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1. ABBREVIATIONS

Abbreviation | Description

ML Microliter

UM micromolar

pum Micrometer

2D-bps plot | Two-dimensional breakpoint plot

3'RR 3’regulatory region of IGH

53BP1 P53 Binding Protein 1

A Adenine

aEJ Alternative end-joining

AF AlexaFluor

AID Activation-induced cytidine deaminase

APE1 Apurinic-apyrimidinic endonuclease 1

ARPC1B Actin Related Protein 2/3 Complex Subunit 1B

ATM Ataxia-telangiectasia mutated kinase

ATR Ataxia telangiectasia and Rad3 related

BACH2 Broad complex-tramtrack-bric a brac and Cap'n’collar
homology 2

BAFF B-cell activating factor

BARD1 BRCA1-associated RING domain protein 1

BCL-2 B cell ymphoma 2

BCR B cell receptor

BER Base excision repair

BIM B cell ymphoma 2—interacting mediator

BLM 3'-5" ATP-dependent RecQ DNA helicase

BM Bone marrow

BRCA1 Breast cancer gene 1

BRCA2 Breast cancer gene 2

C Cytosine

Cas9 CRISPR associated protein 9

CCL13 C-C chemokine ligand 13

CCL21 C-C chemokine ligand 21

CCR6 C-C chemokine receptor 6

CCRY C-C chemokine receptor type 7

CD1b Transmembrane glycoprotein from the CD1 family

CD21 Cluster of differentiation 21

CD23 Low affinity receptor for IgE

CD27 T-Cell Activation Antigen CD27

CD40 Cluster of differentiation 40

CD40L CD40 ligand

CD83 Cluster of Differentiation 83

CD86 Cluster of Differentiation 86

CDR1 Complementarity Determining Region 1

4




CDR2

Complementarity Determining Region 2

CDR3 Complementarity Determining Region 3

CH Constant heavy chain gene

CH12 Mouse B cell lymphoma cells

chr Chromosome

CK2 Casein kinase 2

Cwm Constant p

cