HiFi HotStart ReadyMix (2x).
(e) Library Amplification Primer Mix (10x).

. Prepare a thermocycler by selecting the fragmentation program

(Table 1) and pausing prior to the commencement of the first
step to ensure the block is pre-cooled to 4 °C (see Note 4).
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Table 1
Fragmentation program

Step Temperature (°C) Time (min) Heated lid (°C)
Pre-cool block 4 2 50
Fragmentation 37 22
Hold 4 00

Table 2

End repair and A-tailing buffer program

Step Temperature (°C) Time (min) Heated lid (°C)
End repair and A-tailing 65 30 85
Hold 4 00

10.

. While keeping the reagents on ice, prepare a mastermix which

contains 5 pL. KAPA Frag Bufter (10x) and 10 pL. KAPA Frag
Enzyme for each reaction to be performed.

. While on ice, add 15 pL of the fragmentation mastermix to the

well containing 35 pL double-stranded genomic DNA to
achieve a total volume of 50 pL (se¢ Note 5). Vortex gently
before spinning down briefly.

. Place the reaction in the pre-cooled thermocycler and start the

paused fragmentation program.

. While samples are undergoing fragmentation, prepare the End

Repair and A-Tailing Buffer mastermix which contains 7 pL
KAPA End Repair & A-tailing Buffer and 3 pL. HyperPlus
ERAT Enzyme Mix for each reaction to be performed (see
Note 6).

. Following completion of the fragmentation reaction, place

samples onto the plate cooler.

. Add 10 pL of the End Repair and A-Tailing Buffer mastermix

to the well containing 50 pL of fragmented genomic DNA to
achieve a total volume of 60 pL. Vortex gently before spinning
down briefly.

. Incubate samples on a thermocycler using the selected End

Repair and A-Tailing Buffer program (Table 2).

While the End Repair and A-Tailing program is underway,
prepare the Ligation mastermix which contains 30 pL Ligation
buffer and 10 pL. DNA Ligase for each reaction to be
performed.
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Adapter ligation program
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Step Temperature (°C) Time (min) Heated lid (°C)
Adapter ligation 20 15 50
Hold 4 00

11. Also, while the End Repair and A-Tailing program is underway,

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

KAPA HyperPure Beads are removed from 4 °C to ensure they
are equilibrated to room temperature in time for later para-
magnetic bead clean up steps (see Note 7).

Following completion of the End Repair and A-Tailing reac-
tion, place samples onto the plate cooler.

Add 10 pL of the universal adapter followed by 40 pL Ligation
mastermix to each well to achieve a total volume of 110 pL (see
Note 8). Vortex gently before spinning down briefly.

Incubate samples on a thermocycler using the selected Adapter
Ligation program (Table 3).

While the Adapter Ligation program is running, remove the
required number of UDI primer mixes from the freezer and
thaw on ice.

Following completion of the Adapter Ligation thermocycler
program, remove samples from the thermocycler.

Resuspend the room temperature KAPA HyperPure beads by
vortexing vigorously.

Perform a 0.8x bead cleanup by adding 88 pL of KAPA
HyperPure beads to each well to achieve a total volume of
198 pL before pipette mixing ten times taking care not to
generate bubbles.

Incubate the bead/sample mixture for 15 min at room tem-
perature to allow the DNA to bind to the beads (see Note 9).

While the bead/sample mixture is incubating, prepare 20 mL
of fresh 80% ethanol by adding 4 mL PCR grade water to
16 mL molecular grade ethanol. Vortex and leave at room
temperature until required.

While the bead /sample mixture is incubating, prepare 5 mL of
fresh 10 mM Tris-HCIL, pH 8.0, by adding 50 pL. 1 M Tris-
HCI, pH 8.0, to 4.95 mL PCR grade water. Vortex and leave at
room temperature until required.

Place samples onto a magnetic stand and wait approximately
5 min for the solution to clear (se¢ Note 10).

Carefully remove and discard the supernatant taking care not
to disturb the pellet.
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Table 4

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

35.

36.

37.

With the plate remaining on the magnetic stand, perform an
ethanol wash by adding 200 pL of freshly prepared 80% etha-
nol (see Note 11).

Incubate the sample in 80% ethanol for 30 s.

Carefully remove the ethanol taking care not to disturb the
pellet.

Repeat steps 24-26 until a total of two ethanol washes have
been performed.

Remove residual ethanol without disturbing the beads.
Air-dry the beads at room temperature to enable evaporation
of any remaining ethanol (sec Note 12).

Remove the sample from the magnetic stand.

Resuspend each bead pellet in 22 pL of 10 mM Tris-HCI,
pH 8.0 (see Note 11).

Incubate the sample for 2 min to enable DNA to elute from the
beads.

Place the sample on the magnetic stand to pellet the beads and
for the solution to clear.

With the plate remaining on the magnetic stand, transfer 20 pL.
of the eluate to a new 200 pL PCR plate.

To the 20 pL of eluate, add 5 pL. of KAPA UDI Primer mix to
each individual sample library followed by 25 pL. of KAPA HiFi
HotStart ReadyMix. Vortex gently before spinning down
briefly (see Note 3).

Incubate samples on a thermocycler using the selected
Pre-Capture PCR Amplification program (Table 4).

Following completion of the Pre-Capture PCR Amplification
program, remove samples from the thermocycler.

Pre-capture PCR amplification program

Step Temperature (°C) Time (min) Cycles Heated lid (°C)
Initial denaturation 98 45 1 105
Denaturation 98 15 6

Annealing 60 30

Extension 72 30

Final extension 72 60 1

Hold

4

['9) 1




3.3 (Quality Control of
DNA Libraries

38.

39.

40.

4].

42.

43.

44.

45.

46.
47.

48.
49.

50.

51.

52.

53.

1.
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To the 50 pL. PCR reaction, add 70 pL. of KAPA HyperPure
beads before pipette mixing ten times taking care not to gen-
erate bubbles.

Incubate the bead/sample mixture for 15 min at room tem-
perature to allow the DNA to bind to the beads (see Note 9).

Place samples onto a magnetic stand and wait approximately
3 min for the solution to clear (sec Note 10).

Carefully remove and discard the supernatant taking care not
to disturb the pellet.

With the plate remaining on the magnetic stand, perform an
ethanol wash by adding 200 pL of freshly prepared 80% etha-
nol (see Note 11).

Incubate the sample in 80% ethanol for 30 s.

Carefully remove the ethanol taking care not to disturb the
pellet.

Repeat steps 42—-44 until a total of two ethanol washes have
been performed.

Remove residual ethanol without disturbing the beads.

Air-dry the beads at room temperature to enable evaporation
of any remaining ethanol (se¢ Note 12).

Remove the sample from the magnetic stand.

Resuspend each bead pellet in 32 pLL of 10 mM Tris-HCI,
pH 8.0 (see Note 11).

Incubate the sample for 2 min to enable DNA to elute from the
beads.

Place the sample on the magnetic stand to pellet the beads and
tor the solution to clear.

With the plate remaining on the magnetic stand, transfer 31 pL.
of the eluate to a new 200 pL. PCR plate, labelled “Master
Plate” which is to be retained for preparation of the
hybridization.

From the 31 pL of the transferred eluate, remove 4 pL of the
eluate and transfer to a new plate, labelled “QC Plate” for the
purposes of quality control assessment. The Master Plate can
be stored at —20 °C until ready to perform the hybridization.
Proceed to Subheading 3.3 with the QC Plate.

The concentration of each individual library is assessed using
the Qubit broad range assay (see Note 13). Manufacturer
guidelines are followed with two modifications: (1) the stan-
dard /sample is added to the Qubit assay tubes first followed by
the Qubit working solution, and (2) the incubation time prior
to reading the standard /sample is 20 min.
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3.4 DNA
Hybridization

2.

10.

11.

The average fragment size of each individual library is assessed
using the TapeStation D1000 assay. Manufacturer guidelines
are followed without any modifications.

. Thaw reagents required for the DNA hybridization step which

include COT Human DNA, Universal Enhancing Oligos,
Hybridization Buffer, and Hybridization Component H.

. Remove the KAPA HyperPure beads from 4 °C and allow to

equilibrate to room temperature for 30 min.

. For the EuroClonality-NDC protocol, 22 clinical samples are

pooled, in equal amounts, into one hybridization reaction to
achieve a total of 1.5 pg of DNA (i.e., 68.2 ng of each individ-
ual library). To achieve this, calculate the volume of each library
to enable 68.2 ng of each library to be added to the hybridiza-
tion reaction. For the NTC, which should not have a measur-
able DNA concentration, the average volume of library being
added from the 22 samples is calculated to determine the
amount of volume of the NTC library to add (sec Note 14).

. Label a LoBind DNA 1.5 mL tube and add the required

volume of each of the 22 libraries and the NTC to this
tube. Calculate the total volume of the 22 pooled libraries
plus the NTC library. If the total volume of libraries is
<45 pL (i.e., libraries), then PCR grade water is added to
adjust volume to 45 pL.

. To the pooled libraries, add 20 pL. COT Human DNA. Vortex

gently before spinning down briefly.

. Calculate the total volume of the 22 pooled libraries, the NTC

library plus the 20 pL. of COT DNA. The volume of beads
required in the next step is 2 x this total volume (i.e., if the total
volume was calculated to be 75 pL, then 150 pL. KAPA Hyper-
Pure beads will be required).

. Vortex the KAPA HyperPure beads until a homogenous solu-

tion is achieved.

. To the pooled libraries, add the volume of KAPA HyperPure

beads calculated in the step 6. Seal the tube and vortex vigor-
ously for 10 s.

. Incubate the bead/sample mixture for 10 min at room tem-

perature to allow the pooled libraries and COT Human DNA
to bind to the beads.

Place samples onto a magnetic stand and wait approximately
3 min for the solution to clear (sec Note 10).

Carefully remove and discard the supernatant taking care not
to disturb the pellet.



Table 5
Hybridization program

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

IG/TR Capture Strategy for Comprehensive Immunogenetics 143

With the plate remaining on the magnetic stand, perform an
ethanol wash by adding 200 pL of freshly prepared 80%
ethanol.

Incubate the sample in 80% ethanol for 30 s.

Carefully remove the ethanol taking care not to disturb the
pellet. Remove residual ethanol with an additional pipetting
step without disturbing the beads.

Air-dry the beads at room temperature for approximately 5 min
to enable evaporation of any remaining ethanol (se¢ Note 12).

Remove the sample from the magnetic stand.

Add 13.4 pL of Universal Enhancing Oligos (UEO) to the
tube, before sealing the tube and vortexing vigorously for 10 s
to ensure a homogeneous mixture is achieved.

To the library pool and UEO mixture, add 43 pL of mastermix
prepared using the following components: 28 pl. Hybridiza-
tion Buffer, 12 pLL. Hybridization Component H, and 3 pL
PCR grade water.

Vortex before spinning down briefly. Incubate for 2 min at
room temperature.

Place samples onto a magnetic stand and wait approximately
3 min for the solution to clear.

Transfer 56.4 pL of the eluate into a new well containing 4 pL
of the EuroClonality-NDC panel.

Vortex vigorously before spinning down briefly.
Incubate samples on a thermocycler using the selected “Hybri-
dization” program (Table 5).

Dilute wash buffers provided in the KAPA HyperCapture
Reagent Kit using the volumes of stock buffer solution and
PCR grade water detailed in Table 6.

Split the 400 pL of 1 x Stringent Wash Bufter into two aliquots
of 200 pL in 0.2 mL PCR tubes, and incubate on the thermo-
cycler at 55 °C for at least 15 min.

Place the 100 pL aliquot of 1 x Wash Bufter I into the thermo-
cycler at 55 °C for at least 15 min.

Step Temperature (°C) Time (min) Heated lid (°C)
Denaturation 95 5 min 105
Hybridization 55 1620 h
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Table 6

Preparation of post-hybridization wash buffers

Volume of stock Volume of PCR grade
Step buffer (L) water (puL) Temperature (°C)
10x stringent wash buffer 40 360 55
10x wash buffer I 10 90 55
20 180 RT
10x wash buffer II 20 180 RT
10x wash buffer ITI 20 180 RT
2.5x bead wash buffer 120 180 RT

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Vortex the Capture Beads from the KAPA HyperCapture Bead
kit thoroughly to ensure a homogenous solution.

Remove 50 pL of Capture Beads for each pool and place into a
1.5 mL tube, and equilibrate to room temperature for 30 min.

Following the 30-min incubation, place the tube containing
Capture Beads onto a magnetic stand, and wait approximately
3 min for the solution to clear.

Carefully remove and discard the supernatant taking care not
to disturb the pellet.

Add a volume of 1x Bead Wash Buffer which is twice the
original volume of Capture Bead used in step 28, to the
pelleted Capture Beads.

Remove from the magnetic stand and vortex for 10 s before
spinning down briefly.

Place the tube back onto the magnetic stand and wait until the
beads have pelleted and the solution is clear.

Carefully remove and discard the supernatant taking care not
to disturb the pellet.

Perform a second wash of the Capture Beads by performing
steps 31-34 again.

Add a volume of 1x Bead Wash Buffer which is the same
volume of Capture Beads used in step 28 to the pelleted
Capture Beads.

Remove from the magnetic stand and vortex for 10 s before
spinning down briefly.

Aliquot 50 pL of the resuspended Capture Beads into a 0.2 mL
tube for each capture to be performed.

Place the tube onto the magnetic stand and wait until the beads
have pelleted and the solution is clear (se¢ Note 15).



40.

4].
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
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Carefully remove and discard the supernatant taking care not
to disturb the pellet.

The Capture Beads are now ready to bind the hybridized DNA.
Proceed to the next step immediately to prevent the Capture
Beads from drying out.

Transfer the hybridization sample (60.4 pL) to the tube con-
taining the pelleted Capture Beads from the previous step (see
Note 16).

Vortex for 10 s before spinning down briefly (see Note 17).
Incubate the tube now containing the hybridized DNA and the
Capture Beads on the thermocycler at 55 °C for 15 min.

After the 15-min incubation, remove the samples and the tube
containing the 100 pL aliquot of 1x Wash Buffer from the
thermocycler.

Add the 100 pL of 55 °C 1x Wash Buffer I before vortexing
for 10 s and spinning down briefly.

Place the tube onto the magnetic stand and wait until the beads
have pelleted and the solution is clear.

Carefully remove and discard the supernatant taking care not
to disturb the pellet.

Remove a tube containing a 200 pL aliquot of 1x Stringent
Wash Buffer from the thermocycler, and add the 200 pL of 1 x
Stringent Wash Buffer to the sample.

Remove the sample from the magnet before vortexing for 10 s.
Incubate the sample on the thermocycler at 55 °C for 5 min.

After the incubation, spin the sample briefly before placing the
sample onto the magnetic stand. Wait until the beads have
pelleted and the solution is clear.

Carefully remove and discard the supernatant taking care not
to disturb the pellet.

Repeat steps 50-54 with the only remaining 200 pL aliquot of
pre-warmed 1 x Stringent Wash Buffer.

Add 200 pL of room temperature 1x Wash Bufter I to the
sample followed by vortexing for 10 s.

Incubate the sample for 1 min at room temperature.

After the incubation, spin the sample briefly before placing the

sample onto the magnetic stand. Wait until the beads have
pelleted and the solution is clear.

Carefully remove and discard the supernatant taking care not
to disturb the pellet.

Add 200 pL of room temperature 1x Wash Buffer II to the
sample followed by vortexing for 10 s.
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Table 7

61.
62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

Incubate the sample for 1 min at room temperature.

After the incubation, spin the sample briefly before placing the
sample onto the magnetic stand. Wait until the beads have
pelleted and the solution is clear.

Carefully remove and discard the supernatant taking care not
to disturb the pellet.

Add 200 pL of room temperature 1x Wash Bufter III to the
sample followed by vortexing for 10 s.

Incubate the sample for 1 min at room temperature.

After the incubation, spin the sample briefly before placing the
sample onto the magnetic stand. Wait until the beads have
pelleted and the solution is clear.

Carefully remove and discard the supernatant taking care not
to disturb the pellet.

Add 20 pL of PCR grade water to the sample followed by
vortexing for 10 s and subsequently spin the sample briefly.

Remove KAPA HyperPure Beads (70 pL required for each
capture) for use in later steps within a post-PCR area, and
allow to equilibrate to room temperature.

For each hybridization, add to a fresh 0.2 mL tube 25 pL of
KAPA HiFi HotStart ReadyMix and 5 pL of Post-Capture
PCR Oligos.

Add the 20 pL of bead-bound captured DNA from step 68 to
the 0.2 mL tube containing the PCR reagents to achieve a total
volume of 50 pL. Mix thoroughly by pipette mixing.

Within a post-PCR designated area, place samples on a ther-

mocycler and run the selected Post-Capture PCR Amplifica-
tion program detailed in Table 7 (see Note 18).

Post-capture PCR amplification program

Step Temperature (°C) Time (min) Cycles Heated lid (°C)
Initial denaturation 98 45 1 105
Denaturation 98 15 11

Annealing 60 30

Extension 72 30

Final extension 72 60 1

Hold 4 00 1
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While the Post-Capture amplification is underway, prepare 80%
ethanol by adding 200 pL PCR grade water to 800 pL molec-
ular grade ethanol in a 1.5 mL microfuge tube. Vortex gently
before spinning down briefly.

Following completion of the Post-Capture amplification ther-
mocycler program, vortex the KAPA HyperPure Beads which
are now equilibrated to room temperature.

Add 70 pL KAPA HyperPure Beads to each 50 pL. PCR reac-
tion which contains the amplified and enriched DNA library
pool before vortexing for 10 s and spinning down briefly.

Incubate the bead/sample mixture for 15 min at room tem-
perature to allow the sample to bind to the beads.

Place samples onto a magnetic stand and wait approximately
3 min for the solution to clear.

Carefully remove and discard the supernatant taking care not
to disturb the pellet.

With the plate remaining on the magnetic stand, perform an
ethanol wash by adding 200 pL of freshly prepared 80%
ethanol.

Incubate the sample in 80% ethanol for 30 s.

Carefully remove the ethanol taking care not to disturb the
pellet.

Repeat steps 79-81 for a total of 2 ethanol washes.

Carefully remove any residual ethanol with an additional pipet-
ting step without disturbing the beads.

Air-dry the beads at room temperature for approximately 5 min
to enable evaporation of any remaining ethanol (se¢ Note 12).

Remove the sample from the magnetic stand.

Resuspend the bead pellet in 22 pL. of PCR grade water before
vortexing for 10 s and spinning down briefly (se¢ Note 17).

Incubate the sample for 2 min to enable DNA to elute from the
beads.

Place the sample on the magnetic stand to pellet the beads and
for the solution to clear.

With the plate remaining on the magnetic stand, transfer 20 pL.
of the eluate to a new 200 pL. PCR plate.

The amplified and enriched library is now ready for the final
quality control steps prior to sequencing.

The concentration of the amplified and enriched library is
assessed using the Qubit high sensitivity assay. Manufacturer
guidelines are followed with two modifications: (1) the
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3.6 Sequencing of
Enriched DNA Library

3.7 Bioinformatic
Analysis of the
Sequencing Data Using
ARResT/Interrogate

. The file with extension

standard /sample is added to the Qubit assay tubes first fol-
lowed by the Qubit working solution, and (2) the incubation
time prior to reading the standard /sample is 20 min.

. The average fragment size of each individual library is assessed

using the High Sensitivity D1000 TapeStation assay. Manufac-
turer guidelines are followed without any modifications.

. Prepare the amplified and enriched pooled library for sequenc-

ing on the NextSeq 500,/550 by adhering to the Illumina
“Denature and Dilute Guidelines” using the following para-
meters (se¢ Note 19):

(a) Protocol A (Standard Normalization Method).
(b) Final dilution of library is to 1.5 pM for Mid Output kits.

(c) Final PhiX (sequencing control) spike-in percentage is 1%
of the final library and PhiX composition.

. The bioinformatics pipeline, ARResT/Interrogate, can be

accessed at arrest.tools/interrogate and requires an account
which can be created by emailing contact@arrest.tools (see
Note 20).

. Once logged in to the ARResT/Interrogate bioinformatics

website, switch to the “Interrogate. EC NDC” user mode at
the top left of the user interface.

. Switch to the “processing” tab, and follow the instructions to

upload your samples in compressed FASTQ format; the exten-
sion should be “.fastq.gz” (see Note 21).

. Following upload of the FASTQ files, no further options

require selection.

. Click on blue “test it” button and if the subsequent response is

“OK,” click on the green “process” button.

. Progress of the bioinformatic pipeline can be followed using

the user interface or an email can be sent to notify user of
completion of the analysis.

. When the run is complete, follow the instructions on the user

interface to retrieve the result files.

(4

¢.gathered.xlsx” contains results for
samples contained within one analysis and is the main output.
It contains panel-supported events, i.e., rearrangements, trans-
locations, and somatic mutations (se¢ Note 22).

. Open the file with extension “.gathered.xlsx” with Microsoft

Excel or a suitable equivalent. Column descriptions are
provided.
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4 Notes

10.

. An alternative method to address EDTA-containing genomic

DNA samples is to add 5 pL. of a conditioning solution,
provided in the KAPA HyperPlus Kit to genomic DNA in a
total volume of 30 pL. The conditioning solution, provided in
the KAPA HyperPlus Kit, is diluted to a concentration depen-
dent on the EDTA concentration in the DNA sample.

. NTC s either PCR grade water or the same bufter used to elute

the gDNA following DNA extraction. Users can use commer-
cially sourced high-molecular-weight gDNA as a positive con-
trol to monitor the consistency in performance of library
preparation across multiple batches.

. It is worthwhile generating a template to record the order the

samples are added to the 96-well plate and for later stages of
library preparation to record the UDI primer mix assigned to
each sample. Plates can be prepared the day before to minimize
set up times on the day of library preparation.

. Fragmentation is key to the size distribution of the final library

and is impacted by fragmentation time and temperature. With
the wide range of different thermocyclers on the market, opti-
mization of the fragmentation time is advised to ensure the
ideal size distribution profile following fragmentation is
achieved.

. Maintaining the temperature of the reaction at 4 °C during the

setup of the fragmentation reaction is critical, and it is advised
using a PCR cooler to ensure fragmentation does not being
prior to loading the plate on the thermocycler.

. After thawing, the End Repair and A-Tailing buffer may con-

tain precipitates which may require incubation at 37 °C and
thorough vortexing before use to ensure they have been
completely resuspended.

. Aliquots of KAPA HyperPure Beads can be made to reduce the

number of times the KAPA HyperPure Beads are removed
from storage at 4 °C.

. Universal adapter stocks are aliquoted to avoid repeated

freeze /thaw cycles.

. We use a 15-min incubation period with beads to ensure maxi-

mal recovery of library in samples with a poor gDNA integrity.

Various plate magnets are available on the market with different
locations of the magnets and variable magnetic strengths. This
variation can impact on the time required for beads to pellet,
and it is worthwhile determining optimal times for incubation
of bead containing samples for specific magnetic plates.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Steps such as ethanol washes of beads and elution of beads
should be performed using a multichannel pipette to ensure
consistency and prevent beads drying out.

Air-drying of beads is dependent on room temperature. The
bead pellet should still be dark brown and glossy but show little
sign of excess liquid. Over-drying of beads can lead to poor
elution of DNA from the beads and therefore lower yields.

With this version of the library preparation method, the con-
centration of individual libraries tends to lie within the range of
the Qubit broad range assay.

Inclusion of the positive control for the hybridization steps is
not required. While the NTC is included in the hybridization
reaction, the NTC DNA concentration should be negligible
and not factored into the calculations for the combined DNA
mass of 1.5 pg.

Different magnetic stands will be required for the workflow
and some will be required in both pre- and post-PCR environ-
ments. From our experience, sourcing good magnetic stands is
essential to the success of the workflow.

Keep the “Hybridization” program on thermocycler running
for incubations with the Capture Beads and subsequent wash
steps.

This step is to ensure all the sample-bead mix is at the bottom
of the well for the incubation steps on the thermocycler. Do
not spin long enough for the beads to pellet at the bottom of
the tube.

It is advised the Post-Capture PCR and all further steps are
performed in an area designated for post-PCR activities to
minimize contamination risks.

The EuroClonality-NDC protocol was developed and vali-
dated to achieve an optimal mean target coverage depth for
the detection of clonal rearrangements, translocation, copy
number alterations, and single nucleotide variant/indels in
22 samples, using a single hybridization reaction and
sequenced on an Illumina NextSeq 500,550 system with the
Mid Output kit sequencing reagents. It is at the readers’ dis-
cretion if they want to adapt the protocol to:

(a) Employ different Illumina sequencing platforms.
(b) Utilize sequencing reagents with increased output.

(c) Alter the number of samples being applied to the flow cell
for sequencing.

The method of accessing the bioinformatics pipeline may
change. The latest version will always be available either
through the user interface of ARResT /Interrogate or through
the authors.
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21. Dependent on the number of samples and quality of internet
connection, this can take time.

22. Additional files are available for in-depth analysis such as a
comprehensive QC metrics summary, BAM files, CNV files and
VCE files.
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Immunoglobulin Gene Mutational Status Assessment by
Next Generation Sequencing in Chronic Lymphocytic
Leukemia

Anne Langlois de Septenville, Myriam Boudjoghra, Clotilde Bravetti,
Marine Armand, Mikaél Salson, Mathieu Giraud, and Frederic Davi

Abstract

B cell receptor (BcR) immunoglobulins (IG) display a tremendous diversity due to complex DNA rearran-
gements, the V(D)J recombination, further enhanced by the somatic hypermutation process. In chronic
lymphocytic leukemia (CLL), the mutational load of the clonal BcR IG expressed by the leukemic cells
constitutes an important prognostic and predictive biomarker. Here, we provide a reliable methodology
capable of determining the mutational status of IG genes in CLL using high-throughput sequencing,
starting from leukemic cell DNA or RNA.

Key words Chronic lymphocytic leukemia, Immunoglobulin genes, Next generation sequencing,
Somatic hypermutation analysis, Mutational status

1 Introduction

Chronic lymphocytic leukemia (CLL) is a malignant clonal prolit-
eration of mature B cells. It is the most frequent leukemia in adults
in the Western world and is characterized by a marked clinical
heterogeneity. For some patients, it is an indolent disease with no
or only late need of treatment, while in others it displays an aggres-
sive behavior requiring early initiation of therapy [1]. Many prog-
nostic factors have been identified, and among them, the
mutational status of the immunoglobulin heavy chain variable
(IGHV) genes of the B cell receptor (BcR) has emerged as one of
the most robust parameters [2]. It has several advantages as it is
stable and can be evaluated at any time including at diagnosis and is
independent of other clinical or biological factors [3]. In addition,
it has also proved to be a predictive factor of response to chemoim-
munotherapy [4, 5]. Therefore the recent guidelines from the
International Workshop on CLL recommend that determination
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of the IGHV mutational status should be performed before treat-
ment initiation both in clinical trials and in general practice [6].

The BcR IG display huge diversity in their variable regions
which results from complex mechanisms: (1) assembly of variable
(V), diversity (D), and joining (J) genes, (2) imprecise junction of
these rearranged genes with random nucleotide insertion and dele-
tions, and (3) pairing of heavy and light chains [7]. Further diversi-
fication occurs after antigen encounter by somatic hypermutation
in the V regions coupled with affinity maturation of the BcR [8]. In
tumors such as CLL, all leukemic cells bear the same clonal BcR
which reflects the developmental stage from which they derive and
constitutes a biomarker of the disease.

Determination of IGHV mutational status is achieved by
sequencing the IGHV gene from the clonal IGH rearrangement
of the leukemic cells, followed by its comparison with the closest
germline counterpart from which it derives [9]. An identity <98%
classifies the CLL as “mutated” which is associated with a favorable
outcome, while an identity >98% defines “unmutated” CLL and
confers a poor prognosis [10, 11]. Since this initial observation in
1999, numerous studies have confirmed that unmutated CLL have
shorter time-to-first treatment and overall survival when compared
to mutated cases [2, 3]. In addition, large-scale repertoire analyses
have shown that CLL display a skewed IG repertoire with a sizeable
fraction of patients sharing quasi-identical 1G variable heavy chain
regions sequences, a phenomenon termed BcR IG stereotypy
[12]. Importantly, some of these CLL cases belonging to the
same stereotypic groups (or subsets) may also share similar clinical
and biological features, separating them from other patients with
the same IGHV mutational status [13, 14]. Therefore, BcR 1G
stereotypy further refines the categorization into mutated or
unmutated CLL.

The European Research Initiative on CLL (ERIC) has pub-
lished methodological guidelines and recommendations on how to
perform and interpret IGHV mutational status in CLL [15]. The
first step consists in polymerase chain reaction (PCR) amplification
of clonal IGH rearrangements. Importantly, as the whole IGHV
gene sequence is necessary for accurate calculation of the somatic
hypermutation load, 5’ primers need to be positioned upstream,
e.g., on the leader peptide. Both genomic DNA (gDNA) and RNA
extracted from leukemic cells can serve as templates, with gDNA
having the advantage of being a more robust material, simpler to
obtain and also a source for other genomic investigations. How-
ever, in a fraction of cases, amplification from gDNA is hampered
by the presence of somatic hypermutation in the primer binding
sites. Although starting from RNA requires an additional step of
reverse transcription (RT), this can be a useful alternative or com-
plementary approach as it allows the use of primers binding to
sequences less or not targeted by somatic hypermutation upstream
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and downstream of the IGHV-IGHD-IGH] rearrangement,
respectively, in the leader region L1 part and the constant regions.

Sequencing of the IGH rearrangements amplicons was tradi-

tionally performed by Sanger methodology. However, with the
constant advance of next generation sequencing (NGS) in the
diagnostic field, there is a need to adapt this technology to IGHV
mutational determination [16, 17]. Here, we describe detailed
protocols for NGS-based determination of the IGHV mutational
in CLL, starting from either gDNA or cDNA templates.

2 Materials

2.1 Sample
Preparation

2.2 Primer
Preparation

2.3 PCR
Amplification

2.4 PCR Product
Purification

. 50 mL polypropylene tubes.

2. UNI-SEPMaxi (EUROBIO Scientific).

w

—

NN - NS RN

. Phosphate-buffered saline (1xPBS) pH 7.4 (Thermo Fisher

Scientific).

. Centrifuge.

1.5 mL microfuge tubes.

. Blood and Cell Culture DNA kit (Qiagen).

. RNAeasy Mini Kit (Qiagen).

. Nanodrop ND1000 (Thermo Fisher Scientific).
. Nuclease-free water (Promega).

10.

Thermocycler.

. Primers (Eurogentec).
. Nuclease-free water (Promega).

. 1.5 mL microfuge tubes (Eppendorf).

. PCR primers (see Tables 1 and 2).
. High Fidelity Platinum® Taq DNA Polymerase, 5 U/uL (with

10x High Fidelity PCR Buffer and 50 mM MgSO,) (Thermo
Fisher Scientific).

. dNTP Mix, 10 mM (Thermo Fisher Scientific).
. Nuclease-free water (Promega).
. 0.2 mL 96-well PCR plate (AB-0600) (Thermo Fisher

Scientific).

. Adhesive sealing sheets (Dominique Dutscher).
. Thermocycler (typically: Applied Biosystems Veriti 96).

. Agencourt AMPure XP beads (Beckman Coulter).
. Ethanol absolute (VWR).



156 Anne Langlois de Septenville et al.

Table 1
Primers for gDNA template (sequence composition : flow cell binding adapter_[barcode]_sequencing
primer site_gene-specific primer)

Forward primers (IGHV-leader)

Flow cell binding adapter_[barcode]_sequencing sequence

aatgatacggcgaccaccgagatctacac_[ barcode ]_acactctttecctacacgacgetcttecgatct_

IGHYV-L2 sequence

IGHL2_1.1 GTGTTCTCTCCACAGGAGCC
IGHL2_1.2 GTGTCTTCTCTACAGGTGCCCA
IGHL2_1.3 GTGTTCTCTCCACAGGTGCC
IGHL2_1.4 GTGTCCTCTCCACAGGTGCC
IGHL2_1.5 CTGTCCTCTCCACAGGCACC
IGHL2_1.6 GTGTCCCCTCCACAGATGC
IGHL2_1.7 GTGTCCTCTCCGCAGGTG
IGHL2_1.8 GTGTCCTCTCCACAGGTGTCCAGTCC
IGHL2_1.9 TTCTCTTCTCCACAGGCACC
IGHL2_ 2.1 CTTATGTCTTCTCCACAGGGGTC
IGHL2_2.2 CTTATGCTTTCTCCACAGGGGT
IGHL2_3.1 TGTGTTTGCAGGTGTCCAGTG
IGHL2_3.2 TGTGTTTGCAGCTGTCCAGTG
IGHL2_3.3 TCTGTTTGCAGGTGTCCAGTG
IGHL2_3.4 TTTGTTTGCAGGTGTCCAGTG
IGHL2_3.5 TGTGTTTGCAGGTGTCCAATG
IGHL2_3.6 CGTGTTTGCAGGTGTCCAGT
IGHL2_4.1 GTCTCTCTGTTCACAGGGGTCC
IGHL2_4.2 GTTTCTCTGTTCACAGGGGTCC
IGHL2 4.3 GTTTTTCTGTTCACAGGGGTCC
IGHL2_5.1 TCTCCCCCACAGGAGTCTGT
IGHL2_5.2 TCTTCCATACAGGAGTCTGTGC
IGHL2_61 TGTCTCCAGGTGTCCTGTCAC
IGHL2_7.1 CTTCATGCACTCCCATCTCCT

Reverse primer (IGH])

caagcagaagacggcatacgagat_[barcode]_gtgactggagttcagacgtgtgetcttecgatct
IGH] sequence
IGH]J CTTACCTGAGGAGACGGTGACC
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Primers for cDNA template (sequence composition : flow cell binding adapter_[barcode]_ sequencing
primer site_gene-specific primer)

Forward primers (IGHV-leader)

Flow cell binding adapter_[barcode]_sequencing sequence

IGHV-LI sequence
IGHL1_1

IGHL1_2

IGHL1_3

IGHL1 4

IGHL1_5

IGHL1_6

Reverse primer (IGHC)

aatgatacggcgaccaccgagatctacac_[ barcode]_acactctttecctacacgacgcetettccgatct

CTCACCATGGACTGSAYYTGGAG
ATGGACAYACTTTGYTMCACRCTCC
ATGGARTTKGGGCTKWGCTGGGTTT
CTGTGGTTCTTYCTBCTSCTGGTGG
CCTCCTCCTRGCTRTTCTCCAAG

CTGTCTCCTTCCTCATCTTCCTGCC

Flow cell binding adapter_[barcode]_sequencing sequence

caagcagaagacggcatacgagat_[barcode] gtgactggagttcagacgtgtgctcttccgatct

IGHC sequence
IGHC_mu GGTTGGGGCGGATGCACT
IGHC_gamma CGATGGGCCCTTGGTGGA

3. Magnetic Stand-96 (Invitrogen).

2.5 Quantification of
Purified PCR Products

4. Nuclease-free water (Promega).

N UL R W

. 0.2 mL 96-well PCR plate (AB-0600) (Thermo Fisher

Scientific).

. Microplate shaker (Eppendort).
. Microplate centrifuge.

. Quant-iT™ dsDNA High-Sensitivity Assay Kit (Thermo

Fischer Scientific).

. Microplate fluorescence reader, such as Clariostar (BMG

Labtech).

. MicroPlate 96-well, F-bottom (chimney well), black (Greiner).
. Adhesive PCR sealing foil sheets (Thermo Fisher Scientific).

. Microplate shaker (Eppendorf).

. Microplate centrifuge.
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Denaturation and
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Sequencing

2.8 Bioinformatics
Analysis
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. 0.2 mL 96-well PCR plate (AB-0600) (Thermo Fisher
Scientific).

. 1.5 mL microfuge tubes (Eppendorf).

. Sodium hydroxide (NaOH) 1 N (VWR).
. Nuclease-free water (Promega).

1.5 mL microfuge tubes (Eppendorf).

. EBT: 10 mM Tris-Cl, pH 8.5 (Buffer EB Qiagen) with 0.1%
Tween 20 (Euromedex).

. PhiX control (10 nM) (Illumina).

. MiSeq Reagent Kit v3 (600 cycles) (Illumina) including car-
tridge, HT1 buffer, flow cell and sequencing buffer.

. MiSeq System (Illumina).

. Vidjil platform account (support@vidjil.org).

3 Methods

3.1 Template
Preparation (See Note

1)

3.1.1 Lymphocyte
Isolation from Peripheral
Blood Using Density
Gradient Separation

3.1.2 Genomic DNA
Extraction

3.1.3 RNA Extraction and
cDNA Synthesis

. Slowly add 10-17.5 mL of blood to a UNI-SEP Maxi tube.
. Centrifuge at 1000 x g for 15 min.

. Collect the mononuclear cell ring above the membrane and
transfer to a 50 mL tube; fill up to 50 mL with PBS 1x.

. Centrifuge at 600 x g for 10 min, and then discard the
supernatant.

. Resuspend the cell pellet in 1 mL of PBS and then fill the tube
with PBS 1x.

. Centrifuge at 600 x g for 10 min, and then discard the
supernatant.

. Repeat steps 5 and 6 of this section.

. Transfer the cell pellet into a 1.5 mL microfuge tube and
remove all remaining supernatants.

. Extract gDNA from cell pellets or tissue biopsy with the Qia-
gen DNA kit following the manufacturer’s instructions.

. Quantify DNA by spectrophotometry (Nanodrop) and adjust

to a final working concentration of 20 ng/mL with nuclease-
free water.

. Extract RNA with the Qiagen RNAeasy Mini kit according the
manufacturer’s instructions and then quantify on a Nanodrop
spectrophotometer.



3.2 Primer
Preparation

3.2.1 Primer Preparation
for gDNA Template

3.2.2 Primer Preparation
for cDONA Template

3.3 PCR
Amplification of IGH
Rearrangements
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. Dilute 1 pg of RNA in a microcentrifuge tube with nuclease-

free water in a 10 pL total volume and incubate 10 min at
70 °C.

. Add 10 pL of the RT mix containing: 2 pL. RT buffer (10x),

0.8 pL. ANTP mix (25x), 2 pL random primers (10x), 1 pL.
MultiScribe reverse transcriptase (50 U/pL), 1 pL. RNAase
inhibitor (20 U/pL), 3.2 pL nuclease-free water.

. Place in a thermocycler with the following program: 10 min at

25 °C, 120 min at 37 °C, 5 min at 85 °C, 4 °C on hold.

. Add 30 pL nuclease-free water.
. At this stage the cDNA mixture can be stored at —80 °C (see

Note 2).

Primer sequences are indicated in Table 1 (see Notes 3 and 4).

1.

Prepare a 100 pM forward primer mix by pooling each of the
24 IGHV-Leader L2-part primers, all bearing the same bar-
code, in a microcentrifuge tube. Further dilute this primer mix
with nuclease-free water to a final 20 uM concentration.

. Dilute the reverse IGH] primer with nuclease-free water to a

final 5 pM concentration (see Note 5).

Primer sequences are indicated in Table 2 (see Notes 3 and 4).

1.

Prepare a 100 pM forward primer mix by pooling each of the
6 IGHV-Leader L1-part primers, all bearing the same barcode,
in a microcentrifuge tube.

. Prepare a 100 pM reverse primer mix by pooling each of the

2 IGHC primers, all bearing the same barcode, in a microcen-
trifuge tube. Further dilute these primer mixes with nuclease-
free water to a final 5 pM concentration (see Note 5).

1. Thaw, mix, and briefly centrifuge each component before use.

[\
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. Prepare a PCR master mix by adding the components as shown

in Table 3 for gDNA or Table 4 for cDNA.

. Dispense 40 pL of this mix in each well of the plate.

. Add 3 pL of forward primer mix.

. Add 2 pL of reverse primer mix.

. Add 5 pL. of gDNA or cDNA template.

. Seal the plate with adhesive sheet.

. Shake briefly and centrifuge (short pulse).

. Place the plate in a thermocycler. The PCR program is the

following: denaturation at 95 °C for 3 min; 35 cycles of
95 °C for 45 s, 63 °C for 45 s, 68 °C for 1 min; final extension
at 68 °C for 10 min; 12 °C on hold.
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Table 3
PCR mix for gDNA template

Reagents

Volume per reaction

Final concentration

PCR master mix (40 uL per rveaction)
10x High Fidelity PCR Bufter

50 mM MgSOy4

10 mM dNTP mix

Platinum® HighFidelity Taq Polymerase (5 U/pL)
PCR-grade water

Primers

20 pM forward primer mix

5 pM reverse primer

Template

20 ng/pL gDNA

5 pL
3.5 puL
1 pL
0.2 L.
30.3 uL

3 pL
2 ul

5 pL

1x

3.5 mM
0.2 mM
10

1.2 pM
0.2 pM

100 ng

Table 4
PCR mix for cDNA template

Reagents

Volume per reaction

Final concentration

PCR master mix (40 uL per reaction)
10x High Fidelity PCR Bufter

50 mM MgSOy4

10 mM dNTP mix

Platinum® HighFidelity Taq Polymerase (5 U/uL)
PCR-grade water

Primers

5 pM forward primer mix

5 pM reverse primer

Template

20 ng/pL gDNA

5 pL
3.5l
1 pL
0.2 uL.
30.3 uL

3 pL
2 puL

5 pL

1x
3.5 mM
0.2 mM
10

0.3 pM
0.2 pM

100 ng

10. At this stage, the plate can be sealed and stored at —20 °C for

later usage.

3.4 PCR Product
Purification

1. Preparation.

(a) Prepare fresh 70% ethanol for optimal results.

(b) Agencourt AMPure XP bottle should be used at room

temperature.



3.5 Quantification of
Purified PCR Products
(See Note 7)
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11.

12.
13.

14.
15.

NGS-Based IGHV Mutational Status in CLL 161

. Centrifuge briefly the PCR plate.
. Shake the Agencourt AMPure XP bottle to resuspend the

magnetic beads before adding 37.5 pL per well of the PCR
plate (see Note 6).

. Mix thoroughly by pipetting until the mixture appears

homogeneous.

. Incubate for 5 min at room temperature.

. Place the reaction plate on the magnetic stand for 5 min.

. Remove and discard the cleared supernatant (80 pL).

. Wash the beads by dispensing 200 pL of 70% ethanol (freshly

prepared) to each well of the reaction plate, and incubate for
30 s at room temperature; then aspirate and discard the ethanol
(200 pL).

. Repeat for a total of two washes.
10.

Dry 5 min at room temperature to ensure all traces of ethanol
are removed.

To elute purified DNA fragments from beads, remove the
reaction plate from the magnetic stand, and then add 35 pL
of nuclease-free water to each well of the reaction plate and mix
by pipetting until beads are completely resuspended.

Incubate for 5 min at room temperature.

Place the reaction plate onto the magnetic plate for 2 min to
collect the beads.

Transter 25 pL of the eluate to a new microplate.

At this stage, the plate can be sealed and stored at —20 °C for
later usage.

. Dilute Quant-iT™ dsDNA HS reagent 1:200 in Quant-

iIT™dsDNA HS buffer (sufficient quantity for all PCR samples
plus 8 standards and 1 blank).

. Load 200 pL of the working solution into each microplate well.
. Add 10 pL of each dsDNA HS standards or 2.5 pL of each PCR

sample.

4. Place on the plate shaker at 1200 rpm for 5 min.

AN

. Briefly spin in a centrifuge.

. Measure the fluorescence using the Clariostar microplate

reader.

. Use the standard curve to determine the DNA amounts (see

Note 8).
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3.6 Library
Preparation and
Quantification

3.7 Library
Denaturation and
lllumina MiSeq
Sequencing

1. Calculate the concentration in nM according to the formula:

[concentration(ng/pL)/(size amplicon(~ 550 bp) x 650] x 108,
2. For samples with purified PCR products >10 nM:

(a) Dilute samples in a new microplate to final 10 nM con-
centration (5 pL PCR product + H,O up to 10 nM using
the formula: vol. H,O = [con¢(nM) /2] — 5.

(b) Use 5 pL of this 10 nM dilution for pooling samples in a
microfuge tube.

3. For samples with purified PCR products <10 nmm, use 10 pL
for library pooling in the same microfuge tube.

4. At this stage, the tube containing the library pool can be sealed
and stored at —20 °C for later use.

1. Place the MiSeq Reagent Kit at 4 °C the day before to thaw the
reagents overnight.

2. On the day of the run, prepare 1 mL of NaOH 0.2 N in a
microcentrifuge tube: 200 pL 1 N NaOH +800 pL H,O.

The following steps (steps 3-9) should be performed on ice:

3. Dilute library at 4 nM in a microcentrifuge tube: add 2 pL
library at 10 nM and 3 pLL EBT.

4. Denature and dilute library at 2 nM by adding 5 pL of
0.2 N NaOH.

5. Incubate for 5 min at room temperature.

6. Add 990 pL of HT1 buffer resulting in 1 mL of a 20 pM
denatured library.

7. Proceed the same way (i.e., steps 3-6) to obtain 20 pM
denatured PhiX.

8. In a new microcentrifuge tube, add 300 pL of 20 pM library to
300 pL HT1 resulting in 600 puL of 10 pM library; mix by
pipetting.

9. In a new microcentrifuge tube, add 540 pL of the 10 pM
library and 60 pL of 20 pM denatured PhiX; mix by pipetting.

10. Load 600 pL of the final combined library in the “load sample

well” of the MiSeq cartridge.

11. Enter the following parameters in the Local Run Manager

(LRM) of the Miseq as depicted in Table 5.

12. Fill the sample table with sample ID, and the associated index
well (AO1 corresponding to the unique indexes D701 and
D501 combination).
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Parameters to enter into the MiSeq Local Run Manager

Module

Workflow

Library Prep Kit
Chemistry

Read Type

Index Reads

Read 1 length
Read 2 length
Index read 1 length
Index read 2 length
Adapter Trimming
Adapter read 1
Adapter read 2

GenerateFASTQ

GenerateFASTQ

TruSeq DNA-RNA CD Indexes 96 Indexes
Amplicon

Paired end

AGATCGGAAGAGCACACGTCTGAACTCCAGTCA
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT

3.8 Bioinformatic
Analysis on Vidjil

Platform (See Note 9)

. After completion of the run (56 h), copy the FASTQ files from

the MiSeq directory on a hard drive.

. Connect to your Vidjil server and enter login and password (see

Note 10).

. Create a run: click on run, and then click on [+ new runs]; enter

run ID, run name, date, and other information, and click on
[save].

. Create new patients for each sample in the run: click on [+ new

patients] and enter patient ID, first name, last name, and other
information; click on [save].

Open the created run and click on [+ add samples].

6. Choose pre-process scenario (read merging with Flash2): select

[4- M + R2: Merge paired-end reads].

. Samplel: select R1 (first file) and R2 (second file) FASTQ files

by clicking on [Browse. . .]. Date of sampling and other infor-
mations can be added. Importantly, the corresponding patient
had to be associated with the sample by clicking its ID in the
field [sample information].

Repeat for each sample [add other sample].

. Click on [submit samples].

. In the created run select process config [IGH] and click on the

gear wheel to launch the analysis. The results are available when
Completed appears in the status.
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Fig. 1 Screenshot of results displayed Vidjil. The Vidjil platform provides an interactive visualization of antigen
receptor repertoire from high-throughput data. The left panel lists the most frequent clonotypes, the most
abundant being at the top (squared). By default, the 50 most frequent ones are displayed, the value being
adjustable (from 5 to 100). The IGHV, IGHD, and IGHJ genes contributing to each clonotype are indicated as
well as number of deleted/inserted nucleotides. Further information is available by clicking on the yellow
triangles. At the top of the left panel, a summary of the sample sequencing quality data can be obtained by
clicking on the “/” symbol. The top-right panel shows the size distribution of the clonotype average read
length, simulating the traditional Genescan view of clonality analysis. The bottom-right panel offers a
representation of the clonotypes according to their size and IGHV and IGHJ gene composition. Note that, in
the vast majority of cases, the CLL dominant IGH clonotype appears surrounded by multiple small variant
ones, differing by minor nucleotides changes. Sequence of the selected clonotype appears at the very bottom,
the IGHV, IGHD, and IGHJ genes being highlighted. By clicking on the bent arrow above (circled), the sequence
is sent automatically to IMGT/V-QUEST, IgBlast, and ARResT/AssignSubsets for further analysis

11. To access results, go to the patient page and click on [IGH].
12. The following information is displayed: (see also Fig. 1).
(a) List of most abundant clonotypes on the left.

(b) Graphic visualization by abundance and read length
(on top).

(¢) Graphic visualization by abundance and V/] usage
(on the bottom).

13. Select the most abundant clonotype(s).

14. Click on the curved arrow on the bottom of the page to send
the clonotype sequence to IMGT/V-QUEST [18] and
ARResT/AssignSubsets [19] (see Note 11).
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4 Notes

. Peripheral blood is the most common source of material and

should be collected (10-20 mL) in EDTA (or citrate)-
containing tubes. Tumor material can also be obtained from
tissues infiltrated by leukemic cells such as bone marrow or
lymph nodes. Frozen biopsies are much preferred over
formalin-fixed paraffin-embedded tissue samples due to the
need to amplify relatively large PCR products (median size
around 400 bp).

. If necessary, the quality of the cDNA synthesis can be assessed

by amplification of a house-keeping gene, although this is not a
mandatory step.

. The sequencing protocol uses dual index PCR primers. Each

primer contains, from 5 to 3', the following: (1) a set of
nucleotides for flow cell binding (P5 or P7), (2) a patient
barcode index (forward D501-D508, reverse D701-D712),
(3) a set of nucleotides for sequencing initiation, and
(4) IGHV-Leader or IGH] (or IGHC) specific primer
sequence. The double barcode indexing allows up to 96 unique
combinations in a single run.

. Primers are ordered according to a standard quality synthesis

tollowed by polyacrylamide gel electrophoresis purification.
They are resuspended in nuclease-free water at a 100 pM
concentration.

. When preparing primer mixes, only IGHV-Leader and IGH]

or IGHC primers containing the same barcode can be pooled.
Take precautions to avoid cross-contamination between pri-
mers with different barcodes.

. This 0.75:1 (beads/PCR products) ratio allows selective recov-

ery of DNA fragments above 150 bp, thus eliminating primer
dimers.

. Quantification of purified PCR products should be done pret-

erentially by fluorometry. Several types of fluorescence readers
can be used, including Qubit® 4 Fluorometer (Thermo Fischer
Scientific) or Clariostar (BMG Labtech). Only the latter is
described here.

. In case of concentration above the standards (upper limit

40 ng/pL), dilute the sample and repeat quantification.

. There are numerous tools to analyze antigen receptor

sequences produced by high-throughput sequencing
[20]. Here we refer to Vidjil (https://app.vidjil.org/)
[21, 22], an easy-to-use platform which does not require spe-
cific informatics skills. Note that the current online version is
for research only, but an option compliant for clinical use can
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be purchased. ArresT/Interrogate developed within the
EuroClonality-NGS working group is another well-adapted

alternative [23].
10.

Several options exist for adding patient data on a Vidjil server,

see http: //www.vidjil.org,/doc/healthcare /

11.

More detailed information can be found in the user manual:

http: //www.vidjil.org/doc/user.
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NGS-Based B-Cell Receptor Repertoire AnalysisRepertoire
analyses in the Context of Inborn Errors of Inmunity

Pauline A. van Schouwenburg ®, Mirjam van der Burg,
and Hanna IJspeert

Abstract

Inborn errors of immunity (IEI) are genetic defects that can affect both the innate and the adaptive immune
system. Patients with IEI usually present with recurrent infections, but many also suffer from immune
dysregulation, autoimmunity, and malignancies.

Inborn errors of the immune system can cause defects in the development and selection of the B-cell
receptor (BCR) repertoire. Patients with IEI can have a defect in one of the key processes of immune
repertoire formation like V(D)J recombination, somatic hypermutation (SHM), class switch recombination
(CSR), or (pre-)BCR signalling and proliferation. However, also other genetic defects can lead to quanti-
tative and qualitative differences in the immune repertoire.

In this chapter, we will give an overview of protocols that can be used to study the immune repertoire in
patients with IEI, provide considerations to take into account before setting up experiments, and discuss
analysis of the immune repertoire data using Antigen Receptor Galaxy (ARGalaxy).

Key words Next generation sequencing, Primary immunodeficiency, B-cell receptor repertoire,
Inborn errors of immunity

1 Introduction

At this moment, more than 450 monogenetic defects have been
reported in patients with inborn errors of immunity (IEI) [1]. The
most common forms of IEI are patients with a predominant B-cell
disorder leading to primary antibody deficiencies. T-cell disorders
also have an effect on the development and function of B cells,
because they are required for further differentiation of B cells into
memory B cells and plasma cells.

IEI can have a direct or indirect effect on the B-cell receptor
(BCR) repertoire. Direct effects are found in patients with genetic
defects in genes involved in one of the key processes in the forma-
tion or shaping of the B-cell repertoire: V(D)J recombination,
somatic hypermutation (SHM), class switch recombination

Anton W. Langerak (ed.), Immunogenetics: Methods and Protocols, Methods in Molecular Biology,
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Fig. 1 Schematic overview of the workflow. Summary of the workflow for NGS-based B-cell receptor
sequencing using primer-based amplification and analysis using the Antigen Receptor Galaxy (ARGalaxy)
pipeline. Created with BioRender.com

1.1 Selection of the
Type of Cell or Tissue

(CSR), and (pre-)BCR signalling and proliferation [2—4]. Indirect
effects can also be found because recurrent infections and /or auto-
immunity can shape the BCR repertoire in IEI patients [5].

The BCR can be studied in several different ways, largely
depending on the research question that needs to be answered
and on the availability of the material. We will discuss how the
BCR repertoire can be studied by amplifying BCR rearrangements
from either DNA or cDNA and how to analyze the data using the
Antigen Receptor Galaxy (ARGalaxy) analysis tool (Fig. 1). These
methods can be applied to every sample, but we will focus on
considerations that will affect the setup of the experiments and
the data analysis for patients with IEI.

The BCR repertoire can be divided into three classes: the immature
BCR repertoire, the naive BCR repertoire, and the antigen-selected
BCR repertoire (Fig. 2). The immature BCR repertoire is derived
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Fig. 2 Overview of the B-cell receptor repertoires. The B-cell receptor (BCR) repertoire can be divided into
immature BCR repertoire, naive BCR repertoire and antigen-selected BCR repertoire. Created with BioRender.
com

from precursor B cells that did not undergo selection and /or have
not completed their BCR rearrangements. This repertoire is partic-
ularly interesting for studying BCR repertoire formation in devel-
oping precursor B cells and processes like V(D)J recombination or
pre-BCR signalling. Since precursor B-cell development takes place
in the bone marrow, the only tissue that can be used to study the
immature BCR is bone marrow. The naive BCR repertoire is
derived from naive B cells that have not been activated. These
naive B cells can be found in peripheral blood. Peripheral blood is
the least invasive material to obtain and for most labs easily accessi-
ble. However, peripheral blood contains a mixture of B-cell subsets,
including naive, memory, and plasma cells. The antigen-selected
repertoire is derived from B cells that have been activated by their
antigen. These B cells will differentiate into memory B cells or
plasma cells. The antigen-selected B cells can be found in peripheral
blood or secondary lymphoid organs, such as spleen or lymph
nodes. Because tissues contain a mixture of B-cell subsets, it
might be relevant to sort the population of interest before
performing immune repertoire analysis of the naive BCR repertoire
or the antigen-selected BCR repertoire.

1.2 DNA Versus RNA  BCR rearrangements can be amplified from either DNA or RNA
(cDNA). DNA is more stable than RNA and can be isolated from
smaller cell numbers. The advantage of DNA is that is allows to
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1.3 The Number of B
Cells that Gan Be
Studied

1.4 Location of the
Primers

study unproductive and incomplete (DH-JH) rearrangements,
which is not possible with RNA. Furthermore, there is only one
DNA copy of a given functional rearrangement per cell, in contrast
to RNA where there are many RNA copies per rearrangement per
cell. The number of RNA copies is much higher in plasma cells
compared to memory B cells. The advantage of RNA is that it
allows to only analyze productive rearrangements and to study
the constant gene. Furthermore, RNA is also preferred to use
unique molecular identifiers (UMI) to identify the single RNA
molecules.

The BCR repertoire has been studied for decades by amplifying
BCR rearrangements, cloning, and Sanger sequencing. However,
since the introduction of next generation sequencing, it is possible
to study thousands or even millions of BCR, in a way that is less
labor intensive. The challenge of this high-throughput method is to
obtain enough B cells to study thousands or millions of BCR
rearrangements, especially in patients with a B-cell deficiency.
Therefore, in patients with IEI, the starting material is often mono-
nuclear cells obtained from blood or bone marrow. When using
mononuclear cells, it is good to determine the frequency of B cells,
e.g., using flow cytometry to be able to estimate the number of
B-cell rearrangements that can be analyzed.

The IGH locus consist of >100 different variable (V), diversity (D),
and joining (J) genes that are recombined to form a BCR. Fortu-
nately, many of the genes have large sequence similarities and can
therefore be subdivided in different families, such that primers
specific for these gene families can be used in a multiplex PCR to
amplify the repertoire. The forward primers can be located in the
leader, or the frame work regions (FR) of the VH genes. Preferably,
the forward primers should not be located in the complementary
determining regions (CDR) regions, because these regions can
have a high frequency of somatic hypermutations (SHM) that can
decrease the binding efficiency of the primer. The location of the
primers is also dependent on the information that is needed from
the immune repertoire data. Primers in the leader sequence are least
affected by SHM and provide the most accurate information about
the hypomorphic alleles, but this results in a long amplicon that
might not be suitable for all sequence platforms. In this protocol,
we use the 6 IGHV FR1, 7 IGHV FR2, or 7 IGHV FR3 forward
primers adapted with the Rd1 adaptor for Illumina sequencing
(Fig. 3) (Table 1) [6]. As reverse primer, a single primer in the JH
gene is enough to cover all six functional JH genes (Table 1).
However, when there is an interest in information about the (sub)-
class of the BCR, a primer in the constant (C) gene can be used.
These rearrangements can only be amplified using cDNA as starting
material. Since the amount of material is often limited in patients
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CgCH1

; IgHAR
primers FR3 prmers JH consensus Cmn CH1

Fig. 3 Overview of IGH locus with primers. The forward primers located in FR1, FR2, or FR2 are indicated. For
B-cell receptor rearrangements amplified from DNA the JH consensus can be used. For amplification of the
B-cell receptor rearrangements from cDNA, either the JH consensus, the CgCH1, IgHA R, or the Cm CH1

primers can be used

1.5 Choosing a Tool
to Analyze the Immune
Repertoire Data

with IEI, using primers in the Cy or Ca region also allows to select
for rearrangements derived from Ig-switched memory B cells with-
out the need of pre-sorting of these cells. Optionally, a reverse
primer in the Cp region can be used. Subsequently, the data can
be separated in rearrangements that contain <2% SHM and are
likely derived from naive B cells and rearrangements that have >2%
SHM, which are likely derived from memory B cells. The reverse
primers should also be adapted by addition of the Rd2 adaptor for
Illumina sequencing (Table 1).

Next generation sequencing of the BCR repertoire generates
thousands of rearrangements and requires bioinformatics tools to
analyze. In this last decade, many different analysis tools have been
developed. Most tools help to annotate the rearrangements and will
aid to visualize the data. The choice of the tool greatly depends on
the research question, and it is likely that multiple tools are needed
to answer all questions. In this chapter, we will discuss the Antigen
Receptor Galaxy (ARGalaxy) tool [7]. This tool is a web-based tool
and can be used to analyze many different qualitative measure-
ments. It has two different pipelines, the immune repertoire pipe-
line which allows the analysis of V, D, and ] gene usage, CDR3
characteristics and junction characteristics, and the SHM and CSR
pipeline which allows the analysis of SHM, antigen selection, and
CSR. Depending on the research question, data can be analyzed
with either one or both pipelines.

2 Materials

2.1 Amplification
(VH-Cg or VH-Ca from
cDNA or VH-JH

from DNA)

1. ¢cDNA or 50 ng/pl DNA.

2. PCR cycler.

3. PCR tubes.

4. AmpliTaqGold (Thermo Fisher Scientific) with 10x

Buffer Gold.
5. 25 mM MgCl,.
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dNTP solution; prepare a mix with 20 mM of each nucleotide.
Bovine serum albumin (BSA) (20 mg,/ml).

Nuclease-free PCR water.

10 pM (10 pmol/pl) primer: pipet every primer separately.
Ethidium bromide (Sigma).

Tris-Borate-EDTA (TBE) bufter.
Loading dye for DNA gels.

14. 100 bp DNA ladder.
15. Gel extraction kit (Qiagen).
16. Scalpels: use 1 scalpel per PCR reaction.
2.2 Nested PCR 1. PCR cycler.
2. PCR tubes.
3. KAPA HiFi Hotstart Ready mix (Roche).
4. TruSeq Custom Amplicon Index Kit (Illumina).
2.3 Merging, 1. https: //argalaxy.researchlumc.nl/.
Trimming, and 2. PEAR (https://cme.h-its.org/exelixis/web /software/
Alignment of Reads pear/) [8].
and Data Analysis 3. Cutadapt (http://code.google.com/p/cutadapt) [9].
4. FASTQ to FASTA converter (http://usegalaxy.org/u/dan/
p/fastq) [10].
5. IMGT High-V-Quest (http://www.imgt.org/HighV-
QUEST /home.action) [11].
6. Immune repertoire tool of ARGalaxy (https://argalaxy.
researchlume.nl/).
7. SHM and CSR tool of ARGalaxy (https://argalaxy.
researchlumc.nl/).
3 Methods

3.1 Amplification of
VH-Cg, VH-Ca, or VH-
Cu from cDNA

. Prepare PCR master mix consisting of 28.3 pl water, 5 pl 10x

Bufter Gold, 3 pl MgCl,, 0.5 pl dNTDPs, 1 ul BSA, and 0.2 pl
Taq Gold (see Note 1).

Transfer PCR master mix into PCR reaction tubes (38 pl into
each well).

Deposit 1 pl of each primer into the corresponding well (see
Notes 2, 3, and 4).


https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fargalaxy.researchlumc.nl%2F&data=04%7C01%7Ch.ijspeert%40erasmusmc.nl%7C5a4d5032d15a4e628bfe08d90f00b7ea%7C526638ba6af34b0fa532a1a511f4ac80%7C0%7C0%7C637557318032430470%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=CTXMaD2y%2FFqDrKeno8Gmch0XsVksA3ytjNJlmKeWXOY%3D&reserved=0
https://cme.h-its.org/exelixis/web/software/pear/
https://cme.h-its.org/exelixis/web/software/pear/
http://code.google.com/p/cutadapt
http://usegalaxy.org/u/dan/p/fastq
http://usegalaxy.org/u/dan/p/fastq
http://www.imgt.org/HighV-QUEST/home.action
http://www.imgt.org/HighV-QUEST/home.action
https://argalaxy.researchlumc.nl/
https://argalaxy.researchlumc.nl/
https://argalaxy.researchlumc.nl/
https://argalaxy.researchlumc.nl/

178 Pauline A. van Schouwenburg et al.

3.2 Amplification of
VH-JH from DNA

3.3 Nested PCR and
Pooling

4.

—

Add 5 pl cDNA to the corresponding well, and carefully add
the lid of the PCR tubes (see Notes 4 and 5).

. Run PCR at 95 °C for 7 min; 25-35 cycles at 94 °C for 30 s,

57 °C for 30's, 72 °C 1 min; 72 °C for 10 min (see Note 6).

. Load 50 pl PCR product with 10 pl loading dye onto a 1%

agarose gel in TBE buffer containing ethidium bromide and
run for 1 hat 180 V.

. Visualize DNA band under ultraviolet (UV) light (se¢ Note 7),

and cut the PCR band of approximately 500 bp from gel using
a scalpel (sec Note 8).

. Purity the PCR product from gel using the gel extraction kit.

Follow the instructions in the manual and eluate with 20 pl
elution bulfter.

. Continue with Subheading 3.3, Nested PCR.

. Prepare PCR master mix consisting of 31.3 pl water, 5 pl 10x

Bufter Gold, 3 pl MgCl,, 0.5 pl ANTDPs, 1 pl BSA, and 0.2 pl
Taq Gold (see Note 1).

. Transfer PCR master mix into PCR reaction tubes (41 pl into

each well).

. Deposit 1 pl of each primer (6 5" primers and 1 Cg or Ca primer

per well) into the corresponding well (se¢ Notes 2 and 4).

. Add 2 pl 50 ng/pl DNA to the corresponding well, and care-

fully add the lid of the PCR tubes (sc¢ Notes 4 and 9).

. Run PCR at 95 °C for 7 min; 25-35 cycles at 94 °C for 30 s,

57 °Cfor 305,72 °C 1 min; 72 °C for 10 min (se¢ Note 6).

. Load 50 pl PCR product with 10 pl loading dye onto a 1%

agarose gel in TBE buffer containing ethidium bromide and
run for 1 hat 180 V.

. Visualize DNA band under ultraviolet (UV) light (see Note 7),

and cut the PCR band of approximately 500 bp from gel using
a scalpel (sec Note 8).

. Purify the PCR product from gel using the gel extraction Kkit.

Follow the instructions in the manual and eluate with 20 pl
clution bufter.

. Continue with Subheading 3.3, Nested PCR.

. Add 12.5 pl KAPA HiFi Hotstart Ready mix, 2 pl TruSeq

Custom Amplicon Index forward primer, 2 pl TruSeq Custom
Amplicon reverse primer, and 8.5 pl purified PCR product
from Subheading 3.1 or Subheading 3.2 to a PCR
reaction tube.

. Run PCR at 95 °C for 5 min; 10 cycli at 98 °C for 20 s, 66 °C

for 30s,72°C 30 s; 72 °C for 1 min.



3.4 Merging,
Trimming, and
Alignment of Reads
Using Galaxy

3.5 Data Analysis
Using the Immune
Repertoire Pipeline in
Antigen Receptor
Galaxy (ARGalaxy)
(See Note 13)

—
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. Measure the concentration of the PCR products (see Note 10).

. Mix the PCR product at an equimolar concentration of

50 mM.

. Purify the pool of PCR products (se¢ Note 11).
. The PCR pool can be sequenced using the Illumina platform.

. Sequencing with the Illumina platform results R1 and R2 reads

that need to be merged before they can be aligned to a refer-
ence database. This merging can be done with PEAR, which is a
pair-end read merger [8], which can be found on “pre-proces-
sing” at https: //argalaxy.researchlumc.nl/.

. After the reads are merged, the Illumina Rd1 and Rd2 primer

adapters have to be removed from the reads as well as the
forward primers. This can be done with the Cutadapt tool [9]
(see Note 12). which can be found on “pre-processing” at
https: //argalaxy.researchlumc.nl/.

. Before the reads can be aligned using IMGT /HighV-Quest,

the FASTQ files have to be adapted to the FASTA file format.
This can be done with the FASTQ to FASTA converter [10],
which can be found on “pre-processing” at https: //argalaxy.
researchlumc.nl/.

. For alignment and annotation of the BCR rearrangements, the

international ImMunoGeneTics system IMGT /HighV-Quest
can be used (http: //www.imgt.org/HighV-QUEST /analysis.
action) [11]. This tool will produce a compressed .txz file that
contains 12 text files with alignment information.

. Open ARGalaxy from https: //argalaxy.researchlumc.nl/ [7].
. Upload the compressed .txz files using: get data — upload file

(see Note 12). The file will appear on the right site of your
screen under “History.”

. Select under “Tools” on the left site of the screen “ARGalaxy,”

and click on the “Immune repertoire pipeline.”

. Select the .txz file you would like to analyze (see Notes 14 and

15).

. Enter a name in the “ID” field (see Note 16).
. Select the definition of the clonotype (see Note 17).
. Select the order in which the V, D, and ] genes have to appear

in the graphs. The default setting is on alphabetical order and
not in the order they appear on the IGH locus.

. Select “IGH” at the “Locus” field.

. Choose if you want to visualize the unproductive rearrange-

ments in the graphs (se¢ Note 18).
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https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fargalaxy.researchlumc.nl%2F&data=04%7C01%7Ch.ijspeert%40erasmusmc.nl%7C5a4d5032d15a4e628bfe08d90f00b7ea%7C526638ba6af34b0fa532a1a511f4ac80%7C0%7C0%7C637557318032430470%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=CTXMaD2y%2FFqDrKeno8Gmch0XsVksA3ytjNJlmKeWXOY%3D&reserved=0
http://www.imgt.org/HighV-QUEST/analysis.action
http://www.imgt.org/HighV-QUEST/analysis.action
https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fargalaxy.researchlumc.nl%2F&data=04%7C01%7Ch.ijspeert%40erasmusmc.nl%7C5a4d5032d15a4e628bfe08d90f00b7ea%7C526638ba6af34b0fa532a1a511f4ac80%7C0%7C0%7C637557318032430470%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=CTXMaD2y%2FFqDrKeno8Gmch0XsVksA3ytjNJlmKeWXOY%3D&reserved=0
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Table 2

Example of the overview table of the Immune repertoire pipeline in ARGalaxy showing the number
and percentage of (unique) productive and unproductive sequences per donor and per replicate. The
definition of unique sequences is based on the clonal type definition filter setting chosen

Donor/replicate All

Productive Unique productive Unproductive Unique unproductive

TEST 42,488 32,207 (76%) 14,905 (35%) 10,010 (24%) 6067 (14%)
TEST_1 18911 15,036 (80%) 6452 (34%) 3772 (20%) 2164 (11%)
TEST 2 11,880 9390 (79%) 4852 (41%) 2394 (20%) 1583 (13%)
TEST_3 11,697 7781 (67%) 3601 (31%) 3844 (33%) 2320 (20%)
10. Select if you want to identify overlapping sequences between

11.

12.

13.

14.

15.

different replicates within one donor (sec Note 19).

Press execute. A new item will be displayed in your history and
turn green when the tool is ready with processing the data.

Click on the “eye” symbol to open the table that shows an
overview of the rearrangements, including the percentage of
productive, productive unique, unproductive, and unproduc-
tive unique (see Table 2 for an example).

Press on “Click here for the results” to open the page with the
different analysis tabs.

The tab “Gene frequencies” shows the percentage of V, D, an J
gene usage (see Note 20). The frequency of the different V, D,
and J genes vary slightly between individuals and also between
different primer sets that are used to amplify the BCR rearran-
gements. However, there are some important parameters that
can give an indication of changes in the BCR repertoire (see
Table 3). These changes can be specific for patients with IEI,
but are also present between the naive and antigen-selected
BCR repertoire in healthy individuals. For example, the fre-
quency of BCR with the IGHV4-34 and IGHJ6 genes are
relatively high in the naive BCR repertoire, but are significantly
lower in antigen-selected B cells. In contrast to IGH]4 which is
less frequently used than IGH]J6 in the naive BCR repertoire, it
is the most frequently used IGH] gene in the antigen-selected
repertoire in healthy individuals (Fig. 4a) [15].

The tab “CDR3 characteristics” contains plots that show the
distribution of the CDR3 length and the frequency of the
different amino acids used in the CDR3. The median CDR3
length is longer in naive B cells compared to memory B cells,
which is likely caused by selection against long CDR3 lengths,
because they are more likely to be autoreactive (Fig. 4b) [15].
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Overview of V, D, and J genes that can be affected in the B-cell receptor repertoire

Gene Remark

1GHV4-34 B cells expressing this IGHV gene are almost all intrinsically autoreactive [12, 13]. The
frequency of VH4-34 is high in naive B cells, but very low in memory B cells. An
increased frequency has been observed in several IEI patients

IGHJ4 and JH4 and JHG6 are the most frequently used JH genes in healthy donors; however the

1IGHJ6 distribution might differ between naive and memory B cells. The length of the JH6

gene is significantly longer than the other JH genes. Since memory B cells have
shorter CDR3 length, the frequency of JH6 is lower in memory B cells compared to
naive B cells in the same healthy donor [4 ]

IGHD7-27 IGHD7-27 is the smallest D gene and is located immediately adjacent to the IGH]

locus. High frequencies of IGHD7-27 have been observed in fetal B-cell receptor
rearrangements [ 14 ]

16.

17.

18.

19.

20.

21.

In the tab “Heatmaps,” the frequency of the different combi-
nations of V-J, V-D, and D-]J genes are visualized in heatmaps.

In the tab “Compare heatmaps,” the heatmaps between differ-
ent donors can be compared.

In the tab “Circos,” the frequency of the different combination
of V-], V-D, and D-J genes are visualized using circus
plots [16].

When the option is chosen to determine the number of
sequences that share the same clonal type between replicates
or to determine the clonality of the donor, the tab “Shared
Clonal Types” or “Clonality” is shown. These tabs include a
table with information about the number of BCR rearrange-
ment that is present in multiple replicates of the same donor.
When three replicates are present and the option “determine
the clonality of the donor” is chosen, the clonality score based
on the publication by Boyd et al. is given [17]. In patients with
IEIL, the diversity of the repertoire is often reduced (Fig. 4c¢)
[2,7].

The tab “Junction analysis” contains a table with the median or
mean number of deletions, palindromic (P) nucleotides, or
non-templated (N) nucleotides in the productive and unpro-
ductive  rearrangements.  Genetic  defects in  the
non-homologous end joining (NHE]) pathway have been
shown to affect the number of deletions, N-nucleotides and
P-nucleotides (see Table 4).

In the “Download” tab, all data used to create the tables and
graphs can be downloaded.
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Fig. 4 Examples of analyses with the immune repertoire pipeline. Naive B cells have a higher frequency of
IGHV4-34 and IGHJ6 compared to antigen-selected switched B cells (IGHG, and IGHA) (a). The CDR3 length is
shorter in antigen-selected switched B cells (IGHG and IGHA) compared to naive B cells (b). Patients with
ataxia telangiectasia (AT) or Nijmegen breakage syndrome have a reduced diversity of the naive BCR
repertoire (c). The number of samples analyzed is indicated per group. P-values <0.001 are indicated by
*** and P-values <0.0001 are indicated by ****

Table 4
Overview junction characteristics of IEl patients with defects in the non-homologous end joining
pathway

Gene Protein name Deletions  N-nucleotides  P-nucleotides  References
DCLREIC ARTEMIS 1 ! T [18]
PRKDC DNA-PKcs i} | T [19]
NHEJ1 XLE/Cernunnos Normal 1] Normal [4]
LIG4 DNA ligase 4 M l Normal [20]
XRCC4 XRCC4 Normal 1 Normal [21]
3.6 Data Analysis 1. Open ARGalaxy from https: //argalaxy.researchlumc.nl/ [7].
Using the SHM and 2. Upload the compressed .txz files using: get data — upload file
CSR Tool in ARGalaxy (see Note 14). The file will appear on the right site of the screen
(See Note 13) under “History.”

3. Select under “Tools” on the left site of the screen “ARGalaxy”
and click on the “SHM and CSR pipeline.”

4. Select the .txz file to be analyzed.

5. Select which regions of the BCR rearrangements should be
included in the analysis (see Note 21).


https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fargalaxy.researchlumc.nl%2F&data=04%7C01%7Ch.ijspeert%40erasmusmc.nl%7C5a4d5032d15a4e628bfe08d90f00b7ea%7C526638ba6af34b0fa532a1a511f4ac80%7C0%7C0%7C637557318032430470%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=CTXMaD2y%2FFqDrKeno8Gmch0XsVksA3ytjNJlmKeWXOY%3D&reserved=0

6.

7.

10.

11.
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Select if only the productive, only the unproductive, or both
productive and unproductive sequences should be analyzed.

Select if the sequences should be filtered by “remove unique”
or “keep unique.” The “remove unique filter” removes all
sequences that occur only once and the duplicates (based on
the nucleotides sequence of the “analyzed region” and the C
gene or the sequences that have the same V, J, and amino acid
sequence of the CDR3 region). When choosing “remove
unique,” an additional filter appears that allows to choose the
minimal number of duplicates that have to be in a group in
order to keep one of the sequences (based on the nucleotides
sequence of the “analyzed region” and the C gene or the
sequences that have the same V, J, and amino acid sequence
of the CDR3 region) . The “keep unique” filter removes all
duplicate sequences based on the nucleotides sequence of the
“analyzed” region and the C gene.

Select if duplicates should be removed based on V, CDR3, and
C region (difterent options possible).

The class/subclass filter should only be applied when part of
the C region is present. The SHM and CSR pipeline identifies
human Cp, Ca, Cy, and Ce constant genes by dividing the
reference sequences for the subclasses (NG_001019) in eight
nucleotide chunks, which overlap by four nucleotides. These
overlapping chunks are then individually aligned in the right
order to each input sequence. This alignment is used to calcu-
late the chunk hit percentage and the nt hit percentage. The
chunk hit percentage is the percentage of the chunks that is
aligned. The Nt hit percentage is the percentage of chunks
covering the subclass-specific nucleotide match with the differ-
ent subclasses. The most stringent filter for the subclass is 70%
“nt hit percentage” which means that five out of seven subclass-
specific nucleotides for Ca or six out of eight subclass specific
nucleotides of Cy should match with the specific subclass. The
option “>19% class” can be chosen when only the class (Ca/
Cy/Cp/Ce) of the sequences is of interest and the length of
the sequence is not long enough to assign the subclasses. With
the location of the primers used in this protocol, assignment of
subclass is not possible and the class can be assigned with the
>19% filter.

Select if a new IGMT archive output is needed in the history
that contains only the sequences based on the filtering options
used before (see Note 13).

Select if the generation of new IMGT archives and the analysis
of Change-O /Baseline need to be skipped to decrease the time
ARGalaxy needs to run the pipeline.
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12

13

14

15

16.

17.

18.

19.

20.

21.

Press execute. A new item will be displayed in the history and
turns green when the tool is ready with processing the data.

Click on the “eye” symbol to open the table that shows the
number of rearrangement after each filtering step.

Press on “Click here for the results” to open the page with the
different analysis tabs.

The “SHM overview” tab gives a table with detailed informa-
tion on the SHM including frequency of SHM, the transver-
sion and transition mutations, replacement and silent
mutations, etc. Furthermore, it also contains graphs visualizing
the percentage of mutations in AID and pol eta motives, the
relative mutation patterns, and the absolute mutation patterns.
The frequency of SHM increased during childhood (Fig. 5a)
[15], but can be affected in patients with IEI (Fig. 5b). This
can be caused by genetic defects in one of the genes involved in
the SHM process [22], but can also be the consequence of
recurrent infections or immune dysregulation.

The “SHM frequency” tab contains graphs that visualize the
frequency of SHM per (sub)class.

The “transition table” tab contains tables, heatmaps, and bar
graph that visualize the SHM per base. This information pro-
vides a lot of information about the SHM process and can be
used to study the SHM pathway. In patients with genetic
defects in genes involved in the DNA repair pathways (UNG,
MSH2, MSH6, PMS2) crucial for the induction of SHM, the
frequency as well as the pattern of SHM is affected
(Fig. 5¢) [22].

The “antigen selection” tab contains bar plots showing the
frequency of replacement mutations per amino acid. These
graphs can be used to study in which region or amino acids
positions replacement mutations are most/least frequent. Fur-
thermore, in this tab, also the plots showing the score for
antigen selection based on the BASELINe method are
given [23].

The “CSR” tab contains circle plots that indicate the subclass
distribution of the IGHA or IGHG rearrangements. In
patients with IEI, the subclass distribution is often affected
(Fig. 5d). This can be caused by defects in CSR, e.g., in patients
with ataxia telangiectasia (AT) [2], but is also observed in
patients with common variable immunodeficiency [24].

The “clonal relation” tab gives a table which indicates the
number of clones and the number of sequences within a
clone (the definition of the clone is based on the filter settings
used) based on the Change-O method [25] (se¢ Note 22).

In the “Download” tab, all data used to create the tables and
graphs can be downloaded.
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4 Notes

10.

. Prepare a master mix for all reactions. Allow a surplus of 10%.

. When using IGH VH FRI primers, add six forward primers or

seven primers when using IGH VH FR2 or IGH VH FR3.

. When using reverse primers in the constant region, prepare a

separate reaction to amplify the VH-Ca, VH-Cy, or VH-Cp
rearrangements with the IgHA R Rd2, CgCHI Rd2, or Cm
CHI1 Rd2 primers, respectively.

. In these steps, prevention of cross-contaminations between

samples is essential.

. The amount of cDNA that needs to be added is dependent on

the amount of B cells in the samples, and the number of B-cell
rearrangement to be analyzed. Furthermore, it has to be taken
into account that plasma cells typically have a 1000 times
higher copy number of the RNA copies of the B-cell rearrange-
ment compared to other B cells. If less cDNA is needed,
nuclease-free PCR water can be added to reach a total volume
of 5 pl.

. The number of PCR cycli should preferably be low enough to

remain in the linear amplification stage of the PCR which will
reduce amplification bias. However, the number of cycli should
be high enough to be able to visualize the PCR product on the
agarose gel. The lower the number of B cells in the sample, the
higher the number of PCR cycli that should be used.

. Keep the exposure to UV as short as possible since UV can

damage the PCR products.

. Use a new scalpel for every PCR product to avoid

contamination.

The amount of DNA that needs to be added is dependent on
the amount of B cells in the sample, and the number of B-cell
rearrangements to be analyzed. If less volume is needed to add
the accurate amount of DNA, nuclease-free PCR water can be
added to reach the total volume of 2 pl. The amount of DNA
per cells is estimated to be 6 pg. So for DNA isolated from only
B cells can be divided by 6 pg. 100 ng DNA corresponds to
approximately 16,667 B cells. Since every B cells can have one
unproductive and 1 productive rearrangement, 100 ng B-cell
DNA can result in maximally 33,334 unique B-cell
rearrangements.

The amount of PCR product should be measures with a sensi-
tive method for low quantities of double-stranded DNA, e.g.,
Qubit™ dsDNA BCR Assay Kit.
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17.

18.

19.
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Purification of the PCR library pool can be done with AMPure
XP beads (Beckman Coulter) according to the manufacturer’s
instructions.

Removing the adaptor sequences from the reads improves the
alignment of the BCR rearrangements. Removal of primer
sequences located in the V(D)J region is essential to prevent
mismatching of degenerate primers to be classified as SHM.

Dependent on your research question, analyze the data using
the immune repertoire pipeline, the SHM and CSR pipeline, or
both. When interested in using both using the same filtering,
one can start with the analysis of the SHM and CSR pipeline,
and then select “yes” in the filter “Output new IMGT archives
per class into the history.” This will provide a new data set in
the history with the filtered data (split per class if class is
assigned) which then can be analyzed using the immune reper-
toire pipeline.

Select “imgt_archive” by “Type (set all).”

In the “Immune repertoire pipeline,” multiple .txz files can be
analyzed simultaneously. These can be replicates from the same
donor or can be derived from multiple donors.

[

Spaces and special characters (except “_”) cannot be used in the
ID field. Leaving this field empty will result in an error.

The data likely contains multiple reads which are identical or
nearly identical. These reads can be derived from unique B cells
with the same IGH rearrangements, but these can also be
technical duplicates. When the BCR rearrangements are ampli-
fied from a low number of B-cells and /or many PCR cycles had
to be used to obtain a PCR product, the presence of reads with
the same clonotype is more likely caused by technical dupli-
cates. Importantly, IGH rearrangements with the same CDR3
sequence at the amino acid level can be derived from unique B
cells with a different IGH rearrangement at the nucleotide
level. This filter will only include one sequence with the same
clonotype definition in the analysis.

Unproductive rearrangements are rearrangements that are out-
of-frame or contain a stop codon. When IGH rearrangements
were amplified from DNA, a large fraction of the rearrange-
ments are non-productive, while in case of amplification of
IGH rearrangements from RNA, only a very small fraction of
the IGH rearrangements will be unproductive, since unpro-
ductive rearrangements are mostly not transcribed.

Option 1 “Do not determine overlap (only 1 replicate pres-
ent)” should be used if only one replicate is analyzed per donor
or if there is no interest to determine the presence of over-
lapping sequences. Option 2 “Determine the number of
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sequences that share the same clonal type between the repli-
cate” should be used if the overlap between at least two repli-
cates within the same donor should be determined. Option
3 “Determine the clonality of the donor (minimal 3 replicates)
can be used to determine the number of overlapping sequences
between at least three replicates within one donor and provides
the clonality score described by Boyd et al. [17].

20. The rearrangements used for making the graphs are filtered
based on the settings “Clonal type definition” and “Remove
the unproductive sequences from graphs.” When choosing to
filter the data based on clonal type and remove the unproduc-
tive sequences from the graph, only the total number of unique
productive sequences are included in the graphs.

21. The regions that are /can be included in the analysis depend on
the forward primer being used. When using primers in the
leader sequence, the complete BCR rearrangement can be
used. However, when using primers in the FR regions, these
regions have to be excluded because the primers sequences can
cause false-positive SHM.

22. To calculate clonal relation, Change-O is used [26]. Tran-
scripts are considered clonally related, if they have maximally
three nucleotides difference in their CDR3 sequence and the
same first V gene (as assigned by IMGT). Change-O settings
used are the nucleotide hamming distance substitution model
with a complete distance of maximally three. For clonal assign-
ment, the first genes were used, and the distances were not
normalized. In case of asymmetric distances, the minimal dis-
tance was used.
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Generic Multiplex Digital PCR for Accurate Quantification
of T Cells in Copy Number Stable and Unstahle DNA Samples

Rogier J. Nell, Willem H. Zoutman, Mieke Versluis,
and Pieter A. van der Velden

Abstract

An accurate T cell quantification is prognostically and therapeutically relevant in various clinical applica-
tions, including oncology care and research. In this chapter, we describe how T cell quantifications can be
obtained from bulk DNA samples with a multiplex digital PCR experiment. The experimental setup
includes the concurrent quantification of three different DNA targets within one reaction: a unique T cell
DNA marker, a regional corrector, and a reference DNA marker. The T cell marker is biallelically absent in T
cells due to VD] rearrangements, while the reference is diploid in all cells. The so-called regional corrector
allows to correct for possible copy number alterations at the T cell marker locus in cancer cells. By
mathematically integrating the measurements of all three markers, T cells can be accurately quantified in
both copy number stable and unstable DNA samples.

Key words T cell quantification, Multiplex digital PCR, DNA markers, Copy number instability,
Cancer

1 Introduction

T cells form an essential part of the human adaptive immune
system. These cells are able to recognize and bind antigens via
unique, antigen-specific cell-surface receptors, referred to as the T
cell receptors (TCR). The enormous diversity of TCR molecules is
generated by unique genetic mechanisms occurring during early
maturation of these cells in the thymus [1, 2]. One of these
mechanisms involves the rearrangement of the germline T cell
receptor (TR) genes (i.e., TRD, TRG, TRB, and TRA) into a
unique TR blueprint. The absolute presence of T cells varies
between tissues and body fluids and is influenced by physiological
and pathological conditions. For that reason, an accurate quantifi-
cation of (infiltrated) T cells is relevant in various clinical applica-
tions, ranging from autoimmune disorders to infectious disease and
cancer [ 3, 4].
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Traditionally, the presence of immune cells has been assessed by
histological or cytological techniques such as immunohistochemis-
try or flow cytometry, depending on the nature of the input sample.
These methods identify cells by making use of antibodies that can
bind to T cell-specific epitopes, which should be available and
accessible in the samples of interest [5, 6]. For that reason, these
methodologies become problematic when the quality or quantity
of specimens is limited [7].

More recently, high-resolution technologies (e.g., single-cell
RNA sequencing and mass cytometry) have become available to
study the presence of immune cells in mixed populations. These
approaches, however, have even higher requirements concerning
sample quality and quantity than traditional methods and remain
financially and technically challenging for common use in research
or diagnostics.

Alternatively, the presence of immune cells may be estimated
from bulk “omics” data. Based on cell type-specific signature matri-
ces, bulk gene expression or DNA methylation data can be compu-
tationally separated into its cellular components, a process called
“deconvolution” [8, 9]. These approaches, however, are often less
accurate when analyzing mixtures with unknown content or noise
(such as cancer cells) and frequently show skewed or nonlinear
relationships when compared against ground-truth
measurements [8].

As another alternative, the abundance of T cells can be quanti-
fied by elaborating the genetic dissimilarities of the TR genes
between T cells (i.e., rearranged) and non-T cells (i.c., in germline
configuration). While various genomic approaches have been devel-
oped, these methods are usually very complex and not entirely
quantitative. For example, multiplex PCR-based techniques, like
the BIOMED-2 approach, only demonstrate relative differences in
V(D)] gene usage and are performed to reveal the clonal expansion
of specific T cells, rather than a general quantification of all T cells
[2]. High-throughput sequencing can be used to analyze the tull
repertoire of V(D)J-rearranged TR genes. This approach is, how-
ever, relatively vulnerable to preferential amplification, which also
limits the possibilities for an absolute quantification. Currently, one
of the best solutions is the commercially available ImnmunoSEQ™
Assay (Adaptive Biotechnologies). This sequencing-based method
makes use of spiked synthetic control DNA, which represents a
complete immune repertoire and is co-amplified with the target
DNA. Such inline controls allow for the normalization of preferen-
tial amplification and offer a more accurate quantification of T cells,
as recently demonstrated in melanoma and carcinoma
[10, 11]. Nevertheless, it remains a complex, expensive, and time-
consuming procedure to obtain a simple T cell quantification.
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Fig. 1 Schematic overview of the availability of the T cell markers (AB in the TRB
gene and AD in the TRD gene) and stable genomic reference (REF) in T cells and
non-T cells. Due to T cell receptor rearrangements, AB and AD are biallelically
absentin T cells specifically. In contrast, REF is present on both alleles in all cells

To overcome these hurdles, we developed a novel, digital
PCR-based methodology to measure the abundance of T cells
from a bulk DNA sample [12]. Our approach is based on unique,
generic markers for rearranged TRB and TRD genes (named AB
and AD, respectively) that facilitate a robust and simple T cell
quantification. Due to TR rearrangements, mature T cells have
completely lost AB and AD, whereas the markers are biallelically
present in other cells (Fig. 1). By simply comparing the absolute
abundance of AB or AD to a stable genomic reference DNA marker
(abbreviated as “REF”) that is biallelically present in all cells, the
fraction of T cells can be determined based on bulk DNA [12]. Our
method can be performed using only 20 ng of DNA and showed a
highly accurate and linear relationship when compared to flow
cytometry in blood samples from healthy donors and lymphoma
patients (Fig. 2) [12]. Moreover, we successfully applied this
approach to determine the T cell content of primary uveal melano-
mas [13]. Recently, it was used as part of assays to quantify the
number of infected cells with human T cell leukemia virus type
1 (HTLV-1) and human immunodeficiency virus (HIV)
[14, 15]. Furthermore, our methodology has translational applica-
tions in validating the purity of isolated or sorted populations of T
cells and non-T cells [14].

A drawback of our approach lies in its sensitivity to pathogenic
genetic alterations that affect the copy number of the various
marker loci. While such variation is unusual in benign samples,
copy number alterations (CNAs) are frequently seen in malignan-
cies and premalignant conditions [16]. In such conditions, healthy
T cells may be mixed with copy number unstable cancer cells, which
can complicate the mathematical interpretation of the obtained
marker quantifications. On the one hand, the genomic reference
may be lost or gained as part of' a chromosomal CNA. This problem
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Fig. 2 Comparison of T cell quantifications in 30 peripheral blood mononuclear
cell samples from healthy donors and lymphoma (Sézary syndrome) patients
obtained by gold standard flow cytometry (measured by CD3+, x-axis) and digital
PCR (measured by AB, y-axis) [12]. A strong and linear correlation is observed
(Pearson R = 0.9607, p < 0.0001), demonstrating the high accuracy of our
approach

was illustrated earlier and is a common pitfall of various molecular
techniques [17]. However, it can be easily resolved by using a target
at another chromosome as reference. The identification and selec-
tion of such sample-specific stable reference may be supported by
tumor-type specific knowledge about common copy number altera-
tions. On the other hand, a CNA in admixed cancer cells may
disturb the abundance of our T cell marker (AB in the TRB gene
on chromosome 7q34 or AD in the TRD gene on chromosome
14q11.2). Consequently, this gain or loss of T cell marker DNA
may be unjustly attributed to the absence or presence of T cells,
leading to under- or overestimated fractions. The strict genomic
locations of the T cell markers, however, prevent from freely switch-
ing to another chromosome to overcome this problem. Based on
copy number profiles of more than 10,000 cases spanning
31 tumor types from the TCGA pan-cancer dataset [16, 18], we
previously showed that CNAs involving the AB and AD marker loci
are present in ~24% and ~17% of the tumors [19]. These frequen-
cies indicate that our original methodology (referred to as the
classic model) gives incorrect T cell fractions in on average one out
of four (AB) or one out of five (AD) of the cancer specimens.

As a robust solution for this problem, we developed an exten-
sion (referred to as the adjusted model) of our original experimental
setup, which enables the recognition and adjustment of copy
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Hypothetical cellular admixture Bulk DNA Digital PCR T-cell quantification

S : [AB] 3 )
D@D DRQGG 2 T P
DS N\ : [Rer )
s \ ] .
| DO\ OVE «© [ REF ] Classic model
(DD | EH HOOL 1 {€2 D D
\ | == O D
\ @@/ == < s = [RCul - 1A8] _5-3 _2_ ., ,
~ / R
~
N
o Adjusted model
50% T cells typically 20 ng partitioning + PCR quantitative
50% malignant cells (trisomy TRB region) end-point PCR interpretation

Fig. 3 Workflow to obtain the fraction of T cells from a hypothetical cellular admixture consisting of 50%
healthy T cells and 50% copy number unstable non-T cells with a gain of the AB T cell marker region at
chromosome 7. Typically, 20 ng of isolated DNA is analyzed for T cell marker AB, regional corrector (RCag),
and reference (REF) using digital PCR, which involves the compartmentalization of the complete PCR reaction
(DNA and reagents) into a large number of nanoliter-sized droplets. For each of the DNA markers, the random
distribution of the reaction mixture over the droplets results in a certain fraction of the droplets containing this
target. PCR amplification only takes place in these droplets and results in a distinctive fluorescence intensity
(droplets scored as “positive”). The number of positive droplets of all droplets can then be used to determine
the abundances of all DNA targets, by which the T cell fractions can be calculated. Using the classic model, the
T cell marker locus CNA is not recognized, and an incorrect T cell fraction of 25% is calculated. Following the
adjusted model, the CNA is detected and adjusted for and a correct T cell fraction of 50% is calculated

number instability involving the T cell marker region. This
enhanced approach relies on a so-called regional corrector that
measures the copy number of the AB or AD marker locus. In
contrast to the T cell marker, the regional corrector should not be
deleted by TR rearrangements and is therefore biallelically present
in all T cells. When a CNA in non-T cells involves the T cell marker
region, the regional corrector will be affected likewise, allowing for
a  mathematical correction of the disrupted T cell
quantification [19].

The actual quantifications of the T cell marker, regional correc-
tor, and stable reference are obtained via custom-designed PCR
assays (consisting of primers and fluorescently labelled probes)
using digital PCR, as illustrated in Fig. 3. This technique involves
the compartmentalization of a PCR reaction into a large number of
small partitions, which are nanoliter-sized droplets when using the
Droplet Digital™ PCR System (Bio-Rad Laboratories, Hercules,
USA). For each of the DNA markers, the random distribution of
the reaction mixture over the droplets results in a certain fraction of
the droplets containing this target. PCR amplification only takes
place in these droplets and results in a distinctive fluorescence
intensity (droplets scored as “positive”). In contrast, droplets with-
out initial presence of the target (but still containing nontarget
DNA) remain unaltered and show a low background level of fluo-
rescence (droplets scored as “negative” or “empty”). As usually an
end-point PCR is carried out, all positive droplets will have a
comparable fluorescence. “Digital” in digital PCR refers to this
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dichotomous way of scoring: each droplet can only be positive or
negative for a certain target. The number of positive droplets
reflects the abundance of the measured DNA target: the more
targets are to distribute, the more droplets will be filled and even-
tually scored as positive. This relationship is, however, not linear, as
the random DNA distribution can also lead to droplets containing
more than one target molecule. Instead, the relation between
positive droplets and number of targets follows a Poisson distribu-
tion [20, 21]. For that reason, the final phase of a digital PCR
experiment consists of a mathematical interpretation of the experi-
mental outcomes. The statistical uncertainty of the obtained results
is usually presented with a 95% confidence interval.

In this chapter, we describe how T cell quantifications can be
obtained from bulk DNA samples using multiplex digital PCR. The
experimental setup includes the concurrent quantification of three
different DNA targets within one reaction: one of the unique T cell
DNA markers (AB or AD), a regional corrector, and an indepen-
dent reference DNA marker. By mathematically integrating the
measurements of all three markers, T cells can be accurately quan-
tified in both copy number stable and unstable DNA samples, as we
previously validated [12, 19].

2 Materials

1. QX200™ Droplet Digital™ PCR System with Automated
Droplet Generator, Droplet Reader and QuantaSoft™ soft-
ware (Bio-Rad, see Note 1).

2. ddPCR™ 96-Well Plates (Bio-Rad).

3. Pierceable adhesive foil seals, for example, Microseal™ “F” foil
seals (Bio-Rad; see Note 2).

4. PX1™ PCR Plate Sealer (Bio-Rad) or comparable equipment,
with compatible pierceable heat-sealing foil seals (Bio-Rad; see
Note 2).

5. T100™ thermal cycler (Bio-Rad) or comparable programma-
ble PCR thermal cycler with adjustable ramp rates, compatible
with the ddPCR™ 96-Well Plates.

6. 2x ddPCR™ Supermix for Probes (No dUTP, Bio-Rad; see
Note 3).

7. ddPCR™ probe assays (Bio-Rad) or 20 x TagMan probe assays
(Sigma-Aldrich, Gillingham, UK), consisting of a set of primers

and a fluorescently labelled hydrolysis probe (see Table 1, Notes
4 and 5), for:
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AB

TRBC2

TTC5

Forward primer (900 nM): 5" GCCATGCACTTTCCCTTTCG 3’
Reverse primer (900 nM): 5" ACAGAGTCCATCCACAGGG 3’
Probe (HEX-labelled, 250 nM): 5" TGGACCCTCACAGAGGGAGCA 3

Assay (Sigma-Aldrich, FAM-labelled, premixed)

Context sequence:
CCCCTGAAACCCTGAAAATGTTCTCTCTTCCACAGGTCAAGAGAAAGGAT
TCCAGAGGCTAGCTCCAAAACCATCCCAGGTCATTCTTCATCCTCACCCA
GGATTCTCCTGTACCTGCTCCCAATC

Assay (dHsaCP2506733, Bio-Rad, HEX-labelled, premixed)

Context sequence:
TGGTCGCGATGCCACTGTGGCAACAGCCTGGCTGCTGGATCCCTGAGGC
TTCCCATTCACCACTAGCAGGAGGGGCGTCTCCACTCGAACACTGGAAAA
GGAATAGTCCTAGAAAAGACAGAC

10.
11.
12.
13.
14.

15.

(a) AT cell marker, here AB (HEX-labelled).

(b) A regional corrector for the chosen T cell marker, here
TRBC2 (FAM-labelled).

(c) A stable genomic reference, here TTC5 (HEX-labelled).

. DNA restriction enzyme HaelIl with 10x CutSmart® buffer

(both New England Biolabs, Ipswich, USA; see Note 6).

DNA of good quality and with high molecular weight at a
concentration of ideally 20 ng/pL (sec Note 7).

DG32™ Automated Droplet Generator Cartridges (Bio-Rad).
Automated Droplet Generation Oil for Probes (Bio-Rad).
Pipet Tips for the AutoDG™ System (Bio-Rad).

ddPCR™ Droplet Reader Oil (Bio-Rad).

Software to analyze multiplex digital PCR experiments, such as
Roodcom WebAnalysis (https: //www.roodcom.nl).

General lab equipment (centrifuge, vortex mixer, pipettes).

3 Methods

In Subheadings 3.1 and 3.2, we introduce the multiplex experi-
mental setup to quantify T cells in a sample of interest. In Subhead-
ings 3.4, 3.5, and 3.6, we describe the complete workflow to
perform the experiments. Finally, in Subheading 3.7, we discuss
the legitimacy of the approach in the analysis of samples with a
lymphoproliferative component.
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3.1 Choosing an
Experimental Setup

3.2 Multiplex
Digital PCR

The experimental setup to quantify T cells in (possibly) copy num-
ber unstable DNA samples involves the measurement of three
distinct DNA targets: a T cell marker, its regional corrector, and a
stable genomic reference. We previously identified two DNA tar-
gets (AB and AD) that fulfill the role of generic T cell marker: in
mature T cells, both markers are biallelically absent [12]. Both
assays have been successfully applied to quantify the proportion of
T cells [12-15, 17], and for that reason, either AB or AD can be
used in the experimental setup.

The regional corrector is used to quantify the (possibly altered)
copy number of the chosen T cell marker locus. Therefore, it should
measure a DNA target located in close genomic proximity to the T
cell marker, but its abundance should not be altered due to TR
rearrangements. For AB, we recently validated a regional corrector
targeting TRBC2, the secondary constant domain and last region
of the TRB gene complex [19]. As TRBC2 is not deleted as part of
VD] rearrangements, it can be considered the closest genomic
locus functioning as regional corrector for AB. For AD, a candidate
regional corrector may be found in the constant gene of the TRA
gene, as TRD itselfis located within TRA and consequently may be
lost due to TR rearrangements [22].

The stable genomic reference should measure a copy number
invariant DNA target that is biallelically present in all cells. This
marker measures the total number of genomes (and thus cells) and
is used to normalize the relative loss of the T cell marker. Hereby,
the T cell fraction (i.e., fraction of all cells that is a T cell) can be
calculated. The selection of a stable reference in cancer specimens
may be guided by tumor-type specific information or measure-
ments in individual samples, as we illustrated previously [17].

The experimental setup of this protocol consists of T cell
marker AB with regional corrector TRBC2 (both on chromosome
7q34) and stable reference TTC5 (chromosome 14ql1.2).

In traditional multiplex (q)PCR reactions, multiple targets of inter-
est can be analyzed simultaneously by using differentially colored
fluorescent probes. The QX200™ Droplet Digital™ PCR System
is, however, limited to the detection in two optical channels (i.e.,
FAM and HEX /VIC). Still, it is possible to measure more than two
targets in a single digital PCR reaction. By varying the concentra-
tion of same-colored probes, distinct probes (and thus distinct
targets) may be identified based on different end-point fluorescence
intensities [23, 24]. Here, we make use of this strategy to measure
the regional corrector (single FAM-labelled assay), the T cell
marker (HEX-labelled assay, low concentration), and the genomic
reference (HEX-labelled assay, high concentration) in a triplex
reaction (see Fig. 3). As the signal intensities may differ between
assay batches or dilutions, optimization and validation experiments
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are needed for each channel with more than one assay. Conse-
quently, in our setup, the mixing of two HEX-labelled assays (AB
and TTC5) should be optimized.

1.

In our triplex experimental setup, three different DNA targets
are measured. As droplets (by chance) can contain any combi-
nation of these targets, 2° = 8 distinct clusters may be present
in the two-dimensional space. With one FAM-labelled assay
(TRBC2), 2! = 2 populations of droplets may appear on
channel 1: TRBC2— and TRBC2+ clusters. The two
HEX-labelled assays give rise to 2% = 4 populations on channel
2: AB—/TTC5—, AB+/TTC5—, AB—/TTC5+, and AB+/
TTC5+ clusters. To distinguish the two assays on channel
2, one of them should be lowly concentrated (giving a relatively
low amplitude) and the other should be highly concentrated
(giving a relatively high amplitude). The double-positive clus-
ter (AB+/TTC5+) will then have an amplitude that is roughly
the sum of the individual single-positive amplitudes. Increasing
the input of an assay usually increases the amplitude, and vice
versa. To make an educated guess on the relative concentra-
tions of the two HEX-labelled assays, the assay amplitudes (1 x
input concentration) observed in duplex experiments can be
very informative.

. Perform a multiplex digital PCR experiment with the estimated

input volumes of the different assays and evaluate the obtained
results. In Fig. 4a, the 2D plot of such multiplex is shown.
Although four clusters are entirely separated from each other,
the clusters in the middle are still overlapping. The separation
of these clusters may be better by slightly decreasing the input
of AB, while increasing the input of TTC5.

. Adjust the input of the assays and repeat the multiplex experi-

ment accordingly. Repeat this step until all clusters become
visually separated. In Fig. 4b, an optimized multiplex experi-
ment is shown in which all clusters are distinguishable and not
overlapping anymore.

. To verify that correct quantifications are obtained, we recom-

mend to analyze various control DNA samples (se¢ Note 8) in
both duplex and multiplex experiments. The concentrations
and ratios obtained with the optimized multiplex setup should
be similar to those acquired by the individual duplex experi-
ments (as shown in Fig. 4c).

. Bring the ddPCR™ Supermix for Probes (No dUTP) to room

temperature and mix thoroughly by pulse-vortexing the tube.

. Bring the primer/probe mixes of the AB, regional corrector,

and reference assays to room temperature, and mix thoroughly
by pulse-vortexing the tube. Centrifuge briefly to ensure all
contents are collected at the bottom of the tube.
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Fig. 4 2D plot of 1 x 2 multiplex digital PCR analyzing regional corrector TRBC2 on channel 1 (FAM) and T cell
marker AB (assay with lowest fluorescence) and stable reference TTC5 (assay with highest fluorescence) on
channel 2 (HEX) in a healthy, copy number stable PBMC sample. Initially (a) clusters are overlapping, but after
optimization (b) all eight clusters are separated. To validate that correct quantifications are obtained with this
multiplex, the concentration ratios [AB]/[TTC5] and [TRBC2]/[TTC5] are compared with the results obtained in
separate duplex experiments (c)

3. Prepare a reaction mixture for each DNA sample as follows (see
Note 9):

11.0 pLL. ddPCR™ Supermix for Probes (No dUTDP)
1.0 pL TRBC2 assay primer/probe mix

(a)
(b)
(c)
(d)
(e)

(f)
(2)

0.8 pLL AB assay primer/probe mix (optimized input; see

Subheading 3.2)

1.4 pLL TTCS5 reference assay primer/probe mix (opti-
mized input; see Subheading 3.2)

1.0 pL of 2 U/pL Haelll restriction enzyme, diluted in
1x CutSmart® buffer (see Note 6)

20 ng DNA (see Note 7)
Nuclease-free H,O up to a total volume of 22.0 pL.

4. Mix thoroughly by pulse-vortexing the PCR reaction mix.
Centrifuge briefly to ensure all contents are collected at the
bottom of the tube, and dispense the reaction mixture in a
ddPCR™ 96-Well Plate.



3.4 Droplet
Generation and PCR
Amplification

3.5 Droplet Reading

3.6 Interpretation of
Results

1.

1.
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. Adhere an adhesive foil seal to the plate and centrifuge for 1 min

at 100 x g to ensure all contents are collected at the bottom of
cach well.

. Carefully remove the foil (to prevent well-to-well contamina-

tion) and gently mix the contents in the plate by pipetting up
and down at least 10 times. Make sure not to introduce air
bubbles in the content of the wells.

. Adhere a new adbesive foil seal to the plate and centrifuge again

for 1 min at 100 x g.

. Place the prepared plate into the Automated Droplet Genera-

tor, and follow the instructions in the user manual to generate
the droplets (see Note 10). To prevent evaporation, the gener-
ated droplets should be collected in a second 96-well plate
placed into a properly frozen cooling block.

. After the droplet generation has finished, remove the plate

from the cooling block immediately, and cover it with a beat-
seaded foil seal, for example, using the PX1™ PCR Plate Sealer.
As the generated droplets are fragile in this stage, it is advised to
handle the plate with care and to proceed with the next step
directly.

. Place the plate with the generated droplets into a T100™

Thermal Cycler or comparable programmable PCR cycler suit-
able for the described 96-well plates. The PCR amplification
should be carried out with a lid temperature of 105 °C, a ramp
rate set to 2 °C/s, and the reaction volume set to 40 pL, using
the following protocol:
(a) 10 min at 95 °C

) 30sat94 °C and 1 min at 60 °C, for 40 cycles
(¢) 10 min at 98 °C

) 30 min at 4 °C and (optional) cooling at 12 °C until
droplet reading (see Note 11).

After the PCR has been carried out, place the 96-well plate into
the plate holder of the QX200™ Droplet Reader and load the
holder into the droplet reader.

. Create a template in the experimental setting section of the

QuantaSoft™ software (see Fig. 5), and follow further instruc-

tions as given in the user manual to start droplet reading (see
Note 10).

After reading the droplets, the end point fluorescence levels of
the accepted droplets are available in the QuantaSoft™ soft-
ware. However, this application has no functionalities to
directly analyze multiplex digital PCR experiments. Various
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Fig. 5 Example of defining the well template settings for our multiplex experimental setup in the QuantaSoft™
software
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Fig. 6 Example of the analysis of our multiplex experimental setup in Roodcom WebAnalysis. Here, 20 ng DNA
from a malignant melanoma is analyzed. In the panel “2D plot,” eight distinct clusters are detected that are
used to calculate the concentrations of the individual targets (in the panel “Concentrations”). When the
experimental format is set to “T cell multiplex” (MP-TCF), the T cell fractions according to the classic and
adjusted model and their associated 95% confidence interval are calculated automatically (in the panel
“Results”). In this tumor sample, TTC5 represents the stable genomic reference, but a chromosomal gain of
the T cell marker region makes that [AB] and [TRBC2] are higher than [TTC5]. Consequently, the T cell fraction
according to the classic model is negative (—14.6%), which is incorrect and biologically impossible. Using the
adjusted model, however, the CNA is detected and properly normalized, leading to a positive and correct T cell
fraction (13.1%)

(third-party) software applications have been developed and
are available for downstream analysis, e.g., QuantaSoft Analysis
Pro or QX Manager (both Bio-Rad), ddPCRclust [25] or
Roodcom WebAnalysis (https: //www.roodcom.nl). Here, we
make use of Roodcom WebAnalysis to analyze the data (see
Fig. 6).

2. As discussed in Subheading 3.2, an optimized triplex reaction
will result in 2° = 8 distinct clusters of droplets. Although
thresholding may have been carried out automatically by the
software, manual examination and, if necessary, adjustment are
recommended. To validate that correct quantifications are
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Formulas to calculate the T-cell fraction (TCF) and its 95% confidence interval [TCFqy; TCFpign]
according to the classic model, without correction for CNAs affecting the T cell marker locus, based
on the absolute numbers of droplets scored positive for markers AB (n,g,) and REF (mger,) and the
total number of droplets analyzed (mtal)

pa=E

Mrotal
P4, low = Pa—1.96 prf((@;’?
Papigh = Pa + 1.964 /= —4
Aa= — In(1 — pa)
AA, low — — 1I1 (1 - PA, low)
A, high = — In (1 — pa; nign)
po =2 1
pB, low — PB — 1.96 PP{;((@;PB))
DB pigh = Pp +1.964 /55—
Ag= — In (1 — pp)
AB, low — — l[l (1 - PB, low)
AB, high = — In (1 — pp high)

Hiop = A4, high — 44
Hbottom =Aa— /1/1, low

Wiight = 4B, high — 4B
I/Vlcft = /13 - AB, low

TCE=1-1%

TCFlow =1-

4B ) adg+ \//IAZ 5% = (Huop®—4a?) (Wiew® —15%)

i A i 1x7) (W 307)

TCFhigh = 1 —

7 7
Ap" = Wiigne

obtained, we propose various control experiments to be per-
formed next to the samples of interest (see Note 8). For a
general evaluation of the experimental performance, we advise
to follow the “MiQE” guidelines described by Huggett
etal. [26].

. Based on the clustering of the droplets, the number of positive

droplets per assay and the total number of accepted droplets are
used to calculate the concentrations of the individual targets
(indicated by square brackets, e¢.g., [ AB] is the concentration of
T cell marker AB; see Table 2 for all formulas). In Roodcom
WebAnalysis, these results are automatically available in the
panel “Concentrations” (see Fig. 6).

. The T cell fraction following the classic model (assuming the T

cell marker locus is not involved in any copy number alteration)
can be calculated as follows:

[AB]
[TTC5]

T cell fraction =1 —
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Table 3

Formulas to calculate the T cell fraction (TCF) and its 95% confidence interval [TCF,q,; TCFpigp]
according to the adjusted model, with correction for CNAs affecting the T cell marker locus, based on
the absolute numbers of droplets scored positive for markers AB (nag.), RCag (/7rc,,-), and REF (mgge
+) and the total number of droplets analyzed (mta)

Pa=1-
Par =

ﬂA = —In

AA,low = A4 — 1.96 *
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The T cell fraction following the adjusted model (which
automatically corrects possible copy number alterations involv-
ing the T cell marker locus) can be calculated as follows:

[TRBC2] — [AB]
[TTC5]
When the experimental format is set to “T cell multiplex”

(MP-TCF) in Roodcom WebAnalysis, these results are auto-
matically available in the panel “Results” (see Fig. 6).

T cell fraction =

. We recommend to construct confidence intervals for each

obtained T cell fraction (see Tables 2 and 3 for all formulas
[19, 20]). These intervals, usually with a confidence level of
95%, indicate the precision of the calculated fractions: the wider
the interval, the more uncertain the quantification is. The
absolute width of such confidence interval depends on several
factors, including the amount of DNA input, the total number
of accepted droplets, and the copy number of the T cell marker
locus. Generally spoken, the width of the interval can be
decreased by analyzing more DNA (when available). In Rood-
com WebAnalysis, these confidence intervals are automatically
presented in the panel “Results” (see Fig. 6).
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Lymphoproliferative
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This protocol is designed for the quantification of copy number
stable T cells, mixed with (potentially) unstable non-T cells. For
that reason, particular care should be taken in the analysis of sam-
ples from a lymphoproliferative origin, such as T and B cell lym-
phomas and leukemias. The maturation stage during onset of the
malignancy, clonality, and genetic stability of (pre-)T cell malignan-
cies may have different consequences on the availability of our T cell
markers. Whereas mature T cell proliferations have undergone VD]
rearrangement and have generally lost the marker on both alleles,
the TR genes in immature T cell proliferations might be incom-
pletely rearranged. As a result, our T cell markers may be mono- or
biallelically present in (malignant) T cells, not following our math-
ematical model. Moreover, in lymphoid malignancies, TR gene
rearrangements are not restricted to the T cell lineage only. For
example, in precursor-B-acute lymphoblastic leukemias and in
acute myeloid leukemias, cross-lineage rearrangements of TR
genes are found [27, 28]. As a consequence, our T cell markers
may be deleted in these admixed leukemic B cells, resulting in an
overestimation of the T cell fraction. Therefore, it would be gener-
ally recommended to ensure the absence of any of these alterations
when analyzing samples with a lymphoproliferative component.

4 Notes

1. This protocol makes use of the QX200™ Droplet Digital™
PCR System with Automated Droplet Generator and Droplet
Reader (Bio-Rad). While beyond the scope of this chapter, all
experiments can also be carried out with a Manual Droplet
Generator (Bio-Rad) or even using another digital PCR
system.

2. Two different types of sealing foils are used:

(a) Adbesive foils are used to cover the plate before droplet
generation and can be removed easily. These foils should
be pierceable by the Automatic Droplet Generator.

(b) Heat-sealed foils are used to cover the plate after droplet
generation and during the PCR. These foils should be
compatible with the heating steps in the PCR thermal
cycler and should be pierceable by the Droplet Reader.
Make sure that only a single foil is used and that the plate
is sealed completely.

3. The 2x ddPCR™ Supermix for Probes (No dUTP) can be
stored in the fridge (short term) or the freezer (long term).

4. To preserve the quality of the fluorescently labelled probes, it is
advised to protect them from light as much as possible. Primers
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(900 nM) and probes (250 nM) are usually mixed together
(the “assay”) and can be stored in the fridge (short term) or the
freezer (long term).

. In this chapter, we describe an experimental setup consisting of

T cell marker AB with regional corrector TRBC2 (both on
chromosome 7q37) and stable reference TTC5 (chromosome
14q11.2), similar as previously published [19]. The regional
corrector is the single FAM-labelled assay; the T cell marker
and the genomic reference are two HEX-labelled assays. Still, it
is possible to use other DNA references or fluorescent labels
(see Subheading 3.1).

. The addition of a DNA restriction enzyme improves the acces-

sibility of the various DNA targets molecules and may result in
better 2D plots. Moreover, it prevents physical linkage between
the T cell marker and the regional corrector [19]. It is impor-
tant that the restriction enzyme does not digest any of the
various amplicon sequences. In this protocol, we make use of
restriction enzyme HaellI with its associated 10x CutSmart®
buffer (both New England Biolabs), which is compatible with
the chemistry used by the QX200™ Droplet Digital™ PCR
System.

. Based on our experience, T cell quantifications can be success-

fully performed with 20 ng of input DNA (e.g., 1 pL of 20 ng/
plL) per reaction, but this can generally be decreased or
increased if necessary. The precision of the quantification, how-
ever, also depends on the amount of input DNA and can be
visualized by the construction of 95% confidence intervals.

. We previously introduced various controls to validate obtained

T cell quantifications [12, 17, 19]. Besides testing these con-

trols, DNA or originating cells of various controls may be

mixed to generate standard curves. Examples:

(a) DNA from 100% non-T cells (e.g., cultured fibroblasts,
copy number stable).

(b) DNA from >95% T cells (e.g., purified/sorted T cells
from blood, copy number stable).

(c) DNA from 100% T cells (e.g., a T cell cell line, copy
number stable).

(d) DNA from 100% non-T cells with a CNA affecting the T
cell marker locus (e.g., a pure cancer cell line).

(e) DNA from samples with a known T cell fraction (e.g.,

blood samples measured for T cell content using flow
cytometry).

. As the QX200™ Droplet Digital™ PCR System always works

with 8 wells (the droplet generation can only be performed per
column of a 96-well plate), it is advised to fill up all empty wells
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with (control) samples. To reduce the number of pipetting
actions and enhance the practical performance, the PCR reac-
tion mixture (without DNA) can usually be prepared for mul-
tiple wells at once. As final step, the DNA samples can then be
added directly to the various wells.

10.

The latest versions of the user manual for the Automated

Droplet Generator and Droplet Reader with QuantaSoft™
software are available via the Bio-Rad website (https://www.

bio-rad.com).
11.

Post-PCR cooling of the plate enhances the performance of

experiments carried out with the QX200™ Droplet Digital™
PCR System [29]. For best results, the plate should be placed
at 12 °C overnight.
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Gene Engineering T Cells with T-Cell Receptor for Adoptive
Therapy

Dian Kortleve, Mandy van Brakel, Rebecca Wijers, Reno Debets,
and Dora Hammerl

Abstract

Prior to clinical testing of adoptive T-cell therapy with T-cell receptor (TCR)-engineered T cells, TCRs need
to be retrieved, annotated, gene-transferred, and extensively tested in vitro to accurately assess specificity
and sensitivity of target recognition. Here, we present a fundamental series of protocols that cover critical
preclinical parameters, thereby enabling the selection of candidate TCRs for clinical testing.

Key words T-cell receptor, T-cell engineering, TCR cloning, TCR annotation, Gene transfer, In vitro
assays, Specificity, Sensitivity

1 Introduction

Adoptive therapy with T-cell receptor (TCR)-engineered T cells is
based on the insertion of genes into the patient’s T cells that encode
for a TCR directed against a predefined tumor antigen and are
re-infused back into the patient. Once transferred to the patient,
TCR-engineered T cells specifically migrate toward and kill tumor
cells that express this antigen. The promises and challenges of this
form of immunotherapy are reviewed elsewhere [1, 2]. Here we
provide an overview of steps and details of laboratory protocols
necessary to obtain and test TCRs, thereby providing a platform for
the identification and selection of those TCRs amenable for further
preclinical studies and, when successtul, clinical studies.
Epitope-specific T cells and their corresponding TCRs are gen-
erally retrieved from tumor-infiltrating lymphocytes (TILs) or
peripheral blood mononuclear cells (PBMCs) derived from either
patients or healthy donors. In some cases, frequencies of epitope-
specific T cells can be amplified in co-culture systems with antigen-
presenting cells (not part of this chapter, but well be described in
Theaker et al. and Wolfl et al. [3, 4]). Epitope-specific T cells can be
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detected and isolated by fluorescent-activated cell sorting (FACS)
using peptide-major histocompatibility complexes (pMHC). Then,
the RNA of these sorted T cells can be isolated. In Subheadings 2.1
and 3.1, we present materials and protocols to obtain and sequence
and identify TCRa and p chains from RNA isolated from pMHC-
sorted T cells. TCRa and P sequences are identified with the
SMARTer RACE cDNA Amplification Kit (Takara Bio) and Sanger
sequencing, after which sequences are annotated using the IMGT
database and the HighV-QUEST tool.

Depending on the presence and frequency of T-cell clones, a
variable number of TCRa and f chains are identified, and single o
and P chains can be co-introduced into T cells to test TCRaf
heterodimers. In Subheadings 2.2 and 3.2, we present materials
and protocols to introduce TCRaf genes into T cells. TCRa and f
chains that are molecularly connected with a 2A linker are cloned
into an expression vector and retrovirally transduced into T cells. To
this end, packaging cells are transfected with the TCRa and p genes
as well as retroviral helper constructs, which will enable the secre-
tion of virus particles with RNA encoding the TCR gene construct.
PBMC s from healthy donors are activated with stimulatory anti-
bodies and/or cytokines and incubated with the virus particles,
leading to a stable integration of TCR genes.

TCR-transduced T cells can be validated in vitro. In Subhead-
ings 2.3 and 3.3, we present materials and protocols to assess TCR
surface expression and sensitivity as well as the specificity of T cells
expressing an epitope-specific TCR. The surface expression of the
TCR transgene is measured using pMHC multimers at the single
cell level via flow cytometry. Functional avidity of T cells expressing
such TCR transgenes can be determined by measuring IFNy secre-
tion upon co-culture of these T cells with antigen-presenting cells
(APCs) loaded with different concentrations of the cognate epi-
tope. Additionally, the specificity of TCR transgene-expressing T
cells is determined by identitying the recognition motit of the TCR,
i.e., those amino acids and their positions in the cognate epitope
that are critical for recognition by this particular TCR. The more
stringent the TCR recognition motif (i.e., the more amino acid
residues critically contribute to the epitope’s recognition), the
lesser the chance that the TCR is cross-reactive. Finally, tumor
cell recognition assays can be performed to test if the TCR can
recognize epitopes that are the product of endogenous antigen
processing and presentation by tumor cells. Extensive in vitro test-
ing of the TCR using sensitivity and specificity assays is crucial to
assess its potential clinical value [5]. Collectively, the below proto-
cols provide a stepwise approach to identifty TCRaf sequences,
introduce the TCR into T cells, and characterize the TCR in vitro
(see Fig. 1).
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Step 1: TCR identification Sequencing
RNA Subcloning T
* LLAXXXAYAAN
* O memomsm TRA
5'RACE e smmems TRB

fragment \_/ \_/v _ \_/v

Step 2: TCR gene introduction

IFNy

Surface expression  Sensitivity of Specificity of
of TCR transgene  TCR transgene TCR transgene

Fig. 1 A stepwise methodological approach to gene-engineered T cells with
T-cell receptors for adoptive therapy. The steps are threefold: identification,
gene introduction into T cells, and in vitro characterization of TCRaf sequences
(The illustration is created with BioRender.com)

2 Materials

2.1 Identification of
TCR from RNA Isolated
from pMHC-Positive T
Cells

1. SMARTer RACE ¢cDNA Amplification kit (se¢ Notes 1 and 2).
2. Plasmid isolation kit (se¢ Note 3).

3. GSP1 primers: prepare a 10 pM stock in sterile dH,O (see
Note 4). Store at —20 °C.

GSPla: GATTACGCCAAGCTTGTTTTGTCTGTGATATA
CACA.

GSP1p: GATTACGCCAAGCTTTGCACCTCCTTCCCATT
CACCC-ACCAGCTCAGCTC.

4. Nested primers: prepare a 10 pM stock in sterile dH,O. Store
at —20 °C.
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NPla: GATTACGCCAAGCTTGTGACACATTTGTTTGA
GAAT.

NP1f: GATTACGCCAAGCTTGGCTCAAACACAGCGAC
CTC.

. M13 primers: prepare a 10 pM stock in sterile dH,O. Store at

—20 °C.

Forward M13: GTAAAACGACGGCCAGT.

Reverse M13: CAGGAAACAGCTATGAC.

2x Q5 Master Mix (see Note 5).

DreamTaq DNA polymerase and DreamTaq buffer.
Deoxynucleotide triphosphates (ANTP) mix (10 mM).

1% agarose gel in modified Tris Acetate-EDTA (TAE) buffer.
Dilute TAE buffer in dH,O to a 1x concentrated solution.
Add 1% agarose; heat up the solution in the microwave to
dissolve the agarose; and after cooling down to 50-60 °C,
pour the agarose in a gel casting tray, with the appropriate
well comb in place.

5x DNA loading buffer: dissolve 10 g sucrose in 20 mL
H,0. Add 50 mg Orange G to the solution. Add H,O up to
50 mL and store at 4 °C.

GelRed can be used as a fluorescent nucleic acid dye for visuali-
zation of the DNA in the gel (see Note 6). Add 2.5 pL GelRed
to 500 pL. 5x DNA loading buffer. Mix 5 pL. GelRed/DNA
loading butffer, and mix with 20 pL sample before adding onto
the gel.

LB medium: add 20 g LB to 1 L of dH,O in a glass bottle.
Autoclave the bottle, and let the medium cool down. Store at
RT or 4 °C.

LB agar plates: add 15 gagar to 1 L LB medium. Autoclave the
bottle and let it cool down to approximately 40 °C. Add
100 pg/mL ampicillin, mix gently by shaking, and pour LB /A-
gar + Amp in 10 cm petri dishes. Let petri dishes cool down at
RT until agar is solid before dishes are stored at 4 °C.

PCR tubes.

10 c¢m petri dishes.

1.5 mL and 2 mL Eppendorf tubes.
PCR thermocycler.

Heating block.

Incubator with rotation at 37 °C.

Spectrophotometer for nucleic acid quantification.
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. The adherent cell lines 293T and Phoenix-Amp (se¢ Note 7)

should be cultured twice a week using 0.5-1.0 x 10° cells per
T75 culture flask in 10 mL DMEM™ " medium. Additionally,
the Phoenix Amp cells need to undergo a 1-week selection
procedure with 300 pg/mlL Hygromycin B and 1 pg/mL
diphtheria toxin, which is repeated after 15 passages of cultur-
ing. Cells are cultured for a maximum of 30 passages.

Peripheral blood mononuclear cells (PBMCs) (see Note 8).

DMEM™": DMEM medium supplemented with 10% fetal
bovine serum (FBS), nonessential amino acids, 200 mM 1r-glu-
tamine, and 1% penicillin-streptomycin (PS).

RPMI Hepes™"$**: RPMI medium supplemented with 25 mM

Hepes, 6% human serum (see Note 9), 200 mM L-glutamine,
and 1% PS.

RPMI Hepes'®3**: RPMI medium supplemented with 25 mM
Hepes, 10% FBS, 200 mM r-glutamine, and 1% PS.

PBS.
PBS/1% FBS: add 5 mL FBS to 500 mL PBS. Store at 4 °C.

. PBS/0.1% gelatin: add 25 mL 2% gelatin solution to

500 mL PBS.

Trypsin/EDTA.

Hygromycin B and diphtheria toxin.

Promega Calcium Phosphate Transfection Kit.

TCR construct in expression vector (e.g., the pMP71 vector).
pHIT60 and pColtGalV helper constructs.

Ficoll-Paque plus (density: 1.077 g/mL).

10 pg/mL OKT-3 (anti-CD3 MoAb) in PBS stored at —80 °C.

Retronectin: 12 pg/mL in dH,0O stored at —20 °C or —80 °C
(see Note 10).

100 IU/mL IL-2 (during transduction) and 360 IU/mL IL-2
(during culture).

Trypan blue (TB) for cell counting.
Hemacytometer counter and cover slips.
Light microscope.

T75 culture flasks.

0.45 pm filter.

10 mL syringes.

50 mL tubes.

50 mL Leucosep tubes.

Non-tissue culture (NTC) 24-well plate.
Parafilm.
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2.3 InVitro
Validation of TCR

11.
12.
13.
14.

. Peptide-MHC-Dextramer with PE label (pMHC-PE) (Prolm-

mune) (se¢ Note 11).

. Flow cytometry antibodies (see Note 12).

Anti-CD3 FITC (Clone SK7, BD).

Anti-CD8 APC (Clone SKI eBioScience): make 1/80
pre-dilution in PBS.

. FACS bufter: PBS/1% FBS. Add 5 mL FBS to 500 mL PBS.

Store at 4 °C.

. 1% paraformaldehyde in PBS (PFA).
. RPMI Hepes"™®***: RPMI medium supplemented with 25 mM

Hepes, 10% FBS, 200 mM r-glutamine, and 1% PS.

. Recombinant interferon gamma (IFNy): dissolve in PBS to a

final concentration of 50 ng/mL.

. Epitope dissolved according to manufacturer (se¢ Note 13).

. Epitopes containing individual alanines as replacements at

every single position of the cognate epitope (sec Note 14).

. T2 or BSM cells (sec Note 15).
10.

Cell lines expressing target antigen and human leukocyte anti-
gen (HLA) allele of interest (see Notes 16 and 17).

Human IFNy ELISA Kit (see Note 18).
5 mL round bottom polystyrene FACS tubes.
96-well tissue culture treated (TCT) round bottom plates.

Flow cytometer.

3 Methods

3.1 Identification of
TCR from BNA Isolated
from pMHC-Positive T
Cells

3.1.1 RACE-Ready cDNA,
PCR, Cloning, and TCR
Sequencing

. Isolate RNA from epitope-specific T cells according to manu-

facturer’s protocol, and elute the RNA in 10 pL.

. Measure RNA concentration with a spectrophotometer (see

Note 19).

. Prepare buffer mix for 5'RACE-ready cDNA synthesis by

pipetting 4 pL 5x first strand buffer with 0.5 pL DTT
(100 mM) and 1 pL. dNTPs (20 mM) in Eppendorf tube 1.

. Prepare 5’RACE-ready cDNA reaction in Eppendorf tube 2 by

mixing 9 pLL RNA with 1 pL 5’CDS primer A and 1 pL sterile
dH,O. Incubate the mix 3 min at 72 °C and 2 min at 42 °C,
and spin down briefly at 14,000 x g.

. Add 1 pLL SMARTer II A oligonucleotide per reaction to

Eppendorf tube 2.

. Add 0.5 pL RNase inhibitor (40 U/pL) and 2.0 pL SMART-

Scribe reverse transcriptase (100 U) to Eppendorftube 1. Add
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to Eppendorf tube 2, mix by pipetting up and down, and
briefly spin down. Incubate Eppendorf tube 2 for 90 min at
42 °C tollowed by 10 min at 70 °C.

Dilute the reaction: add 10 pL of Tricine-EDTA bufter if you
started with <200 ng of total RNA, or add 90 pL if you started
with >200 ng RNA (see Note 20).

Perform RACE PCR with GSP1 primers. Per condition, two
reactions will be performed to separately identify TCRa and
chains. Prepare a master mix containing 15.5 pL. PCR-grade
H,0, 25 pL 2x SeqAmp butffer, and 1 pL SeqAmp DNA
polymerase.

Mix the master mix with 2.5 pL. 5’RACE-ready ¢cDNA, 5 pL
10x UPM, and 1 pL GSPla or p primer, and perform PCR
according to the following settings (after putting tubes in PCR
thermocycler):

Five cycles: 94 °C, 30 's; 72 °C, 1.5 min.

Five cycles: 94 °C, 30 s; 68 °C, 30 's; 72 °C, 1.5 min.

20 cycles: 94 °C, 30 s; 65 °C, 30 s; 72 °C, 1.5 min

Perform nested PCR on the RACE PCR products from step 9
of Subheading 3.1.1 (see Note 19). Mix 1 pL. RACE PCR
product with 1 pL nested universal primer, 1 pL. NPla- or
B-primer, 22 pL. dH,0, and 25 pL 2x Q5 master mix in a
PCR tube, and perform nested PCR according to the following
settings:

25 cycles: 94 °C, 30 s; 65 °C, 30 s; 72 °C, 1.5 min

Load 20 pL of nested PCR product with a fluorescent nucleic
acid dye onto a 1% agarose gel.

Cut out bands at the correct size of around 800 bp (see Fig. 2).

Transfer the cut out bands to an Eppendorf tube and add
200 pL NTT buffer. Let the gel dissolve for 5-10 min at
50 °C, while vortexing every 3 min.

Place the NucleoSpin column into an Eppendorf tube, and
transfer 700 pL of the dissolved sample onto the column.
Spin down the Eppendorf tube for 30 s at 11,000 x g, and
discard the flow-through.

Add 700 pL NT3 bufter to the column, and spin down for 30 s
at 11,000 x g. Discard the flow-through and centrifuge the
tube again at 11,000 x g for 1 min. Place the column into a
new Eppendorf tube. Elute the DNA in 15 pL NE buffer,
incubate for 1 min at RT, and centrifuge at 11,000 x g for
1 min.

Following elution, In-Fusion cloning can be performed
according to manufacturer’s protocol: transter 7 pL of eluted
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i1l

+800bp

Fig. 2 Correct size of amplified TCRa and f products after nested PCR. Correct
size is around 800 bp. Intrinsically the TCRp chain is larger than the TCRa chain;
however, due to the design of RACE primers, the TCRa chain fragment is slightly
larger after nested PCR

17.

18.

19.

20.
21.

DNA to an Eppendorf tube. Add 1 pL linearized pRACE
vector and 2 pL In-Fusion HD premix to the Eppendorf
tube, and mix by vortexing. As a negative control, prepare an
empty vector, replacing the eluted DNA with 7 pL. dH,O. The
reaction of the positive control provided by the manufacturer
consists of 1 pL pUCI19 vector, 2 pL 2 kb control insert, 2 pL
In-Fusion HD premix, and 5 pL. dH,O. Incubate the reactions
for 15 min at 50 °C, and transfer to ice (se¢ Note 21).

Use 2.5 pL cloning reaction from step 16 of Subheading 3.1.1
for transformation of 25 pL. SOC bacteria (see Note 22). Mix
gently by pipetting up and down, after which the reaction
should be incubated on ice for 30 min. Perform a heat-shock
at 42 °C for 45 s, and put on ice for 1-2 min.

Add 225 pL warm super optimal broth (SOC) medium (37 °C)
to bacteria, and shake suspension at 200 x gfor 1 h at 37 °C.

Plate out the reaction from step 18 of Subheading 3.1.1 over
3 LB + Amp plates:

(a) 1/10: 25 pL of culture +50 pL. SOC medium
(b) 1,/100: 2.5 pL of culture +50 pL. SOC medium
(c) Left over.

Incubate the plates upside down O/N at 37 °C.

Screen for colonies with inserts of expected size. Perform a
PCR reaction with M13 primers to amplify DNA inserts of
about 20 colonies, and visualize inserts in an agarose gel. The
size of the colonies should be around 800-1000 bp for TCRa
and B chains. Prepare a PCR premix with following reagents
per sample:
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(a) 32.5pL dH,O

(b) 4 pL 10x DreamTaq buffer
(¢) 0.5 pL dNTPs

(d) 1 pL M13 forward primer
(e) 1 pL MI13 reverse primer

(f) 0.5 pL DreamTaq DNA polymerase.
Add 40 pL premix to each PCR tube (one tube per colony).

Pick the colony using a pipette and a small tip, inoculate
another LB Agar plate by putting a stripe on the plate with
the tip to store the colony, and dip the tip into the PCR mix in
the PCR tube. Pipette up and down to mix the DNA with the
premix. PCR settings are as followed:

1 cycle: 95 °C, 5 min

25 cycles: 95 °C, 30 s; 55 °C, 30 s; 72 °C, 1 min

1 cycle: 72 °C, 5 min.

Load 20 pL sample with a fluorescent nucleic acid dye onto a
1% agarose gel. Select the colonies with the correct size for
further analysis.

Incubate the LB agar plates at 37 °C overnight.

Pick colonies with the correct size the next day with a small
pipette tip, and put the tip in a 10-15 mL tube containing
2 mL LB + Amp. Incubate tubes using a 200 x g shaker
overnight at 37 °C.

Transter bacterial culture to a 2 mL Eppendorf tube, and
centrifuge these tubes at 11,000 x g for 30 s.

Remove supernatant.

Continue with plasmid isolation (see Note 3): add 250 pL
buffer Al. Resuspend the pellet by vortexing.

Add 250 pL bufter A2. Mix gently by flipping the tube 6-8
times. Incubate for 5 min at RT.

Add 300 pL buffer A3. Mix by flipping the tube 6-8 times.
Blue color should disappear completely. Centrifuge for 5 min
at 11,000 x g.

Place the NucleoSpin Plasmid Column in a collection tube
provided by the kit, and add 750 pL supernatant onto the
column. Centrifuge for 1 min at 11,000 x 4.

Discard the flow-through, and place the column back onto the
same (now empty) collection tube. Add 500 pL. AW bufter, and
centrifuge for 1 min at 11,000 x g.

Discard the flow-through, and place the column back onto the
empty collection tube. Add 600 pL buffer A4 and centrifuge
for 1 min at 11,000 x g.
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35.
36.
37.
38.
3.1.2 TCR Sequence 1.
Annotation
3
4
5
6
7
3.2 Gene Transfer of 1.
TCR into T Cells

3.2.1 Packaging TCR

Viruses

Discard the flow-through, and place the column back onto the
empty collection tube. Centrifuge for 2 min at 11,000 x g to
dry the membrane.

Place the NucleoSpin Plasmid Column in a 1.5 mL Eppendorf
tube, and add 50 pL buffer AE. Incubate for 1 min at RT and
centrifuge for 1 min at 11,000 x g.

After elution, measure DNA concentration  with
spectrophotometer.

Send samples for Sanger sequencing with M13 primers (see
Note 23).

Process TCRa and B chain sequences with alignment software
such as Chromas. The software translates the chromatogram
file to a sequence.

2. Copy the sequence in plain text or FASTA format.

. Classity the TCR-V, D, and ] genes with the IMGT database

and the HighV-QUEST tool (http://www.imgt.org/IMGT _
vquest/vquest). Submit the sequence by copy/paste, select
Homo sapiens in the species section, and select the o (TRA) or
B (TRB) sequence in the type of receptor/locus section. The
TCR-V, D, and ] genes are classified according to the most
recent Lefranc nomenclature (see Note 24).

. Determine whether the constant region of the f§ chain is TCRf

constant 1 (CP1) or 2 (CP2). Align TCR-Cp of interest with
CB1 or CP2 sequences as reported in https: //www.ncbi.nlm.
nih.gov/nuccore.

. Determine the reading frame using the Expasy tool (https://

web.expasy.org/translate /). Use Verbose as output format,
and determine the in-frame sequence. In the case the sequence
has multiple start codons that are in-frame, choose the start
codon that is at the exact 5’ end of the leader sequence accord-
ing to SignalP (http://www.cbs.dtu.dk/services/SignalP /).

. Design the TCRap sequence according to scheme below (see

Note 25).

NotI—GCCACC (Kozak sequence) TCRVP—CBl or
2 without stop codon—T2A linker—TCRVo—Ca—stop
codon—EcoRI

. Order TCRap sequences as part of an expression vector (see

Note 26).

Precoat T75 flask per condition (see Note 27) with 5 mL
PBS/0.1% gelatin for 10 min at RT.

. Wash the adherent 293T and Phoenix-Amp cell line with PBS,

and loosen the cells with 2 mL trypsin/EDTA at 37 °C.


http://www.imgt.org/IMGT_vquest/vquest
http://www.imgt.org/IMGT_vquest/vquest
https://www.ncbi.nlm.nih.gov/nuccore
https://www.ncbi.nlm.nih.gov/nuccore
https://web.expasy.org/translate/
https://web.expasy.org/translate/
http://www.cbs.dtu.dk/services/SignalP/

3.2.2 Activation of
Peripheral Blood
Mononuclear Cells (PBMCs)
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. Add 8 mL DMEM™*" medium, centrifuge, dissolve in 10 mL

fresh DMEM*™™*" medium, and count the cells with TB.

. Transfer 1.5 x 10° cells of each cell line together in one coated

T75 flask in 10 mL DMEM****.

. Incubate the cells overnight at 37 °C/5% CO,.
. The next day, refresh medium of the packaging cells with

10 mL DMEM™**** 3 h prior to transfection.

. Use the Promega Calcium Phosphate Transfection Kit to trans-

fect the packaging cells. Per T75 flask, prepare in Eppendorf
tube 1 the following:

(a) 10-15 pg TCR construct.

(b) 5 pg of each helper construct pHIT60 and pColtGalV.
(¢) Add dH,O to a volume of 500 pL.

(d) Add 62 pL CaCl,

. Prepare in Eppendorf tube 2 a 500 pL 2 x HBS bufter.
. Gently vortex the 2x HBS. Slowly add the DNA solution from

Eppendort tube 1 dropwise to the HBS in Eppendorf tube
2 while vortexing. Incubate the mixture at RT for 30 min.
Vortex again, and then immediately add the solution to the
packaging cells in the T75 flask.

Incubate overnight at 37 °C/5% CO,.

The next day, refresh medium of the transfected packaging cells
with 10 mL RPMI Hepes™>**.

. Thaw PBMC:s or use freshly collected blood.
. When using freshly collected blood, isolate PBMCs from

healthy donor buffy coats with Leucosep tubes (see Note
8 and steps below).

. Pipette 15 mL Ficoll Paque in Leucosep tubes.

. Centrifuge the tube for 10 s at 1000 x 4.

. Dilute the bufty coat with PBS /1% FBS in a 1:1 volume ratio.
. Divide the buffy coat over five Leucosep tubes.

. Centrifuge the tubes for 10 min at 1000 x g with slow decel-

eration settings.

. Harvest the cells from the interphase. First, aspirate most of the

upper layer (serum), and pour the PBMC (within interphase)
in three 50 mL tubes.

. Add PBS/1%FBS up to 50 mL per tube, and centrifuge for

5 min at 450 X g. Aspirate the supernatant, and repeat the
washing step three times.

Count PBMCs with TB (see Note 28), and resuspend in RPMI
Hepes™5** at a cell density of 1 x 10°/mL.
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11.
12.
13.
3.2.3 Transduction of 1.
PBMCs

10.

11.

12.

13.
14.

15.
16.

Add 10 ng/mL OKT-3 (see Note 29).

Transfer the PBMCs to a T75 flask, and incubate horizontally
for 2 days at 37 °C/5% CO,.

Also coat a non-tissue culture (NTC) 24-well plate with Retro-
nectin. Thaw the Retronectin and add 500 pL to each well; use
two wells for each transduction-condition. Seal the plate with
parafilm and store overnight at 4 °C.

Remove Retronectin  from the wells (step 13 of
Subheading 3.2.2).

. Block the wells with 1 mL PBS /2% FBS for 30 min at 37 °C.

. Harvest virus supernatant from the transfected packaging cells

(step 11 of Subheading 3.2.1), and filter through a 0.45 pM
filter using a 10 mL syringe into a 50 mL tube.

. Add 100 TU/mL IL-2 to the filtered virus supernatant.
. Add 10 mL fresh RPMI Hepes™** to the packaging cells to

start a second production round of TCR-encoding virus
particles.

. Aspirate the PBS/2% FBS from the wells of the 24-well plate

(step 2 of Subheading 3.2.3), and add 0.3 mL virus superna-
tant to each well.

. Centrifuge for 15 min at 1000 x g with slow deceleration

settings.

. Harvest the activated PBMCs (step 12 of Subheading 3.2.2)

by pipetting the cells up and down and using a cell scraper to
scrape the cells loose. Transfer the cells to a 50 mL tube.

Centrifuge and add RPMI Hepes™** to the cells.

Count the cells with TB, and use 1 x 10° activated PBMCs per
well (see step 11 of Subheading 3.2.3); two wells per condition
are used (i.e., use 2 x 10° cells for two wells) (se¢ Note 27).
Transfer the cells to a tube, and centrifuge, aspirate, and resus-
pend the cells in 0.6 mL virus supernatant.

Add 0.3 mL of the PBMC /virus-sup suspension from step 10
of Subheading 3.2.3 per well (sec Note 30).

Seal the plate with parafilm (handle carefully), and centrifuge
for 1 h at 1000 x g with slow deceleration settings.

Remove the parafilm and incubate 5 h (37 °C/5% CO,).

Add 0.8 mL RPMI Hepes™** supplemented with 100 TU/
ml IL-2.

Incubate overnight at 37 °C/5% CO,.

The next day, harvest supernatant from the transfected packag-
ing cells from step 11 of Subheading 3.2.1, and filter through a
0.45 pM filter using a 10 mL syringe into a 50 mL tube.



3.3 In Vitro
Validation of TCR

3.3.1 Surface Expression
of TCR Transgene

3.3.2 Sensitivity of TCR
Transgene

17.
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Add 100 IU/ml IL-2 to the filtered virus supernatant.

Carefully remove 1.2 mL from each well, and add 0.6 mL of
freshly harvested virus supernatant to each well.

Seal the plate with parafilm (handle carefully), and centrifuge
for 1 h at 1000 x g with slow deceleration settings.

Remove the parafilm and incubate 5 h (37 °C/5% CO,).

Harvest the cells, resuspend in RPMI Hepes™** supplemen-

ted with 360 IU/mL IL-2 at a final concentration of
0.25 x 10°/mL. Incubate for 72 h at 37 °C/5% CO,.

TCR- or mock-transduced T cells can be expanded in RPMI
Hepes™** supplemented with 360 TU/mL IL-2 at a final
concentration of 1 x 10°/mL for up to 3 weeks (see
Note 29). Culture medium should be refreshed weekly. After
these 3 weeks, cells need to be co-cultured with feeder cells (see
Note 31). TCR-engineered T cells can be used for further
in vitro validation (see Note 32).

. Transfer 0.5-1.0 x 10° TCR- or mock-transduced T cells to

FACS tubes.

. Wash the cells twice with FACS bulffer.
. Aspirate the FACS buffer, and incubate the cells with 5-10 pL

pMHC-PE for 10 min at RT in the dark (se¢ Note 11).

. Add the following antibodies, and incubate for 20 min at

2-8 °C in the dark.

(a) 1 pLanti-CD3 FITC

(b) 2.5 pL 1/80 diluted anti-CD8 APC

(c) FACS buffer to make a total volume of 10 pL.

. After incubation, wash the cells twice with FACS buffer.

6. Aspirate and dissolve pellet in 200 pL. 1% PFA.

. Measure surface expression of TCR transgene with flow cyt-

ometer (see Note 32).

. Harvest TCR- and mock-transduced T cells.
. Centrifuge and resuspend T cells in RPMI Hepes

EBS++ at a final

concentration of 0.6 x 10° cells/mL.

. Harvest BSM or T2 cells.
. Centrifuge and resuspend BSM cells in CTX medium at a final

concentration of 0.2 x 10° cells/mL.

. Transfer 1 mL of BSM cells to each tube.
. Incubate BSM cells with the cognate epitope for 15 min at

37 °C. Different concentrations per epitope can range from
1 pMto 1 pM (see Note 13). Also include an irrelevant epitope
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A
No peptide

1 pM
10 pM

100 pM
1 nM

10 nM
100 nM

1 pM

Fig. 3 Pipetting scheme to assess the TCR transgene’s sensitivity (a) and specificity (b) for its cognate epitope.
Different concentrations of the cognate epitope (a) or different single amino acid mutants of the cognate
epitope (illustrated with an example sequence) (b) are incubated with BSM or T2 cells prior to co-culture with
TCR- or mock-transduced T cells

that should not be recognized by the TCR-transduced T cells
as a negative or background control. An example of the layout
for the 96-well plate with different epitope concentrations and
controls is shown in Fig. 3a.

7. Add 100 pL of T cells from step 2 of Subheading 3.3.2 to each
well (in triplicates) of a 96-well TCT round bottom plate.

8. Add 100 pL of epitope-loaded BSM cells to each well (in tripli-
cates), making a total volume of 200 pL.

9. Centrifuge the plate for 2 min at 220 x g4 with slow decelera-
tion settings.

10. Incubate the plate for 16-24 h at 37 °C/5% CO,.

11. Centrituge the plate for 2 min at 220 x g with slow decelera-
tion settings.

12. Harvest 150 pL supernatant which can be used to measure
IFNy levels with ELISA-based methods as a readout for sensi-
tivity of TCR transgene-mediated T-cell responses (see Notes
33 and 34).

p—

. Harvest TCR- and mock-transduced T cells.

. Centrifuge and resuspend T cells in CTX medium at a final
concentration of 0.6 x 10° cells/mL.

3. Harvest BSM or T2 cells.

4. Centrifuge and resuspend BSM cells in CTX medium at a final

concentration of 0.2 x 10° cells/mL.

5. Transfer 1 mL of BSM cells to each FACS tube.

3.3.3 Specificity of TCR
Transgene 2



3.3.4 Target Cell
Recognition
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. Incubate BSM cells with different single amino acid mutants of

the cognate epitope (10 pM) (see Notes 13 and 14) for 15 min
at 37 °C. Add 1 pL of 10 mM epitope to 1 mL of BSM cells. An
example of the layout for the 96-well plate with different
epitope mutants is shown in Fig. 3b.

. Add 100 pL of T cells to each well (in triplicates) of a 96-well

TCT round bottom plate.

. Add 100 pL of epitope-loaded BSM cells to each well (in tripli-

cates), making a total volume of 200 pL.

. Centrifuge the plate for 2 min at 220 x g with slow decelera-

tion settings.
Incubate the co-culture for 16-24 h at 37 °C/5% CO,.

Centrifuge the plate for 2 min at 220 x g with slow decelera-
tion settings.

Harvest supernatant which can be used to measure IFNy levels
with ELISA-based methods as a readout for specificity of TCR
transgene-mediated T-cell responses (see Note 35).

. Pre-treat target cells (see Notes 16 and 17) with 50 pg/mL

IFNy (1:1000 dilution) 48 h prior to co-culture with TCR or
mock-transduced T cells.

2. Harvest TCR- and mock-transduced T cells.

. Centrifuge and resuspend T cells in CTX medium at a final

concentration of 0.6 x 10° cells/mL.

4. Harvest target cells from step 1 of Subheading 3.3.4.

11.

. Centrifuge and resuspend target cells in CTX medium at a final

concentration of 0.2 x 10° cells/mL.

. Add 100 pL of T cells to each well (in triplicates) of a 96-well

TCT round bottom plate.

. Add 100 pL of target cells to each well (in triplicates), making a

total volume of 200 pL.

. Centrifuge the plate for 2 min at 220 x g with slow decelera-

tion settings.

. Incubate the plate at for 16-24 h at 37 °C/5% COs,.
10.

Centrifuge the plate for 2 min at 220 x g with slow decelera-
tion settings.

Harvest supernatant which can be used to measure IFNy levels
with ELISA-based methods as a readout for TCR transgene-
mediated recognition of target cells (sec Note 36).
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4 Notes

10.

11.

12.

13.

14.

15.

. The SMARTer RACE ¢cDNA Amplification Kit contains the

reagents needed to identify TCRap sequences. Components
should be stored at different temperatures upon arrival.

Other options to identify sequences of the o and p chains of the
TCR can be (single cell) RNA sequencing [6].

Plasmid isolation can be done with kits from different manu-
facturers. It is recommended to follow the instructions of the
manufacturer.

. The GSP primers are designed to hybridize within the constant

region of the a or B chains of the TCR with a 15 bp PiggyBac
vector overhang.

. 2x Q5 Master Mix can be used as ready-to-use mixture to

perform PCR. Also, individual PCR reagents can be used to
make a mixture for the PCR reaction.

Other fluorescent nucleic acid dyes can also be used to stain
DNA or RNA in agarose gels.

Use both packaging cell lines for optimal production of virus
particles [7, 8].

. PBMG:s can be isolated using Ficoll density gradient centrifu-

gation from healthy donors first described by Boyum in 1968
[9]. They can be freshly used or frozen and thawed on the day
of activation of the PBMCs.

Human serum used in the culture media is an equal volumetric
mixture from five different donors.

Retronectin significantly enhances retrovirus-mediated gene
transduction into mammalian cells [10, 11].

The optimal protocol for pMHC stainings can be different per
manufacturer of pMHGCs; it is recommended to follow the
instructions of the manufacturer.

Anti-CD3 and anti-CD8 antibodies with different fluoro-
chromes can be used, as long as spectral overlap between
fluorochromes is limited or adequately compensated for.

Epitopes (i.e., peptides) should be dissolved in 50-100%
DMSO with a final concentration of 10 mM. Dissolvement
may very per epitope according to its hydrophobicity profile.

To determine the recognition motif of a TCR, an alanine scan
is performed. For nine amino acid epitopes, every single posi-
tion is replaced with an alanine, resulting in nine different
epitope mutants.

T2 and BSM cells should be cultured twice a week in RPMI***
medium at 0.2 x 10° cells/mL. Depending on the HLA allele
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of interest (in these examples, epitopes bound by HLA-A2 are
considered), also other cell lines with other HLA alleles can
be used.

It is important to include positive and negative controls to this
assay. Positive controls can include PHA (phytohemaggluti-
nin)/PMA (phorbol myristate acetate), or enterotoxin B (for
TCR-independent T-cell stimulation) can be used. Negative
controls can include T cells only (without targets), target cells
with a different HLA allele, or target cells with the HLA allele
under study and no antigen expression. Also blocking antibo-
dies to HLA allele can be used to verify HLA restriction.

To test whether the TCR can recognize and kill target cells
(i.e., tumor cell lines), it is important to have identified cell or
cell lines that express target antigen as well as HLA allele of
interest. Expression of target antigen can be determined at
RNA (via RT-PCR) and protein level (via immunocytochemis-
try or Western blot), and expression of HLA allele can be done
via flow cytometry.

The production of IFNy by T cells can be used as a readout for
TCR-mediated T-cell responses. The enzyme-linked immuno-
sorbent assay (ELISA) is a widely used method to measure
levels of IFNy. The ELISA protocol is generally based on the
capturing of the analyte (i.e., IFNy or other cytokine mole-
cules) by antibodies, which enables the quantification of the
analyte present in the sample. Every particular ELISA can have
minor adaptations to the standard protocol; therefore, we
recommend to follow the instructions of the manufacturer.
More detailed information on ELISA-based methods can be
found elsewhere [12].

Low frequency of antigen-specific T cells in, for instance,
PBMC, and difficulties to enrich for these populations can
give low RNA quantity and quality. Therefore, a nested PCR
on RACE PCR products is recommended for further amplifi-
cation. If nested PCR products don’t show clear bands on
agarose gel, the amount of cDNA input can be optimized.

c¢DNA samples can be stored at —80 °C. It is reccommended to
continue with the RACE and nested PCRs within a week; a
decrease in quality can be observed after prolonged storage at
—80 °C.

The cloning reaction product can be stored at —20 °C. Always
take along the positive control in the transformation of
bacteria.

SOC bacteria are provided as part of the SMARTer RACE
c¢DNA Amplification Kit. Thaw the bacteria on ice and mix by
gently pipetting up and down. Store the bacteria at —80 °C and
prevent multiple freezing-thawing cycles.
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23

24.

25.

26.

27.

28.

. Sanger sequencing can be done by several sequencing compa-
nies. Generally, DNA and primers have to be provided, but
concentrations can differ per company.

The IMGT database provides the nucleotide sequences of the
TCRa and B chains. It is important to translate this sequence to
the amino acid sequence using, for example, the Expasy tool
(https: //web.expasy.org/translate /), and determine the cor-
rect open reading frame.

TCRaf sequences should include the o and f chain sequence
connected with a T2A linker [13] and surrounded by restric-
tion sites (Nozl and EcoRI) and a Kozak region prior to the
start codon of the variable pB-region.

TCRaf sequences can be designed and ordered via an online
vector design program. The restriction sites, Kozak region, and
2A linker should be protected, and the rest of the TCRaf3
sequences should be codon-optimized for the species Homo
sapiens.

For the transduction of the TCR transgene and further valida-
tion of the TCR with in vitro assays, it is important to take
mock-transduced T cells along as a negative control. Mock-
transduced T cells are created similarly as the TCR-transduced
T cells, except that the TCR transgene itself is replaced by an
empty vector.

Trypan blue (TB) labels death cells with a blue color and is used
to facilitate counting of viable cells via a light microscope. Add
TB to a cell suspension in a 1:1 ratio (10 pLL TB and 10 pL cell
suspension, dilution factor is 2) in a 96-well TCT round bot-
tom plate. Mix by pipetting up and down, transfer 10 pL of the
mixture to a chamber of a hemacytometer counter, and cover
chamber with a slip. Count all cells that are not stained blue in
25 squares, and calculate the concentration of live cells in the
cell suspension with the following formula:

Concentration/mL = (counted cells x dilution factor x 103 )/

(number of squares counted X surface area per square in mm? x depth in mm).

29

30.

. Besides OKT-3 and also other antibodies and /or cytokines can
be used to activate T cells, such as CD28 mAbs, I1L-7, IL-15,
and/or IL-21. In fact, the activation of T cells with soluble
anti-CD3/CD28 mAbDs in the presence of IL-15 and IL-21
resulted in a younger T-cell phenotype and enhanced pMHC
binding [14]. The cytokines IL-7, IL-15, and/or IL-21 can
also be used to improve T-cell expansion [14-17].

TCR gene transfer can also be combined with gene editing
using the CRISPR-Cas9 principle [18-21].


https://web.expasy.org/translate/

31.

32.

33.

34.

35.

Gene Engineering T-Cells with TCR for Adoptive Therapy 227

When necessary to maintain TCR-engineered T cells in culture
for longer than 3 weeks, it is required to make use of a feeder
cell system as described by Griend et al. This system enables
T-cell expansion for up to 2 months while retaining target
specificity and cytolytic capacity [22].

A TCR transgene is considered to be surface expressed when
minimally 5% of CD3" T cells show an expression of the trans-
gene. Please note that transduction efficiency varies per donor
and TCR transgene; therefore, one cannot formally exclude
TCR with a surface expression <5% of CD3" T cells. We
therefore recommend to evaluate expression for multiple
donors and include other TCR transgenes as controls and use
the 5% cutoff as a guideline. In these analyses, mock-
transduced T cells can be used as background. Gating strategy
for analysis: (1) lymphocytes; (2) CD3*; and (3) CD8*, pMHC
multimer”. More detailed information on flow cytometry is
well described elsewhere [23]. In the case the TCR genes are
only expressed in a low percentage (<10%), cells can be
enriched using FACS or magnetic-activated cell sorting
(MACS) techniques to increase the percentage of cells expres-
sing the TCR transgene. Again, the need for sorting varies per
donor and TCR transgene, for which reason we recommend to
use the 10% cutoff as a guideline.

Supernatant can be directly used to measure cytokine levels, or
the supernatant can be frozen down (—20 °C) and tested at
later moments. Avoid repeated freezing-thawing cycles, since
this can  drastically decrease  cytokine levels in
supernatants [24].

Titrations of cognate epitope and the measurement of IFNy
production by T cells enable the retrieval of halt-maximal effec-
tive concentrations and thus a measure for functional avidity of
the TCR-engineered T cell. A detailed description on how to
calculate EC50 can be found elsewhere [25].

The recognition motif of a cognate epitope for a particular
TCR transgene is the amino acid sequence that is found critical
tor TCR binding. To determine whether an amino acid is
critical for the TCR’s recognition, the T-cell response (IFNy
production) to the sequence variant with an alanine replace-
ment is measured. The variant sequence in which a critical
amino acid is replaced by an alanine will induce a reduced
T-cell response, i.c., at least a twofold drop in IFNy levels
compared to the levels induced by the cognate peptide. The
recognition motif; i.e., the sequence of critical amino acids, can
be used to search for self-peptides that contain the particular
recognition motif (and constitute a potential source for cross-
reactive T-cell responses), thereby assessing the risk of
off-target toxicity [5].
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36. To determine whether a T-cell response against target cell lines
is meaningful, IFNy levels between TCR T cells and mock T
cells should be compared. Significant differences in IFNy levels
can be tested with the Mann-Whitney test.
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Combined Analysis of Transcriptome and T-Gell Receptor
Alpha and Beta (TRA/TRB) Repertoire in Paucicellular
Samples at the Single-Gell Level

Nicolle H. R. Litjens, Anton W. Langerak, Zakia Azmani,
Xander den Dekker, Michiel G. H. Betjes, Rutger W. W. Brouwer,
and Wilfred F. J. van lJcken

Abstract

With the advent of next-generation sequencing (NGS) methodologies, the total repertoires of B and T cells
can be disclosed in much more detail than ever before. Even though many of these strategies do provide
in-depth and high-resolution information of the immunoglobulin (IG) and/or T-cell receptor
(TR) repertoire, one clear disadvantage is that the IG/TR profiles cannot be connected to individual
cells. Single-cell technologies do allow to study the IG/TR repertoire at the individual cell level. This is
especially relevant in cell samples in which much heterogeneity of the cell population is expected. By
combining the IG/TR repertoire with transcriptome data, the reactivity of the B or T cell can be associated
with activation or maturation stages. An additional advantage of such single-cell technologies is that the
combination of both IG and both TR chains can be studied on a per cell basis, which better reflects the
antigen receptor reactivity of cells. Here we present the ICELLS single-cell method for the parallel analysis
of the TR repertoire and transcriptome, which is especially useful in samples that contain relatively few cells.

Key words T-cell receptor alpha, T-cell receptor beta, Repertoire, Transcriptome, Single cell, Next-
generation sequencing

1 Introduction

T cells recognize antigens via unique T-cell receptor (TCR) mole-
cules. Approximately 95% of T cells express a TCRap receptor,
consisting of a TCRa and a TCRp chain, whereas the remaining
5% possess a TCRyd receptor, consisting of a TCRy and a TCRS
chain. All four TCR chains are highly diverse in their variable
domains. Diversity in these variable domains arises from complex
recombination processes involving V, D, and J genes in the TCR
chain-encoding loci [1]. In this way the V(D)J recombination
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process generates a huge TR repertoire diversity, which is especially
apparent in the V(D)J junction. The V(D)]J junction is one of the
complementarity-determining regions (i.e., CDR3) of the variable
domain, which collectively mediate the specific recognition of anti-
gens. Estimates of the number of possible different TCRaf recep-
tors amount to 10'? molecules [2, 3]. Importantly, whereas
antigen-inexperienced or naive T cells have a broad, unselected
TCR repertoire [4], antigen-experienced or memory T cells gener-
ally contain more narrow TCR repertoires, mostly consisting of
particular antigen-selected specificities.

Historically, TCR repertoire diversity assays have mostly
focused on TCRP (TRB) chain profiling. Varying from DNA- [5]
or RNA-based [6] TRB bulk sequencing assays to flow cytometry-
based single-cell TCRVfapproaches [7], all suffer from drawbacks.
A major disadvantage of bulk sequencing approaches is the large
number of cells required, whereas flow cytometry-based TCRVf
assays suffer from the limitation that the 24 different TCRVf
antibodies collectively cover only 70% of the normal human
TCRVp repertoire. Moreover, neither of these approaches allows
to evaluate the actual composition of the total TCRaf receptor, as
no information on TCRa (TRA) profiles is obtained. Most impor-
tantly perhaps, with any of these approaches, it remains difficult to
examine changes in TCRaf repertoire diversity within a heteroge-
neous pool of T cells or low-abundant population like antigen-
specific T cells without purifying them first and /or acquiring large
enough numbers of cells.

Over the last 5 years, single-cell transcriptomics has become a
popular approach, as it allows to detect the heterogeneity in gene
expression among individual cells and the discovery of small sub-
populations [8]. The combination of single-cell transcriptomics
with TR transcript sequencing provides gene expression and TCR
repertoire information at the single-cell level. Several platforms
exist for single-cell-combined TCR repertoire and transcriptomics
analysis, including 10x Genomics and more recently the ICELLS
single-cell system [9, 10]. Typically, single-cell transcriptomics
requires 5-10 K cells [11-13], but little is known about the possi-
bilities of single-cell-based molecular tools for questioning clini-
cally relevant paucicellular samples [9, 10].

Here we describe a method for the combined evaluation of the
transcriptome and TRA/TRB repertoire at the single-cell level in
clinical samples with low cell numbers. The method covers all the
steps from cell dispensation using the ICELLS single-cell system,
double cDNA preparation at the single-cell level, parallel sequenc-
ing of transcript and TRA/TRB sequencing libraries, to data
evaluation.
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2 Materials

2.1 Sample
Preparation

2.2 Cell Dispensation

NGV S ]

. 15 mL polypropylene tubes.

. 5 mL polystyrene tube with cell strainer cap.

. RPMI-1640 medium without L-glutamine.

. Penicillin/streptomycin (pen/strep) (10* U and 10* pg/mL

stock).

5. DNase I (Sigma-Aldrich; 10 mg/mL stock).
6. Phosphate buffered Saline (1xPBS) without Ca®* and Mg**

12.
13.
14.

15.
16.

O 0 N O\ Ul B W N

—
=]

11.
12.
13.

pH 7.4 (Invitrogen), sterilized and degassed for at least 1 h
using a vacuum system.

. Fetal bovine serum (FBS) heat-inactivated (HI, 30 min at

56 °C).

. PAN T cell isolation kit (Miltenyi Biotec).

. AutoMacs rinsing solution (Miltenyi Biotec).
10.
11.

AutoMacs washing solution (Miltenyi Biotec).

Bovine serum albumin (BSA, sterile filtered, Sigma-Aldrich;
15% stock solution in AutoMacs rinsing solution).

Miltenyi Biotec Automacs Pro Cell Sorter.
BD FACSCANTO II flow cytometer (Becton Dickinson).

Brilliant Violet (BV)510-labelled antihuman CD3 (Becton
Dickinson).

Trypan blue (Sigma-Aldrich; 0.4% 0.2 pM filtered before use).

Burker counting chamber.

. ICELLS single-cell system (Takara Bio).

. ICELLS Collection Kit (Takara Bio).

. ICELLS8 Loading Kit (Takara Bio).

. Biometra Advanced Thermocycler (Westburg).

. HulaMixer Sample Mixer (Thermo Fisher Scientific).

. 2100 Bioanalyzer instrument (Agilent Technologies).

. Varioskan 3001 microplate reader (Thermo Fisher Scientific).
. MSND 384-well plates and seals, 20 packs (Takara Bio).

. Nuclease-free 0.2 mL PCR tubes.

. Biotix nuclease-free LoBind 1.5 mL microcentrifuge tubes

(VWR).

15 mL polypropylene tubes.

Magnetic separator/PCR strip (Takara Bio).

ICELL8 Human TCR a/b Profiling Reagent Kit (Takara Bio).
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14.

15.
16.

17.
18.
19.
20.
21.

22.
23.

24.
25.

26.

2.3 Sequencing 1.

4.

ICELLS Human TCR a/b Profiling/Indexing Primer Set
(Takara Bio).

ICELLS8 TCR chip (Takara Bio).

Nextera XT DNA Library Preparation Kit (24 samples;
Tllumina).

Nextera XT Index Kit (24 indexes, 96 samples; Illumina).
Ethanol absolute (>99.8%).

AccuGENE molecular biology water (Westburg).
Helium (>99.9% purity).

Phosphate buffered saline (1xPBS) without Ca** and Mg**
pH 7.4 (Invitrogen).

ReadyProbes Cell Viability Imaging Kit: blue/red contains
Hoechst 33342 and propidium iodide (Thermo Fisher
Scientific).

NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel).
Agencourt AMPure XP (Beckman Coulter).

Quant-iT™ dsDNA Assay Kit, high sensitivity (Thermo Fisher
Scientific).

Agilent High-Sensitivity DNA Kit (Agilent Technologies).

Tllumina (MiSeq system: HiSeq 2500, 3000, or 4000 or Next-
Seq 550, 1000, or 2000 system).

. Paired end 600-Cycle Sequencing Kit (Illumina).
. HiSeq Rapid SBS Kit v2 (50 cycles) or equivalent (for sequen-

cers other than HiSeq1500, 2500) (Illumina).
PhiX (Illumina).

2.4 Analysis Linux (virtual) machine with at least 16 GB RAM memory and the
following software installed:

1.
2.

Python3 (version > = 3.6).
pyngs (https://github.com/erasmus-center-for-biomics/
pyngs).

. pysc (https: //github.com/erasmus-center-for-biomics/pysc).
. Snakemake (version > = 5.28.0).

. BCL2Fastq2 (https://emea.support.illumina.com/

downloads /bcl2fastq-conversion-software-v2-20.html).

. AdapterTrimmer (https://github.com/erasmus-center-for-

biomics/AdapterTrimmer).

. IgBLAST (Ye et al., 2013; Reference [14]).
. Pear (Zhang et al., 2014; Reference [15]).
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11.
12.
13.
14.
15.
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. Biomics TCR workflows (https://github.com/erasmus-cen

ter-for-biomics /tcr-workflows).

R (version > = 4.0).

tidyverse.

Seurat v3 (Stuart et al.; 2019; Reference [16]).
wesanderson.

scales.

R studio (version >1).

R analysis scripts (https://github.com/erasmus-center-for-
biomics/MiMB-R).

3 Methods

3.1 Sample
Preparation

11.
12.

13.

14.

. Prepare DNase medium by adding 5 mL of p/s and 5 mL

DNase stock solution to 500 mL of RPMI-1640.

. Bring DNase medium and FBS-HI to 37 °C.
. Prepare AutoMacs running buffer by adding 50 mL of 15%

BSA to 1450 mL of AutoMacs rinsing solution, and bring
buffer to room temperature (see Note 1).

. Start up the AutoMacs Pro Cell Sorter according to manufac-

turer’s instruction.

. Add 5 mL of DNase medium and 1 mL of FBS-HI per vial

(1.8 mL) of 10-20 million PBMC to a 15 mL polypropylene
tube (use maximal two vials of PBMC per 15 mL tube).

. Take the required number of vials of peripheral blood mono-

nuclear cells (PBMC) from liquid nitrogen storage or —150 °C
freezer (see Note 2).

. Thaw PBMC at 37 °C until only a small clump of ice remains.
. Add the PBMC suspension dropwise to the 15 mL tube con-

taining 5 mL of DNase medium and 1 mL of FBS-HI.

. Centrifuge at 900 x g for 10 min.
10.

Discard supernatant, resuspend pellet in DNase medium, add
5 mL of DNase medium.

Centrifuge at 900 x g for 10 min.

Discard supernatant and resuspend pellet in 2 mL AutoMacs
running bufter.

Take 20 pL of this cell suspension, mix it with 20 pL trypan
blue solution, and add 20 pL of this mixture to a Burker
counting chamber.

Count the number of cells and evaluate their viability (see
Note 3).


https://github.com/erasmus-center-for-biomics/tcr-workflows
https://github.com/erasmus-center-for-biomics/tcr-workflows
https://github.com/erasmus-center-for-biomics/MiMB-R
https://github.com/erasmus-center-for-biomics/MiMB-R
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3.2 Cell Dispensation

3.2.1 Dispense
Instrument Pre-checks

3.2.2 Staining of Cell
Suspension

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

—

Fill up the tube using AutoMacs running bufter, and centrifuge
at 900 x g for 10 min.

Discard supernatant, resuspend cell pellet, and label PBMC to
enrich for T cells in an untouched manner using the PAN T-cell
isolation kit according to manufacturer’s instruction (see
Note 4).

Following labeling, add AutoMacs running buffer to fill up the
tube to 15 mL.

Centrifuge cells for 10 min at 900 x g.

Discard supernatant, and resuspend cells in AutoMacs running
buffer to a concentration of 20-25 million of cells/mL (see
Note 5).

Filter cells in order to have a single-cell suspension using 5 mL
round bottom polystyrene tube with cell strainer snap cap (see
Note 6).

Enrich using the DEPLETES protocol according to manufac-
turer’s instruction.

Collect enriched sample from Automacs Pro Cell Sorter, and
fill up the tube to 15 mL by adding sterile PBS.

Take 20 pL to determine cell number within the enriched
fraction similar to step 13.

Take another 20 pL to evaluate purity using flow cytometry (see
Note 7).

Discard supernatant, and resuspend in degassed PBS to a con-
centration of 2-5 x 10* /mL with a minimum of 270-350 pL/
sample.

. Before operating the ICELLS instrument, check the system

according to manufacturer’s instructions. Check the water
level in the pressure reservoir, humidifier, and wash bottle.

. Check the helium tank pressure. The regulator should be set to

a supply input of >435 psi (30 bar). Replace the tank if the
pressure is <435 psi (30 bar) (see Note 8).

. The regulator should have a supply output of 20-30 psi

(1.3-2.0 bar) (sec Note 9).

. Before starting the cell dispensation, initialize the MSND,

preform a daily warm-up, and start the ICELL8 Imaging Sys-
tem according to manufacturer’s instructions (se¢ Note 10).

. Pre-freeze the empty chip holder at —80 °C.

. Mix the cell suspension gently by inverting the tube five times,

and transfer the required volume from the center of the tube.

. Stain the transferred cells with Hoechst 33342 and propidium

iodide. Add 40 pL of each dye per mL of washed cells.



3.2.3 Dilution and
Dispensation of Cells

3.2.4 Imaging of Cells

3.2.5 Analyzing
Nanowells (Blank Chip)

3.2.6 Analyzing
Nanowells (Printed Chip)

. Proceed up to “Specify sample names,
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. Incubate and mix the cell stain suspension with the HulaMixer

at room temperature for 20 min in the dark.

. Settings for the HulaMixer: orbital rotation at 15 rpm for 15 s,

reciprocal rotation at 45° for 10 s, and the vortexing off (see
Note 11).

. Thaw the second diluent (100x ), ICELLS fiducial mix (1x),

and nuclease-Free water on ice.

. Prepare 100 pL of 5 pg/50 nL positive control Jurkat total

RNA by mixing 1 pL second diluent (100x), 1 pl. RNase
inhibitor (40 U/pL), 97 uL PBS (1x Ca®* and Mg** free),
and 1 pL control Jurkat RNA (10 ng/pL). Keep the dilution
on ice.

. Prepare 100 pL of the negative control mix by mixing 1 pL sec-

ond diluent (100x), 1 pLL RNase inhibitor (40 U/pL), and
98 uL PBS (1x Ca®* and Mg?* free). Keep the dilution on ice.

. Prepare 200 pL of a 2 cell/50 nl (4 x 10° cells/mL) cell

suspension by mixing 1 pL second diluent (100x), 1 pL
RNase inhibitor (40 U/uL), 97 uL PBS (1x Ca** and Mg**
free), and 1 pL control Jurkat RNA (10 ng/uL) (see Note 12).
Keep the dilution on ice.

. Prepare the 384-well source plate, and start the run to dispense

50 nL of the prepared suspensions into the nanowells accord-
ing to manufacturer’s instructions.

. In this section, images of all 5184 nanowells of the ICELLS

TCR chip are acquired. See manufacturer’s instructions
(Chapter C) on https: //www.takarabio.com/documents/
User Manual /ICELL8 Human TCR ab Profiling User
Manual /ICELL8 Human TCR ab Profiling User Manual_0
72219.pdf (see Note 13).

. In this section, CellSelect Software is used to analyze the

images of the ICELL8 TCR chip in order to identify the
Poisson value of each sample position. See manufacturer’s
instructions (Chapter D) on https://www.takarabio.com/
documents/User Manual /ICELL8 Human TCR ab Profiling
User Manual/ICELL8 Human TCR ab Profiling User
Manual_072219.pdf.

” then return to the

Summary tab, and determine the Poisson value for each sample
position (see Note 14).

. In this section, CellSelect Software is used to analyze the

images of the ICELL8 TCR chip in order to identify nanowells
containing viable single cells that are suitable for further


https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf
https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf
https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf
https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf
https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf
https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf
https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf
https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf
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processing and analysis via RT-PCR. See manufacturer’s
instructions (Chapter D) on https: //www.takarabio.com/
documents/User Manual /ICELL8 Human TCR ab Profiling
User Manual /ICELL8 Human TCR ab Profiling User
Manual_072219.pdf (see Note 15).

. When instructed to use the Manual triage function, use this

function for the following;:

Exclude some wells that were falsely marked as candidate
wells.

Include a lot of wells that were not included by the
software:
(a) Go to Wells tab.
(b) Sort the wells as follows:

e “State” (see Note 16)

e “HasDeadCells”

e “Cellsl”.
(c) Click on “Manual triage.”

(d) If the well is selected for dispense by the software but
needs manual exclusion, click on “Reject — Next Well.”

(e) Ifthe well is not selected by the by the software but needs
manual inclusion, click on “Use — Next Well.”

. Save the file using a different filename (<Chip ID>_analysisl.

wcd). See Note 17.

. The TCR printed chip contains barcodes in triplicates. Exclude

wells that have been selected for dispense, so only one unique
barcoded well remains.

(a) Go to the “Wells” tab and select all wells.

(b) Copy (Ctrl-c) and paste (Ctrl-v) the date into a
spreadsheet.

(¢) In the spreadsheet, sort by “For dispense,” and delete
rows that contain “For dispense- FALSE.”

(d) Highlight wells that have duplicate barcodes by using the
conditional format function.

(e) Select the wells that need to be excluded.
(f) Switch to the CellSelect software and go to “Wells” tab.

(g) Manually highlight the wells that needs to be excluded,
and exclude these wells.

. Save the file using a different filename (<Chip ID>_final.wcd).
6. Copy the filter file (<Chip ID>_final.wcd) to the MSND. It is

required for dispensing the RT reaction mix.


https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf
https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf
https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf
https://www.takarabio.com/documents/User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual/ICELL8%20Human%20TCR%20ab%20Profiling%20User%20Manual_072219.pdf

3.3 First and Second 1

Strand cDNA Synthesis
2
3
4
5
6
7
8
9

10.

3.4 Cleanup and 1.

Goncentration After

Full-Length cDNA

Extraction 2
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. Thaw the required components for the first and second strand

cDNA synthesis (except the enzyme) on ice. Vortex and spin
down briefly.

. Thaw the chip (without holder) at room temperature for

10 min. Centrifuge the chip at 3220 x g for 3 min at 4 °C.

. Take the SMART Scribe reverse transcriptase and cDNA ampli-

fication polymerase from the freezer just before use. Gently
mix, do not vortex, and spin down briefly.

. Prepare the RT-PCR mix by mixing 56 pL. GC Melt (5 M),

24 pL ¢cDNA amplification dNTP mixture (25 mM), 3.2 pL.
MgCl,, 8.8 pL DTT (100 mM), 30.9 pL SMARTScribe buffer
(10x), 33.3 pL cDNA amplification buffer (2x), 5.3 pL Triton
X-100 (3%), 3.8 pL Oligo dT Amp primer (100 pM), and
8.8 pL Amp primer (10 pM). Mix well by vortexing until the
Triton is dissolved.

. Add 48 pL.. SMARTScribe reverse transcriptase (100 U/pL)

and 9.6 pL. cDNA amplification polymerase (2x) to the
RT-PCR mix. Mix by pipetting up and down six times.

. Prepare the RT-PCR 384-well source plate, and start the run to

dispense 50 nL. of RT-PCR reaction mix into selected nano-
wells according to manufacturer’s instructions.

. Run the RT-PCR reaction in a preheated SmartChip cycler

with a heated lid. Use the following PCR program: 3 min at
50 °C; 5 min at 4 °C; 90 min at 42 °C; 2 min at 50 °C and
2 min at 42 °C (two cycles); 15 min at 70 °C; 1 min at 95 °C;
10sat 98 °C, 30 sat 65 °C, and 3 min at 68 °C (24 cycles); and
10 min at 72 °C and 4 °C on hold. The amplified reactions can
be stored at 4 °C overnight.

. Collect the full-length ¢cDNA extraction from the chip to a

clean PCR tube with the collection module according to man-
ufacturer’s instructions.

. Measure the volume of the collected ¢cDNA extraction. The

measured volume may contain up to 15% less than the expected
volume. If more than 15% loss is observed, it gives an indication
that cDNA synthesis could have been performed suboptimally.
Proceed with steps in Subheadings 3.4 and 3.5 (cDNA cleanup
and ¢cDNA QC validation) (se¢ Note 18).

The collected full-length cDNA can be stored at —20 °C.

Purify and concentrate the amplified full-length cDNA extrac-
tion with the Gel and PCR Cleanup Kit according to manu-
facturer’s instructions.

. Purify the concentrated full-length cDNA eluted from the Gel

and PCR Cleanup Kit with the AMPure XP beads.
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3.5 Validation and
Quantification of cDNA

3.6 Preparation of
TCR a/b Library by
Semi-Nested PCR

3.

Add 30 pL (0.6x) of AMPure XP beads to the cleaned and
concentrated cDNA extraction. Mix by pipetting and spin
down briefly.

. Follow the wash steps of the purification according to manu-

facturer’s instructions.

. Resuspend the dried beads with 15 pL nuclease-free water. Mix

by pipetting and spin down briefly.

. Incubate the sample at room temperature for 5 min.

. Place the sample on the magnet and incubate for 2 min or until

the solution is clear.

. Transfer 14 pL supernatant containing purified full-length

c¢DNA to a clean PCR tube. The sample can be stored at
—20°C.

. Use 1 pL of the purified cDNA product and dilute to 1:3. Then

use 1 pL of the diluted ¢cDNA for quantitation using the
Quant-iT™ High-Sensitivity dSDNA Assay Kit. Use the man-
ufacturer’s instructions on https://assets.thermofisher.com/
TES-Assets /LSG/manuals/Quant_iT_dsDNA_HS_Assay_
UG.pdf. See Note 19.

. Using the results of the Quant-iT™ High-Sensitivity dsDNA

Assay Kit, normalize 1 pL of the purified cDNA product to
2 ng/pL.

. Use 1 pL of the normalized cDNA (2 ng/pL) to load the

Agilent 2100 BioAnalyzer high-sensitivity DNA chip. Use
manufacturer’s instructions on https: //www.agilent.com/cs/
library /usermanuals /public/2100_Bioanalyzer_ HSDNA_
QSG.pdf.

. Determine cDNA QC: compare the results for your sample

with Fig. 1 to verify if the sample is suitable for further proces-
sing. Proper cDNA synthesis and purification should yield a
broad peak spanning ~400 bp to ~6000 bp (Fig. 1; see
Note 20).

. Thaw the required PCR components for the first PCR reaction

(except the enzyme) on ice. Vortex and spin down briefly.

. Dilute the ¢cDNA to 500 pg/pL. Transfer 1 pL in a 0.2 mL

tube. Keep on ice.

. Prepare the TCRa +TCRb human primer 1 mix by mixing 4 pL

of the TCRa human primer 1 and 2 pL of the TCRb human
primer 1. Mix well by vortexing and spin down briefly.

. Take the TCR amplification polymerase from the freezer just

before use. Gently mix, do not vortex, and spin down briefly.


https://assets.thermofisher.com/TFS-Assets/LSG/manuals/Quant_iT_dsDNA_HS_Assay_UG.pdf
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/Quant_iT_dsDNA_HS_Assay_UG.pdf
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/Quant_iT_dsDNA_HS_Assay_UG.pdf
https://www.agilent.com/cs/library/usermanuals/public/2100_Bioanalyzer_HSDNA_QSG.pdf
https://www.agilent.com/cs/library/usermanuals/public/2100_Bioanalyzer_HSDNA_QSG.pdf
https://www.agilent.com/cs/library/usermanuals/public/2100_Bioanalyzer_HSDNA_QSG.pdf
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Fig. 1 Typical BioAnalyzer output of full-length cDNA, showing a broad peak spanning ~400 bp to ~6000 bp

5. Prepare 49 pL PCR 1 mastermix in a 0.2 mL tube by combin-
ing 10 pL. TCR amplification buffer (5x), 4 pL. TCR amplifi-
cation dNTP mixture (2.5 mM each), 1.25 pL primer P5
(5 pM), 3 pLL TCRa + TCRb human primer 1 premix, 1 pL
TCR amplification polymerase, and 29.75 pL nuclease-free
water (see Note 21).

6. Mix by gently vortexing, and spin down briefly.

7. Add 1 pL of cDNA (500 pg/pL) to the PCR 1 mastermix. Mix
by pipetting and spin down briefly.

8. Incubate the reaction in a pre-heated thermal cycler with a
heated lid. Use the following PCR program: 1 min at 95 °C
and 10 s at 98 °C, 15 s at 60 °C, and 45 s at 68 °C (16 cycles)
and 4 °C on hold. The tubes may be stored at 4 °C overnight.

9. Thaw the required PCR components for the second PCR
reaction (except the enzyme) on ice. Vortex and spin down
briefly.

10. Prepare the ICELL8 TCRa +TCRb human primer 2 mix by
mixing 4 pL of the TCRa Human Primer 2 Forward HT Index
and 2 pL of the TCRb Human Primer 2 Forward HT Index.
Mix well by vortexing and spin down briefly.

11. Take the TCR amplification polymerase from the freezer just
before use. Gently mix, do not vortex, and spin down briefly.

12. Prepare 46 pL PCR 2 mix in a 0.2 mL tube by combining
10 pL TCR amplification buffer (5x), 4 pL. TCR amplification
dNTP mixture (2.5 mM each), 1.25 pL primer P5 (5 pM),
1 pL TCR amplification polymerase, and 29.75 pL nuclease-
free water. Mix by gently vortexing and spin down briefly.
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13.

14.
15.

3.7 Purification of 1.

TCR a/b Library

11.

12.

3.8 Validation and 1.

Quantification of TCR
a/b Library

Add 1 pL of the amplified product from the first PCR reaction
and 3 pL of the TCRa + TCRb Human Primer 2 Reverse HT
Index Mix (see Note 22).

Mix by pipetting and spin down briefly.

Incubate the reaction in a pre-heated thermal cycler with a
heated lid. Use the following PCR program: 1 min at 95 °C
and 10 sat 98 °C, 15 s at 60 °C, and 45 s at 68 °C (14 cycles)

and 4 °C on hold. The amplified reactions may be stored at
4 °C overnight.

Purity and size-select the TCR library with the AMPure XP
beads.

. Add 22.5 pL (0.45x) of AMPure XP beads to the TCR library

to remove fragments larger than ~900 bp. Mix by pipetting and
spin down briefly.

. Incubate the sample at room temperature for 5 min to let the

fragments ~900 bp bind to the beads.

. Place the sample on the magnet, and incubate for 2 min or until

the solution is clear.

. Transfer the supernatant to a clean PCR tube, and add 10 pL of

AMPure XP beads. Mix by pipetting and spin down briefly.

. Incubate the sample at room temperature for 5 min to let the

fragments between ~400 and 900 bp bind to the beads.

. Follow the wash steps of the purification according to manu-

facturer’s instructions.

. Resuspend the dried beads in 17.5 pL nuclease-free water. Mix

by pipetting and spin down briefly.

. Incubate the sample at room temperature for 5 min.
10.

Place the sample on the magnet, and incubate for 2 min or till
the solution is clear.

Transfer the supernatant containing purified and size-selected
TCR library to a clean PCR tube.

The purified TCR library can be stored at —20 °C or keep at
4 °C, and proceed directly to Subheading 3.8 (validation and
quantification of TCR a/b library).

Use 1 pL of the purified TCR library and dilute to 1:20. Then
use 1 pL for quantitation using the Agilent 2100 BioAnalyzer
high-sensitivity DNA chip. Use manufacturer’s instructions on
https: //www.agilent.com /cs/library/usermanuals /pub
lic/2100_Bioanalyzer HSDNA_QSG.pdf (see Note 23).
Determine TCR library QC: compare the results for your
samples with Fig. 2 to verify if the sample is suitable for further
processing. A proper purified TCR library should yield a broad


https://www.agilent.com/cs/library/usermanuals/public/2100_Bioanalyzer_HSDNA_QSG.pdf
https://www.agilent.com/cs/library/usermanuals/public/2100_Bioanalyzer_HSDNA_QSG.pdf
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Fig. 2 Typical BioAnalyzer output of purified TCR library, showing a broad peak (550-1200 bp) with a
maximum between ~700 bp and ~ 900 bp

3.9 Preparation of 5
differential expression
(5 DE) Library

3.10 Purification of
5 DE Library

SN

peak spanning 550-1200 bp, with a maximum between
~700 bp and ~ 900 bp (Fig. 2).

. Determine TCR library molarity: set the region table to mea-

sure between 550 and 1200 bp, and obtain the molarity in
pmol /L.

. Store the TCR library at —20 °C until sequencing (see

Note 24).

. Prepare the tagmentation reaction in a 0.2 mL tube (see

Table 1); keep on ice.

. Incubate the reaction in a thermal cycler, using the program in

Table 2.

. Add 5 pL of neutralize tagment (NT) buffer to each well.

Pipette up and down five times to mix.
Incubate for 5 min at room temperature.

Prepare the Nextera XT PCR reaction in a 0.2 mL tube
(Table 3), and vortex to mix (see Note 25).

Briefly centrifuge the 0.2 mL tube, and incubate in a thermal
cycler, using the program in Table 4.

. Purify the amplified 5" DE library with the AMPure XP beads

(use triple purification).

First purification: add 1.0x volume (50 pL) of AMPure XP
beads to the previous PCR product (~50 pL). Mix by pipetting
and spin down briefly.

. Incubate the sample at room temperature for 5 min.
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Table 1
Tagmentation reaction

Component Volume (L)
Nextera XT, tagment DNA (TD) buffer 10.0
Sample, purified cDNA (0.2 ng/pL) 5.0
Nextera XT, amplicon tagmentation Mix (ATM) 5.0
Total 20.0
Table 2
Thermal cycler program of tagmentation reaction
Step Number of cycles Temperature Time (mm:ss)
1 1 55°C 5:00
2 1 10 °C On hold
Table 3
Nextera XT PCR reaction
Component Volume (pL)
Nextera XT, PCR mastermix (NPM) 15.0
Nextera XT, I7 index primer (orange cap) 5.0
Primer P5 (5 pM) (TCR Kit) 5.0
Neutralized sample 25.0
Total 50.0
Table 4
Thermal cycler program for Nextera XT PCR reaction
Step Number of cycles Temperature Time (mm:ss)
1 1 72 °C 03:00
2 1 95 °C 00:30
3 12 95 °C 00:10
4 55°C 00:30
5 72 °C 00:30
6 1 72 °C 05:00
7 1 10 °C On hold




3.11 Validation and
Quantification of 5 DE
Library

10.
11.

12.

13.

14.

15.
16.
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. Place the sample on the magnet, and incubate for 2 min or until

the solution is clear.

. Follow the wash steps of the purification according to manu-

facturer’s instructions.

. Resuspend the beads with 51 pL nuclease-free water, and

transfer eluate (~50 pL) to a clean tube.

. Second purification: add 0.5x volume (25 pL.) of AMPure XP

beads to the previous PCR eluate (~50 pL) (see Note 26). Mix
by pipetting and spin down briefly.

. Incubate the sample at room temperature for 5 min.

. Place the sample on the magnet, and incubate for 2 min or until

the solution is clear.
Transfer eluate (~75 pL) to a clean tube.

Third purification: add 0.2x volume (15 pL) of AMPure XP
beads to the previous PCR product (~75 pL). Mix by pipetting
and spin down briefly.

Incubate the sample at room temperature for 5 min.

Place the sample on the magnet, and incubate for 2 min or
until the solution is clear.

Follow the wash steps of the purification according to manu-
facturer’s instructions.

Resuspend the beads with 13 pL nuclease-free water.

The purified 5" DE library can be stored at —20 °C or keep at
4 °C, and proceed directly to Subheading 3.11 (validation and
quantification of 5" DE library).

. Use 1 pL of the purified 5’ DE library and dilute to 1:10. Then

use 1 pL for quantitation using the Agilent 2100 BioAnalyzer
high-sensitivity DNA chip, following the manufacturer’s
instructions on https://www.agilent.com/cs/library/
usermanuals /public/2100_Bioanalyzer HSDNA_QSG.pdf.

2. See Note 27.

. Determine 5" DE library QC: Compare the results for your

sample with Fig. 3 to verify if the sample is suitable for further
processing. A proper purified 5" DE library should yield a broad
peak spanning 200-1400 bp.

. Determine 5 DE library molarity: set the region table to

measure between 200 and 1400 bp, and obtain the molarity
in pmol /L.

. Store the 5 DE Library at —20 °C until sequencing (see

Note 28).


https://www.agilent.com/cs/library/usermanuals/public/2100_Bioanalyzer_HSDNA_QSG.pdf
https://www.agilent.com/cs/library/usermanuals/public/2100_Bioanalyzer_HSDNA_QSG.pdf
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Fig. 3 Typical BioAnalyzer output of purified 5’ DE library, showing a broad peak spanning 200—1400 bp

3.12 Next-
Generation
Sequencing

. Thaw the TCR and the 5’ DE sequencing libraries, and prepare

them according to the instructions of Illumina (www.illumina.
com).

. In the case you want to sequence multiple samples on one flow

cell, check that the libraries have different P7 indices (see
Note 29).

. Pool the selected samples in equal molarities in a single tube.
. The TCR library has to be sequenced Paired End

300 (600 cycle kit) on a MiSeq, whereas the 5" DE library has
to be sequenced either single-read 50 or 75 base pairs on a
HiSeq or NextSeq sequencer. Sequencing instructions can be
found at www.illumina.com.

. Both single index or dual index sequencing can be applied (see

Note 30).

. Add the PhIX control sample to both the TCR, and the 5' DE

sequencing runs at 1% of the total output for each flow cell.
This enables quantity and quality checks.

. Proceed with the sequencing procedure as described by the

manufacturer. Alternatively, the sequencing procedure can be
outsourced to a sequence service provider.

. Check after sequencing the quality parameters of the PE300

and SR50 sequencing runs. Q30 values should be above 75%
for the PE300 reads and above 80% for the single 50 or 75 bp
reads.

. Check after sequencing the yield of the sequencing run.

Expected yields vary per sequencer. We advise to obtain at
least 5 M clusters for the PE300 run to ensure sufficient data


http://www.illumina.com
http://www.illumina.com
http://www.illumina.com

3.13 Data Analysis

3.13.1  Primary Analysis
of Single-Cell TCR Data

In
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for subsequent TCR analysis (see Note 31). For the transcrip-
tome library, a minimal yield of 50 M clusters is advised to

ensure sufficient data for transcriptome analysis.

the following sections, code will be typeset in a

monospaced font.

1.

Demultiplex the TCR data using the bcl2fastq2 program from
Illumina per the instructions in the BCL2FASTQ2 manual.
The I5 indices for these libraries are TCTTTCCC on an Illu-
mina MiSeq sequencer. For other sequencers the reverse com-
plement sequence may be needed. This procedure will result in
two files of which the names are constructed as follows: {x}_S
{y}_LOO1_R{z}_001.fastq.gz. In this filename, x denotes the
sample ID, y is an arbitrary sample number in the sample sheet,
and z is the number of the read (1 for forward, 2 for reverse)
(see Note 32).

. Make a new working directory in which to perform the TCR

assignment, and copy the newly generated FastQ files and the
well list obtained during well selection over.

. Go into the new working directory.

4. Create a directory labeled demultiplexed.

. Create individual FastQ files per well using pysc (https://

github.com/erasmusmc-center-for-biomics/pysc). Both the
data start (base 14) and barcode position (read 1 bases 0 to
10) will need to be specified while running this tool as well as a
format where to put the output reads. The following command
will place the FastQ files per well in the demultiplexed
directory:

python3/data/Software/python/pysc/bin/pysc demultiplex \
--read_1 TCR_S1_L001_R1_001.fastg.gz \
--read_2 TCR_S1_L001_R2_001.fastg.gz \

--well-list welllist.txt \

--output-read-1 “demultiplexed/{sample}_{row}_{column}_RI1.
fastqg” \

--output-read-2 “demultiplexed/{sample}_{row}_{column}_R2.
fastg” \

--well-barcode-read 1 \

--well-barcode-start 0 \
--well-barcode-end 10 \
--data-start 14

6. Run the TCR snakemake workflow (https://github.com/

erasmusmc-center-for-biomics /tcr-workflows) which removes
sequence adapters introduced during the sample preparation,


https://github.com/erasmusmc-center-for-biomics/pysc
https://github.com/erasmusmc-center-for-biomics/pysc
https://github.com/erasmusmc-center-for-biomics/tcr-workflows
https://github.com/erasmusmc-center-for-biomics/tcr-workflows
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3.13.2  Primary Analysis
of RNA-Seq Dat

3.13.3 Downstream
Analysis in R

1.

3.
4.

merges the forward and reverse reads using PEAR [15], and
runs IG-BLAST [14] to align the merged sequences to
human V, D, and ] genes for each well individually. This work-
flow yields clonotype reports containing both TRA and TRB
structures and their CDR3 sequences per well.

Demultiplex the single-cell 5 DE RNA-seq data using
bcl2fastq2 in a similar manner to the TCR data.

. Make a new directory in which to perform the scRNA-seq

quantification, and copy the well list and scRNA-seq FastQ
files over and move into.

In the new directory, make a demultiplexed sub-directory.

Assign reads to wells using pysc, and place them in a single file
per sample. To this end run the following command:

python3/data/Software/python/pysc/bin/pysc demultiplex \
--read_1 sfile \
--well-list welllist.txt \

--output-read-1 “demultiplexed/{sample}_R1l.fastg” \

--well-barcode-start 0 \
--well-barcode-end 10 \
--data-start 14

5.

Run the expression analysis snakemake workflow (https://
github.com/erasmusmc-center-for-biomics /tcr-workflows)
which removes the adapters introduced during the sample
preparation, aligns the reads with HISAT2 [17], converts
mapped regions to BED format, and intersects these with
transcripts with bedtools [18]. Finally, the gene expression
per gene per well is quantified.

. Make a new directory for the downstream analysis and go into

this. It is strongly advised to give this folder a meaningful name
to distinguish it from other experiments.

. Make an R sub-directory and data sub-directory, and in this

create a directory named Expression and a directory
named TCR.

Copy the sample.exon.tsv.gz to the Expression directory and
the sample_row_column.report.csv files to the TCR directory.

4. Copy the well list to the data directory as welllist.txt.

. Start the RStudio (https://www.rstudio.com/), and make a

new project from an existing directory. For the directory
choose the downstream analysis folder.

. Copy the files environment.R, seurat_analysis_partl.R, seura-

t_analysis_part2.R and tcr_analysis.R from https://github.
com/erasmusmec-center-for-biomics/MiMB-R to the R
directory.


https://github.com/erasmusmc-center-for-biomics/tcr-workflows
https://github.com/erasmusmc-center-for-biomics/tcr-workflows
https://www.rstudio.com/
https://github.com/erasmusmc-center-for-biomics/MiMB-R
https://github.com/erasmusmc-center-for-biomics/MiMB-R

3.13.4  Projecting Gene
Expression Data on Cell
Coordinates

10.

11.

12.

1.
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. Run the environment.R script by typing source(“R/environ-

ment.R”) in the R console. This script will make an R environ-
ment with the well list, expression, and TCR data loaded.

. Run the seurat_analysis_partl.R script by typing source(“R/

seurat_analysis_partl.R”) in the R console. This script will load
the data assembled with environment.R and perform normali-
zation, scaling, principal component analysis, and a Jackstraw
analysis. It will create a directory named output with figures
and tables.

. Open the pca_variance_explained.png and jackstraw_score.png

figures in the output directory (Fig. 4), and determine at which
principal component the scores decrease sharply. Up to this
component, biologically relevant variation is contained (see
Note 33).

Set the ndim variable to the component number previously
obtained by issuing the following command ndim <— n, where
n should be larger than 1.

Run the seurat_analysis_part2.R script by typing source(“R/
seurat_analysis_part2.R”) in the R console. This script will run
both UMAP and #-SNE which will place the cells based on their
expression profiles on a two-dimensional plane (see Note 34).
Figures depicting the cell layout are made in the output direc-
tory as well as tables with the coordinates per cell obtained for
both methods (Fig. 5).

Run the TCR analysis script by executing source(“R /tcr_ana-
lysis.R”) in the R console. This script will summarize and filter
the alignments to the TCR and yield a receptor to number of
cells table (see Note 35). Two more tables are created in the
output directory: one table with the filtered T-cell receptor
data (filtered_tcr.txt) and one table with the TCR versus the
number of cells (tcr_to_cells.txt) which gives an indication of
sample complexity. Furthermore, the TCR complexity is plot-
ted in a figure in the file ter_to_cells.png (Fig. 6).

Create a variable named gene with identifier of the gene of
which the expression will be displayed, for example, gene <—
“ENSG00000167286” for CD3d.

. Make a variable coordinate_type to use either the #SNE (tsne)

of UMAP (umap) coordinates.

. Run the project_expression.R script with source(“R/projec-

t_expression.R”). A file will be created in the output directory
with the gene identifier and the coordinate type. Opening this
file will display the -SNE or UMARP projection with the expres-
sion depicted over it (Fig. 7). The expression is scaled from 0 to
1 with 0 being the cell(s) with the lowest gene expression and
1 the cell(s) the highest expression.
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Fig. 4 Results from the PCA (a) and Jackstraw (b) analyses

3.13.5 Projecting VDJ 1. Create a variable named locus with either TRA to display the

Usage Data on Cell alpha chains or TRB to display the beta chains.

Coordlinates 2. Make a variable coordinate_type to use either the -SNE (tsne)

of UMAP (umap) coordinates.

3. Run the project_vdj.R script with source(“R/project_vdj.R”).
A file will be created in the output directory with the locus and
the coordinate type. Opening this file will display the SNE or
UMAP projection with the V(D)J composition projected as the
colors (Fig. 8).
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and UMAP (b)

4 Notes

1. This buffer needs to be stored at 4 °C and expires 1 month after
adding the BSA stock solution (15%).

2. Use freshly isolated PBMC (obtained following Ficoll gradient
centrifugation as described before [19] instead of frozen
PBMC for the enrichment of T cells. Moreover one can also
enrich for activated (antigen-specific) T cells following stimula-
tion with antigens using, for example, CD137, a costimulatory
molecule upregulated upon the interaction of a TCR with
antigen presented by antigen-presenting cells using
flowcytometry-based cell sorting [20].

3. Determine the number of unstained (living) and blue (dead)
cells in duplicate by evaluating number of cells in 25 squares.
The number of cells multiplied by 2 (dilution factor) and 10*
return the number of cells/mL. Multiplication by the volume
results in total cell number. The number of living cells divided
by the total cell count results the fraction of living cells. The
number of dead cells divided by the total cell count returns the
fraction of dead cells.

Samples containing a lot of dead cells, for example, 50%, do
not perform well in the single-cell RNA sequencing. Typically
viability should be more than 80%.

4. Both untouched and positive selection of T cells/cells of inter-
est work for downstream processing/combined analysis of
transcript and TCRA /TRB sequencing libraries.
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Fig. 6 The number of cells with the same TCR ordered from the most to the least abundant receptor per
sample

5. When having more than 25 million of cells, consider to run a
second separation tube instead of increasing the volume of the
tube. This will result in better purities of enriched fractions. For
more than one separation, use a quick rinse in between samples
when they are of the same origin, and rinse if you want to
separate a sample of a different origin.
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Fig. 7 Expression of CD3d (ENSG00000167286) projected on cells placed with #-SNE (a) and UMAP (b)

6.

10.

11.

12.

Only filter if clumps of cells are visible by eye to minimize cell
loss due to filtration of cell suspensions. Prewet the filter using
AutoMacs running buffer before adding the cell suspension,
and rinse the tube afterward. The nylon mesh (pore) size of the
cell strainer is 35 pm.

. Purity evaluation is done by adding 30 pL 1x PBS to 20 pL of

cell suspension and staining using 2 pL of BV510-labelled
antihuman CD3 for 15 min at room temperature. Following
awash (900 x gfor 5 min), the supernatant is discarded, pellet
resuspended, and the sample measured on the BD FACSCanto
I1. The proportion of T cells within the live gate represents the
purity of the cell sample. Purities over 95% give the best results
as most of the cells represent the cells of interest, i.e., T cells.

. One dispense uses ~73 psi (5 bar). Replace earlier if more

experiments are planned.

Be aware that 35 psi (2.4 bar) should be the very max. Pressure
above 35 psi (2.4 bar) will blow the overpressure valve and
cause a Helium leakage.

The fluorescence light source requires a warming up period of
~5 min. After switching it on, wait at least 5 min before switch-
ing it off.

Do not vortex or centrifuge the cells. Only use 200 pL and
1000 pL pipets.

The manual advises to make a 1 cell /50 nL solution; however,
in practice cell counts are usually overestimated; therefore, we
make a 2 cell /50 nL solution. After the blank chip, the solution
will be diluted based on the Poisson information. Prepare
enough volume for the blank and printed chip; 100 pL is
required per source plate well. If there are <8 biological sam-
ples for the chip, for example four, prepare at least 300 pL cell
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Fig. 8 TCR V(D)J composition projected on cells placed with +SNE (a, ¢) and UMAP (b, d) for TRA (a, b) and
TRB (c, d)

suspension per sample (100 pL for the blank chip and 200 pL
for the barcoded chip). The blank chip can be re-used. Keep
the unused wells in the source plate empty. After dispense the
wells in the chip that, corresponding to the empty wells from
the source plate, will stay clean for the next blank dispense.

13. When prompted for “Run CellSelect with images from: C:\
Wafergen\WafergenData For Chip: <Chip ID>?”, click
NO. After imaging keep the blank chip. It might contain
some empty sample positions, or use as balance chip during
centrifugation. Store printed chip at —80 °C; this step can also
be performed with non-pre-chilled holders.
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A Poisson value of 0.8—-1.0 means that most wells are filled with
a single cell. If the Poisson value on the blank chip is within the
0.1-3.0 range, adjust the cell concentration to 0.8 before
dispensing on a printed chip. If the Poisson value is outside
the 0.1-3.0 range, adjust cell concentration, and perform new
blank chip dispense.

Before starting the analysis, make a copy of the data folder
containing the images:

From: C:\Wafergen\WafergenData\ < Chip ID>

To:

16.

17.

18.

19.

C:\Users\ICELL8\Desktop\Analyzed Images\ < Chip ID>

A maximum of 1728 wells can be selected for further
dispense. The downselect function is generally not required.

Overview of “States” that might contain wells to include or
exclude wells for dispense:

— Cluster (+LowConfidence): might contain some
cells to include

— Good: might contain some cells to exclude (empty
or duplicate)

— HasDeadCells (+LowConfidence): might contain
many cells to include
(Cellsare sometimes incorrectlymarked as “dead”
due to false detection of well center; dead cells
couldbe included for analysisaswell.)

— Inconclusive: not likely to contain cells to
include

— LowConfidence: might contain some cells to
include

— MultipleCells (+LowConfidence): not likely to
containcells to include

— NoCells (+LowConfidence): not likely to contain
cells to include

— TooManyCells: not likely to contain cells to
include

Additional selection (steps 19-23 in the manufacturer’s
instructions) is generally not required.

An additional volume of 3-10% was observed in our experi-
ments; there are no indications that this affects cDNA quality.
Proceed with steps in Subheadings 3.4 and 3.5 (cDNA cleanup
and cDNA QC validation).

Instead of the Quant-iT™ High-Sensitivity dsDNA Assay Kit,
the Denovix instrument (https://www.denovix.com/) is also
able to quantify the undiluted purified ¢cDNA product. Use


https://www.denovix.com/
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

1 pL to load onto the Denovix instrument. This concentration is
overestimated because of optical impurities. To compensate for
this effect, the concentration outcome must be divided by 2.

It the Denovix was used to normalize the purified cDNA
product to 2 ng/pL, then the final concentration must be
determined by using the results of the Agilent 2100 BioAna-
lyzer high-sensitivity DNA chip: set the region table to mea-
sure between 400 and 6000 bp, and obtain the yield in pg/pL.

If the concentration of the cDNA is <500 pg/pL, add more
volume of cDNA and less volume of the nuclease-free water.

The index is present in the TCRa and the TCRb human primer
2 reverse primers. When preparing more than one chip, use
TCRa and TCRb primers with different indices to enable
pooled sequencing.

Alternatively, the libraries can be quantified by qPCR using the
NGS Library Quantification Kit (Takara Bio, Cat
No. 638324). Please refer to the corresponding user manuals
for detailed instructions.

Following validation, the TCR library is ready for sequencing
on the Illumina platforms. It is advised to determine the final
molarity of the library by sequencing a small amount of the
library first to adjust the sample molarity and perform addi-
tional sequencing to the required amount.

Do not use the I5 index primer supplied with the Nextera XT
Index Kit.

In the second purification of the manufacturer’s instructions,
“50 pL of eluate” is listed. This volume is incomplete as it
contains 75 pL (25 pLL AMPure XP beads and 50 pL eluate
from the first purification). We have used the full eluate volume
from the second purification and adjusted the volumes in the
third purification: from 10 pL of AMPure XP beads added to
~50 pL eluate to 15 pLL of AMPure XP beads added to ~75 pL
cluate.

Alternatively, the libraries can be quantified by qPCR using the
NGS Library Quantification Kit (Takara Bio, Cat
No. 638324). Please refer to the corresponding user manuals
for detailed instructions.

Following validation, the 5’ DE library is ready for sequencing
on Illumina platforms. Determine final molarity by sequencing
a small amount of the library first. Then normalize the sample
molarity and perform further sequencing.

Preferred index combinations can be found in the sequencing
manuals of your sequencing provider.



30.

31.

32.
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In the case of dual index sequencing, the second index read will
be TCTTTCCC, which is part of the NexteraXT adaptor
sequence. This sequence is not an actual index as the TCR
and 5'DE sequencing libraries are single-indexed libraries.

The advised amount of the TCR reads is based on our previ-
ously published experiments [21], where 5 M clusters yielded
71% of the single a TCR signature. Increasing the yield will
likely increase the percentage of TCR alpha and beta clono-
types but will also increase cost per sample. The advised
amount of 50 M cluster for the 5" DE sequencing libraries is
based on a minimal amount of 50 k clusters per cell multiplied
with 1000 single cells, which is a usual number of cells that can
be obtained from a Takara TCR and 5" DE chip.

In the unfortunate event that a flow cell yielded an insufficient
number of clusters, less than 5 M for a typical experiment, the
data files of multiple flow cells can be merged. First, make a
new directory to hold the output file, and use the following
commands to merge the data over multiple flow cells:

zcat \
{fc_1}/{x}_S{y}_LO001_R{z}_001l.fastqg.gz \ {fc_n}/{x}_S{y}
_L001_R{z}_001l.fastqg.gz | \ gzip -c¢ > {dir}/{x}_R{z}.fastqg.gz

33.

34.

Please note that neither samples nor reads 1 and 2 should
be merged together, and the order of the flow cells remains the
same while merging reads 1 and 2. The sample number is
variable between flow cells and should not be taken into
account while merging.

At least two dimensions need to be selected, otherwise the
subsequent UMAP will fail. For the visualization, a slightly
larger number of dimensions will introduce some noise in the
figure, but only in extreme cases will it change the overall
topology. Choosing too few dimensions with which to con-
tinue will result in a loss of variation which is likely biologically
significant. For these reasons, often times a few more dimen-
sions are chosen than the absolute minimum based on the PCA
and Jackstraw analyses. If the PCA and Jackstraw analyses are
not in accordance, choose the largest number of dimensions.

The exact placement of the cells on the plane is arbitrary and
uses random number generation. To make the results more
reproducible, the seed of the random number generator can be
set using the command set.seed. For example, executing set.
seed(42) sets the seed of the random number generator to 42.
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35. TCR sequences are considered identical, when they are com-
posed of the same V, D, and J genes and have the same CDR3
sequence. As cells should not be counted twice, only the most
highly abundant sequence for either TRA or TRB is taken into

account.
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Abstract

The development of high-throughput sequencing of adaptive immune receptor repertoires (AIRR-seq of
IG and TR rearrangements) has provided a new frontier for in-depth analysis of the immune system. The
last decade has witnessed an explosion in protocols, experimental methodologies, and computational tools.
In this chapter, we discuss the major considerations in planning a successful AIRR-seq experiment together
with basic strategies for controlling and evaluating the outcome of the experiment. Members of the AIRR
Community have authored several chapters in this edition, which cover step-by-step instructions to
successfully conduct, analyze, and share an AIRR-seq project.

Key words AIRR-seq, Immunoglobulin, Antibody, T-cell receptor, Immune repertoire, V(D)]J
recombination, Next-generation sequencing

1 Introduction

Next-generation sequencing of adaptive immune receptor reper-
toires (AIRR-seq of immunoglobulin, IG and T-cell receptor, TR
rearrangements) has provided a new frontier for in-depth analysis of
the immune system. The Adaptive Immune Receptor Repertoire
(AIRR) Community was founded with the goal of developing
standards for AIRR-seq studies to enable analysis and sharing of
AIRR-seq data. In this book, members of the AIRR Community
and colleagues have contributed sample methods for immune rep-
ertoire profiling studies. These AIRR Community chapters cover
experimental (wet lab) and computational (dry lab) methods and
encompass all of the many facets of the AIRR Community. While
much of our focus in these chapters is on how to adequately
control, standardize, annotate, and share data, we found it
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impossible to discuss these attributes of AIRR-seq data without also
describing the types of data sets that are generated and then inte-
grating those descriptions with data analysis for commonly encoun-
tered use cases. In the companion AIRR Community data analysis
chapters, information is provided about study design, data analysis,
data use, and the AIRR data commons and how data can be reused
and shared. In this chapter we describe how to plan and perform
AIRR-seq experiments.

2 Planning the Experiment

Understanding the dynamics, selection, and pathology of immune
responses has been aided greatly aided in recent years by next-
generation sequencing (NGS)-based approaches to studying the
adaptive immune receptor repertoire (AIRR) [1-3]. The AIRR
Community is focused on the standardization, sharing, and re-use
of these repertoire data [4]. The AIRR is the collection of distinct
B-cell and T-cell clones (cells that are derived from a common
progenitor cell) that are found in an individual. Each clone is
associated with a distinct antigen receptor, which is a B-cell receptor
(BCR or IG) or a TR. The DNA sequences that encode IG or TR
are very diverse. This diversity is achieved through the recombina-
tion of variable (V), diversity (D), and joining (J) gene segments
[5, 6]. Moreover, somatic hypermutation (SHM) provides further
diversification of IG repertoires through DNA mutation [7, 8]. In
addition to facilitating the sampling of diverse and complex
immune repertoires, AIRR-seq has opened the door for systematic
analysis and comparison of immune responses across different indi-
viduals and disease conditions [9-12]. The immune repertoire is
dynamic and changes in its composition and diversity with age
[13, 14], in different anatomic sites [ 15] and under diverse condi-
tions such as malignancy, autoimmunity, immunodeficiency, infec-
tion, or vaccination [9, 13, 16-21]. In addition to comparing
different individuals, AIRR-seq is also a powerful method for study-
ing the evolution of immune responses or tracking specific B- or
T-cell populations over time within individuals [22]. For example,
clonal expansions can be identified, quantified, and monitored
[23]. AIRR-seq studies not only enhance our ability to understand
how to diagnose and monitor diseases but also can inform thera-
peutic approaches [12, 24-31].

When designing a study that leverages AIRR-seq data, there are
several considerations including the subjects, sample types, manner
in which the samples are processed, timeline and other considera-
tions. The types of samples, their numbers, and budget often drive
the types of questions that can be asked and answered using AIRR-
seq. Once a suitable question has been defined and appropriate
samples have been identified, the next major branch point in the
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decision-making process involves the selection of AIRR-seq meth-
ods. In this section, we provide a brief overview of the most
important considerations when selecting one or more AIRR-seq
methods for a research study or clinical evaluation.

This chapter focuses on samples from humans, but of course sam-
ples from other vertebrates or synthetic libraries (such as phage
display [32]) are possible. If one is planning an experiment with
nonhuman or synthetic samples, it is worth considering whether
there are established protocols (such as PCR primer sets) and
analysis pipelines (to include adequate libraries of validated germ-
line gene sequences for animal species that are not frequently
studied) for downstream analysis. With respect to samples derived
from humans, there are several considerations [4, 33 ]. First, are the
samples coming from individuals who have been consented for a
research study? If not, one should check with the local institutional
review board (IRB) or other regulatory body and/or with the
investigator who supplies the samples for guidance on whether
samples can be studied or if additional regulatory approvals may
be required for full analysis and /or sharing of the data. Second, the
study design will be impacted by the availability of samples from
individuals in different comparison groups or on the availability of
samples that are collected over time from the same individuals.
Depending on the research question, resources, and time horizon
for the project, study participants may be recruited who have a
particular disease (in which case the phase of the disease and prior
or current therapies may be important). If studying immune
responses, longitudinal collections from the same individual at
multiple time points and synchronization of those time points
across the study cohort may be important to study changes in
clonal abundance or, in the case of B cells, the level of SHM within
clonal lineages. Demographic characteristics of the individuals in
the group under study (including but not limited to age, geograph-
ical origin and sex, disease history) and the availability of one or
more appropriately matched control groups are additional consid-
erations. For TR-based sequencing, it is also useful to consider the
HLA type, as HLA can have a major impact on TRBV gene usage
[34]. Finally, if published data are going to be used for comparison,
compatibility of the assay platforms and sample types is important.

Studies on humans are often limited by sample availability. The
most commonly used sample is peripheral blood, which serves as
starting material for a range of different sample types including
whole blood (drawn into a tube with an anticoagulant such as
EDTA), peripheral blood mononuclear cells (PBMCs, which are
typically isolated by centrifugation over a Ficoll gradient), or plasma
(the liquid portion of anticoagulated whole blood, which is typi-
cally prepared by centrifugation and stored in aliquots frozen for
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isolation of cell-free DNA). Samples from other body fluids such as
cerebrospinal fluid or bronchoalveolar lavage may also provide
important insights if sampled in certain disease states. Tissue sam-
ples can be obtained from fine-needle aspirations (where sample
quantities may be very limited, particularly if the same samples are
being used for both clinical and research purposes) or from biop-
sies, where larger amounts of tissue can be sampled. In the case of
the bone marrow, the aspirate is typically used for the evaluation of
clonally expanded populations. In some cases, it is possible to
obtain multiple tissues (surveillance biopsies for transplant rejec-
tion or bone marrow samples) as well as peripheral blood from the
same individual over time. Finally, different tissues can be accessed
from the same individual in organ donors or living individuals, as
has been described for studies of human tissue-based immunity
[35] and in certain disease states, such as type 1 diabetes, lupus,
or rheumatoid arthritis [36—43]. From most of these samples,
either total cells or isolated cell subsets (obtained after cell sorting
using flow cytometry or magnetic bead-based methods) can be
analyzed. The sample size and purity of the cell population of
interest are important to consider when designing the experiment
and interpreting the results.

How samples are processed is a critical consideration for the
design of AIRR-seq experiments. Bulk sequencing methods can use
samples that are formalin-fixed, lysed, or non-viably cryopreserved.
Fixation significantly reduces the quality of the input nucleic acid
and may require larger amounts of input DNA or RNA as well as
protocols that use shorter amplicons (such as primers that are
positioned in FR3 instead of FR1). The longer a sample sits in a
fixative or is stored as a formalin-fixed paraffin-embedded (FFPE)
tissue section, the poorer the template quality becomes. If it is
possible to obtain snap frozen tissues that are not fixed, this is
preferable. For certain cell types, such as diffuse large B-cell lym-
phoma, using tissue sections may provide a higher yield of cells of
interest than single-cell suspensions [44]. For single-cell-based
methods, viable cells are essential and typically consist of either
freshly isolated cells or cryopreserved cells. In the case of cryopre-
served cells, one needs to consider whether the method of initial
sample preparation has influenced the recovery or phenotype of the
cell population of interest.

Cell sorting or enrichment with magnetic beads can be used to
selectively recover larger numbers of cells of interest, as, for exam-
ple, with antigen-specific T cells identified by multimer staining,
but these methods can also result in significant loss of sample.
Sorting time should be kept to a minimum for plate-based single-
cell methods, as cell viability decreases rapidly in the plate; ideally,
the time from the addition of a life /dead staining solution to the
end of the sort should not exceed 30 min. If longer sorting times
are necessary, as is often the case for rare cells, cells can be sorted
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into PCR strips instead. For droplet sequencing-based single-cell
methods, batches of 1000-20,000 cells are usually collected in
PCR tubes that need to be coated to ensure complete recovery of
the cells for further processing.

There are two complementary approaches to analyze the AIRR by
sequencing that are usually driven by the number of cells available
and the research question. On the one hand, bulk AIRR-seq meth-
ods allow systematic and global analysis of TR and IG repertoires
from as few as 1000 cells to hundreds of thousands of cells or more.
Bulk methods provide information about the TR (usually alpha +
beta) or I1G (heavy + light) rearrangements, although the pairing
information is lost during the cell lysis step. On the other hand,
single-cell AIRR-seq offers the possibility to reconstruct paired
chain information for each TR or IG. However, most single-cell
methods use lower cell input numbers (usually <20,000 cells, due
to constraints in costs associated with kits and sequencing). Hence
single-cell approaches, when used on bulk populations, generally
tend to be focused on specific cell subsets or antigen-enriched cells
to ensure sufficient sampling of the population of interest. In some
cases, for example, when multiple samples with different amounts
of cell inputs are available from the same individual, it may be
preferable to use a tiered approach. For example, one might rely
on bulk sequencing to get a view of the overall clonal landscape and
then leverage single-cell sequencing to gain detailed insights into
the association of specific clones (with paired chain information)
and cell phenotypes (either through flow cytometry or by single-
cell RNA-seq). The single-cell approach is discussed in detail in the
AIRR Community chapter (Chapter 20)

Bulk AIRR-seq can be performed on libraries that have been gen-
erated from either genomic DNA (gDNA) or RNA. gDNA-based
methods are exclusively based on multiplex PCR approaches, where
primers targeting the different V genes (or leader regions) and J
genes are combined in the same reaction. Advantages of
DNA-based sequencing are the stability of the template and its
parsimonious nature (one template per cell), which allows for stud-
ies in which large numbers of cells are studied at modest cost.
Disadvantages include the potential for primer bias, as PCR primers
are usually positioned in the V gene and J gene (due to constraints
on sequence length) and the potential loss of amplification in
heavily mutated 1G sequences. The bulk DNA approach is dis-
cussed in the ATRR Community chapter (Chapter 18).

Messenger RNA-based methods can be based on multiplex
PCR (with either V and ] primer combinations or V and constant
region (C) primer combinations), or they can use rapid amplifica-
tion of cDNA Ends (RACE)-PCR. Advantages of RNA-based
sequencing are (1) more “shots on goal” with RNA than DNA
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(with individual B /T cells harboring multiple RNA copies vs. only a
single DNA copy), allowing for higher yield of amplicons when
there are low cell numbers; (2) reduced PCR bias with primers that
are in the constant region, (3) the incorporation of unique molec-
ular identifiers (UMI) at the cDNA synthesis step (allowing for the
generation of high-fidelity consensus sequences); and (4) the ability
to generate data on the constant region usage for isotyping. Dis-
advantages of RNA-based sequencing methods include greater cost
associated with the higher sequencing depths that are required
(particularly if UMIs are used) and biases introduced by differences
in transcript abundance in different cell types (if mixed rather than
sorted populations are used for input). In the AIRR Community
chapter (Chapter 19), we focus on the mRNA-based approach to
AIRR-seq.

Several commercial kits are now available to generate AIRR-seq
data. Currently available commercial kits include gDNA-based
methods (e.g., Adaptive Biotechnologies, iRepertoire) as well as
mRNA-based methods (e.g., Illumina, Takara Bio, iRepertoire,
MiLaboratory). Advantages of commercial-grade AIRR-seq assays
are that kit reagents are produced following standards and rigorous
quality controls such as qualifying primers, controlling for contam-
ination, and verifying yield and amplification standards. Some ven-
dors obtain certification in meeting rigorous quality standards in
their laboratories that manufacture reagents, such as those set forth
by the International Organization for Standardization (e.g., ISO
9001). In addition, service providers such as Adaptive Biotechnol-
ogies and iRepertoire offer large data sets for comparison and a
series of user-friendly data analysis tools. Some disadvantages of
commercial methods are that kits are expensive and sometimes
these assays are not easily adapted to specific experimental needs.
On the other hand, with homebrew assays, there is considerable
variation in assay linearity and reproducibility (e.g., see ref. 45), and
it can take months or even years to set up robust, well-validated
assays that are then also not easy to adjust. The use of commercially
available kits for in-house experiments can be a compromise to
ensure reliability of the reagents and protocol customization.

Single-cell AIRR-seq (scAIRR-seq), as any other single-cell
sequencing technology, relies on partitioning each cell. In early
protocols, cells were index sorted into plates, and multiplex PCR
was used to amplify both chains of immune receptors of a cell
concomitantly [46, 47]. The emergence of single-cell RNA-seq
(scRNA-seq) has provided another tool for AIRR-seq. Many pro-
tocols to recover and sequence mRNA from single cells have been
developed and differ in their approaches for cell capture, cDNA
synthesis (full-length or tag-based) and amplification (only PCR or
PCR following reverse transcription), and library preparation steps
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[48]. Probably the most frequently used current commercial pro-
tocol for sequencing small cell numbers leverages the scSMARTer
technology. With this approach, paired IG/TR information
became accessible by combining full-length scRNA-seq amplifica-
tion approaches with the development of the de novo assembly-
based bioinformatics tools (TraCer, scTCR Seq, TRAPes, VD]
Puzzle) [49-52]. Unfortunately, these approaches remain compu-
tationally intensive, relatively costly, and are constrained with
respect to cell throughput. More recently, bead-based emulsion
methods have been developed for higher-throughput single-cell
sequencing, allowing access to repertoires of tens of thousands of
cells [53]. The formation of droplets in an oil-water emulsion using
microfluidics allows single-cell encapsulation, barcoding, and the
production of ¢cDNA from each cell and culminates in parallel
sequencing of the transcriptomes of thousands of cells
[54]. These approaches have been adapted to sequence both TR
or IG chains in parallel [55] and are available commerecially, via the
10x Genomics platform (Chromium 10x), thereby allowing the
processing of samples of 5 x 10% to 1.5 x 10* cells. In addition to
paired immune receptor data, it is also possible to obtain scRNA-
seq data. Similar approaches are also commercially available includ-
ing the BD Rhapsody VD] CDR3 protocol, which relies on cell
compartmentation by microwells and allows processing of 1 x 10°
to 4 x 10* cells, and the Takara Bio ICELLS Single-Cell System,
which can process ~1 x 10? cells. Recent progress on the through-
put of single-cell sorting has been described with CelliGO, which
combines cell encapsulation in droplets through microfluidics [56],
but sequencing costs are still limiting the widespread adoption of
these approaches.

Finally, cost may influence the choice of a particular protocol. There
are many factors that contribute to the cost of AIRR-seq data
generation. For example, the number of samples, the cost of
sequencing, the sequencing depth, and the number of cells ana-
lyzed per sample are all important considerations. Furthermore, the
choice between service providers, commercial kits, and “home-
brew” methods will influence costs. In general, gDNA analysis is
the most cost-effective method, because it usually requires the
lowest-sequencing depth with the largest representation of cells
per sample, whereas single-cell analysis is on the opposite end of
the spectrum, with bulk cDNA sequencing in the middle [45].

The correct choice of method for a given experimental question is
crucial and has to be carefully evaluated. The companion AIRR
Community method chapters concern (1) “Bulk gDNA Sequenc-
ing of Antibody Heavy-Chain Gene Rearrangements for Detection
and Analysis of B-Cell Clone Distribution” (Chapter 18), (2) “Bulk
Sequencing from mRNA with UMI for Evaluation of B-Cell
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Table 1
Overview of highlighted use cases in associated chapters

Highlighted use case Major steps

Bulk gDNA Sequencing of Antibody Heavy Chain Gene Rearrangements for Detection and Analysis of
B-Cell Clone Distribution; a method by the AIRR Community

Analysis of the clonal landscape in different samples Bulk gDNA
from the same individual FRI1 + JH primers (BIOMED2 adapted)
2 x 300 bp reads
Multiple replicates per sample

Bulk Sequencing from mRNA with UMI for Evaluation of B-Cell Isotype and Clonal Evolution;
a method by the AIRR Community

Evaluation of an antibody response to viral Antigen-enriched cells
infection with clonal evolution Bulk RNA (SMARTer Kit)
UMI at cDNA synthesis step
Amplification of isotypes

Single-Cell Analysis and Tracking of Antigen-Specific T Cells: Integrating Paired-Chain AIRR-Seq and
Transcriptome Sequencing; a method by the AIRR Community

Part A Bulk memory CD8+ T cells
Single-cell-paired TCR chain and/or mRNA Feature barcode and sample hashtagging possible

sequencing of memory and/or whole CD8+ T  Template amplification and size fractionation

cells from COVID-19 patients Paired TCR chain data

Single-cell RNA-seq data, feature barcode data

Part B T-cells (sorted from PBMCs) binding to antigen or
Sequencing of activated and /or SARS-CoV- with activation marker expressionIndex sort

2 antigen-specific CD8+ T-cell populations to possible

map to whole repertoires Single-cell mRNA sequencing (SMART-Seq)

Paired TCR chain data
Single-cell RNA-seq data

Quality Control: Chain Pairing Precision and Monitoring of Cross-Sample Contamination; a method by
the AIRR Community

Chain pairing reference data and estimation of Isolation of memory B cells or CD8+ T cells
within sample AIRR-seq reproducibility Establishment of replicate stimulation cultures
prior to single-cell sequencing

Isotype and Clonal Evolution” (Chapter 19), (3) “Single-Cell
Analysis and Tracking of Antigen-Specific T Cells: Integrating
Paired-Chain  AIRR-Seq and Transcriptome Sequencing”
(Chapter 20), and (4) “Quality Control: Chain Pairing Precision
and Monitoring of Cross-Sample Contamination” (Chapter 21).
These chapters illustrate four basic workflows for AIRR-seq, with a
tocus on IG for bulk sequencing, TR for single-cell sequencing, and
IG and TR replicate analyses for quality control. The four methods
are summarized in Table 1 and are discussed further below.
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In Chapter 18, we illustrate, using a homebrew method with
primer sequences adapted for NGS from the BIOMED2 immuno-
globulin heavy-chain (IGH) PCR assays [57], how to evaluate the
clonal landscape, including clone size distributions, clonal lineage
analysis, and tracking of clones in different samples from the same
individual. This method uses multiplex PCR and can be scaled to
very high cell inputs as described [15]. The method shown uses
long reads that are adequate for robust IGHV gene alignment and
SHM evaluation but can also be performed with shorter reads,
depending upon the sample type and DNA quality. In
Chapter 19, IGH rearrangements are amplified from bulk RNA
with UMIs incorporated at the cDNA synthesis step for the gener-
ation of high-fidelity consensus sequences using a commercial kit
from Takara Bio. This method can be used for low to moderate
throughput analysis of antigen-enriched cell populations, for eval-
uation of SHM, selection, and isotype usage. In Chapter 20, two
different but parallel workflows are used to analyze single cells,
both for paired TR transcripts as well as for their transcriptome,
using two commercial kits, one from Takara Bio and one from 10x
Genomics. Single-cell technologies can use a multiplex or RACE-
based amplification and can generate long high-quality reads that
can be mapped to individual cells but can also be based on AIRR
target enrichment. One kit allows for the analysis of small numbers
of antigen-enriched, index-sorted cells, useful in the case the cells of
interest are present at very low frequencies in the overall sample,
while the other kit allows for the analysis of larger cell numbers,
providing insights into the overall T-cell repertoire as well as into
other immune cell populations, if desired. The combination of
paired-chain information and RNA-seq data can provide insights
into the nature of the different T-cell populations that are found
among expanded clones in various disease settings. Furthermore,
through clonal overlap analysis, the data from the antigen-enriched
cells can be integrated with the larger data set to further character-
ize the populations with respect to antigen-binding. In Chapter 21,
two workflows are presented. The first is for the isolation of CD27+
memory B cells and their expansion in replicate cultures in vitro,
using a cell line that expresses CD40L and a cocktail of cytokines.
The second workflow is for the isolation of CD8+ T cells and their
expansion using CD3/CD28 and IL-2 stimulation. The genera-
tion of these expanded cell cultures provides a larger input of more
readily resampled cells that can be used as reference libraries for IG-
or TR-paired chain combinations, respectively, as well as providing
diverse libraries for the evaluation of within-sample reproducibility.
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3 Interpreting the Results

3.1 Overview

3.2 General QC
Considerations and
Gontrols

3.3 Clonal Recovery

Immune repertoire profiling experiments are affected by numerous
pre-analytical, experimental, and post-analytical variables.
Pre-analytical variables include the quality, quantity, and purity of
the target cell population(s) in the sample. Experimental variables
include the quality and length of the template for amplification,
contamination at the level of the sample or PCR, hybrid PCR
products, and PCR jackpots. The sequencing run can be affected
by the concentration of the library, which can influence the cluster-
ing density; there can be cross-clustering in the flow cell, poor
quality or short reads, and issues with controlling for sequencing
depth (reads per template). Many technical problems with experi-
ments can be evaluated during data analysis (please see the compan-
ion AIRR Community commentaries on “TR and IG Gene
Annotation”  (Chapter 16) and  “Repertoire  Analysis”
(Chapter 17), so here we will limit our comments to basic strategies
for controlling and evaluating the adequacy of the experiment on
the wet bench side.

For sample and amplification QC, spectroscopy, agarose gel elec-
trophoresis, or capillary electrophoresis can be used for the evalua-
tion of nucleic acid purity and size distribution. Standardized
samples that are put through the same workflow can be used to
compare the entire AIRR-seq procedure in one assay run to another
run, to help identify and control for batch effects. Bead purification
and/or further gel purification can be performed to remove primer
dimers, which can swamp sequencing runs and reduce the fraction
of informative reads. Capillary electropherograms (e.g., Bioanaly-
zer) can be used to evaluate library quality, while KAPA quantita-
tion and real-time PCR can be performed to quantify the library.
For the sequencing run, the clustering density is important
(as described in the individual protocol chapters). Another helpful
metric is the fraction of reads that have quality scores of 30 or
higher (projected sequencing error rates below 1 per 1000
nucleotides).

The quality and type of sample have significant effects on the
efficiency of amplification and clonal yield. FFPE tissue samples
yield ~10-fold fewer clones than the same tissue snap frozen with-
out fixation. Furthermore, the longer a tissue sits in FFPE, the
poorer the sample quality becomes. For FFPE samples, using larger
amounts of input DNA or RNA into the initial amplification can
improve clonal recovery, as can the use of primers that target
shorter amplicons (e.g., primers that flank the CDR3 sequence
such as FR3 and JH [58]). Another reason for low numbers of
clones is if the initial amplification uses primers that do not capture
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a high enough fraction of the rearrangements in the sample. With
RNA as the starting material, there is bias toward recovering more
templates from cells that are activated. Plasma cells, for example,
can produce ~100 times as much IG RNA as naive B cells [59]. Pri-
mers that amplify DNA are not subject to this problem, but can
have other issues, such as the potential for nonuniform amplifica-
tion of different templates. To correct for PCR bias, some assays use
internal calibrators [60, 61]. Amplification of IG rearrangements
has an additional challenge if these are highly somatically hypermu-
tated. One hint that this may be occurring is if there is an elevated
frequency of nonproductive rearrangements (from a bulk gDNA
amplification). Alternative approaches in this situation are to
amplify templates that are less prone to SHM such as the leader
region in the VH genes or focus on RNA-based sequencing with
primers that extend from the constant region [15]. Another
approach is to amplify alternative loci (such as light chains, which
have about half the level of SHM of heavy chains [62 ], RS (recom-
bining sequence also known as kappa deleting element) rearrange-
ments [63], or DJ rearrangements [58]).

For RNA-based protocols, the gene expression of each IG/TR
chains can vary significantly from one cell to another. Therefore,
it is challenging to predict how many cycles of PCR will amplify
sufficient material for downstream sequencing without overampli-
fication such that there are significant oft-target PCR products.
One approach is to focus on sorted cell populations to control for
the effects of different transcript levels. In addition, one can amplify
each chain of interest (e.g., IgH, IgK, Igl., etc.) separately, with
different library index combinations for each chain. This can allow
for separate optimization of cycling conditions for each chain, as
discussed in Chapter 19. It is also possible that the suggested
number of cycles will not generate enough material for downstream
sequencing. If there is insufficient material for sequencing, we
recommend increasing the number of cycles. Conversely, if the
library yield is too high, the number of cycles in the library PCR
amplification (e.g., PCR2 in Chapter 19) can be decreased.

The sensitivity of an AIRR-seq experiment can be determined by
titrating spike-ins, such as mixing cells with a known gene rear-
rangement into a diverse sample at different ratios, as described by
Barennes and colleagues [45]. The linearity of the titration also
reveals the range of clone concentrations where the method is
quantitative or semiquantitative. The threshold of detection of
the assay depends upon the biological question being asked, but if
rare clonotypes need to be detected (as is the case for detection of
minimal residual disease), then it is important to power the analysis
on clone sizes. This can be accomplished experimentally by running
multiple biological replicates (independent PCR amplifications) on
the same sample and determining the fraction of rearrangements



272 Anne Eugster et al.

3.6 Amplification
Bias

3.7 Contamination

that can be repeatedly sampled in two, three, four, or more repli-
cates, as described previously [15, 64]. Using within-sample clonal
overlap as a maximal estimate, one can then evaluate (with greater
rigor) the expected overlap between one sample and a different
sample [15]. If sensitivity falls below the level required, there are
several potential reasons for this including poor-quality sample, too
few cells (of the relevant type) in the sample, too small a sample, or a
clone size that is too small to be detected. The depth of sequencing
can also influence the detection of clones, particularly if one uses
rigorous cutoffs for clone size or requires a minimum number of
UMIs per clone.

As discussed in the amplification section in Chapter 18, DNA-based
amplification methods can exhibit bias in the form of preferential
amplification of certain genes over others. RNA-based amplifica-
tion methods can be biased by transcript abundance, which is
higher in certain cell types than others. To evaluate an AIRR-seq
experiment for amplification bias, one can use an alternative
method, such as flow cytometry with antibodies against known
TCR Vp chains, as a basis for comparison, as described in [45]. In
single-cell experiments, one can quantify the recovery of receptors
in different cell subsets using RNA-seq profiles to assign cells to
different subsets. In addition, spike-in controls and cell mixtures
with defined rearrangements can be used during protocol develop-
ment to quantify bias. Primers with conserved sequence tags can
also be used to evaluate bias, as described by Reddy and colleagues
[61]. Bias can also occur during the sequencing step. For example,
a higher depth of sequencing can result in greater coverage and the
detection of smaller clones. However, in samples with few clones, a
higher-depth sequencing can also create more sequencing errors
which, depending on the bioinformatic pipeline, can result in
skewed clone size or SHM profiles. If samples from different
sequencing runs are being compared, it is important to consider
potential batch effects due to differences in depth of sequencing,
clustering density, and sequence quality. To minimize problems
associated with batch effects, it is useful to include samples that
are being compared to each other in the same run, whenever this is
possible. One way to potentially control for (or at least recognize)
batch effects is to include an external reference sample (such as
pooled spleen or PBMCs) in each run.

During data analysis, one can check for contamination by comput-
ing clonal overlap between different samples in the same experi-
ment. Samples from the same individual will exhibit numerous
overlapping clones, depending upon the level of sampling, whereas
samples between individuals have far fewer overlapping clones.
Overlapping clones or identical CDR3 sequences between different
individuals cause concern for contamination if they have identical
nucleotide sequences and if there are multiple shared sequences
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(which is nearly impossible to achieve by chance, particularly for IG
sequences, [65]). Spurious clonal overlap between different indivi-
duals can arise through mixing of samples prior to nucleic acid
amplification, by erroneous assignment of sample barcodes, by
PCR contamination, by cross-clustering of samples in the same
flow cell, or some combination of these difficulties. Sample mixing
can occur during flow cytometry if the instrument is not rigorously
flushed between samples. Samples that are assigned the wrong
barcode will associate with the “wrong” individual, or if samples
come from different species, processing with the wrong pipeline
(including the wrong database for reference germline genes) will
result in sequences that have very low levels of sequence homology
to the (incorrect) germline genes. If this occurs, an IgBLAST [66]
search with a few sequences will quickly resolve to which species the
genes correspond. With PCR contamination, one may see spurious
amplification in the negative control samples (such as water or
fibroblast DNA). PCR contamination can also often result in
high-copy sequences that are shared by multiple subjects in the
same experiment. In contrast, with cross-clustering, there is often
a very-high-copy sequence and then a low number of copies of that
same sequence in an unrelated individual. There are several process
controls that can reduce the risk of contamination. First, there
should be physically separate areas for pre- and post-PCR work-
stations. Second, primers with different barcodes can be used for
diagnostic samples (where high-copy clones might be
present) vs. MRD samples. Unique dual indices can be used to
control for sequencing barcode crosstalk [67]. Third, when in
doubt and if more samples are available, repeat the experiment to
confirm the results.

Sometimes one obtains unexpected sequences due to technical
artifacts. Large clonal expansions can appear with PCR jackpots.
In the case of gDNA, independent PCR amplifications of the same
sample are sampling different gene rearrangements. If the same
expanded clone is present in both biological replicates, it is far
more likely to be due to a bona fide expansion instead of a PCR
jackpot. Another artifact is a hybrid PCR product. With hybrid
PCR products, templates with partial sequence homology can
cross-amplify [68]. Hybrid products will tend to share sequences
at either the 5’ or 3’ end and then exhibit a sharp boundary where
the templates crossed over into the other sequence. One way to
distinguish hybrid products from gene conversion events or
biological variants in V gene sequences or potential convergence
(with sharing of CDR3 sequences) is to amplify sequences with
TRBV or IGHV gene specific primers and see if the same products
can be recreated. In addition, using protocols with fewer PCR cycle
numbers can sometimes be helpful in reducing spurious amplifica-
tion products.
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3.9 Data Reporting

The AIRR Community has published a series of data and experi-
mental metadata sharing standards called MiAIRR [33]. The
MiAIRR data standards guide the publication, curation, and shar-
ing of AIRR-seq data and metadata and consist of six high-level
data sets for study and subject, sample collection, sample processing
and sequencing, raw sequences, processing of sequence data, and
processed AIRR sequences. All current data fields in the MiAIRR
standard can be accessed here: https: //docs.airr-community.org,/
en/stable /miairr /data_elements.html.

More details on how to annotate and report AIRR-seq data and
metadata are provided in the AIRR Community companion
method chapter “Data sharing and re-use” (Chapter 23).

4 Conclusion

In this chapter, we have given an overview of the considerations
needed to plan and execute a successful AIRR-seq experiment. We
have also broadly discussed basic strategies for controlling and
evaluating the adequacy of the experiment. Each topic touched
upon in this chapter is explored in depth in the corresponding
AIRR Community companion chapters.
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Abstract

High-throughput sequencing of adaptive immune receptor repertoires (AIRR, i.e., IG and TR) has
revolutionized the ability to carry out large-scale experiments to study the adaptive immune response.
Since the method was first introduced in 2009, AIRR sequencing (AIRR-Seq) has been applied to survey
the immune state of individuals, identify antigen-specific or immune-state-associated signatures of immune
responses, study the development of the antibody immune response, and guide the development of vaccines
and antibody therapies. Recent advancements in the technology include sequencing at the single-cell level
and in parallel with gene expression, which allows the introduction of multi-omics approaches to under-
stand in detail the adaptive immune response. Analyzing AIRR-seq data can prove challenging even with
high-quality sequencing, in part due to the many steps involved and the need to parameterize each step. In
this chapter, we outline key factors to consider when preprocessing raw AIRR-Seq data and annotating the
genetic origins of the rearranged receptors. We also highlight a number of common difficulties with
common AIRR-seq data processing and provide strategies to address them.

Key words AIRR-Seq, B-cell receptor, Germline database, Gene annotation, Preprocessing, Single-
cell sequencing, T-cell receptor

1 Introduction

Once an Adaptive Immune Receptor Repertoire sequencing
(AIRR-seq, please see the AIRR Community glossary at doi:
https: //doi.org/10.5281 /zenodo.5095381 for definitions of key
terms) experiment has been successfully designed and carried out
(see discussion in the Chap. 15, attention turns to analyzing the
data collected to produce biological insights. Many of the same
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Cell type/Receptor Methodology Molecule

Fig. 1 AIRR-seq decision points. The different ways an AIRR-seq experiment can be constructed. Each choice
has implications both for the experimental methodology and for the design of an appropriate analysis strategy

factors that influenced choices in experimental design will be
important in planning the computational approach as well. AIRR-
seq data to be analyzed may have been generated from genomic
DNA or mRNA, with or without unique molecular identifiers
(UMlIs), and in bulk or single-cell context, as described in the
Chap. 15. Each of these alternatives may require (or preclude) the
use of certain software tools and influence the interpretation of the
analysis. In addition, thought must be given to what computational
and storage resources will be necessary given the size of the dataset
and the intended analysis.

A clear first decision point in AIRR-seq data analysis is whether
1G or TR repertoires are being analyzed (Fig. 1). While many tools
such as MiXCR [1], IMGT [2], and others (Table 1) can handle
both types of data, some are specific to one or the other. In
addition, interest in specialized inquiries like phylogenetic analysis
of IGs or calculation of clonal dynamics may require additional
specific tools. In such a case, it may be useful to work within a
particular ecosystem like Immecantation (http://immcantation.
org), VDJServer [18], or SONAR [12], which provide several
tools for a thorough analysis from quality control to clonal analysis,
to facilitate smooth workflows.

The most critical set of considerations revolve around the
origins of the molecules that were actually loaded into the
sequencer (see Chap. 15). They may have been initially amplified
from genomic DNA or from mRNA; the former results in exactly


http://immcantation.org
http://immcantation.org
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Table 1
Software tools

Software Notes/description URL

Preprocessing

Change-O Data standardization, germline https://changeo.readthedocs.io/en/ [3]
reconstruction, and clonal stable /

assignment. Part of the
Immecantation suite

pRESTO Raw data processing. All https: //presto.readthedocs.io/en/  [4]
Immecantation suite tools are stable /
certified as compliant with AIRR
community software guidelines

TraCeR Extracts and reconstructs rearranged  https: //github.com /Teichlab/ [5]
TRs from short read RNA-seq data.  tracer/
Does not support AIRR data

representations

VD]JPipe High-performance raw data https: //bitbucket.org/vdjserver/ [6]
preprocessing vdj_pipe/src/master,/

Gene annotation

Cell ranger Proprietary software from 10x https://support.10xgenomics.com/
genomics for processing AIRR-seq single-cell-gene-expression/
and transcriptomic data generated software /pipelines /latest/what-is-

from the 10x chromium controller  cell-ranger/

Decombinator Analysis of TR sequences https: //github.com/innate2 [7]
adaptive /Decombinator/
IMGT /high  Free (with registration) access to http: //www.imgt.org/HighV- (8]
V-QUEST computational resources to run QUEST /login.action

IMGT /V-quest on up to
1,000,000 sequences at once

IMGT/V- Proprietary web tool for annotating  http: //www.imgt.org/IMGT_ [2]
QUEST IG and TR sequences vquest/vquest,/
IMSEQ Error-aware tool for high-throughput http: //www.imtools.org [9]

AIRR-seq data analysis. Does not
support AIRR data representations

IgBLAST BLAST-based identification of IG and https: //www.ncbi.nlm.nih.gov,/ [10]
TRV genes. Available as both aweb  igblast/
interface and a downloadable tool

MiXCR Universal tool for annotating and https: //mixcr.readthedocs.io/en/ [1]
analyzing AIRR-seq data master,/

Partis Hidden Markov model-based https: //github.com /psathyrella/ [11]
framework for annotating IG and partis/

TR sequences

(continued)


https://changeo.readthedocs.io/en/stable/
https://changeo.readthedocs.io/en/stable/
https://presto.readthedocs.io/en/stable/
https://presto.readthedocs.io/en/stable/
https://github.com/Teichlab/tracer/
https://github.com/Teichlab/tracer/
https://bitbucket.org/vdjserver/vdj_pipe/src/master/
https://bitbucket.org/vdjserver/vdj_pipe/src/master/
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Table 1
(continued)
Software Notes/description URL
SONAR BLAST-based with custom wrappers, https: //github.com/scharch/ [12]
for IG sequences only. SONAR is SONAR/
certified as compliant with AIRR
Community software guidelines
Vidjil Available as both a web interface and a http: //www.vidjil.org [13,14]

downloadable tool
Gene inference

TIgGER Identifies novel alleles based on the https: //tigger.readthedocs.io/en/ [15]
intercept of the linear fit. Part of the  stable/
Immecantation suite

Partis Identifies novel alleles based on the  https: //github.com /psathyrella/ [16]
intercept of the linear fit. Part of the  partis/
Immcantation suite

IgDiscover Identifies alleles present by iterative  http: //docs.igdiscover.se /en/ [17]
clustering stable/

Preprocessing, annotation, and analysis envivonments

VD]JServer A free, scalable resource for https: //vdjserver.org [18]
performing immune repertoire
analysis and sharing data

ImmuneDB Database and analysis tool for large https: //immunedb.readthedocs.io/ [19]
amounts of AIRR-seq data en/latest/

one initial copy of each productive V(D)] rearrangement in a cell,
while the latter starts with several or many copies and may vary with
cell type and activation state. When amplifying mRNA, the initial
molecules may also be labeled with UMIs, which enable the correc-
tion of errors introduced by PCR and /or sequencing by identifying
reads that are derived from the same original molecule. Of note,
while the usage of UMIs enables experimental error correction,
their usage necessitates a considerably larger sequencing depth
due to consensus read building (for a more nuanced discussion,
see, e.g.,[20,21]). UMIs may also be used when sequencing DNA,
but that is currently less common in practice. UMIs can also be
used to improve quantification, by collapsing apparent expansions
due to differential amplification. Some specialized UMI protocols
may also require particular matched software tools to fully utilize
the advantages of those schemes [22]. Without UMIs, it is advis-
able to cluster highly similar reads to avoid overcounting, particu-
larly for IG sequences, where errors and somatic hypermutation
(SHM) are often indistinguishable.


https://github.com/scharch/SONAR/
https://github.com/scharch/SONAR/
http://www.vidjil.org
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https://vdjserver.org
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It is also important to think about how molecules from the full
repertoire get included into the pool to be amplified for sequenc-
ing. For mRNA-derived libraries, in particular, the efficiency of
cDNA generation can be a significant bottleneck and may vary
depending on the enzymes and protocol used in the reverse tran-
scription (RT) reaction [23, 24 ]. The efficiency of the RT reaction
can lead to a bias toward abundant species in the repertoire and
concomitant dropout of rare ones. In addition, because of the
diversity of V and J genes and their surrounding genetic context,
many protocols use pools of primers to capture the full repertoire
[25]. However, these primers may have different efficiencies in
amplifying their respective targets, and some genes might be tar-
geted by more than one primer in a pool. Other protocols circum-
vent this problem by adding 5" anchors during reverse transcription
[26]. In addition, IGs with high SHM can lose their ability to bind
to an intended primer, resulting in the depletion of these sequences
from the measured repertoire.

Recently, several high-throughput technologies have become
popular for conducting AIRR-seq at single-cell resolution. These
provide the most accurate, direct measurements of repertoire sta-
tistics and allow more biologically accurate definitions of clones. To
do so, however, requires analysis tools that are capable of keeping
heavy/light, alpha/beta, or gamma/delta chain sequences linked.
The AIRR Community [27] (https://www.antibodysociety.org,/
the-airr-community/) is developing standardized representations
for “receptors” and “cells” to facilitate these analyses and ensure
data portability. In addition, single-cell IG and TR data can be
easily linked to transcriptomic and other measurements for more
comprehensive analyses.

The sequencing technology used must also be taken into
account. Illumina paired-end sequencing requires an additional
preprocessing step to reassemble the amplicon, and this may result
in a bias against longer sequences, with less overlap between the
two reads. Meanwhile, more error-prone long-read technologies
require extra attention to quality control.

This chapter aims to guide bioinformaticians through the first
steps in repertoire analysis, specifically the considerations and prep-
aration of raw data for subsequent repertoire analysis (se¢ Chap.
17). Firstly, this chapter provides in-depth information on the
materials necessary to conduct the analysis, including computa-
tional resources for data preparation, available software tools, and
germline database information (Fig. 2). The main portion of the
chapter then discusses the considerations on data preprocessing and
annotation of raw sequences with a reference germline database.


https://www.antibodysociety.org/the-airr-community/
https://www.antibodysociety.org/the-airr-community/

284 Lmar Babrak et al.

Raw NGS data
(Usually FASTQ)

Computer cluster  OR

.--- Computational considerations

Online tools
(i.e. VDJServer)

Productive/non-
productive
rearrangements

Read length

Remove errors —
related effects

Fig. 2 Process overview. Conceptual steps in designing an AIRR-seq analysis, proceeding from raw inputs to
annotated sequences for downstream analysis

2 Materials

2.1 Computing
Resources

AIRR-seq data are usually large and require specialized analysis
methods and software tools. A typical Illumina MiSeq sequencing
run generates 20—-30 million 2 x 300 bp paired-end sequence reads
which roughly corresponds to 15 GB of sequence data to be
processed. Other platforms like NextSeq, which is useful in projects
where the full V gene is not needed, creates about 400 million
2 x 150 bp paired-end reads. Because of the size of the datasets, the
analysis can be computationally expensive, particularly the early
analysis steps like preprocessing and gene annotation that process
the majority of the sequence data. A standard desktop PC may take
3-5 days of constant processing for a single MiSeq run, so dedi-
cated high-performance computational resources may be required.
The institution may provide a cluster with high-performance com-
puters for running analysis jobs. Commercial services like Amazon
Web Services or Google Cloud can provide access to compute
resources. However, this may come at added costs and could
carry with them privacy concerns. Alternatively, there are free com-
puting resources available. For AIRR-seq data, VD]Server provides
free access to high-performance computing at the Texas Advanced
Computing Center (TACC) through a graphical user interface



2.2 Software Tools

2.3 Germline
Databases
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[18]. VD]JServer has also parallelized execution for tools such as
IgBLAST, so more compute resources are utilized as the size of the
input data grows. Analysis that takes days on a desktop PC might
take only a few hours on VD]JServer. An example workflow is
provided in the AIRR Community Chap. 22 with instructions
about using VDJServer for immune repertoire analysis.

Many tools are available for the first steps in AIRR-seq analysis [28—
31]. Table 1 highlights several of the more commonly used pro-
grams. These are noted particularly because they support standar-
dized AIRR data representations and are mostly free and open
source, two key criteria among the AIRR software guidelines
(https: //docs.airr-community.org,/en/stable /swtools /airr_
swtools_standard.html). When deciding what are the right software
tools to analyze data, besides computational requirements and
expertise of the user, we recommend taking into consideration
whether these tools use the AIRR Community standards and are
AIRR-compliant. Tools that use the standard can easily be
incorporated into complex workflows with other tools that share
the same data format. Selecting AIRR-compliant software adds an
additional layer of transparency to the analysis, because the source
code is (1) available for inspection on a publicly available repository,
(2) uses a versioning system, (3) has been tested, and (4) is available
as a container (Docker, Singularity), among other quality require-
ments. The use of AIRR standards and of AIRR-compliant software
supports the transparency, reproducibility, and rigor of research
results.

IG and TR germline databases are a requirement for accurate
AIRR-seq analyses, regardless of the technique used (e.g., single
cell vs. bulk). These databases guide the assignment of sequences to
known and novel IG and TR genes /alleles, facilitating downstream
sequence annotation and the accurate assessment of various reper-
toire features (e.g., gene/allele usage, SHM, clonal assignment,
etc.; see AIRR Community Chaps. 18-20 for more detail). A
germline database should ideally contain the most comprehensive
and accurate set of possible IG/TR V, D, and ] genes and alleles
that best represent the genomic content of an organism. There are
various sources of reference germline databases available, and occa-
sionally a tool is limited by which database can be used for a
particular analysis. Thus, the use of a particular database, or a
combination of databases, may vary depending on the experimental
objectives, as well as the particular species in which the AIRR-seq
data has been generated. We therefore recommend investing effort
in obtaining as accurate a database as possible. Table 2 describes
currently available databases, focusing on those that are in active
development.


https://docs.airr-community.org/en/stable/swtools/airr_swtools_standard.html
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Table 2

Germline reference databases

Database

Open Germline
Receptor
Database
(OGRDB)

IMGT/GENE-
DB

10X Genomics
Germline
Reference
database

MiXCR built-in
reference

VD] Base

Description Website
Curated high-quality alleles inferred from https: //ogrdb.airr-community.  [32]
AIRR-seq data. Currently only human org
1G
IG and TR for a wide range of species http: //www.imgt.org/vquest/  [33]
refseqh.html
Human and mouse IG and TR, derived  https: //support.10xgenomics.
from Ensembl com/single-cell-vdj/
software /downloads /latest
Human and mouse IG and TR; rat TR https: //github.com/repseqio/  [1]
only, derived from Genbank library/
Genotype and haplotype data inferred https: //www.vdjbase.org [34]

from human AIRR-seq datasets.
Currently IG only, planned expansion
to other species and loci in 2021

IMGT [2] provides the most commonly used reference
genome databases, but even for species of substantial research
interest, these do not represent species diversity and can contain
sequences reported in error [35, 36]. For TR genes and for 1G
genes from nonhuman species, however, few or no satisfactory
alternatives exist. Ongoing initiatives seek to remedy this by con-
tinuously improving germline databases across species. Several pro-
grams are available to infer personalized databases from AIRR-seq
data for each experimental subject (Table 1). VDJbase (https://
www.vdjbase.org) is a resource that brings together AIRR-seq and
genomic information to study population diversity and identify
previously unreported alleles [34]. In 2019, the AIRR Community
established the IARC (Inferred Allele Review Committee) to eval-
uate, document, and name human IGH alleles inferred from AIRR-
seq data [37], and it is anticipated that this approach will be
extended to other species and loci over time: The IARC’s work is
supported and published by OGRDB (the Open Germline Recep-
tor Database, https: //ogrdb.airr-community.org), which provides
tull information regarding alleles, metadata on the repertoires from
which they originated, and ref. 32.
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3 Methods

3.1 Preprocessing

3.1.1 Filtering by
Sequence or by Clone

Preprocessing and gene annotation of AIRR-seq data takes as input
the sequencing files and returns a set of high-quality sequences for
which V, D, and J allele calls can be made and structural elements
can be identified. After further quality control filtering steps, a final
set of sequences is selected and can be used to carry out more
in-depth analyses (see Chap. 17). All steps should be carefully
documented to maintain data provenance and allow the analysis
to be reproduced; the AIRR Community has defined a set of
MiAIRR data processing fields to standardize the representation
of analysis steps [38]. Below, we outline the concepts involved in
each phase of analysis and then supply detailed protocols, applying
them to common use cases. We also provide further information on
reporting and sharing AIRR-seq data.

While there are several experimental technologies available for
AIRR-seq studies from different experimental setups, most
approaches typically produce the same raw data file format (.fastq)
and share the ultimate goal of obtaining a final set of reads of high
quality, particularly in the complementarity-determining region
3 (CDR3) region, representative of each B or T cell in the reper-
toire. The general steps that need to be performed include (1) fil-
tering reads (e.g., removing PhiX spike-ins, short reads, and reads
with a low Phred score or excessive ambiguous base calls), (2) iden-
tifying and removing primers and sequencing barcodes (if present),
(3) building consensus sequences (using UMI or cell barcodes, if
present), (4) merging mate pairs (if using a paired-end protocol),
(5) masking low-quality positions, (6) annotating with constant
(C) region (if present), and (7) collapsing duplicate sequences.
For some of these steps, some considerations and adjustments
need to be made depending on whether the data are from genomic
DNA or RNA, B cells or T cells; bulk or single cell, paired or
unpaired chains, and whether UMIs have been used (Fig. 1).

In the following we describe the important considerations to be
made when preprocessing AIRR-seq samples.

Current NGS methods introduce occasional base-call errors which
may not be detectable from the associated quality scores. A com-
mon approach to avoid incorporating these sequences in down-
stream analyses is to threshold data based on the frequency of reads.
This does not eliminate such errors but can reduce their influence
on gross metrics of the underlying immune repertoire. To remove
spurious sequences, a common approach taken, e.g., by MiXCR [1]
and SONAR [12], is to collapse identical or near-identical
sequences and drop those with fewer than a specified number of
reads (usually two or three). This approach is preferred where
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Related Effects

individual sequences may be of low quality, for instance, if sequenc-
ing depth is low. However, this approach to filtering can result in
nonuniform loss of data when libraries of different sequencing
depths are compared. Alternatively, instead of a preprocessing
step, all sequences passing quality control checks can be grouped
into clones using the regular workflows described in the AIRR
Community method Chaps. 18 and 19, and then clones that
include fewer than the specified number of unique sequences are
removed prior to downstream analysis. This may be appropriate for
high-quality sequences, such as with UMIs and sufficient sequenc-
ing depth for robust error correction. Without this correction,
errors in the CDR3 can lead to the inference of spurious clones.

Long paired-end reads provide useful information for reliable V
gene assignment as well as more comprehensive mapping of SHM
in the case of IG gene rearrangements [39]. As read length
increases, the quality of base calls degrades as sequences are gener-
ated, but paired-end sequencing allows for computational align-
ment of the overlapping regions. After alignment, sequencing
errors at the ends of the sequences can be reduced as the higher-
quality base call for each position that overlaps can be used. How-
ever, for longer sequences such as with RNA libraries capturing the
constant region, the read length on the sequencer may need to be
increased, reducing the overlapping portion of the 5" and 3’ reads,
resulting in a bias against sequences encoding longer CDR3. Fur-
ther complicating this issue, a common procedure is to trim the
ends of reads of low-quality stretches of base calls, such as with
generic tools like fastx-toolkit or pRESTO’s FilterSeq trimg-
ual [4]. This can in turn reduce the number of full-length high-
quality sequences. On the other hand, with RNA-based sequenc-
ing, UMIs can be incorporated at the cDNA synthesis step, and,
when coupled with very deep sequencing, these can be used for
error correction through the construction of consensus sequences
that share the same UMI. There is, however, a trade-off between
the sequencing depth required for adequate coverage of UMIs and
the number of independent sequences that can be sampled.

Long reads covering the entire variable region can also be
generated using alternative sequencing platforms, such as those
offered by DPacific Biosciences and Ion Torrent [31, 40-
43]. These offer the additional advantage of being able to capture
large enough parts of the C-region to be able to distinguish
between subtypes of IgG. However, lower throughput on these
platforms limits the depth of sampling that can be achieved.

Short reads are sometimes used to generate large quantities of
data on CDR3 sequences, as sequencing short reads can be done on
higher-throughput sequencers at lower cost. This strategy is partic-
ularly common for TR rearrangement analysis on gDNA using
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commercial platforms such as Adaptive. Short reads may be
required if the template is of low quality, as sometimes occurs in
formalin-fixed paratfin-embedded samples. Short reads can some-
times compromise TRBV gene assignments but are particularly
problematic for IGH gene rearrangements with SHM. Short
IGHYV gene sequences result in larger numbers of ambiguous V
gene assignments which can cause erroneous clustering of unre-
lated sequences into clones.

JDNA vs. mRNA templates. When using genomic DNA as
starting material, each cell contributes a fixed number of 1IG or
TR template, providing a parsimonious and cost-effective means
of profiling large numbers of cells. gDNA-based sequencing will
also capture far more nonproductive gene rearrangements than
mRNA-based sequencing. With RNA, nonproductive rearrange-
ments are subjected to nonsense-mediated degradation (although
some nonproductive rearrangements can be recovered). gDNA is
also more stable than RNA. On the other hand, RNA-based
sequencing is more sensitive, with more templates per cell. With
mRNA-based sequencing, cells contribute different numbers of
templates, based upon cell subset-specific differences in transcript
abundance. With mRNA-based libraries, cells can be grouped into
subsets using immunophenotyping or single-cell RNA-seq to con-
trol for these differences. In the case of IG data where primers can
be designed to capture the C-regions, each read can be annotated
with its isotype using, for example, pRESTO’s MaskPr imers rou-
tine. Further, unlike gDNA, it is straightforward to incorporate
unique molecular identifiers (UMIs) at the RNA to cDNA synthesis
step. Each UMI, which should be unique to original individual
cDNA templates, can be processed with pRESTO’s BuildCon-
sensus to generate consensus sequences which can nearly elimi-
nate sequencing error given sufficient sequencing depth
[44, 45]. MiXCR, SONAR, and other packages also offer similar
tools. The necessary depth might be difficult to achieve, though,
for instance, in cases of vastly different expression levels or with
samples of large size.

For each sample, the fraction of productive reavrangements can be
an informative metric. On average, it can be expected that approxi-
mately 80% of TRB rearrangements and approximately 85% of IGH
rearrangements sequenced from mature T or B cells will be produc-
tive [46]. Lower frequencies of productive rearrangements can be
observed in immature lymphocytes, where selection has not yet
been imposed on cells without productive rearrangements
[47]. Lower frequencies of productive rearrangements can also be
seen in sequencing libraries that are of poor quality. Nonproductive
sequences also can be used as a baseline estimator of gene usage
frequency in rearrangement [48, 49] and compared to productive
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sequences to investigate the effects of tolerance checkpoints on the
AIRR [50, 51]. With such comparisons, it may be useful to remove
clonal lineages that contain both productive and nonproductive
versions of the same rearrangement, as sequencing errors can
cause a sequence to appear nonproductive. Nonproductive rearran-
gements are sometimes also useful for identifying clonal expansions
in tumors, particularly if tumors harbor SHM that may interfere
with primer binding (the nonproductive rearrangements are usually
un-mutated). Nonproductive rearrangements can be found in lym-
phocytes that have undergone multiple rounds of V(D)J recombi-
nation, as can occur with receptor editing; the presence of more
than one rearrangement is particularly common with IG light
chains [52, 53]. Finally, it is important to computationally filter
nonproductive sequences for general analyses, if one is making
claims about selected repertoires.

After preprocessing AIRR sequences for good-quality and relevant
reads, sequences need to be accurately aligned and annotated to an
appropriate reference germline database. This process identifies
the V, D, and ] genes; CDRs; and framework regions (FWRs) for
each sequence in the repertoire. There are numerous annotation
tools for IG and TR sequences that are freely available to users,
including popular programs such as IgBLAST [10] and IMGT/
HighV-QUEST (Table 1) [8]. Depending on the tools, different
tool-specific algorithms (e.g., Smith-Waterman) assign the best
match among a set of genes in a user-defined reference germline
database. Accurate alignment is very important for subsequent
analyses such as the identification of SHM for IGs, clustering of
clonal groups, and determination of IG/TR diversity. Alignment
algorithms have been demonstrated to influence the outcome of V,
D, and ] gene assignments, even when identical input sequences,
tool parameters, and reference germline databases are chosen
[31]. Furthermore, differences in the length of alleles of genes in
databases may force algorithms to output an incorrect best match in
the gene annotation process. To complicate matters, some tools
provide alignments to multiple (often highly similar) genes and
leave it to users to choose which of the ambiguous calls is most
appropriate.

Schemes for IGs and TRs that number amino acid residues
facilitate sequence comparisons, protein structure modelling, and
engineering [ 54]. Although many schemes have been proposed and
different schemes are employed by different tools, only five schemes
are commonly used. Three are specifically for 1Gs: Kabat [55],
Chothia [56], and enhanced Chothia [57]. Two more can be
used for both IGs and TRs: IMGT [58] and AHo [59]. Conversion
tables and tools like ANARCI [60] can be used to translate between
schemes. CDR boundaries can differ substantially between ditfer-
ent numbering schemes: care is needed when comparing results
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from different studies [54]. In repertoire studies, the IMGT num-
bering scheme is widely used and supported, and its use is recom-
mended in the absence of other considerations.

One more barrier to direct comparison is the identification in
some studies and tools of the “junction” and in others of the
CDR3. In IMGT terminology, the junction includes the second
conserved cysteine of the V gene and the conserved tryptophan or
phenylalanine of the J gene, while the CDR3 omits these residues.
The AIRR Community data representation standard uses “junc-
tion”; however, it is not universally accepted [31].

Accurate annotation requires an accurate and comprehensive
germline database. As noted above, even the currently available
human database does not as yet meet this criterion [15, 61], and
databases for other species are often partial and based solely on the
analysis of a single animal [36, 62-65]. Fortunately, scientific need
has resulted in the determination of new germline gene sets
[36, 40, 66, 67], but these are not necessarily implemented by
public germline gene databases in a timely fashion. The impact of
missing or incorrect information in the database will depend upon
the nature of the analysis, but one overall point to note is that the
databases are updated frequently, and changes in the database can
impact results [31]. It is therefore important that an analysis is
conducted using a single, consistent, and up-to-date version of
the database and that the version (or download date) is recorded
for reproducibility. Germline databases are sometimes installed
automatically with annotation tools: where that is the case,
researchers should check if the installed version meets these
requirements, and update it if necessary.

In a repertoire from a single individual, although structural
variation and gene duplication give rise to frequent exceptions, we
would expect to see a maximum of two alleles of most germline
receptor genes: one from the paternal and one from the maternal
chromosome. When used with an extensive germline database,
annotation tools that are based on sequence similarity tend to call
a biologically implausible number of alleles in B-cell repertoires,
particularly in repertoires that are highly mutated, and will make a
large number of indeterminate calls, where the tool would be
unable to determine the likely germline allele unambiguously.
Tools are available that will improve allele calls by using probabilis-
tic methods to infer the individual’s “personalized” germline set:
such tools can also infer the presence of alleles in the individual that
were not listed in the annotation tool’s germline database [15-17,
68, 69]. While the use of a comprehensive germline database is
important in the first instance, the determination of a personalized
germline set and re-annotation with just that set is recommended
where allele assignment is important: for example, when clonal
inference is employed: personalization can also compensate to
some extent for deficiencies in the germline database.
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The decision of which annotation tool to use is also dependent
on the computer skill set of the user. IMGT /HIGHV-QUEST and
IgBLAST provide easy-to-use web platforms, suited for researchers
that prefer to access a graphic user interface. Other tools, such as
the stand-alone version of IgBLAST [10], MiXCR [1], and partis
[11], require additional computer expertise, because they need to
be installed and are used in the terminal. The advantage of such
tools is that they provide more flexibility and can be integrated in
automated workflows.

4 Conclusion

In this chapter, we present important considerations involved in the
first steps in the preparation of raw data after sequencing and guide
bioinformaticians in choosing the appropriate parameters for pre-
processing and annotation. These first steps are required for the
subsequent repertoire analysis, described in the Chap. 17, as
choices made in these first steps have serious implications for the
types of data analyses that can be performed and for the accuracy of
the results. After the completion of this chapter, the bioinformati-
cian is now ready to begin the in-depth analysis of repertoire
features specific to the question at hand.

Acknowledgments

References

1. Bolotin DA, Poslavsky S, Mitrophanov I,

The authors would like to thank Eline T. Luning Prak for the
constructive criticism of the manuscript.

4. Vander Heiden JA, Yaari G, Uduman M, Stern

Shugay M, Mamedov IZ, Putintseva EV et al
(2015) MiXCR: software for comprehensive
adaptive immunity profiling. Nat Methods 12:
380-381. https://doi.org/10.1038 /nmeth.
3364

. Giudicelli V, Brochet X, Lefranc M-P (2011)

IMGT/V-QUEST: IMGT standardized analy-
sis of the immunoglobulin (IG) and T cell
receptor (TR) nucleotide sequences. Cold
Spring Harb Protoc 2011:695-715. https://
doi.org,/10.1101 /pdb.prot5633

. Gupta NT, Vander Heiden JA, Uduman M,

Gadala-Maria D, Yaari G, Kleinstein SH
(2015) Change-O: a toolkit for analyzing
large-scale B cell immunoglobulin repertoire
sequencing  data.  Bioinformatics  31:
3356-3358. https://doi.org/10.1093 /bioin
formatics/btv359

JNH, O’Connor KC, Hafler DA et al (2014)
pRESTO: a toolkit for processing high-
throughput sequencing raw reads of lympho-
cyte receptor repertoires. Bioinformatics 30:
1930-1932. https://doi.org,/10.1093 /bioin
formatics/btul 38

. Stubbington MJT, Lonnberg T, Proserpio V,

Clare S, Speak AO, Dougan G et al (2016) T
cell fate and clonality inference from single-cell
transcriptomes. Nat Methods 13:329-332.
https://doi.org,/10.1038 /nmeth.3800

. Christley S, Levin MK, Toby IT, Fonner JM,

Monson NL, Rounds WH et al (2017)
VDJPipe: a pipelined tool for pre-processing
immune repertoire sequencing data. BMC Bio-
informatics 18:448. https://doi.org/10.
1186,/512859-017-1853-z


https://doi.org/10.1038/nmeth.3364
https://doi.org/10.1038/nmeth.3364
https://doi.org/10.1101/pdb.prot5633
https://doi.org/10.1101/pdb.prot5633
https://doi.org/10.1093/bioinformatics/btv359
https://doi.org/10.1093/bioinformatics/btv359
https://doi.org/10.1093/bioinformatics/btu138
https://doi.org/10.1093/bioinformatics/btu138
https://doi.org/10.1038/nmeth.3800
https://doi.org/10.1186/s12859-017-1853-z
https://doi.org/10.1186/s12859-017-1853-z

7.

10.

11.

12.

13.

14.

15.

Peacock T, Heather JM, Ronel T, Chain B
(2020) Decombinator V4 - an improved
AIRR-compliant software package for T cell
receptor sequence annotation. Bioinformatics
37(6):876-878. https://doi.org/10.1093/
bioinformatics,/btaa758

. Alamyar E, Duroux P, Lefranc M-P, Giudicelli

V (2012) IMGT® tools for the nucleotide
analysis of immunoglobulin (IG) and T cell
receptor (TR) V-(D)-]J repertoires, polymorph-
isms, and IG mutations: IMGT/V-QUEST
and IMGT/HighV-QUEST for NGS. In:
Christiansen FT, Tait BD (eds) Immunogenet-
ics. Humana DPress, Totowa, NJ, pp
569-604. https://doi.org/10.1007/978-1-
61779-842-9_32

. Kuchenbecker L, Nienen M, Hecht J, Neu-

mann AU, Babel N, Reinert K et al (2015)
IMSEQ—a fast and error aware approach to
immunogenetic sequence analysis. Bioinfor-
matics 31:2963-2971. https://doi.org/10.
1093 /bioinformatics /btv309

Ye J, Ma N, Madden TL, Ostell JM (2013)
IgBLAST: an immunoglobulin variable
domain sequence analysis tool. Nucleic Acids
Res 41:W34-W40. https: //doi.org,/10.1093 /
nar/gkt382

Ralph DK, Matsen FA (2016) Consistency of
VDJ rearrangement and substitution para-
meters enables accurate B cell receptor
sequence annotation. PLoS Comput Biol 12:
¢1004409. https://doi.org,/10.1371 /journal.
pcbi.1004409

Schramm CA, Sheng Z, Zhang Z, Mascola JR,
Kwong PD, Shapiro L (2016) SONAR: a high-
throughput pipeline for inferring antibody
ontogenies from longitudinal sequencing of B
cell transcripts. Front Immunol 7:372. https: //
doi.org,/10.3389 /fimmu.2016.00372

Giraud M, Salson M, Duez M, Villenet C,
Quief S, Caillault A et al (2014) Fast multi-
clonal clusterization of V(D)J recombinations
from high-throughput sequencing. BMC
Genomics 15:409. https: //doi.org/10.1186/
1471-2164-15-409

Duez M, Giraud M, Herbert R, Rocher T,
Salson M, Thonier F (2016) Vidjil: a web plat-
form for analysis of high-throughput repertoire
sequencing. PLoS One 11:¢0166126. https: //
doi.org,/10.1371 /journal.pone.0166126

Gadala-Maria D, Yaari G, Uduman M, Klein-
stein SH (2015) Automated analysis of high-
throughput B-cell sequencing data reveals a
high frequency of novel immunoglobulin V
gene segment alleles. Proc Natl Acad Sci U S
A 112:E862-E870. https://doi.org/10.
1073 /pnas.1417683112

Preparation of AIRR-Seq Data for Analysis

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

293

Ralph DK, Matsen FA (2019) Per-sample
immunoglobulin germline inference from B
cell receptor deep sequencing data. PLoS
Comput Biol 15:¢1007133. https://doi.org/
10.1371 /journal.pcbi.1007133

Corcoran MM, Phad GE, Bernat NV, Stahl-
Hennig C, Sumida N, Persson MAA et al
(2016) Production of individualized V gene
databases reveals high levels of immunoglobu-
lin genetic diversity. Nat Commun 7:13642.
https: //doi.org,/10.1038 /ncomms13642

Christley S, Scarborough W, Salinas E, Rounds
WH, Toby IT, Fonner JM etal (2018) VD]JSer-
ver: a cloud-based analysis portal and data com-
mons for immune repertoire sequences and
rearrangements. Front Immunol 9:976.
https://doi.org/10.3389 /fimmu.2018.
00976

Rosenfeld AM, Meng W, Luning Prak ET,
Hershberg U (2018) ImmuneDB, a novel
tool for the analysis, storage, and dissemination
of immune repertoire sequencing data. Front
Immunol 9:2107. https://doi.org,/10.3389/
fimmu.2018.02107

Barennes P, Quiniou V, Shugay M, Egorov ES,
Davydov AN, Chudakov DM et al (2021)
Benchmarking of T cell receptor repertoire
profiling methods reveals large systematic
biases. Nat Biotechnol 39:236-245. https://
doi.org,/10.1038/541587-020-0656-3

Greiff V, Miho E, Menzel U, Reddy ST (2015)
Bioinformatic and statistical analysis of adaptive
immune repertoires. Trends Immunol 36:
738-749. https://doi.org/10.1016/j.it.
2015.09.006

Khan TA, Friedensohn S, Gorter de Vries AR,
Straszewski J, Ruscheweyh H-J, Reddy ST
(2016) Accurate and predictive antibody reper-
toire profiling by molecular amplification fin-
gerprinting. Sci Adv 2:¢1501371. https://doi.
org/10.1126/sciadv.1501371

Schwaber J, Andersen S, Nielsen L (2019)
Shedding light: the importance of reverse tran-
scription efficiency standards in data interpreta-
tion. Biomol Detect Quantif 17:100077.
https://doi.org,/10.1016/j.bdq.2018.12.002

Zucha D, Androvic P, Kubista M, Valihrach L
(2020) Performance comparison of reverse
transcriptases  for single-cell studies. Clin
Chem 66:217-228. https://doi.org/10.
1373 /clinchem.2019.307835

van  Dongen  JJM, Langerak AW,
Briggemann M, Evans PAS, Hummel M, Lav-
ender FL et al (2003) Design and standardiza-
tion of PCR primers and protocols for
detection of clonal immunoglobulin and
T-cell receptor gene recombinations in suspect


https://doi.org/10.1093/bioinformatics/btaa758
https://doi.org/10.1093/bioinformatics/btaa758
https://doi.org/10.1007/978-1-61779-842-9_32
https://doi.org/10.1007/978-1-61779-842-9_32
https://doi.org/10.1093/bioinformatics/btv309
https://doi.org/10.1093/bioinformatics/btv309
https://doi.org/10.1093/nar/gkt382
https://doi.org/10.1093/nar/gkt382
https://doi.org/10.1371/journal.pcbi.1004409
https://doi.org/10.1371/journal.pcbi.1004409
https://doi.org/10.3389/fimmu.2016.00372
https://doi.org/10.3389/fimmu.2016.00372
https://doi.org/10.1186/1471-2164-15-409
https://doi.org/10.1186/1471-2164-15-409
https://doi.org/10.1371/journal.pone.0166126
https://doi.org/10.1371/journal.pone.0166126
https://doi.org/10.1073/pnas.1417683112
https://doi.org/10.1073/pnas.1417683112
https://doi.org/10.1371/journal.pcbi.1007133
https://doi.org/10.1371/journal.pcbi.1007133
https://doi.org/10.1038/ncomms13642
https://doi.org/10.3389/fimmu.2018.00976
https://doi.org/10.3389/fimmu.2018.00976
https://doi.org/10.3389/fimmu.2018.02107
https://doi.org/10.3389/fimmu.2018.02107
https://doi.org/10.1038/s41587-020-0656-3
https://doi.org/10.1038/s41587-020-0656-3
https://doi.org/10.1016/j.it.2015.09.006
https://doi.org/10.1016/j.it.2015.09.006
https://doi.org/10.1126/sciadv.1501371
https://doi.org/10.1126/sciadv.1501371
https://doi.org/10.1016/j.bdq.2018.12.002
https://doi.org/10.1373/clinchem.2019.307835
https://doi.org/10.1373/clinchem.2019.307835

294

26.

27.

28.

29.

30.

31.

32.

33.

34.

Lmar Babrak et al.

lymphoproliferations: report of the BIOMED-
2 concerted action BMH4-CT98-3936. Leu-
kemia 17:2257-2317. https://doi.org/10.
1038 /sj.leu.2403202

Douck DC, Betts MR, Brenchley JM, Hill BJ,
Ambrozak DR, Ngai K-L et al (2002) A novel
approach to the analysis of specificity, clonality,
and frequency of HIV-specific T cell responses
reveals a potential mechanism for control of
viral escape. J Immunol 168:3099-3104.
https: //doi.org/10.4049 /jimmunol.168.6.
3099

Breden F, Luning Prak ET, Peters B, Rubelt F,
Schramm CA, Busse CE et al (2017) Repro-
ducibility and reuse of adaptive immune recep-
tor repertoire data. Front Immunol 8:1418.
https://doi.org/10.3389 /fimmu.2017.
01418

Zhang Y, Yang X, Zhang Y, Zhang Y, Wang M,
Ou JX et al (2020) Tools for fundamental anal-
ysis functions of TCR repertoires: a systematic
comparison. Brief Bioinform 21:1706-1716.
https: //doi.org,/10.1093 /bib,/bbz092
Lopez-Santibaiiez-Jacome L, Avendano-Vaz-
quez SE, Flores-Jasso CF (2019) The pipeline
repertoire for Ig-seq analysis. Front Immunol
10:899. https://doi.org,/10.3389 /fimmu.
2019.00899

Lees WD (2020) Tools for adaptive immune
receptor repertoire sequencing. Curr Opin Syst
Biol 24:86-92. https://doi.org/10.1016/j.
c0isb.2020.10.003

Smakaj E, Babrak L, Ohlin M, Shugay M,
Briney B, Tosoni D et al (2020) Benchmarking
immunoinformatic tools for the analysis of
antibody repertoire sequences. Bioinformatics
36:1731-1739. https: //doi.org,/10.1093 /bio
informatics /btz845

Lees W, Busse CE, Corcoran M, Ohlin M,
Scheepers C, Matsen FA et al (2020)
OGRDB: a reference database of inferred
immune receptor genes. Nucleic Acids Res
48:D964-D970. https://doi.org/10.1093/
nar/gkz822

Giudicelli V, Chaume D, Lefranc M-P (2005)
IMGT/GENE-DB: a comprehensive database
for human and mouse immunoglobulin and T
cell receptor genes. Nucleic Acids Res 33:
D256-D261. https://doi.org,/10.1093 /nar/
gki010

Omer A, Shemesh O, Peres A, Polak P, Shep-
herd AJ, Watson CT et al (2020) VD]Jbase: an
adaptive immune receptor genotype and hap-
lotype database. Nucleic Acids Res 48:
D1051-D1056. https://doi.org,/10.1093/
nar/gkz872

35.

36.

37.

38.

39.

40.

41.

42.

Wang Y, Jackson KJL, Sewell WA, Collins AM
(2008) Many human immunoglobulin heavy-
chain IGHV gene polymorphisms have been
reported in error. Immunol Cell Biol 86:
111-115. https://doi.org/10.1038 /sj.icb.
7100144

Vazquez Bernat N, Corcoran M, Nowak I,
Kaduk M, Castro Dopico X, Narang S et al
(2021) Rhesus and cynomolgus macaque
immunoglobulin  heavy-chain  genotyping
yields comprehensive databases of germline
VDJ alleles. Immunity 54:355-366.¢4.
https://doi.org/10.1016/j.immuni.2020.
12.018

Ohlin M, Scheepers C, Corcoran M, Lees WD,
Busse CE, Bagnara D et al (2019) Inferred
allelic variants of immunoglobulin receptor
genes: a system for their evaluation, documen-
tation, and naming. Front Immunol 10:435.
https://doi.org/10.3389 /fimmu.2019.
00435

Rubelt F, Busse CE, Bukhari SAC, Biirckert
J-P, Mariotti-Ferrandiz E, Cowell LG et al
(2017) Adaptive immune receptor repertoire
community recommendations for sharing
immune-repertoire sequencing data. Nat
Immunol 18:1274-1278. https://doi.org/
10.1038,/ni.3873

Zhang B, Meng W, Luning Prak ET, Hersh-
berg U (2015) Discrimination of germline V
genes at different sequencing lengths and
mutational burdens: a new tool for identifying
and evaluating the reliability of V gene assign-
ment. ] Immunol Methods 427:105-116.
https: //doi.org,/10.1016/j.jim.2015.10.009

Watson CT, Kos JT, Gibson WS, Newman L,
Deikus G, Busse CE et al (2019) A comparison
of immunoglobulin IGHV, IGHD and IGH]J
genes in wild-derived and classical inbred
mouse strains. Immunol Cell Biol 97:
888-901. https://doi.org/10.1111/imcb.
12288

Deiss TC, Vadnais M, Wang F, Chen PL,
Torkamani A, Mwangi W et al (2019) Immu-
nogenetic factors driving formation of ultra-
long VH CDR3 in Bos taurus antibodies. Cell
Mol Immunol 16:53-64. https://doi.org/10.
1038,/cmi.2017.117

Koning MT, Kietbasa SM, Boersma V, Buer-
mans HPJ, van der Zeeuw SAJ, van Bergen
CAM et al (2017) ARTISAN PCR: rapid iden-
tification of full-length immunoglobulin rear-
rangements without primer binding bias. Br J
Haematol 178:983-986. https://doi.org/10.
1111/bjh.14180


https://doi.org/10.1038/sj.leu.2403202
https://doi.org/10.1038/sj.leu.2403202
https://doi.org/10.4049/jimmunol.168.6.3099
https://doi.org/10.4049/jimmunol.168.6.3099
https://doi.org/10.3389/fimmu.2017.01418
https://doi.org/10.3389/fimmu.2017.01418
https://doi.org/10.1093/bib/bbz092
https://doi.org/10.3389/fimmu.2019.00899
https://doi.org/10.3389/fimmu.2019.00899
https://doi.org/10.1016/j.coisb.2020.10.003
https://doi.org/10.1016/j.coisb.2020.10.003
https://doi.org/10.1093/bioinformatics/btz845
https://doi.org/10.1093/bioinformatics/btz845
https://doi.org/10.1093/nar/gkz822
https://doi.org/10.1093/nar/gkz822
https://doi.org/10.1093/nar/gki010
https://doi.org/10.1093/nar/gki010
https://doi.org/10.1093/nar/gkz872
https://doi.org/10.1093/nar/gkz872
https://doi.org/10.1038/sj.icb.7100144
https://doi.org/10.1038/sj.icb.7100144
https://doi.org/10.1016/j.immuni.2020.12.018
https://doi.org/10.1016/j.immuni.2020.12.018
https://doi.org/10.3389/fimmu.2019.00435
https://doi.org/10.3389/fimmu.2019.00435
https://doi.org/10.1038/ni.3873
https://doi.org/10.1038/ni.3873
https://doi.org/10.1016/j.jim.2015.10.009
https://doi.org/10.1111/imcb.12288
https://doi.org/10.1111/imcb.12288
https://doi.org/10.1038/cmi.2017.117
https://doi.org/10.1038/cmi.2017.117
https://doi.org/10.1111/bjh.14180
https://doi.org/10.1111/bjh.14180

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Lay L, Stroup B, Payton JE (2020) Validation
and interpretation of IGH and TCR clonality
testing by ion torrent S5 NGS for diagnosis and
disease monitoring in B and T cell cancers.
Pract Lab Med 22:¢00191. https://doi.org/
10.1016,/j.plabm.2020.00191

Kinde I, Wu J, Papadopoulos N, Kinzler KW,
Vogelstein B (2011) Detection and quantifica-
tion of rare mutations with massively parallel
sequencing. Proc Natl Acad Sci U S A 108:
9530-9535. https://doi.org,/10.1073 /pnas.
1105422108

Shugay M, Britanova OV, Merzlyak EM,
Turchaninova MA, Mamedov 1Z, Tuganbaev
TR et al (2014) Towards error-free profiling
of immune repertoires. Nat Methods 11:
653-655. https://doi.org/10.1038 /nmeth.
2960

Rubelt F, Bolen CR, McGuire HM, Heiden
JAV, Gadala-Maria D, Levin M et al (2016)
Individual heritable differences result in unique
cell lymphocyte receptor repertoires of naive
and antigen-experienced cells. Nat Commun
7:11112. https://doi.org/10.1038/
ncommsl1112

Meng W, Yunk L, Wang L-S, Maganty A,
Xue E, Cohen PL et al (2011) Selection of
individual VH genes occurs at the pro-B to
pre-B  cell transition. ] Immunol 187:
1835-1844. https://doi.org/10.4049/
jimmunol.1100207

Marcou Q, Mora T, Walczak AM (2018) High-
throughput immune repertoire analysis with
IGoR. Nat Commun 9:561. https://doi.org/
10.1038/541467-018-02832-w

Sethna Z, Elhanati Y, Callan CG, Walczak AM,
Mora T (2019) OLGA: fast computation of
generation probabilities of B- and T-cell recep-
tor amino acid sequences and motifs. Bioinfor-
matics 35:2974-2981. https://doi.org/10.
1093 /bioinformatics /btz035

Elhanati Y, Sethna Z, Marcou Q, Callan CG,
Mora T, Walczak AM (2015) Inferring pro-
cesses underlying B-cell repertoire diversity.
Philos Trans R Soc Lond Ser B Biol Sci 370:
20140243. https://doi.org/10.1098 /rstb.
2014.0243

Sethna Z, Isacchini G, Dupic T, Mora T, Walc-
zak AM, Elhanati Y (2020) Population varia-
bility in the generation and selection of T-cell
repertoires. PLoS Comput Biol 16:¢1008394.
https://doi.org/10.1371/journal.pcbi.
1008394

Langerak AW, van Dongen JJM (2012) Multi-
ple clonal Ig/TCR products: implications for
interpretation of clonality findings. ] Hematop
5:35-43. https://doi.org,/10.1007 /s12308-
011-0129-1

Preparation of AIRR-Seq Data for Analysis

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

295

Luning Prak ET, Monestier M, Eisenberg RA
(2011) B cell receptor editing in tolerance and
autoimmunity. Ann N Y Acad Sci 1217:

96-121. https://doi.org/10.1111/j.
1749-6632.2010.05877 .x
Dondelinger M, Filée P, Sauvage E,

Quinting B, Muyldermans S, Galleni M et al
(2018) Understanding the significance and
implications of antibody numbering and
antigen-binding surface/residue definition.
Front Immunol 9:2278. https://doi.org/10.
3389 /fimmu.2018.02278

Wu TT, Kabat EA (1970) An analysis of the
sequences of the variable regions of Bence
Jones proteins and myeloma light chains and
their implications for antibody complementar-
ity. ] Exp Med 132:211-250. https: //doi.org/
10.1084 /jem.132.2.211

Al-Lazikani B, Lesk AM, Chothia C (1997)
Standard conformations for the canonical
structures of immunoglobulins. J Mol Biol
273:927-948. https://doi.org/10.1006/
jmbi.1997.1354

Abhinandan KR, Martin ACR (2010) Analysis
and prediction of VH/VL packing in antibo-
dies. Protein Eng Des Sel 23:689-697.
https://doi.org,/10.1093 /protein/gzq043
Lefranc M-P, Pommié C, Ruiz M, Giudicelli V,
Foulquier E, Truong L et al (2003) IMGT
unique numbering for immunoglobulin and T
cell receptor variable domains and Ig superfam-
ily V-like domains. Dev Comp Immunol 27:
55-77. https://doi.org/10.1016/s0145-
305x(02)00039-3

Honegger A, Pliickthun A (2001) Yet another
numbering scheme for immunoglobulin vari-
able domains: an automatic modeling and anal-
ysis tool. ] Mol Biol 309:657-670. https: //doi.
org,/10.1006,/jmbi.2001.4662

Dunbar J, Deane CM (2016) ANARCI: anti-
gen receptor numbering and receptor classifi-
cation. Bioinformatics 32:298-300. https://
doi.org,/10.1093 /bioinformatics/btv552
Watson CT, Breden F (2012) The immuno-
globulin heavy chain locus: genetic variation,
missing data, and implications for human dis-
case. Genes Immun 13:363-373. https://doi.
org/10.1038 /gene.2012.12

Ramesh A, Darko S, Hua A, Overman G,
Ransier A, Francica JR et al (2017) Structure
and diversity of the rhesus macaque immuno-
globulin loci through multiple de novo
genome assemblies. Front Immunol 8:1407.
https://doi.org/10.3389 /fimmu.2017.
01407

Cirelli KM, Carnathan DG, Nogal B, Martin
JT, Rodriguez OL, Upadhyay AA et al (2019)


https://doi.org/10.1016/j.plabm.2020.e00191
https://doi.org/10.1016/j.plabm.2020.e00191
https://doi.org/10.1073/pnas.1105422108
https://doi.org/10.1073/pnas.1105422108
https://doi.org/10.1038/nmeth.2960
https://doi.org/10.1038/nmeth.2960
https://doi.org/10.1038/ncomms11112
https://doi.org/10.1038/ncomms11112
https://doi.org/10.4049/jimmunol.1100207
https://doi.org/10.4049/jimmunol.1100207
https://doi.org/10.1038/s41467-018-02832-w
https://doi.org/10.1038/s41467-018-02832-w
https://doi.org/10.1093/bioinformatics/btz035
https://doi.org/10.1093/bioinformatics/btz035
https://doi.org/10.1098/rstb.2014.0243
https://doi.org/10.1098/rstb.2014.0243
https://doi.org/10.1371/journal.pcbi.1008394
https://doi.org/10.1371/journal.pcbi.1008394
https://doi.org/10.1007/s12308-011-0129-1
https://doi.org/10.1007/s12308-011-0129-1
https://doi.org/10.1111/j.1749-6632.2010.05877.x
https://doi.org/10.1111/j.1749-6632.2010.05877.x
https://doi.org/10.3389/fimmu.2018.02278
https://doi.org/10.3389/fimmu.2018.02278
https://doi.org/10.1084/jem.132.2.211
https://doi.org/10.1084/jem.132.2.211
https://doi.org/10.1006/jmbi.1997.1354
https://doi.org/10.1006/jmbi.1997.1354
https://doi.org/10.1093/protein/gzq043
https://doi.org/10.1016/s0145-305x(02)00039-3
https://doi.org/10.1016/s0145-305x(02)00039-3
https://doi.org/10.1006/jmbi.2001.4662
https://doi.org/10.1006/jmbi.2001.4662
https://doi.org/10.1093/bioinformatics/btv552
https://doi.org/10.1093/bioinformatics/btv552
https://doi.org/10.1038/gene.2012.12
https://doi.org/10.1038/gene.2012.12
https://doi.org/10.3389/fimmu.2017.01407
https://doi.org/10.3389/fimmu.2017.01407

296

64.

65.

66.

Lmar Babrak et al.

Slow delivery immunization enhances HIV
neutralizing antibody and germinal center
responses via modulation of immunodomi-
nance. Cell 177:1153-1171.¢28. https://doi.
org/10.1016/j.cell.2019.04.012

Retter I, Chevillard C, Scharfe M, Conrad A,
Hafner M, Im T-H et al (2007) Sequence and
characterization of the Ig heavy chain constant
and partial variable region of the mouse strain
129S81. J Immunol 179:2419-2427. https://
doi.org,/10.4049 /jimmunol.179.4.2419
Collins AM, Wang Y, Roskin KM, Marquis CP,
Jackson KJL (2015) The mouse antibody heavy
chain repertoire is germline-focused and highly
variable between inbred strains. Philos Trans R
Soc Lond Ser B Biol Sci 370:20140236.
https: //doi.org,/10.1098 /rstb.2014.0236
Magadan S, Krasnov A, Hadi-Saljoqi S,
Afanasyev S, Mondot S, Lallias D et al (2019)
Standardized IMGT® nomenclature of Salmo-
nidac IGH genes, the paradigm of Atlantic
Salmon and rainbow trout: from genomics to

67.

68.

69.

repertoires. Front Immunol 10:2541. https://
doi.org,/10.3389 /fimmu.2019.02541

Magadan S, Mondot S, Palti Y, Gao G, Lefranc
MP, Boudinot P (2021) Genomic analysis of a
second rainbow trout line (Arlee) leads to an
extended description of the IGH VD] gene
repertoire. Dev Comp Immunol 118:103998.
https://doi.org,/10.1016/j.dci.2021.103998
Zhang W, Wang I-M, Wang C, Lin L, Chai X,
Wu J et al (2016) IMPre: an accurate and effi-
cient software for prediction of T- and B-cell
receptor germline genes and alleles from rear-
ranged repertoire data. Front Immunol 7:457.
https://doi.org/10.3389 /fimmu.2016.
00457

Gadala-Maria D, Gidoni M, Marquez S, Van-
der Heiden JA, Kos JT, Watson CT et al (2019)
Identification of subject-specific immunoglob-
ulin alleles from expressed repertoire sequenc-
ing data. Front Immunol 10:129. https: //doi.
org/10.3389 /fimmu.2019.00129

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by,/4.0/), which permits use, sharing, adaptation, distribution
and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the chapter’s Creative
Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder.


https://doi.org/10.1016/j.cell.2019.04.012
https://doi.org/10.1016/j.cell.2019.04.012
https://doi.org/10.4049/jimmunol.179.4.2419
https://doi.org/10.4049/jimmunol.179.4.2419
https://doi.org/10.1098/rstb.2014.0236
https://doi.org/10.3389/fimmu.2019.02541
https://doi.org/10.3389/fimmu.2019.02541
https://doi.org/10.1016/j.dci.2021.103998
https://doi.org/10.3389/fimmu.2016.00457
https://doi.org/10.3389/fimmu.2016.00457
https://doi.org/10.3389/fimmu.2019.00129
https://doi.org/10.3389/fimmu.2019.00129
http://creativecommons.org/licenses/by/4.0/

®
i Chapter 17

Adaptive Inmune Receptor Repertoire (AIRR) Community
Guide to Repertoire Analysis
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Aaron M. Rosenfeld, Chaim A. Schramm,
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Abstract

Adaptive immune receptor repertoires (AIRRs) are rich with information that can be mined for insights into
the workings of the immune system. Gene usage, CDR3 properties, clonal lineage structure, and sequence
diversity are all capable of revealing the dynamic immune response to perturbation by disease, vaccination,
or other interventions. Here we focus on a conceptual introduction to the many aspects of repertoire
analysis and orient the reader toward the uses and advantages of each. Along the way, we note some of the
many software tools that have been developed for these investigations and link the ideas discussed to
chapters on methods provided elsewhere in this volume.

Key words AIRR-seq, B-cell receptor, T-cell receptor, Analysis, Clonal structure

1 Introduction

Once an adaptive immune receptor repertoire (AIRR) experiment
has been carried out and the data has been appropriately prepro-
cessed and annotated (see chapter “AIRR Community Guide to TR
and IG Gene Annotation”), the next step is to plan a course of
analysis to answer the questions posed by the experiment. As AIRRs
are complex datasets that can contain thousands or even millions of
sequences, it is important to have a working familiarity with the
type of information each analysis can provide, as well as the limita-
tions of an analysis. Here we provide an introduction to a variety of
widely used techniques and discuss their applicability. In other
chapters in this volume, we provide detailed experimental protocols
and instructions to perform such analyses for the purpose of addres-
sing specific biological questions. For a definition of terms used

Anton W. Langerak (ed.), Immunogenetics: Methods and Protocols, Methods in Molecular Biology,
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throughout this chapter, please see the AIRR Community glossary of
terms, available at https: //zenodo.org/record /5095381.

2 Materials

A breathtaking array of computational tools are available for reper-
toire analysis. These range from bespoke command line tools writ-
ten in various programming languages that require facility in a
Linux terminal to software with fully developed graphical interfaces
and no requirement for programming skills of any kind. Thus, a key
factor in choosing which programs to use will be the skill level and
comfort of the user. Moreover, most tools have a narrow scope of
the types of analysis they can perform, so matching the implemen-
tation to the desired goal is also a critical consideration. In addition,
thought must be given to the computational resources necessary
for repertoire analysis, including both storage and processing.

A comprehensive listing of the available software is out of the
scope of this conceptual introduction, but the interested reader is
directed to some recent reviews [1—4]. Here we focus on a small
selection of commonly used tools, especially those which comply
with AIRR Community guidelines for reproducibility and interop-
erability (https://docs.airr-community.org/en/stable /swtools/
airr_swtools_standard.html). These are highlighted in Table 1,
and several are discussed in more detail below and in other chapters
in this volume, where we demonstrate their application to common
analytical tasks.

3 Methods

In this section we introduce some of the most frequently used
methods to analyze AIRRs and suggest computational tools that
can perform such analysis. Some of the methods are applicable to
both IG and TR, and some are specific. In addition, the selection of
the method and the interpretation of the results can depend on the
specific biological state; for instance, some samples might be
expanded from solid tumors, others from antigen-specific cells
isolated from peripheral blood or from whole blood from healthy
and diseased patients. The theoretical framework presented here
can be used to interpret the results of the practical methods detailed
in the AIRR Community chapters “Bulk gDNA Sequencing of
Antibody Heavy Chain Gene Rearrangements for Detection and
Analysis of B-Cell Clone Distribution,” “Bulk Sequencing From
mRNA With UMI for Evaluation of B-Cell Isotype and Clonal
Evolution and Single-Cell Analysis,” and “Tracking of Antigen-
Specific T Cells: Integrating Paired-Chain AIRR-Seq and Tran-
scriptome Sequencing,” all in this volume.


https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fzenodo.org%2Frecord%2F5095381&data=04%7C01%7Ca.langerak%40erasmusmc.nl%7C404e2c00d9ff425e648408d94616eec1%7C526638ba6af34b0fa532a1a511f4ac80%7C0%7C1%7C637617886591978338%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=aqmtzHAJLuS9DxPrfKtHSsVAo0Tsvov0A13gJZZ6Erg%3D&reserved=0
https://docs.airr-community.org/en/stable/swtools/airr_swtools_standard.html
https://docs.airr-community.org/en/stable/swtools/airr_swtools_standard.html

AIRR Community Guide to Repertoire Analysis 299

Table 1
Software tools

Software  Notes/description URL
Analysis
Abysis 1G annotation and analysis. Does not support AIRR  http: //www.abysis. [5]
data representations org/abysis/
Alakazam  Find clonal lineages and analyze diversity, gene usage, https://alakazam. [6]
and other repertoire level properties. Alakazam is readthedocs.io/en/
part of the Immcantation suite stable/
Change-O  Data standardization, germline reconstruction and https: //changeo. [6]
clonal assignment. Part of the Immcantation suite readthedocs.io/en/
stable/
Dowser Build, visualize, and analyze IG lineage trees. https: //dowser. [7]
Implements statistical tests for discrete trait analysis  readthedocs.io/en/
of B-cell migration, differentiation, and isotype stable/
switching
IGoR Learn models for the generation of V(D)J https: //github.com/  [8]
rearrangements gmarcou,/IGoR/
IgPhyML  Build phylogenetic trees and test evolutionary https: //igphyml. [9,10]
hypotheses regarding B-cell affinity maturation readthedocs.io/en/
stable/
Immunarch Integrated framework for analysis and visualization https: //immunarch. [11]
com
MiXCR Find and analyze clonal lineages https: //mixcr. [12]
readthedocs.io/en/
master/
OLGA Calculate likelihood of generating a particular V(D)J  https://github.com/  [13]
sequences and simulate repertoires statbiophys/OLGA/
Partis Find clonal lineages, analyze selection, and simulate  https: //github.com/  [14, 15]
repertoires psathyrella /partis/
RAbBHIT Infer Ig haplotypes from AIRRseq data https: //yaarilab. [16]
bitbucket.io/
RAbBHIT/
Scirpy An extension of scanpy for AIRR-seq data. Find and  https: //github.com/  [17]
analyze clones, compare repertoires, and integrate icbi-lab/scirpy

transcriptomic data. Scirpy is certified as compliant
with AIRR community software guidelines

SCOPer Multiple methods for identifying B-cell clones, https: //scoper. [18]
including spectral clustering. SCOPer is part of the readthedocs.io/en/
Immecantation suite stable/

SHazaM Analysis of mutational load, SHM targeting, and https: //shazam. [6]
selection pressure for IGs. SHazaM is part of the readthedocs.io/en/
Immcantation suite stable /

(continued)
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Table 1
(continued)
Software  Notes/description URL
SONAR Identification and longitudinal phylogenetic analysis of https://github.com/  [19]
IG sequences clonally related to an antibody of scharch/SONAR/
interest. SONAR is certified as compliant with AIRR
community software guidelines
Sumrep Assess and compare repertoire properties https: //github.com/  [20]
matsengrp,/sumrep
TRIgS Utilities for high-throughput identification and http: //cimm.ismb.lon. [21]
analysis of IG clones ac.uk/trigs/
Vidjil Find clones and analyze repertoires. Available as both a http: //www.vidjil.org ~ [22, 23]
web interface and a downloadable tool
Preprocessing, annotation, and analysis environments
VDJServer A free, scalable resource for performing immune https: //vdjserver.org ~ [24]
repertoire analysis and sharing data
ImmuneDB Database and analysis tool for large amounts of AIRR- https: //immunedb. [25]

seq data readthedocs.io/en/
latest/

3.1 Gene Usage

3.2 Properties of the

CDR3

The V gene is the most diverse gene of the TR and IG loci. This is
driven especially by variation in the first and

second

complementarity-determining regions (CDRI and CDR2) of the
genes, which contribute to the specificity and affinity of the
immune receptor. Differences in the distribution of V genes used
in the rearranged repertoire can indicate an antigen-specific
response or unusual clonal expansions and can be evaluated with
the function compareVGeneDistributions of the sumrep R
package [20] (https://github.com/matsengrp/sumrep). The D
and ] gene strongly contributes to the CDR3 and can be compared
using compareDGeneDistributions and compareJGeneDis-
tributions. Skewing of the V-J usage can be revealed by plotting
the V-J combination as a heatmap (Fig. 1a). The distribution of V-]
and V-D-J usage can be compared between two repertoires using
the functions comparevVJDistributions and compareVDJ-

Distributions in sumrep.

The CDR3 is the most variable part of the rearranged 1G/TR, and

is a key contributor to the overall specificity of the receptor
[26]. Therefore, analyzing the properties of this region is of great

interest.

Due to the randomness in addition and deletion of nucleotides
during the rearrangement of the receptor, CDR3 lengths will be
distributed around a mean value (Fig. 1b). Any changes to this
distribution signifies an expansion of cells with a particular immune

receptor.
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Fig. 1 Data visualizations. Examples of different data visualizations to gain insights into the AIRR. The plot title
describes the basic analysis. Smp = sample. For further details, please refer to the main text

Different receptors specific for the same epitope can be
expected to share motifs [27, 28]. Such motifs can be a few identi-
cal amino acids or amino acids with similar physical properties.
Apart from properties like size, charge, and polarity, the properties
of amino acids can be described by different factors derived through
dimensionality reduction of a larger number of properties. Atchley
[29] factors comprise five numerical descriptions, and Kidera [30]
factors comprise ten numerical descriptions.

The R package sumrep [20] provides functions to compare the
CDR3 properties of two repertoires, such as the CDR3 length and
a number of amino acid physicochemical properties [31, 32].
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3.3 Clonal Lineages

3.4 Diversity

A clone or a clonal lineage comprises a group of T or B cells
descended from the same original naive ancestor. As such, all cells
in a clone contain the same set of rearrangements. An important
part of AIRR-seq analysis is computationally reconstructing these
relationships from the sequences obtained. For TRs, the exercise is
relatively straightforward, as only PCR and sequencing error need
to be accounted for. With IGs, however, somatic hypermutation
can significantly obscure the ancestry of a particular sequence [33],
and so more complex strategies are required (see
Subheading 3.9.2).

When analyzing bulk AIRR-seq data, in which native pairing
between heavy and light, alpha and beta, and gamma and delta
chains is lost, clones are sometimes defined based on a single chain.
This may be sufficient for IGH and TRB rearrangements, which are
more diverse and contain most of the information needed to group
sequences into clonal lineages [34]. However, care should still be
taken in interpreting such data. Many different definitions of clon-
ally related sequences have been offered in the literature (e.g., see
the work by Kotouza and co-workers [35]), and methods to infer
clones from AIRR-seq data are under active investigation [6, 12,
14, 18, 36].

The distribution of clone sizes in an AIRR can be informative of
underlying biology. One visualization is to plot ranks from high to
low on the x-axis and associated frequency on the y-axis (Fig. 1¢) to
reveal clonal expansion. A closer look at the top x (Fig. 1d) helps
likewise to identify clonal expansion. When plotting the log of rank
and the frequency (Fig. le), the slope reveals the distribution of
clones, such that the steeper the slope, the less evenly distributed
the repertoire. The function estimateAbundance in the R pack-
age Alakazam [6] can estimate clonal abundance with confidence
intervals obtained by bootstrapping.

An alternative visualization makes use of division of clonal
frequencies into different groups (“binning”) and sums the fre-
quencies in each bin (Fig. 1f). The binning is essentially arbitrary,
but binning the clone frequencies into the bins [0.0, 0.001],
[0.001, 0.01], [0.01, 0.1], and [0.1, 1] are widely used. Binning
by rank is an alternative where the bins [1, 10], [11, 100], [101,
10007, and [1001, inf] are common.

The concept of diversity unites two properties of a repertoire,
namely, the number of distinct clones and their distribution. As
such, diversity describes the composition and state of a repertoire.
For instance, a repertoire derived from a completely naive cell
population is much more diverse both in terms of distinct clones
and their distribution compared to the repertoire of antigen-
specific memory cells.

There are numerous sampling factors that are important to
consider when measuring diversity. Perhaps the most important is
whether a sample is derived from gDNA or mRNA [37]. As
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discussed in Subheading 3.1 in chapter “AIRR Community Guide
to TR and IG Gene Annotation,” in the case of gDNA, each
sampled cell contributes one or two templates, while the number
of templates in mRNA data will be skewed by cell subset-specific
transcript abundance. In the case of the former, diversity measures
will be influenced substantially less by the underlying subset distri-
bution than the latter. For both, one can measure diversity
weighted by copy number or by clone number. For DNA data,
using copy number-weighted diversity measures can give a sense of
how similar sequencesare in the underlying repertoire while using an
unweighted measure will indicate how similar clones are. With
RNA, using copy number-weighted measures will give a general
measure of how similar large clones are, and unweighted measures
will give a measure of how similar all clones are.

Another consideration when analyzing diversity is the depth of
sequencing, that is, the proportion of clones that were sequenced
compared to how many were actually in the sample. Assessing
appropriate sequencing depth is no trivial task, but very important
as undersampling can lead to false conclusions. Rarefaction curves
[38] can help to evaluate if'a repertoire is near full sampling depth.
In this visualization, the number of distinct clones are plotted for a
given subsample size (Fig. 1g). If the numbers of distinct clones
plateau, the repertoire is near full sampling depth. Conversely, the
absence of a plateau is an indication that the sampling depth of
repertoire is shallow.

Another use of rarefaction is an estimation of the total number
of clones from the sample. To achieve this, libraries from the sample
of interest must be run in replicates, where more replicates give a
more accurate estimate of total clones [39].

There are a large number of diversity metrics. These different
metrics are all united in Hill numbers which are calculated over a
range of diversities to generate a smooth curve (Fig. 1h) [40-
42]. The function calcDiversity in the R package Alakazam
estimates the Hill numbers for a repertoire. The same function also
makes calculation of particular diversity indices straightforward.
The function compareHillNumbers in the R package sumrep
compares one or more Hill numbers of two repertoires. Newer
approaches toward diversity metrics specific for AIRR make use of
Hill numbers combined with a functional similarity matrix [43].

The similarity of AIRR sequences directly influences antigen recog-
nition breadth: the more dissimilar the receptors are, the larger is
the antigen space covered. One major approach to interrogate and
measure AIRR sequence similarity is network analysis (Fig. 11) [44—
50]. Networks allow investigation of sequence similarity and
thereby add a complementary layer of information to repertoire
diversity analysis. Sequence networks are built by defining each
nucleotide or amino acid sequence as a node. Two nodes are



304 Susanna Marquez et al.

3.6 Similarity among
Repertoires

connected with an edge if a certain similarity condition is satisfied,
which is typically defined as a string distance (e.g., Levenshtein/
edit distance). A commonly used distance for both IG and TR is
one amino acid difference [44]. For B cells, networks representing
amino acid distances of up to 12 amino acids have been reported
[47]. Building a sequence similarity network is computationally
expensive. This challenge has been approached by at least two
methods that allow the construction of large-scale networks from
millions of AIRR sequences [47, 51].

Although networks of a few thousand nodes may be visualized
using software suites such as igraph, Cytoscape, and Gephi
[52, 53], and the visual interpretation of networks becomes indis-
cernible with a size of >10? nodes. Furthermore, the visualization
of networks does not provide quantitative information regarding
the network similarity architecture. To address this problem, graph
properties and network analysis have recently been employed to
quantify the architecture of large-scale AIRR networks [47]. Archi-
tecture analytics may be subdivided into properties that capture the
repertoire at the global level (generally one coefficient per net-
work), and those that describe the repertoire at the local level
(one coefficient per sequence per repertoire). These network mea-
sures may be used to identify enrichment of network clusters
(Fig. 11), potentially originating from an ongoing immune response
[46,47].

To increase precision in isolating immune-associated AIRR
sequences and clusters therefore, network analysis may be coupled
with AIRR generation probabilities [45]. More generally, it has
been observed that sequences that tend to show increased sharing
across individuals (discussed in the see Subheading 3.7), are also
more connected within a repertoire [45,47,48] and confer robust-
ness on its architecture with respect to network properties [47].

Recently, sequence similarity and diversity analysis have been
combined, providing further insights into AIRR architecture [43].

Similarity indices measure the similarity of two populations by not
only considering the number of shared clones but also taking clone
count or frequency into account (Fig. 1j). Similarity is sometimes
calculated as dissimilarity (for historical reasons), but the index is
always in the range of [0, 1]. It is therefore important to indicate
the meaning of 0 and 1 to avoid confusion. One of the most
popular indices is called Morisita-Horn, implemented in the func-
tion vegdist in the R package vegan [54]. Numerically, the
observed overlaps are usually small, but considering the potential
repertoire being sampled, the upfront chance of an overlap is very
small. Alternatively, the CDR3s shared between samples can be
plotted as a true/false heatmap (Fig. 1k). This is particularly useful
when tracking clones over time or assessing the specificity of trans-
plant infiltrating cells [55, 56].
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Similarities on other parameters such as different amino acid
properties as well as pairwise CDR3 distance and GC content can
be compared between repertoires by the function compareRe-
pertoires in the R package sumrep.

Other proposed similarity measures make use of feature count-
ing [57], while another B-cell-specific similarity metric focuses on
identical CDR3 length together with identical V and ] genes con-
sidered within and between repertoires [58].

Though not clones in a true biological sense, the existence of
identical TRs and identical or closely similar IGs in multiple indivi-
duals due to convergent rearrangement has been noted on several
occasions [59-61]. Such rearrangements are termed public clones
and can yield insights into common selection patterns, which in
turn can elucidate how the immune system responds to disease and
if there are commonalities between individuals. The ability to iden-
tify public clones in an ATRR depends on the sequencing depth and
the number of individuals tested [62, 63]. In addition, the meaning
of a public immune receptor must be assessed in the context of the
likelihood for it to be generated [8, 13]. Receptors with shorter
CDR3s are more likely to be generated by chance and can overlap
even between individuals with no exposures in common [60, 64,
65] and do not necessarily indicate a convergent response in multi-
ple individuals to similar antigens. Sequences that share the same
(preferably longer) CDR3 amino acid sequence but have different
nucleotide sequences are more convincing as candidate public
clones, as differences in the nucleotide sequences may indicate
independent generation with convergent selection [66].
Functionally identical IG can be identified by allowing some
degree of difference in the CDR3. There is no well-defined cutoff
to ensure the capture of a majority of receptors with identical
specificities without including IGs of unrelated specificity into a
particular collection of public IGs. A commonly used cutoft is
10-20% amino acid difference in the CDR3 [67-70]. Although a
less restrictive cutoft might detect more divergent public clones
[71], care must be taken to avoid identification of spurious public
immune receptors [72]. Cross-contamination and index hopping
on the sequencer further complicate the identification of public
clones [73], and suitable definitions and analysis parameters may be

helpful.

Despite strict quality assurance and control measures, PCR-based
sample cross-contamination can occur at any time. Environmental
contamination events are expected to arise from the presence of
remaining DNA amplicons, which can be re-amplified and
incorporated into new, unrelated libraries [74]. PCR contamina-
tions can lead to major losses of reagents, time, and samples, and
rapid detection and isolation are critical to the health of an AIRR-
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3.9 B-Cell-Specific
Aspects

3.9.1 1G SHM Analysis

3.9.2 |Identification of B-
Cell Clones

seq research laboratory. There are several experimental precautions
that can reduce contamination, including separate work areas and
different sample barcodes, as illustrated in the AIRR Community
chapter “Quality Control: Chain Pairing Precision and Monitoring
of Cross-Sample Contamination.”

SHM is the process driving the affinity maturation of IGs during
the adaptive immune response [75]. Mutations are introduced at a
rate of ~10~% mutations per base pair per division. These mutations
are not randomly distributed along the IG but accumulate more in
hotspots and CDRs, whereas coldspots and framework regions are
disfavored for mutation. Furthermore, substitution profiles may be
germline gene-directed [76-79], possibly as a consequence of spe-
cific features of the encoded protein sequence. Understanding
SHM biases is key to develop better tools to reconstruct lineages,
quantify selection pressure, and generate realistic simulated
sequence data [9, 79, 80].

To better understand the distribution of targets for SHM, it is,
for instance, possible to use the R package sumrep that provides
two functions getHotspotCountDistribution and getCold-
spotCountDistribution to the distribution of the hot- and
coldspot motifs in the repertoire. In addition, sumrep interfaces
with the R package SHazaM [6], which calculates a mutability
model for the likelihood for the center base in a 5-mer to be
mutated (the function getMutabilityModel). The associated
function getsSubstitutionModel provides the relative probabil-
ities that the center base in a 5-mer is mutated into each of the other
three nucleotides. SHazaM also provides methods for quantifica-
tion of selection pressure and whether it has contributed to the
nature of the specific IG repertoire during antigenic
stimulation [81].

As noted above, B-cell clones can be inferred from AIRR-seq data
by analyzing their CDR3s and/or mutation patterns (Fig. 11).
Repertoires usually consist of hundreds or thousands of clonal
lineages. Due to the presence of SHM, members of a B-cell clone
cannot be identified solely based on identical CDR3s. There are
many methods available to group IGs into clonal lineages (Table 1),
but all generally attempt to computationally group sequences
which likely share a common progenitor. However, different
approaches can drastically change the interpretation of the under-
lying IG immune repertoire.

Some approaches begin by grouping sequences by their CDR3
independent of their V, D, or ] gene usage [22]. Other software
first groups sequences by gene (generally just V and J due to the
difficulty in D gene annotation) and CDR3 length after which
sequences similar in the CDR3 are grouped into clonal lineages
[12, 19, 82, 83]. SCOPer does a similar grouping, but then
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evaluates the similarity by analyzing shared SHM in the V and ]
genes [84]. Finally, some pipelines use common mutations in the
body of the V gene to group sequences from the same clonal
lineage [36, 85]. It is also possible to combine these approaches,
but this section focuses on each independently.

Each approach has potential benefits and flaws. Initially group-
ing sequences by CDR3, either by identity or hierarchical cluster-
ing, can result in inflated copy number and sequence counts for
common CDR3s (in particular those of short length that incorpo-
rate few non-templated bases) which may have arisen indepen-
dently and utilize different genes. However, this method can be
beneficial as some gene calls may be incorrect (in particular when
annotation of sequences has not been made using a personalized
repertoire as defined above), and similar CDR3 amino-acid
sequences, especially those with long lengths, can indicate that
sequences are related.

Grouping sequences by both gene annotation and CDR3
length prior to inferring clonal lineages can be beneficial for a
number of reasons. Because V gene annotation is generally robust
to sequencing error, sequences with similar CDR3s but different V
gene assignments are unlikely to derive from the same rearrange-
ment. Binning by gene annotation can therefore prevent erroneous
clonal groupings. It also eases the computational burden, as CDR3
identity only needs calculation among smaller sets of sequences.
Similar advantages apply to binning by CDR3 length as well, since
distance metrics can be calculated more efficiently without the need
for alignment. While insertions and deletions can occur as part of
SHM, they are relatively rare [86, 87] and can be neglected in many
cases.

Once sequences have been binned, hierarchical clustering is a
common technique for identifying clonally related sequences
[82]. This requires a choice of linkage (e.g., single, average) to
define the distance between groups of sequences and a threshold
for cutting the hierarchy into discrete groups. A convenient way to
set the threshold is to analyze the distribution of distances between
nearest neighbors. This distribution is typically bimodal, with the
first mode representing sequences in the same clonal lineage, while
the second mode represents sequences that do not have any rela-
tives in the data. If the distribution for a particular sample is not
bimodal, a set of external sequences from a different subject can be
used to establish the threshold [82]. While the threshold for separ-
ating the two modes can sometimes be established by visual inspec-
tion of the distribution, there are algorithmic methods to
determine it more consistently [18].

The last common approach is to group sequences into clones
by common mutations in the body of the V gene. This can be done
by constructing clonal lineages directly or by inspecting the %z-mers
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of each sequence [36, 88]. Unlike methods that first separate
sequences by gene call and junction length, this method takes
advantage of infrequent mutations to group sequences into clones.
This can be beneficial for a number of reasons in certain circum-
stances. First, this method does not rely on proper gene calling or
sequence alignment, which can be difficult in samples containing
highly mutated populations or more generally due to sequencing
error. Additionally, it is not sensitive to junction length, allowing
sequences that have accumulated insertions and deletions to be
grouped into clones [89, 90]. This method necessitates one to
define the minimum number of mutations required to group two
sequences into the same clone. A fixed value can be used, or the
value can be dynamically determined based on the distribution of
distances between each pair of sequences.

The reconstruction and analysis of IG clonal lineages trees is a
powerful method to understand the immune response, affinity
maturation, and the generation of broadly neutralizing antibodies
(bNADb) [91-93]. Within a B-cell clonal lineage, B cells descended
from a shared common ancestor evolve through SHM and antigen-
driven selection. While standard algorithms for inferring phyloge-
netic trees using maximum parsimony and maximum likelihood
[94] are often employed, these approaches can be improved
[80]. In particular, the unique biology of B cells can present pro-
blems for standard phylogenetic approaches and has led to the
development of B-cell-specific phylogenetic tools. One cause of
the problems is that SHM is enzymatically driven and biased by
hotspot and coldspot motifs. This violates the assumption of inde-
pendent evolution among sites that many likelihood-based phylo-
genetics methods rely on. To address this challenge, more context-
aware phylogenetic methods, such as IgPhyML [9, 10], have been
developed. While context-aware models of SHM clearly improve
estimates of phylogenetic model parameters used to detect antigen-
driven selection [10], it is less clear how much they improve esti-
mates of tree topology and branch lengths [95]. Another problem
is that while standard phylogenetic models consider clonal lineages
individually, IG repertoires often contain hundreds of independent
clones. The use of repertoire-wide models, which allow some para-
meters to be shared among these multiple clonal lineages, can
improve model precision significantly [10]. One important appli-
cation of B-cell phylogenetics is estimating the series of mutations
leading from a clone’s unmutated germline ancestor to a sequence
of interest, such as a known bnAb sequence. While standard phylo-
genetic methods can reconstruct intermediate sequences, they are
less appropriate for reconstructing the germline ancestral sequence
because they do not take into account the biology of V(D)J rear-
rangement. This has led to the development of tools such as
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Clonalyst and linearham [96, 97] that improve the reconstruction
of these sequences by combining phylogenetic models with models
of V(D)] rearrangement. Another feature of B-cell clonal lineages is
that reconstructed intermediate sequences are often identical to
observed IG sequences. Some tools, such as IgTree [98] and Ala-
kazam [ 6], use this fact to simplify the visualization of these lineage
trees by collapsing observed and sampled intermediate nodes.
Finally, lineage trees containing B cells from multiple tissues, iso-
types, and timepoints have the potential to be used to make infer-
ences about how B-cell migration, isotype switching, and evolution
over time occur. Multiple analyses have used lineage trees for this
purpose [33, 40,99, 100], and generalized tools for making these
inferences from B-cell repertoires, such as Dowser and PopTree, are
an area of active development [7].

There is growing evidence that TR repertoire perturbations can
serve as a biomarker of immune response toward some solid tumors
[101-103] and pathogens such as Epstein-Barr virus (EBV), cyto-
megalovirus (CMV), Ebola, and SARS-CoV-2 [104-108]. Chal-
lenges with studying T-cell repertoires include the dependence of
T-cell interactions on the major histocompatibility complex
(MHC) [109], changes in TRBV usage based on MHC and signifi-
cant differences in TRBV usage, and clonality in CD4+ and CD8+
repertoires [110-112].

Antigen-specific TCRs can be isolated either by sorting of
MHC-tetramer-positive cells or activated cells after stimulation
with overlapping peptide pools. Staining with tetramers requires
knowledge of the correct epitope in the right MHC context, and T
cells with high affinity tend to be recovered with the highest effi-
ciency. Therefore, tetramer staining sometimes fails to identify
some of the relevant TCRs [113]. Stimulation with overlapping
peptide pools, on the other hand, can lead to isolation of non-
peptide-specific T cells due to bystander activation [114]. The TR
of the antigen-enriched cells can be compared to samples from
different timepoints to track the frequency of clones of interest
[104, 106].

4 Conclusion

In this chapter, we have provided a brief overview of diverse, widely
used techniques to uncover biological information in AIRR-seq
data. These techniques can be applied to all of the AIRR-seq data
created using the methodologies described in this book. They
further form the basis for selecting the optimal experimental pro-
tocol to address the biological question and choosing the compu-
tational methods used in the analysis.
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Abstract

In this method we illustrate how to amplify, sequence, and analyze antibody/immunoglobulin (IG) heavy-
chain gene rearrangements from genomic DNA that is derived from bulk populations of cells by next-
generation sequencing (NGS). We focus on human source material and illustrate how bulk gDNA-based
sequencing can be used to examine clonal architecture and networks in different samples that are sequenced
from the same individual. Although bulk gDNA-based sequencing can be performed on both IG heavy
(IGH) or kappa/lambda light (IGK/IGL) chains, we focus here on IGH gene rearrangements because 1G
heavy chains are more diverse, tend to harbor higher levels of somatic hypermutations (SHM), and are more
reliable for clone identification and tracking. We also provide a procedure, including code, and detailed
instructions for processing and annotation of the NGS data. From these data we show how to identify
expanded clones, visualize the overall clonal landscape, and track clonal lineages in different samples from
the same individual. This method has a broad range of applications, including the identification and
monitoring of expanded clones, the analysis of blood and tissue-based clonal networks, and the study of
immune responses including clonal evolution.

Key words Antibody, Clone, Lineage, Immune repertoire profiling, Immunoglobulin, V(D)]J recom-
bination, Next-generation sequencing

1 Introduction

Antibodies or immunoglobulins (IGs) on B cells are generated
through somatic recombination of variable (V), diversity (D), and
joining (J) genes [1, 2] and further diversified through somatic
hypermutation (SHM) [3, 4]. The collection of different B cells
in an individual, also known as the immune repertoire, is complex,
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containing many different B cells with different antibodies. B cells
that derive from the same progenitor are clonally related and harbor
gene rearrangements that are identical or have very similar nucleo-
tide sequences (differing only by SHM or sequencing errors). The
grouping of antibody gene rearrangement sequences into clones
provides a means of characterizing the immune repertoire with
respect to the distribution, size, complexity, and dynamics of clones
in different cell types and tissues [5-7].

Here we describe a homebrew method, with primer sequences
adapted for NGS from the BIOMED?2 IG heavy-chain (IGH) PCR
assays [8], to evaluate samples for evidence of B-cell clonal expan-
sion and track clones in bulk gDNA samples. Similar methods exist
as commercial services (e.g., Adaptive Biotechnologies, iReper-
toire), and there are also similar homebrew methods for the analysis
of T-cell AIRR-seq data (e.g., [9]). This homebrew method for
IGH rearrangements uses multiplex PCR and can be scaled to very
high cell inputs as described in [10]. DNA is more robust than
RNA and has a simpler relationship to cell numbers (one template
per cell) than RNA. For these reasons, bulk gDNA-based sequenc-
ing is typically the method of choice for clinical-grade assays to
evaluate malignant clonal expansions [11], as well as the in-depth
study of clones in different tissues to study clonal networks in the
body [10]. The method shown uses long reads that are adequate
for robust IGHV gene alignment and evaluation of SHM, but this
method can also be performed with shorter reads, depending upon
the sample type and DNA quality.

In this chapter, we also illustrate how to use pRESTO [12] and
ImmuneDB [13] to analyze sequencing data generated following
the wet bench protocol. In this dry bench analysis, we describe how
to filter the raw read data, group highly similar rearrangements into
clones using both the IGHV gene and CDR3 sequences, estimate
clone size distributions, and track clones of interest in other
samples.

2 Materials

2.1 Primers

All IG gene amplification primers are synthesized by Integrated
DNA Technologies, and HPLC purification is recommended for
sequences that are longer than 60 bp and any sequence that con-
tains one or more “Ns” (random nucleotides). Dual indices are
provided to distinguish clone identification from tracking primers
(see Note 1).

1. Human (Hu) IGH amplification primers for clone
identification:

NexteraR2-Hu-VHI1-FWI1:GTCTCGTGGGCTCGGAGAT
GTGTATAAGAGACAGGGCCT
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CAGTGAAGGTCTCCTGCAAG

NexteraR2-Hu-VH2-FW1:GTCTCGTGGGCTCGGAGAT
TGTATAAGAGACAGGTCTG

GTCCTACGCTGGTGAAACCC

NexteraR2-Hu-VH3-FW1:GTCTCGTGGGCTCGGAGAT
GTGTATAAGAGACAGCTGG

GGGGTCCCTGAGACTCTCCTG

NexteraR2-Hu-VH4-FWI1:GTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGCTTC

GGAGACCCTGTCCCTCACCTG

NexteraR2-Hu-VH5-FW1:GTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGCGGG

GAGTCTCTGAAGATCTCCTGT

NexteraR2-Hu-VH6-FW1:GTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGTCGC

AGACCCTCTCACTCACCTGTG

NexteraR1-Hu-JHmix1: TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGTACGTNC

TTACCTGAGGAGACGGTGACC

NexteraR1-Hu-JHmix2: TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGCTGCNCT

TACCTGAGGAGACGGTGACC

NexteraR1-Hu-JHmix3: TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGAGNCTTA

CCTGAGGAGACGGTGACC

. Hu IGH amplification for clone tracking;:
These primers use dual ID barcodes to distinguish them
from the identification sample amplicons (the bold font indi-
cates the barcode sequences).

NexteraR2-Barcoded-Hu-VH1-FW1:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC
AGAGGCTATAGGCCTCAGTGAAGGTCTCCTGCAAG

NexteraR2-Barcoded-Hu-VH2-FW1:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC

AGGCCTCTATGTCTGGTCCTACGCTGGTGAAACCC

NexteraR2-Barcoded-Hu-VH3-FW1:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC

AGAGGATAGGCTGGGGGGTCCCTGAGACTCTCCTG

NexteraR2-Barcoded-Hu-VH4-FW1:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC

AGTCAGAGCCCTTCGGAGACCCTGTCCCTCACCTG
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2.2 DNA Extraction

2.3 Library
Preparation

NexteraR2-Barcoded-Hu-VH5-FW1:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC

AGCTTCGCCTCGGGGAGTCTCTGAAGATCTCCTGT

NexteraR2-Barcoded-Hu-VH6-FW1:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC

AGTAAGATTATCGCAGACCCTCTCACTCACCTGTG

NexteraR1-Barcoded-Hu-JHmix4:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG

ATTACTCGTACGTNCTTACCTGAGGAGACGGTGACC

NexteraR1-Barcoded-Hu-JHmix5:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG

TCCGGAGACTGCNCTTACCTGAGGAGACGGTGACC

NexteraR1-Barcoded-Hu-JHmix6:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG

CGCTCATTAGNCTTACCTGAGGAGACGGTGACC

. NexteraXT index primers S5XX and N7XX. These primers are

synthesized with HPLC purification to create sets A, B, C, and
D for different barcode combinations (available from
Illumina).

Use molecular biology-grade reagents.

—
S O 00 NN QN Ul W N
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. Isopropanol, DNase /RNase free.

. 200 proof ethanol.

. 10 mM Tris and 0.1 mM EDTA, pH 8.0.
. DNase /RNase-free water.

. Glycogen.

. RBC lysis solution (Qiagen).

. Cell lysis solution (Qiagen).

. Protein precipitation solution (Qiagen).

. RNase A solution (Qiagen).

. DNA-oft (Thermo Fisher Scientific).

. Multiplex PCR Kit (Qiagen).

. Ultrapure agarose (Thermo Fisher Scientific).

. 100 bp DNA Ladder (New England Biolabs).

. 50x Tris-acetate electrophoresis buffer (Quality Biological)
. Agencourt AMPure XP beads (Beckman Coulter).

. Gel Extraction Kit (Qiagen).

. 3 M sodium acetate, pH 5.5 (Sigma).

. 10 mg/ml ethidium bromide aqueous solution (Sigma-

Aldrich).



2.4 Library QC and

Sequencing

2.5 Disposables

2.6 Equipment
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Use molecular biology-grade solutions.

1.

10 M Sodium hydroxide solution, BioUltra (Sigma-Aldrich).

2. 600-Cycle MiSeq Reagent Kit v3 (Illumina).

. Qubit dsDNA High-Sensitivity Kit (EMSCO /Thermo Fisher

Scientific).

. KAPA Library Quantification Kit (EMSCO/Thermo Fisher

Scientific).

. PhiX Control V3 Kit (Illumina).
. Tween 20 (Sigma-Aldrich).

. 96-well ABI-style PCR plate (Thomas Scientific).

. Plate-sealing film, aluminum, cold storage, and sterile (Thomas

Scientific).

. Microseal “B” adhesive seals for thermo cycling (Bio-Rad

Laboratories).

4. 1.5 ml Posi-Click tubes (Thomas Scientific).

ul

NeREC IR BN

10.
11.
12.
13.

O 0 N O\ Ul W N

p—
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. Reagent reservoir, 25 ml, sterile, and individually wrapped

(Thomas Scientific).

. DNA LoBind tubes, 1.5 ml (Eppendorf).
. PCR plate 96 LoBind, semi-skirted (Eppendorf).
. Qubit assay tubes (Life Technologies).

. Polypropylene conical tube 15 ml bulk wrap sterile (Thomas

Scientific).

P2 /P10 extra-long filter pipet tips (Thomas Scientific).
P-20 filter pipet tips (Thomas Scientific, see Note 2).
P-200 filter pipet tips (Thomas Scientific).

P-1000E filter pipet tips (Thomas Scientific).

. Veriti 96-well thermal cycler.

. NanoDrop 1000 spectrophotometer.

. Agilent 2100 bioanalyzer.

. Qubit 4 fluorometer.

. Illumina MiSeq.

. PCR workstation (C.B.S. Scientific).

. 968 super ring magnet plate (Thomas Scientific).
. Labnet mini plate spinner (Thomas Scientific).

. Gel Doc XR Imaging System with Universal Hood II

(Bio-Rad).

. Owl™ EasyCast™ B2 mini gel electrophoresis system.
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3 Methods

3.1 Lab Setup

3.2 DNA Purification

The major steps of the wet bench procedure are outlined in Fig. 1.

The lab should have separate areas for pre-PCR and post-PCR
work, to prevent contamination. Two separate rooms are recom-
mended with all DNA extraction: the PCR setup is performed in
the pre-PCR room, and all of the gel running, AMPure bead
purification, and sequencing are performed in the post-PCR
room. Use DNA-off to wipe down the workstation and UV treat
pipets before and after each experiment.

This protocol starts from high-purity genomic DNA (gDNA) that
has been isolated from a population of cells, such as peripheral
blood mononuclear cells (PBMCs), or cells from tissues or sorted
cells (Fig. la and see Note 3). To prepare the sorted cells for
sequencing, sort cells directly into 300 pl of cell lysis solution if

5 P7 Barcode Adaptor

e

.

| 1] | J Adaptor [Barcode P53

Fig. 1 Workflow for IGH sequencing from bulk gDNA. (a) Starting from PBMCs, bone marrow aspirate, or
formalin-fixed paraffin-embedded samples, gDNA is extracted from bulk populations. (b) Next, IGH gene
rearrangements are amplified from gDNA using primer cocktails in FR1 and JH along with lllumina adapters.
V = variable, D = diversity, and J = joining genes. (¢) Amplicons from this first round of PCR are purified using
AMPure beads and (d) subjected to second-round amplification using primers that include sample barcodes
(see primers in Subheading 2.1 for DNA sequence information). (e) Sequencing libraries are subjected to
further purification, size selection, quality control, and pooling prior to loading onto the sequencer
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the expected lymphocyte yield is less than 50,000 cells and use a
DNA LoBind tube. If the expected yield is more than 50,000 cells
per population, sort the cells into sorting buffer, centrifuge the
cells, remove the supernatant, and resuspend the cell pellet in a cell
lysis bufter (add 300 pl cell lysis buffer for up to two million cells).
DNA is extracted from whole blood, bone marrow, or sorted cells
using protocols from Gentra Puregene (Qiagen) handbook using
the manufacturer’s recommendations. Outlined below is the pro-
tocol (with notes) for 3 ml of whole blood.

1. Mix 3 ml whole blood with 9 ml of RBC lysis solution in a
15 ml conical tube, and gently invert ten times. Incubate at
room temperature for 5 min (minutes), and invert the mixture
at least once during the incubation (see Note 4).

2. Centrifuge at 2000 x g for 2 min to pellet the white blood cells.
Carefully discard the supernatant by pipetting or pouring the
supernatant to a waste tank containing water with 10% bleach.
Leave behind ~200 pl of the residual liquid, and vortex to
resuspend the pellet in the residual liquid (see Note 5).

3. Add 3 ml of cell lysis solution, and vortex for 10 s (seconds).
Stopping point: Once samples are fully suspended in cell lysis
solution, the DNA will be stable for 2 years (se¢ Notes 6 and 7).

4. Add 1 ml protein precipitation solution, and vortex for 20 s at
high speed. Centrifuge at 2000 x g for 5 min (se¢ Note 8).

5. Transfer the supernatant to a new 15 ml conical tube, and add
3 ml isopropanol. Mix by inverting 30 times until the DNA is
visible as threads or a clump (see Note 9). Stopping point: DNA
can be precipitated overnight.

6. Centrifuge at 2000 x g for 3 min. After centrifugation, the
DNA may be visible as a small white pellet. Carefully pour off
the supernatant to a waste isopropanol/ethanol container.
Drain the residual liquid in the tube by inverting on a clean
piece of absorbent paper.

7. Add 3 ml of 70% ethanol (prepared with molecular biology
grade ethanol and DNase /RNase-free water), and invert sev-
eral times to wash the DNA pellet. Centrifuge at 2000 x g for
1 min, and carefully pour the supernatant to a waste isopropa-
nol/ethanol container. As the DNA pellet may be loose at this
step, decant the liquid from the tube caretully.

8. Perform a quick spin at 2000 x g for 30 s to bring down the
residual ethanol to the bottom of the tube, and use a P-200 pl
filter tip to remove the residual ethanol. Allow the DNA pellet
to air dry for 10 min or until no ethanol can be observed. Note:
Avoid overdrying the DNA pellet, as then the DNA will be
difficult to dissolve.
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3.3 Template
Amplification and
Initial Quality Gontrol

9. Resuspend DNA in 100 ul of TE (low EDTA) buffer (10 mM
Tris and 0.1 mM EDTA), and check the DNA quality using
NanoDrop. The OD,40/0OD;gg ratio should be close to 1.8. If
the DNA concentration is <100 ng/pl using the NanoDrop
instrument, repeat the DNA concentration measurement using
Qubit HS DNA Kit for a more accurate measurement.

Before beginning, make sure that all of the workstations are clean,
and perform all template amplification procedures in a separate
pre-PCR area. Aliquot all primers (equimolar mixture of primers
for both VH and JH primer mixes), PCR-grade water, and PCR
master mix buffers before use. The PCR product that is amplified
from gDNA is shown in Fig. 1b.

1. Use water and PCR master mix from Qiagen Multiplex PCR
Kit, and prepare the PCR mix (se¢ Notes 10-13):

Reagent Volume (pl)
DNA 4

2 x master mix PCR buffer 12.5

5" VHFW1 mix (5 pM) 3

3’ JH mix (5 pM) 3
Nuclease-free water 2.5

Total volume 25

2. Thermal cycling. If using plates, use microseal B adhesive seal.
Perform a quick spin of the plate before loading onto the
thermal cycler, and run the following program:

First PCR program.
Temperature and time Number of cycles
95 °C 7 min 1
95°C455,60°C455s,72°C90s 35
72 °C 10 min 1

Stopping point: Amplified samples can be stored at 4 °C for
up to 48 h.

3. Agarose gel electrophoresis of PCR products (sec Note 14).
Gel electrophoresis is performed to ensure that the first-round
PCR has generated a sufficient quantity of amplicons of the
correct length and that there is no evidence of contamination in
the negative controls.
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(a)

(b)

(c)

Prepare a 2% agarose gel (ultrapure agarose) in 1x TAE
buffer. Ethidium bromide can be mixed into the gel, or
the gel can be stained afterward to visualize the DNA.

Load 5 pl of the first-round PCR amplicons per lane, and
check the amplicon size under UV light by comparing the
products to the molecular weight ladder (100 bp ladder).

The amplicon on the gel should be the same as the positive
control band, and the size is ~440 bp. If water and fibro-
blast DNA controls show contamination, the whole
experiment needs to be rerun.

. AMPure bead purification (Fig. 1c) is performed on the
remaining 20 pl of the sample from the first-round PCR to
enrich for PCR products of the appropriate length and remove
primers and primer dimers following the manufacturer’s pro-
tocol (Beckman Coulter). Aliquot beads before use. Equili-
brate beads to room temperature, and prepare fresh 85%
ethanol each time before use. Use filter tips.

(a)
(b)

Mix an equal volume of AMPure beads with amplicons
(in this case, 20 pl of beads, see Note 15).

Mix the beads and amplicons together by pipetting up and
down 20 times. Incubate the mixture at room tempera-
ture for 1 min. Set the plate on the magnet for 5 min until
the mixture is clear.

Keep the PCR plate on the magnet, remove the superna-
tant, and discard.

Wash the beads by adding 180 pl of fresh 85% ethanol, do
not mix, incubate at room temperature for 30 s, and
remove and discard the supernatant.

Use P2 /P10 extra-long tips to remove the residual etha-
nol from each well, and air dry at room temperature for up
to 5 min. Note: Do not allow beads to air dry for more
than 5 min.

Remove the PCR plate from the magnet, add 40 pl of TE
(low EDTA) butffer into each sample well. Mix by pipet-
ting up and down ten times to resuspend the beads.
Incubate at room temperature for 2 min.

Return the PCR plate to the magnet, and incubate at
room temperature for 5 min. With the plate on the mag-
net, transfer 38 pl of the eluates to a new 96-well PCR
plate. Stopping point: At this step, the new plate with the
purified first PCR amplicons can be sealed and stored at
—20 °C for later use.
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3.4 Second-Round
PCR and Product
Purification

In this section of the protocol, the bead-purified amplicons from
the first step are amplified using primers that are tagged with
Illumina barcodes. A schematic illustration of the PCR product is
shown in Fig. 1d. All procedures for preparing the PCR mix are
performed in the pre-PCR room, except for the addition of the first-
round PCR amplicons, which is performed in a PCR hood in the
post-PCR room. Aliquot all primers (Nextera XT index primers),
PCR-grade water, and PCR master mix buffers before use.

1. Use water and PCR master mix from the Qiagen Multiplex
PCR Kit, and prepare the PCR mix:

Reagent Volume (ul)
Purified first-round PCR amplicons 4

2 x master mix PCR buffer 12.5
NexteraXT index primer S5XX 2.5
NexteraXT index primer N7XX 2.5
Nuclease-free water 3.5

Total volume 25

2. Run the second-round PCR program:

Temperature and time Cycles
95 °C 10 min 1
95°C 30 s, 60°C 30's, 72°C 45 s 8
72°C 10 min 1

Stopping point: Amplified samples can be stored at 4 °C for
up to 48 h.

3. Sample pooling and analysis of pooled second-round PCR
products (see Note 16).

(a) Add equal volumes (typically ~5 pl) of the individual
sample amplicons (replicates) together into a “pooled
library” for sequencing. Samples can be pooled together
at this stage, because the amplicons have sample-specific
barcodes.

(b) Prepare a 2% agarose gel, and add 5 pl of the second-
round PCR amplification mixture. The expected amplicon
size on the gel is ~510 bp and should be present in the
positive control sample. If water or fibroblast have ampli-
fication products, the second-round PCR experiment
needs to be rerun. Stopping point: The second-round
PCR samples can be stored at —20 °C in a post-PCR
freezer for later use (see Note 17).
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4. Optional gel extraction step. If primer dimers are observed at
the size of ~200 bp, a gel purification step using QIAquick Gel
Extraction Kit is recommended to enrich for products of the
right length for sequencing. Gel extraction is preferred over
AMPure beads for this step, because the beads do not remove
this amplicon size well.

(a)

(b)

Run the pooled samples on a 2% agarose gel with a
low-voltage setting (~60 V) to allow the amplicons to
migrate slowly on the gel.

After 3 h of gel running, cut out the expected size
(510 bp) band under long wavelength UV light to mini-
mize DNA damage. Weigh the gel slice in a 1.5 ml
Eppendorf tube.

Add 3 volumes of buffer QG to 1 volume of gel (100 mg
gel corresponds to ~100 pl of liquid volume). The maxi-
mum amount of gel per spin column is 400 mg. Incubate
at 50 °C for 10 min (invert the tube to help dissolve gel)
or until the gel slice has dissolved completely.

If the color of the mixture is orange or violet, add 10 pl of
3 M sodium acetate until the color turns yellow. Add 1 gel
volume of isopropanol to the sample, and mix by inverting
the tube ten times.

Apply 750 pl of the gel-isopropanol mixture to a QIA-
quick spin column in the provided 2 ml collection tube,
and centrifuge at 17,900 x g for 1 min.

Discard the flow-through, and place the QIAquick col-
umn back into the same tube.

Apply the rest of the mixture (if any is remaining) to the
same column, and repeat steps 4¢ and 4 f.

Add 750 pl buffer PE to the QIAquick column, and
centrifuge at 17,900 x g for 1 min to wash the column.
Discard flow-through, and place the QIAquick column
back into the same collection tube.

Centrifuge the QIAquick column for 1 min to remove the
residual wash buffer, and place the QIAquick column into
a clean 1.5 ml Eppendorf tube.

Add 50 pl buffer EB to the center of the QIAquick mem-
brane, let the column stand for 2—-3 min, and then centri-
fuge for 1 min. Stopping point: Gel-purified product (the
eluate in the clean 1.5 ml Eppendorf tube) can be stored
at —20 °C in the post-PCR freezer for later use.

3.5 Library Pooling, 1. Gather up all of the pooled libraries and gel-purified pooled
Purification, and libraries, if any, that are going to be included in the sequencing
Quantification run (se¢e Note 18).
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3.6 Sequencing

2. Starting from the pooled libraries, perform two rounds of

AMPure bead purification as described previously (Fig. le).

. The final purified libraries can be eluted in %2 or % of the

original pooled sample volume to concentrate the library, if
needed.

. Run 1 pl of each pooled library with a Bioanalyzer high-

sensitivity DNA assay to verify the size and purity. Check the
concentration of each pooled library on Qubit using a dsDNA
High-Sensitivity Kit with 2 pl of each pool.

. Once the molarity is calculated for each pooled library (see

Note 19), normalize the library inputs in the sequencing run.
The goal is to have the number of molecules per sample be
equal across the different libraries. For example, suppose that
one pooled library (library A) has 34 samples with an overall
molarity of 50 nM and a second pooled library (library B) has
46 samples with a molarity of 35 nM. If 10 pl of library B is
used for the final pooled library, then the volume of library A is
calculated by solving for A in the following expression:

(A pl x 50 nM)/34 samples = (10 pl x 35 nM)/46 samples.
A =517l

The concentration of the final pooled library is determined by
Qubit and calculated as molarity (se¢ Note 19).

. Prepare a fresh dilution of 0.2 N NaOH. Dilute the original

10 N NaOH to 1 N, and discard the aliquot after 3 months.
Mix 80 pl of water and 20 pl of 1 N NaOH for a total of 100 pl
ot 0.2 N NaOH.

. Prepare 4 nM of the final pooled sequencing library by diluting

the concentrated one with TE (low EDTA).

. Mix 5 pl of 0.2 N NaOH and 5 ul of 4 nM library by pipetting

up and down for 20 times in a 1.5 DNA LoBind tube. Dena-
ture at room temperature for 5 min.

. Add 990 pl prechilled HT1 (from the MiSeq Kit), and incubate

on ice immediately. The final concentration for the denatured
library is 20 pM.

. Prepare 20 pM of PhiX. Mix 2 pl of PhiX control with 3 pl of

TE (low EDTA) in a 1.5 ml DNA LoBind tube by pipetting.
Add 5 pl of freshly diluted 0.2 N NaOH, mix by pipetting up
and down 20 times, and incubate at room temperature for
5 min. Next, add 990 pl prechilled HT1 (from the MiSeq
Kit), and incubate on ice immediately (sec Note 20).

. To spike in 10% PhiX into the final sequencing library, take

100 pl of the 20 pM denatured library out and discard, and add
in 100 pl of 20 pM denatured PhiX. This will yield 20 pM of
the final sequencing library with 10% PhiX (see Note 21). Load
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600 pl of this library to the pre-thawed MiSeq cartridge
MiSeq® Reagent Kit v3 (2X300 cycles). The run takes
2.5 days to complete.

7. General sequencing run QC. For the MiSeq (2X300 cycle) V3
Kit, the optimal raw cluster density is 1200-1400 K/mm?
(Illumina provides additional details on clustering density
online). The percentage of reads for the entire run that have
Q scores above 30 (Q30, 1 in 1000 base calls may be incorrect)
should be at least 70%. Finally, the percentage of clusters pass-
ing filter (PF%) should be > = 80%. If a run does not pass all
three of these thresholds, the sequencing should be repeated.
Under passing conditions, each replicate has on average
100,000 to 300,000 valid reads (using pRESTO processing
with Q30 filtering, please see following sections for data
analysis).

Before processing raw sequencing data, analysis software must be
installed as follows:

1. Install pRESTO. pRESTO [12]1is used for quality control prior
to running the rest of the pipeline. It can be installed with pip3
install presto.

2. Install the ImmuneDB Docker image. The ImmuneDB [13]
Docker image should be installed for gene identification (via
pre-installed IgBLAST), clonal inference, database-backed
storage, exporting, and a web interface. For illustrative pur-
poses, we will use version 0.29.10, which can be pulled with
docker pull arosenfeld/immunedb:v0.29.10.

Raw data from NGS platforms are generally output in a format
providing base calls for each read along with a quality score for each
base. Depending on the sequencing method, there are a number of
different steps to transform and filter these data into a format that is
readily available for further analyses. In general, if reads are paired,
the matching 5" and 3’ reads must be aligned to form full-length
sequences. Specifically, each pair of reads is iteratively compared
until the maximal number of overlapping nucleotides is found.
Nucleotides in the overlapping segment that do not match are
assigned the base from whichever read has a higher-quality score.
Following this, short and low-quality sequences should be
removed as they do not provide sufficient information to make
accurate gene calls. Then, primer sequences which were
incorporated into the DNA/RNA templates should be masked as
not to skew later mutation analyses. Individual base calls with low
confidence (generally either a Phred score < 20 or < 30) should be
masked to reduce their influence on downstream analyses. Finally,
genes should be annotated with IgBLAST for downstream proces-
sing. The commands for this entire process, assuming paired input
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files from an Illumina-based sequencing platform and applying a
Phred quality score filter of 30, are as follows:

1. Locate the sequencing FASTQ files. First, change the working
directory to where the sequencing is located. For example, if
the data are in $HOME /seq_data, run cd $HOME /seq_data.

2. Run pRESTO:

PairSeq.py -1 *R1*.fastg -2 *R2*.fastqg

AssemblePairs.py align -1 *R1*_pair-pass.fastqg \

-2 *R2*_pair-pass.fastqg \

--coord illumina

FilterSeq.
FilterSeq.
FilterSeq.
FilterSeq.
FilterSeq.

3. Move

1%
by
by
by
by

quality -s *assemble-pass.fastqg

trimgqual -s *quality-pass.fastg -gq 30 --win 20
length -s *trimqual-pass.fastg -n 100

maskqual -s *length-pass.fastg -g 30

missing -s *maskqual-pass.fastg -n 10

the quality-controlled data into a new directory. The

remaining steps of this method only use the final resulting
files which will end in missing-pass.fastq. These files
should now be moved to a location to mount into the Immu-
neDB Docker container.

mkdir $HOME/immunedb_share/input

mv *missing-pass.fastqg SHOME/immunedb_share/input

4. Annotate raw sequences which have passed general quality

control filters with gene information. For IGH sequences V,
D, and J genes should be associated with each sequence.
IgBLAST is the preferred annotation tool which provides
AIRR-compliant output for gene calls in addition to other
alignment information [14]. For ease, IgBLAST and a helper
script are included in the ImmuneDB Docker image. To begin
annotation, perform the following;:

(a) Run the docker container.
To begin an interactive session, run the following:

docker run -v S$HOME/immunedb_share:/share \
-p 8080:8080 \

-it arosenfeld/immunedb:v0.29.10

One should see output similar to the following, after

which a terminal prompt will be shown:

Moving MySQL to Volume

* Starting MariaDB database server mysqgld [ OK ]

Setting up database

Starting webserver
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(b) Run IgBLAST on the QC’d FASTQ files. In the Docker
container, a helper script run_igblast.sh can be used to
annotate sequences. Reference genes are provided for
humans and mice for IGH, IGL, IGK, TRA, and TRB.
In this protocol, we will focus on human IGH. Run the
following:

run_igblast.sh human IGH /share/input /share/input
mkdir -p /share/sequences

mv /share/input/*.fast[aqg] /share/sequences

After this step, TSV files annotated in AIRR format
[15] will be located in the Docker container at /share/
input (which is also accessible at $SHOME/immunedb_-
share/input on the host).

1. Specifying sample metadata. Prior to importing these anno-
tated data into ImmuneDB for clonal inference and down-
stream analyses, metadata must be specified for each sample file.

(a) Create a template metadata file. Although a metadata file
is simply a TSV which could be created manually, Immu-
neDB provides a helper script to create a template as
follows:

cd /share/input

immunedb_metadata --use-filenames

(b) Add relevant metadata. With the command above, a meta-
data file with one row per file will be generated, and the
sample name for each file will be set to the filename
stripped of its extension.

On the host, open the metadata file in a spreadsheet
editor. The headers included by default are required;
file_name and sample_name will already be filled in from
the previous step, but the study_name, subject must
be filled in (se¢ Note 22).

2. Importing sequences into ImmuneDB. The data are now ready
for importing and further processing before clonal inference.
To do so, in the Docker container, run the following steps.
(a) Create a database for the project. The first step is to create

a database into which the AIRR-compliant sequencing
data annotated by IgBLAST will be stored. For this
method we will call the database my_db, but it can be
any valid name for a MySQL database (sec Note 23).

immunedb_admin create my_db /share/configs
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(b) Import the annotated data and trace duplicate sequences.

The next commands import all the annotated sequences
into the previously created database and annotate (col-
lapses) duplicate reads within and between samples.
Counting duplicates is useful for downstream filtering
and clone size estimation.

immunedb_import /share/configs/my_db.json airr \

/root/germlines/igblast/human/IGHV.gapped.fasta \

/root/germlines/igblast/human/IGHJ.gapped. fasta \

/share/input \

--trim-to 80

immunedb_collapse /share/configs/my_db.json

One important parameter in the previous commands
is -—trim-to. This masks the bases on the 5" end of each
read with the ambiguity character N. This avoids the
primer sequences, which are incorporated into the result-
ing reads, from being incorporated into downstream
mutational analyses. The value of 80 was chosen for this
chapter due to the use of framework 1 (FWR1) primers. If
different primers are used, the IMGT position of the 3’
end of the primer sequence should be used instead.

1. Once the data are imported and collapsed, sequences likely
originating from a common progenitor cell can be grouped
into clones.

immunedb_clones /share/configs/my_db.json cluster

The default parameters used by immuneDB to specify

clonally related sequences are the use of the same IGHV and
IGH] genes, the same CDR3 length, and at least 85% amino
acid sequence similarity in the CDR3 (sec Note 24).

2. Calculating statistics. To make downstream analyses more effi-
cient, ImmuneDB pre-calculates a number of statistics about
clones and samples (sec Note 25).

immunedb_clone_stats /share/configs/my_db.Jjson

immunedb_sample_stats /share/configs/my_db.json

3. Create lineage trees for each clone. Optionally, lineage trees can
be constructed for each clone. Like clonal inference, this pro-
cess has many parameters, and the following is for general use
and may need to be tweaked depending on sequencing depth,
error rates, and the underlying biological samples:

immunedb_clone_trees /share/configs/my_db.json --min-seg-co-

pies 2
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More details on clonal lineages can be found in Subheading
3.3 of the chapter “AIRR Community Guide to Repertoire
Analysis.”

. Sample clone count (see Note 26). One can do a quick “back-

of-the-envelope” calculation to estimate the maximal number
of expected unique IGH rearrangements in a bulk gDNA
sequencing using the equation below [16] if the nanogram
input is known:

Max.#of rearrangements = (ng input) (1000 pg/ng)

x (1.4 rearrangements/cell) /6.7 pg/cell.

Or, equivalently, about 150 cells per nanogram of input
DNA. These equations assume that 100% of the cells in the
samples are the B or T cells of interest that there is quantitative
recovery of all possible rearrangements and that each cell has an
average of 1.4 rearrangements (due to some cells having more
than one IGH or TRB rearrangement [17], se¢ Note 27).
Obtaining fewer or more clones than expected can reveal
potential technical or analytical problems with the experiment
or data analysis pipeline, respectively (see Note 28).

. Clone size distribution. There are at least two size metrics

which can be applied to each clone to generate distributions
of estimated clone sizes. First, one can define the size of each
clone as its number of sequence copies. This metric is particu-
larly useful when looking at malignancies where nearly all cop-
ies reside in the same single clone (or a small number of clones).
However, this approach can also be affected by PCR jackpots,
sample-specific subset differences, or other inter-sample copy
number variability (see Note 29). A second approach is to
compute the number of unique sequences in each clone. This
metric can be influenced by the level of SHM in the clone. It
can also be affected by sequencing error, with larger numbers
of unique sequences per clone arising in more deeply
sequenced samples.

(a) Histogram of top-ranked clones. As shown in Fig. 2a, one
can plot the copy number fraction of the 20 clones in a
sample that have the highest copy numbers. Investigating
the top copy number clones in datasets can highlight
expanded clones as compared to the overall repertoire,
giving insight into a range of different biological processes
(see Note 30). In healthy individuals, expanded B-cell
clones in the peripheral blood generally have copy num-
bers within the same order of magnitude of non-expanded
clones (see Note 31).

(b) D, index. One can compute the fraction of sequence
copies that are occupied by the top x percent of clones in
a sequencing library. D, is the fraction of total copies
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Fig. 2 Clone visualization scheme. All plots are illustrative. (@) Top clone plot. An example plot showing the size
of the top clones as measured by copy number in two samples, one shown in blue and one in yellow. Each set
of columns represents the clone of a given rank, and the y-axis shows the copy number frequency as a
fraction of the entire sample. (b) Clone rank plot. An example of a clone rank plot for two samples. Each bar
represents a sample; each color represents the copy number fraction for a bin of clones of a given range of
ranks (sizes) with lighter blue indicating higher-ranked (larger) clones and darker blue representing lower-
ranked (smaller) clones. A generally darker sample indicates that the majority of clones are not expanded, and
a lighter sample indicates a more oligoclonal repertoire. (c) Rarefaction curves. lllustrative rarefaction curves
for two hypothetical samples showing sufficient and insufficient sampling. The x-axis indicates number of
clones, and the y-axis indicates the measured number of total (unique) clones. Curves in which the number of
distinct clones continues to increase as the number of sampled clones increases indicate potential under-
sampling (blue), whereas curves that begin to plateau (black) indicate the sampled clones are becoming more
representative of the true underlying clonal population. (d) Clonal string plots visualizing the degree of clonal
overlap between three samples. Each row represents a clone and each column a sample (smp). The presence
of a clone in a given sample is indicated by blue and its absence by gray. Only clones that overlap in two or
more samples are shown. (e) Venn diagram. Three different hypothetical samples (demarcated by the blue,
yellow, and black circles) from the same individual. Numbers indicate clone counts that are found uniquely in
one, two, or three of the samples. (f) Clonal lineage. An inferred hypothetical lineage of clonally related
sequences. Each blue node represents a unique sequence, and the yellow node represents the nearest
germline reference sequence. The edge length between two nodes indicates the total number of accumulated
mutations from the parent sequence to the child sequence

occupied by the top x clones. A common value of x is
20 [10] which, when looking at copy number distribu-
tion, reveals if there are one or more dominating clones.

(c) Clone rank plot. Unlike the top-ranked clone plot and D,
index, clone rank plots provide a snapshot of the clone size
distribution in the entire repertoire. Clone rank plots
achieve this by segregating clones by rank as shown in
Fig. 2b. In such plots, each column represents a sample,
or a pool of samples, and the height of each bar represents
the proportion of copies in the given clonal range bracket.
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For example, in this example, the red bars show the pro-
portion of sequence copies in the top ten ranked clones.
In oligoclonal repertoires, both the D, index and the
clone rank plot, the top copy clones contain the majority
of copies. In contrast, for polyclonal repertoires, range
plots can provide a nuanced view of clonal abundance by
stratifying clones into categories based on their copy num-
ber distributions.

Determining how many samples or replicates are necessary to suffi-
ciently reveal the clonal landscape of the underlying immune reper-
toire is challenging. Undersampling a repertoire can lead to
underpowered analyses and false biological conclusions (e.g.,
claiming lack of overlap), whereas oversampling can be expensive
and time-consuming.

1. Rarefaction analysis can provide insight into the level of sam-
pling, providing a means of powering the clonal overlap analy-
sis. Rarefaction stems from ecology where one wants to
estimate the total number of species in a region by repeated
sampling of organisms [18]. Species which occur in multiple
independent samples are likely more abundant than those
which only occur in a few samples. One can apply the same
principles to the analysis of clones (see Note 32). This analysis is
generally plotted as shown in Fig. 2c where the x-axis is the
sample size (e.g., the number of clones sampled) and the y-axis
is the diversity (e.g., the estimated total number of clones).
Curves that plateau indicate that sampling more clones will
likely not affect the total estimated number of clones in the
underlying population. On the other hand, curves which do
not flatten show that a larger sample size is required to reveal
additional unknown clones.

2. Visualizing and quantifying clonal overlap. Clones which are
found in multiple samples are of particular interest. The sizes of
clones which are present at baseline and after treatment can
reveal insights into the efficacy of treatment and a patient’s
response to therapy. Clonal overlap can also be applied to
samples which were acquired from different tissues, cell sub-
sets, and other biologically relevant populations.

(a) Clone definitions for the evaluation of clonal overlap.
Most frequently used are clonal annotations or shared
CDR3 amino acid sequences. In ImmuneDB, for exam-
ple, clones are annotated with a unique clone ID that can
be scanned across all of the samples in a given subject,
allowing for the construction of clonal networks across all
of the different samples in an individual. Alternatively, one
can trace the consensus CDR3 amino acid sequence of
each clone through samples to determine overlap.
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(b) The Jaccard index [19] is the cardinality of the intersec-

(c)

tion of two samples divided by the cardinality of the union
of the same samples. Specifically, for two (potentially over-
lapping) sets of clones A and B, the Jaccard index J is
calculated with

ANB
]_AmB

Cosine similarity. The cosine similarly also gives an indica-
tion of overlap between samples. However, unlike the Jac-
card index, it takes into account clone size rather than only
presence or absence in samples. For each of the two samples
to compare, a one-dimensional vector is constructed, the
values of which indicate the size of each clone in copies.
The order of clone sizes must be the same for both samples.
Specifically, given two vectors of clone sizes from two sam-
ples, A and B, the cosine similarity Sis defined as

n
A;B;
S — =1

poriybor

(d) Overlapping clones can be visualized in line plots (Fig. 2d)

in which each column is a sample and each row is a clone
(line). The lines can be heat mapped to indicate the abun-
dance (e.g., copy number fraction) of a clone in a given
sample. Line plots only show clones that overlap in two or
more of the analyzed samples. To gain insight into the
fraction of overlapping clones in each sample and their
distribution, Venn diagrams (Fig. 2¢) can be used. Venn
diagrams show the numbers of overlapping and nonover-
lapping clones but become difficult to visualize when four
or more samples are being compared.

Clones can be further visualized in multidimensional data-
sets. The temporal relationship of sequences derived from
the same clone can be further visualized as lineages which
are rooted, directed graphs, showing the progression of
mutations (Fig. 2f). This can be useful to analyze the
changes within each clone across tissues, subsets, time-
points, or other metadata of interest. There are multiple
ways to infer lineages from a collection of clonally related
sequences. Two common approaches are neighbor joining
and maximum parsimony. Neighbor joining begins with
every sequence being its own node and iteratively adds
parent nodes between those which are most similar
[20]. Maximum parsimony [21] takes as input the same



Bulk gDNA Sequencing of IG Heavy Chain for Clone Tracking 337

sequences but instead attempts to construct a tree which
requires the minimum number of total mutations. Both
have positives and negatives. For example, neighbor joining
can create trees which are not optimal (e.g., mutations
occurring multiple times or incorrectly grouping clades),
but it is computationally more efficient than maximum
parsimony. Maximum parsimony, however, guarantees
some properties of the tree such as minimizing its height,
but is computational intractable to calculate for large clonal
lineages.

4 Notes

. Sample barcodes can become associated with the wrong sample

in the flow cell during sequencing (i.e., failure to accurately
demultiplex the samples in a sequencing run), a phenomenon
known as cross-clustering. For example, a very large clone in
one sample can sometimes be found at very low copy number
in an unrelated individual. Cross-clustering can also occur
when the cluster density is too high. With dual indices, there
is a second barcode that links a sample with an individual,
providing a means of computationally resolving issues with
cross-clustering [22].

. All micropipet tips used in this protocol are SHARP® Precision

Barrier Tips (available from Thomas Scientific) that use low
retention polymer technology. Some of the aerosol-resistant
tips from other vendors trap liquids.

. The recommended DNA inputs for different samples are up to

1 pg per reaction for formalin-fixed paraffin-embedded tissue
(particularly if lymphopenic by histology), up to 400 ng/reac-
tion for unsorted cells in which the cells of interest make up 5%
or more of total nucleated cells or up to 100 ng/reaction for
sorted lymphocytes per reaction. Lower input amounts can be
used if less sample is available.

. For fresh blood (collected within 1 h before starting the pro-

tocol), increase the incubation time to 8 min to ensure com-
plete red blood cell lysis.

. If the pellet does not break apart well, flick the bottom of the

tube with your fingers.

. If cell clumps are visible, incubate at 37 °C until the solution is

homogeneous.

. If RNA-free DNA is required, add 15 pl RNase A solution, and

mix by inverting 25 times. Incubate for 15 min at 37 °C. Then
incubate for 3 min on ice to quickly cool the sample for storage.
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If the protein precipitation step does not form a tight pellet,
incubate on ice for 5 min, and repeat the centrifugation at 4 °C.

If no DNA threads or clump is observed, add 5 pl of glycogen
(20 mg/ml), and incubate the mix at —20 °C for 1 h.

The volumes of DNA and water can be adjusted based on DNA
concentration and the experimental input. The volume of
input DNA is recommended to be a minimum of 4 pl for
pipetting accuracy.

When assembling the PCR mix, the DNA should be added last
and pipetted up and down ten times using a separate filter tip
for each reaction.

Include at least two negative controls (such as water, human
fibroblast DNA, 50-200 ng) and one positive control (such as
pooled human DNA from the spleen or PBMCs from plasma-
pheresis donors, 50-200 ng).

Include up to 48 replicates in 1 96-well plate. Place the samples
in every other well in rows and columns to reduce the risk of
cross contamination. If fewer than 48 samples are used, spread
the samples out on the plate as far apart as possible.

Ethidium bromide is a carcinogen. Wear appropriate personal
protective equipment (lab coat, gloves, and eye protection),
and discard the gel and disposables in the appropriate hazard-
ous waste containers.

The beads need to be mixed well by vortexing briefly; then do a
quick spin to bring down the leftover beads from the cap, and
pipet up and down ten times right before mixing them with the
amplicons.

All of these steps are performed in the post-PCR room.

The pooled library can also be stored at —20 °C until the day of
the MiSeq run.

For survey-level sequencing, run at least two replicates (inde-
pendent amplifications starting from gDNA). For deeper
sequencing, run three or more replicates.

The reading of sample concentration from Qubit is in ng/ul
and needs to be converted to nM using this formula: [ Concen-
tration by Qubit (ng/pl) x 1076]/(660 x size of the amplicon
in base pairs). The size of the IgH FW1 library amplicon is
510 bp.

20 pM PhiX can be used for up to 3 weeks when aliquoted into
LoBind tubes and stored at —20°C.

If one is using this method for the first time, a bioanalyzer
analysis is highly recommended to evaluate the purity of the
final library, and a KAPA quantification is recommended to
compare with the Qubit concentration measurement. The
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method presented in this chapter uses Qubit for concentration
measurement and uses 20 pM of the final library based on the
Qubit calculation. Bioanalyzer and KAPA quantification may
give different concentrations, and the optimal input library
concentrations calculated based on these methods may differ.

Additional custom columns may be added for relevant meta-
data such as tissue, timepoint, etc., following the nomenclature
conventions proposed by the AIRR Community [23]. For the
updated AIRR-C nomenclature, please visit https: //docs.airr-
community.org/en/stable /datarep/metadata.
html#repertoire-fields

The only technical limitations for database names are those
documented in the MySQL requirements (https: //dev.mysql.
com/doc/refman/8.0/en/identifiers.html). In addition, we
recommend that the names consist exclusively of lowercase
Latin characters, integers, and underscores.

There are multiple built-in clonal inference methods including
by edit distance and hierarchical clustering, both of which are
highly customizable [24-27]. The —-help command can be
used to show additional clustering options.

After sequence alignment and clonal inference, it is useful to
calculate high-level measures for each replicate (individual
sequencing library), sample (pooled replicates), and subject.
There are a number of different metrics that can indicate the
quality of sequencing and also highlight potentially interesting
biological phenomena, such as the number of total reads, valid
reads (sequence copies), unique sequences, and clones. Copies,
unique sequences, and clones can be heavily influenced by the
input DNA amount and cell count. A low number of unique
sequences as compared to copies can indicate PCR jackpots or
oligoclonality of the underlying repertoire. A number of
unique sequences that is similar to the total copies may indicate
insufficient sequencing depth.

The clone count is influenced by the degree of clonal expan-
sion, diversity of clones, and the amount (and purity) of the cell
population of interest. The clone count is also influenced by
how clonally related sequences are defined.

Typically cells with more than one IGH rearrangement have
one productive and one nonproductive rearrangement as cells
with two productive IGH [28, 29] or TRB rearrangements
[30] are very infrequent. In contrast cells with two productive
IGK [31] or TRA rearrangements [32] are more common.

If one obtains far fewer clones than expected, possible reasons
include clonal expansion, low fraction of T cells or B cells in the
sample, poor-quality template (such as an old FFPE sample
[33]), technical problem with template amplification or
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sequencing such that only a few of the available rearrangements
are being amplified, or a filtering procedure that results in an
unacceptably large fraction of the data being removed or a
clone collapsing procedure that groups unrelated sequences
together into the same clones, under-calling the number of
different clones. If, on the other hand, one obtains more clones
than the predicted maximum number, there may be an issue
with the computational pipeline in terms of how clones are
defined. For example, if a very high level of sequence similarity
is used on a sample enriched for memory B cells with high
levels of SHM, clonally related sequences may be grouped
falsely into separate clones.

If sampling a modest number of cells, in addition to spurious
oligoclonality, the experiment may be more susceptible to
artifacts such as PCR jackpots, in which one or a few templates
“take over” the reaction, leading to misleading evidence of
clonal expansion or dominance. The analysis of independently
amplified biological replicates can provide important insights
into clonal expansions (as discussed in greater detail in the
method chapter “Quality Control: Chain Pairing Precision
and Monitoring of Cross-Sample Contamination”). Clones
which have a high copy number in one replicate but not others
suggest a PCR jackpot or a highly oligoclonal sample with very
few templates. Conversely, clones which reproducibly have
high copy numbers may indeed be expanded.

Significant clonal expansions can be encountered in the setting
of malignant or nonmalignant lymphoproliferative disorders or
during acute immune responses. The degree of clonal expan-
sion is influenced by the cell type under study (e.g., more
expanded clones are encountered among memory populations
than naive cells), the tissue (e.g., B cells make up a much larger
fraction of total cells in the spleen than in the GI tract), and the
level of sampling (sequencing libraries that contain fewer
clones will have higher average numbers of copies per clone).

If one is surveying B cells in the peripheral blood, one can use
the copy number fraction and fold-change over the next most
frequent nondominant clone to report a significant clonal
expansion. For example, one might use a cutoff of 5% of total
sequence copies for an IGH rearrangement that is also at least
threefold more frequent than the next most frequent nondom-
inant rearrangement. In most individuals the top 20 most
frequent clones in the blood typically occupy <2% of total
sequence copies. The additional requirement of being three-
fold more frequent than the next most frequent nondominant
rearrangement helps to limit false calls of significant expansions
with oligoclonal samples (which could be due to poor sample
quality, a low number of input cells due to B-cell lymphopenia,
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or other factors). The term nondominant is used in case there
are expanded clones with more than one amplifiable IGH
rearrangement, for example, one productive and one nonpro-
ductive IGH gene rearrangement in the same cell.

32. If multiple replicates are not available for the dataset of interest,
one can also computationally resample the dataset, mimicking
the effect of multiple replicates [34].
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Bulk Sequencing from mRNA with UMI for Evaluation
of B-Cell Isotype and Clonal Evolution: A Method by the AIRR
Community

Nidhi Gupta, Susanna Marquez, Cinque Soto, Elaine C. Chen,
Magnolia L. Bostick, Ulrik Stervbo, and Andrew Farmer

Abstract

During the course of an immune response to a virus such as influenza, B cells undergo activation, clonal
expansion, isotype switching, and somatic hypermutation (SHM). Members of an antigen-experienced
B-cell clone can have different sequence features including SHM in the immunoglobulin heavy-chain V
(IGHV) gene and can use the same IGVH gene in combination with different constant regions or isotypes
(e.g., IgM, IgG, IgA). To study these features of expanded clones in an immune response by AIRR-seq, we
provide a bulk RNA-based sequencing experimental procedure with unique molecular identifiers (UMIs)
and the accompanying bioinformatics analytical workflow.

Key words BCR, B cells, Repertoire, Bulk RNA, Sequencing, AIRR, Immunoglobulin, Bulk RNA
sequencing, UMI, Heavy and light chain

1 Introduction

This protocol enables users to generate indexed libraries with full-
length transcripts that are ready for sequencing on Illumina plat-
forms (Fig. 1). It allows for the analysis of both immunoglobulin
heavy (IGH) and kappa/lambda light-chain (IGK/IGL) gene rear-
rangements and has a sample input range from 10 ng to 1 pg of
total RNA from peripheral blood mononuclear cells (PBMCs) or
1 to 100 ng of total RNA from purified B cells.

The protocol leverages SMART technology (switching mecha-
nism at 5’ end of RNA template) and employs a 5> RACE-like
approach to capture complete V(D)J variable regions of BCR/IG
transcripts. It also incorporates unique molecular identifiers
(UMlIs). First-strand ¢cDNA synthesis is oligo-dT primed and
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Bulk sequencing from RNA (full length with isotype analysis)
with UMI

RNA cDNA synthesis Ig amplification (hBCR
extraction w. 5' UMI Universal and C-gene primer)

]
Full-length BCR V(D))
regions amplification

(Semi-nested PCR)

Bead Pool indexed
purification ~ libraries

Fig. 1 Overview of the SMARTer human BCR procedure. cDNA is synthesized from RNA isolated from PBMCs
or B cells, followed by two rounds of PCR and finally purified and pooled to prepare the libraries for sequencing

catalyzed by SMARTScribe™ reverse transcriptase (RT), which
adds non-templated nucleotides at the 5 end of each mRNA
template. The SMART UMI Oligo anneals to these
non-templated nucleotides, serves as a template for incorporation
of'a PCR handle into the first-strand cDNA, and uniquely tags each
c¢DNA molecule with a UMI (UMIs allow for the generation of
consensus sequences during data analysis, thereby minimizing PCR
and sequencing errors). Following reverse transcription, two
rounds of PCR are performed to amplify cDNAs. To capture the
entire V(D)] region, primers in these PCRs anneal to sequence
added by the SMART UMI Oligo at the 5" end and the IG constant
region(s) at the 3’ end. The second PCR takes the product from the
first PCR as a template and uses semi-nested primers to amplity the
entire IG variable region and a small portion of the constant region
(Fig. 2).

We also provide a computational workflow to analyze the
sequencing data with the Immcantation framework (immcantation.
org). The workflow covers preprocessing, isotype assignment, quality
control and filtering, gene annotation, gene usage, population struc-
ture determination, and lineage reconstruction.

2 Materials

2.1 General All components are available in SMARTer Human BCR IgG IgM /
Reagents IgK/IgL Profiling Kit (Takara Bio, se¢ Note 1).
1. Control RNA (human spleen total RNA, 1 pg/pL).
. SMART UMI Oligo.
. dT Primer.
. 5x first-strand bufter.
. 100 U/pL SMARTScribe reverse transcriptase.
. Nuclease-free water.
. 40 U/uL RNase inhibitor.

N QN gL W
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[ Input RNA
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Sequencing-ready library

Fig. 2 A schematic of dT-primed first-strand cDNA synthesis followed by two rounds of successive PCR for
amplification of cDNA sequences. After post-PCR purification, size selection, and quality analysis, the library is
ready for sequencing

8. BCR enhancer.
9. 10 mM Tris—HClI elution bufter (pH 8.5).
10. hBCR PCR1 Universal Forward.
11. hBCR PCRI1 IgG reverse.
12. hBCR PCRI1 IgM reverse.
13. hBCR PCRI1 IgK reverse.
14. hBCR PCRI1 IgL reverse.
15. 1.25 U/pL PrimeSTAR GXL DNA polymerase.
16. 5x PrimeSTAR GXL buffer.
17. 2.5 mM dNTP mixture.
18. hBCR PCR2 IgG reverse 1-4.
19. hBCR PCR2 IgM reverse 1-4.
20. hBCR PCR2 IgK reverse 1-4.
21. hBCR PCR2 IgL reverse 1-4.
22. hBCR PCR2 Forward 1-12.
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2.2 Primers Illumina indexes are incorporated into human BCR profiling
libraries through both forward and reverse PCR primers. The

221 Human BCR corresponding Illumina indexes are listed below.

Indexing Primer Set HT for
lumina Sequences

222 BCRPCR2 Forward  Primers are listed with the name, Illumina ID, and index sequence.

Primer 17 HT Index hBCR PCR2 Universal Forward 1, D701, ATTACTCG.
hBCR PCR2 Universal Forward 2, D702, TCCGGAGA.
hBCR PCR2 Universal Forward 3, D703, CGCTCATT.
hBCR PCR2 Universal Forward 4, D704, GAGATTCC.
hBCR PCR2 Universal Forward 5, D705, ATTCAGAA.
hBCR PCR2 Universal Forward 6, D706, GAATTCGT.
hBCR PCR2 Universal Forward 7, D707, CTGAAGCT.
hBCR PCR2 Universal Forward 8, D708, TAATGCGC.
hBCR PCR2 Universal Forward 9, D709, CGGCTATG.
. hBCR PCR2 Universal Forward 10, D710, TCCGCGAA.
. hBCR PCR2 Universal Forward 11, D711, TCTCGCGC.
12. hBCR PCR2 Universal Forward 12, D712, AGCGATAG.

—
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2.2.3 BCR Indexing Primers are listed with name, Illumina ID, and index sequences, as
Reverse Primer Set HT for ~ read on a MiSeq instrument.

Hlumina Index Sequences hBCR PCR2 IgG Reverse 1, D501, TATAGCCT.
hBCR PCR2 IgM Reverse 1, D501, TATAGCCT.
hBCR PCR2 IgK Reverse 1, D501, TATAGCCT.
hBCR PCR2 IgL Reverse 1, D501, TATAGCCT.
hBCR PCR2 IgG Reverse 2, D502, ATAGAGGC.
hBCR PCR2 IgM Reverse 2, D502, ATAGAGGC.
hBCR PCR2 IgK Reverse 2, D502, ATAGAGGC.
hBCR PCR2 IgL Reverse 2, D502, ATAGAGGC.
hBCR PCR2 IgG Reverse 3, D503, CCTATCCT.
. hBCR PCR2 IgM Reverse 3, D503, CCTATCCT.
. hBCR PCR2 IgK Reverse 3, D503, CCTATCCT..
. hBCR PCR2 TIgL Reverse 3, D503, CCTATCCT.
. hBCR PCR2 IgG Reverse 4, D504, GGCTCTGA.
. hBCR PCR2 IgM Reverse 4, D504, GGCTCTGA.
. hBCR PCR2 IgK Reverse 4, D504, GGCTCTGA.
. hBCR PCR2 IgL. Reverse 4, D504, GGCTCTGA.
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2.3 Equipment

2.4 Software
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. Pipettes: 10 pL, 20 pL, and 200 pL.

. Filter pipette tips: 2 pL, 20 pL, and 200 pL.
. Microcentrifuge tubes: 1.5 mL.

. Minicentrifuge 0.2 mL tubes or strips.

. NucleoSpin RNA Plus, mini kit for RNA purification with
DNA removal column (Macherey-Nagel).

[S2 N NN I S R

6. Thermal cyclers, separate dedicated instruments for first-strand
c¢DNA synthesis, and PCR amplification.

7. Agilent 2100 Bioanalyzer — DNA 1000 kit; for validation,
alternatively use the TapeStation.

8. TapeStation, (Agilent), for validation, alternatively use the
bioanalyzer.

9. Qubit dsDNA HS Kit (Thermo Fisher Scientific).

10. Nuclease-free thin wall PCR tubes, 96-well plates, or strips
(USA Scientific).

11. Nuclease-free low-adhesion 1.5 mL tubes.

12. NucleoMag NGS clean-up and size select, Takara Bio 5 mL
size for bead purification.

13. 100% ethanol, molecular biology grade.

14. SMARTer-Seq™ Magnetic Separator, PCR Strip, Takara Bio
8-tube strips or Thermo Fisher Scientific 96-well plates.

15. Low-speed benchtop centrifuge for 96-well plate.

Immcantation suite Docker container. See step 3 (“obtain the
software”) in Subheading 3.10.

3 Methods

3.1 Overview of Wet
Bench Protocol

3.2 RNA Extraction

The major steps of the procedure are outlined in Fig. 3. This
sequencing protocol has been optimized for 10 ng of total RNA
per sequencing library, which corresponds to ~1000 cells. But the
extraction of RNA is far more efficient and yields higher purity and
higher-quality product at much higher numbers of input cells, on
the scale of tens of thousands to millions. RNA extracted from
PBMC:s yields approximately 1 pg per mL or ~one million nucle-
ated cells, of which only a small fraction (1-10%) are B cells.

The following is an illustration of RNA isolation from approxi-
mately 1 x 107 cultured cells using the NucleoSpin RNA Plus
protocol.
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nique molecular identifiers (UMIs). (a) This protocol begins with a single-cell

suspension that can be isolated from whole blood, peripheral blood mononuclear cells, or by purification using
either magnetic beads or flow cytometry. Total RNA is extracted from the cell population(s) of interest. (b)

cDNA is reverse transcribed from

RNA, and unique molecular identifiers (UMIs) are included in the SMART

Oligo, tagging each parental cDNA molecule. (¢) In PCR1, IgG, IgM, 1G kappa, and |G lambda chains (including

both the variable and part of the

constant region) are separately amplified (only the IGH are shown). (d) In

PCR2, lllumina indices are added to generate the sequencing libraries. (e) After size selection, QC, and
normalization of library input, libraries are sequenced using the lllumina platform

1.

Cell collection: Transfer cells to an appropriate tube, and pellet
by centrifugation for 5 min at 300 x 4. Remove supernatant.

. Homogenize and lyse sample by adding 350 pL buffer LBP to

the cell pellet. Mixing the cells with a lysis buffer is usually
sufficient for complete lysis.

. Remove gDNA and filtrate lysate: Place the NucleoSpin®

gDNA Removal Column (yellow ring) in a 2 mL collection
tube, transfer the homogenized lysate to the NucleoSpin®
gDNA Removal Column, and centrifuge for 30 s at
11,000 x g. Discard the column and continue with the
flowthrough.

. Adjust RNA binding conditions: Add 100 pL binding solution

BS to the flowthrough, and mix well by moderate vortexing or
by pipetting up and down several times. After addition of
binding solution BS, a stringy precipitate may become visible
which will not affect the RNA isolation. Be sure to disaggregate
any precipitate by mixing and load all of the precipitate on the
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column as described in the following step. Do not centrifuge
the lysate after addition of binding solution before loading it
onto the column in order to avoid pelleting the precipitate.

5. Bind RNA: Transfer the whole lysate (~450 pL) to the
NucleoSpin® RNA Plus Column (light blue ring) preassembled
with a collection tube. Centrifuge for 15 s at 11,000 x g.

6. Wash and dry silica membrane:

(a) First wash: Add 200 pL buffer WB1 to the NucleoSpin®
RNA Plus Column. Centrifuge for 15 s at 11,000 x 4.
Discard the flowthrough with the collection tube, and
place the column into a new 2 mL collection tube.

(b) Second wash: Add 600 pL buffer WB2 to the NucleoS-
pin® RNA Plus Column. Centrifuge for 15 s at
11,000 x g. Discard flowthrough, and place the column
back into the collection tube.

(c) Third wash: Add 250 pL buffer WB2 to the NucleoSpin®
RNA Plus Column. Centrifuge for 2 min at 11,000 x gto
dry the membrane completely. Place the column into a
nuclease-free 1.5 mL collection tube.

7. Elute RNA: Add 30 pL RNase-free H,O and centrifuge at
11,000 x g for 1 min. Add an additional 30 pL. RNase-free
H,O to the column, and centrifuge again at 11,000 x g4 for
1 min.

8. After RNA extraction, if sample size is not limiting, we recom-
mend evaluating total RNA quality using the Agilent RNA
6000 Pico Kit or an equivalent platform. Refer to the manufac-
turer for instructions (sec Note 2).

3.3 First-Strand First-strand ¢cDNA synthesis (from RNA) is primed by the dT
¢DNA Synthesis Primer. Here we illustrate ¢cDNA synthesis using the SMART
UMI Oligo for template switching at the 5" end of the transcript.

1. Thaw the First-Strand Buffer at room temperature. Thaw BCR
enhancer, SMART UMI Oligo, and dT Primer on ice. Gently
vortex each reagent to mix and centrifuge briefly. Store all but
the First-Strand Buffer on ice. Remove the SMARTScribe
reverse transcriptase and RNase inhibitor from the freezer
immediately before use, centrifuge briefly, and store on ice
(see Note 3).

2. Preheat the thermal cycler to 72 °C.

3. On ice, prepare samples and controls in nuclease-free thin-wall
PCR tubes, plates, or strips by adding the reagents in the order
shown below.
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Component Volume (pL)
Sample or control® 1-9.5
Nuclease-free water Up to 8.5
BCR enhancer 1

dT primer 2

Total volume 12.5

*Control RNA is supplied at a concentration of 1 pg/pL. It should be thawed on ice and
diluted serially in nuclease-free water

4.
5.

Mix by gently vortexing and then centrifuge briefly.

Incubate the tubes at 72 °C in the preheated, heated-lid ther-
mal cycler for 3 min. During this incubation, prepare the RT
Master Mix.

. At room temperature, prepare RT Master Mix by combining

the following in the order shown. Wait to add the SMART-
Scribe reverse transcriptase to the master mix until just prior to
use in step 10 of Subheading 3.3.

Component Volume (pL)
First-Strand buffer® 4

SMART UMI oligo 1

RNase inhibitor 0.5
SMARTScribe reverse transcriptase 2)

Total volume 7.5

*Ensure the First-Strand Buffer is completely in solution. Vortex gently to remove any
cloudiness before use

7.

11.

Mix the RT Master Mix well by gently pipetting up and down,
and then centrifuge briefly.

. Immediately after the 3-min incubation at 72 °C (step 5 of

Subheading 3.3), place the samples on ice for 2 min.
Reduce the temperature of the thermal cycler to 42 °C.

. Add 7.5 pL of the RT Master Mix (step 6 of Subheading 3.3)

to each reaction tube. Mix the contents of each tube by pipet-
ting gently and centrifuge briefly.

Place the tubes in a thermal cycler with a heated lid, preheated
to 42 °C. Run the following program: 42 °C, 90 min; 70 °C,
10 s; 4 °C hold.

Stopping point: The tubes can be stored at 4 °C overnight.
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Cycling guidelines based on amount of starting material

RNA source Input amount Number of PCR 1 cycles Number of PCR 2 cycles?
PBMC 10 ng 18 21
PBMC 100 ng 18 18
PBMC 1 pg 18 16
B cell 1 ng 18 21
B cell 10 ng 18 18
B cell 100 ng 18 16
Whole blood 100 ng 18 25
Spleen 10 ng 18 20
Bone marrow 10 ng 18 20
Control RNA 10 ng 18 20
Control RNA 100 ng 18 18
Control RNA 1 pg 18 16

*If the number of cycles generates an insufficient library for sequencing, repeat PCR2 with more cycles

3.4 First-Round
Amplification

Semi-nested PCR amplifies the entire V(D)J region and a portion
of the constant region of IG cDNA(s) and incorporates adapters
and barcodes for Illumina sequencing platforms. Expression of
different IG chains can vary significantly among B-cell populations.
Thus, we recommend separately amplifying each chain of interest.
Table 1 provides PCR cycling recommendations, but optimal para-
meters may vary for different sample types, input amounts, and
thermal cyclers. We recommend trying a range of cycle numbers to
determine the minimum number necessary to obtain the desired
yield.

In the first round of PCR amplification, also referred to as
PCRI, one performs separate IgG/IgM /IgK/Igl. amplification.
This PCR selectively amplifies full-length BCR V(D)] regions from
first-strand cDNA. A portion of the first-strand cDNA is used for
each amplification reaction. The hBCR PCR1 Universal Forward
primer anneals to the 5" end of transcripts via the SMART UMI
Oligo sequence. The hBCR PCRI1 IgG/IgM/IgK/IgL reverse
primers anneal to sequences in the constant regions of IG heavy-
and light-chain cDNA:s.

1. Thaw 5x PrimeSTAR GXL buffer, dNTP mix, primers, and
nuclease-free water on ice. Gently vortex each reagent to mix
and centrifuge briefly. Store on ice. Remove the PrimeSTAR
GXL DNA polymerase from the freezer immediately before
use, gently pipet to mix, centrifuge briefly, and store on ice.
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3.5 Second-Round
PCR Amplification

2. Prepare a PCR1 Master Mix for each IgG/IgM/IgK/Igl
chain of interest, by combining the following in the order
shown, on ice. Gently vortex to mix and centrifuge briefly (see
Note 4).

Component Volume (pL)
Nuclease-free water 29

5x PrimeSTAR GXL PCR buffer 10

dNTP mixture 4

hBCR PCRI universal forward 1

hBCR PCRI IgG reverse OR 1

hBCR PCRI IgM reverse OR

hBCR PCRI IgK reverse OR

hBCR PCRI IgL reverse

PrimeSTAR GXL polymerase 1
Total volume 46

3. Add 46 pL of the appropriate IgG/IgM /IgK /Igl. PCR1 Mas-
ter Mix to nuclease-free, thin-wall 0.2-mL PCR plate /tube(s).

4. Add 4 pL of first-strand cDNA from Subheading 3.3 to the
corresponding tube(s) containing PCR1 Master Mix. Gently
vortex to mix, and centrifuge briefly.

5. Place the plate/tube(s) in a preheated thermal cycler with a
heated lid, and run the following program (lid temperature:
105 °C): 95°C 1 min; 98°C 10 s, 60°C 15 s, and 68°C 45 s
(18 cycles); 4°C hold. *Consult Table 1 for PCR cycle number
guidelines. Stopping point: The tubes may be stored at 4 °C
overnight.

In the second round of PCR amplification, termed PCR2, sequenc-
ing libraries are generated. PCR2 further amplifies the full-length
IG V(D)]J regions and adds Illumina indexes using a semi-nested
approach. The hBCR PCR2 Universal Forward 1-12 primers add
P7/i7 index sequences. The hBCR PCR2 IgG/IgM/IgK/Igl
reverse 1—4 primers anneal to the constant region of the IG
sequence and add P5/i5 index sequences (see Note 5).

1. Thaw 5X PrimeSTAR GXL buffer, ANTP Mix, primers, and
nuclease-free water on ice. Gently vortex each reagent to mix
and centrifuge briefly. Store on ice. Remove the PrimeSTAR
GXL DNA polymerase from the freezer immediately before
use, gently pipet mix, centrifuge briefly, and store on ice.

2. For each IgG/IgM/IgK/IglL chain of interest, prepare a
PCR2 Master Mix by combining the following in the order
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shown, on ice. Gently vortex to mix and centrifuge briefly (see
Note 6).

Component Volume (pL)
Nuclease-free water 32

5X PrimeSTAR GXL PCR buffer 10

dNTP mixture 4

hBCR PCR2 IgG reverse 1-4 OR 1

hBCR PCR2 IgM reverse 1-4 OR
hBCR PCR2 IgK reverse 1-4 OR
hBCR PCR2 IgL reverse 14

PrimeSTAR GXL polymerase 1
Total volume 48
3. For each reaction, add 48 pL of PCR2 Master Mix to nuclease-

free, thin-wall, 0.2-mL PCR plate /tube(s).

. Add 1 pL of appropriate PCRI1 product to each corresponding

PCR 2 tube.

. Add 1 pL of the appropriate hBCR PCR2 Universal Forward

1-12 primer to each sample. Gently vortex to mix and centri-
fuge briefly.

. Place the plate/tube(s) in a preheated thermal cycler with a

heated lid, and run the following program (lid temperature:
105 °C): 95°C 1 min; 98°C 10 s, 60°C 15 s, 68°C 45 s
(X* cycles); 4°C Hold. *Consult Table 1 for PCR cycle number
guidelines.

Stopping point: The tubes may be stored at 4 °C overnight.

3.6 Purification of Here we illustrate amplified library purification using NucleoMag
Amplified Libraries NGS clean-up and size select beads (see Note 7).

1.

Vortex NucleoMag beads until evenly mixed, and then add
25 pL of the NucleoMag beads to each sample.

. Mix thoroughly by gently pipetting the entire volume up and

down at least ten times (see Note 8).

. Incubate at room temperature for 8 min to let the DNA bind to

the beads.

. Briefly spin the samples to collect the liquid from the side of the

tube or sample well. Place the samples on the magnetic separa-
tion device for ~5 min or longer until the liquid appears
completely clear, and there are no beads left in the supernatant.
The time required for the solution to clear will depend on the
strength of the magnet (see Note 9).
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10.

11.

12.

13.
14.

15.

16.

17.
18.

19.

. While the reaction tubes are sitting on the magnetic separation

device, use a pipette to transfer the supernatant (which contains
your library) to clean PCR tubes.

. Remove the tubes containing the beads from the magnetic

separation device, and discard them.

. Add 10 pL of NucleoMag beads to each tube containing

supernatant (sec Note 10).

. Mix thoroughly by gently pipetting the entire volume up and

down at least ten times.

. Incubate at room temperature for 8 min to let the DNA bind to

the beads.

Place the tubes on the magnetic separation device for ~10 min
or until the solution is completely clear.

While the tubes are sitting on the magnetic separation device,
remove the supernatant with a pipette and discard it (the
library is now bound to the beads).

Keep the tubes on the magnetic separation device. Add 200 pL.
of freshly made 80% ethanol to each sample, without disturb-
ing the beads, to wash away contaminants. Wait for 30 s, and
use a pipette to carefully remove the supernatant containing
contaminants. The library will remain bound to the beads
during the washing process.

Repeat the ethanol wash (step 12 of this section) once more.

Briefly spin the tubes (~2000 x g) to collect the remaining
liquid at the bottom of each tube. Place the tubes on the
magnetic separation device for 30 s, and then remove all
remaining liquid with a pipette.

Let the sample tubes rest open on the magnetic separation
device at room temperature for ~2-2.5 min until the pellet
appears dry and is no longer shiny. You may see a tiny crack in
the pellet (see Note 11).

Once the bead pellet has dried, remove the tubes from the
magnetic separation device, and add 17 pL of elution buffer to
cover the pellet. Mix thoroughly by pipetting up and down to
ensure complete bead dispersion (see Note 12).

Incubate at room temperature for at least 5 min to rehydrate.

Briefly spin the samples to collect the liquid from the side of the
tube or sample well. Place the samples back on the magnetic
separation device for 2 min or longer until the solution is
completely clear (see Note 13).

Transfer clear supernatant containing purified BCR /1G library
from each tube to a nuclease-free, low-adhesion tube. Label
each tube with sample information and store at —20 °C.

Stopping point: The tubes may be stored at 4 °C
overnight.
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To assess the success of library preparation, purification, and size
selection, we recommend quantifying the libraries with a Qubit
dsDNA HS Kit and evaluating the libraries’ size distributions with
an Agilent 2100 Bioanalyzer and the DNA 1000 Kit.

1. Compare the results for your samples with Fig. 4 to verify
whether each sample is suitable for further processing. High-
quality libraries should yield no product for negative control
reactions and a broad peak spanning 500 bp to 1200 bp, with a
maximum between ~600 bp and ~900 bp for positive controls
and samples containing PCR-amplified IG libraries. The posi-
tion and shape of electropherogram peaks will vary depending
on which chain sequences are included in the library, the nature
of the originally included RNA sample, and the analysis
method. In general, electropherogram peaks obtained with
the Fragment Analyzer tend to be sharper than those obtained
with the bioanalyzer.

2. Following validation, libraries are ready for sequencing on
Illumina platforms.

Following library validation by Qubit and bioanalyzer, the desired
library pools should be prepared for the sequencing run. Prior to
pooling, libraries must be carefully quantified. By combining the
quantification obtained with the Qubit with the average library size
determined by the bioanalyzer, the concentration in ng/pl can be
converted to nM. The following web tool is convenient for the
conversion: http://www.molbiol.edu.ru/eng/scripts/01_07.
html. Alternatively, libraries can be quantified by qPCR using the
Library Quantification Kit from Takara Bio.

Most Illumina sequencing library preparation protocols require
libraries with a final concentration of 4 nM, including the MiSeq
instrument that we recommend for this protocol.

Prepare a pool of 4 nM as follows:

1. Dilute each library to 4 nM in nuclease-free water. To avoid
pipetting errors, use at least 2 plL of each original library for
dilution.

2. Pool the diluted libraries by combining an equal amount of
each library in a low-bind 1.5-mL tube. Mix by vortexing at
low speed or by pipetting up and down. Use at least 2 pL of
each diluted library to avoid pipetting error.

3. Use a5 pL aliquot of the 4-nM-concentration-pooled libraries.
Follow the library denaturation protocol according to the latest
edition of your Illumina sequencing instrument’s user guide.

You should also plan to include a 10% PhiX control spike-in
(PhiX Control v3, Illumina). The addition of the PhiX control is
essential to increase the nucleotide diversity and achieve high-
quality data generation (sec Note 14).


http://www.molbiol.edu.ru/eng/scripts/01_07.html
http://www.molbiol.edu.ru/eng/scripts/01_07.html
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Fig. 4 Validation of IG heavy- and IG light (kappa or lambda)-chain libraries from human spleen that were
generated using the SMARTer Human BCR Profiling Kit. Purified and size-selected libraries were analyzed on
an Agilent 2100 Bioanalyzer (Panels A-H). Panels A, C, E, and G show broad peaks between ~500 and
1200 bp and maximal peaks in the r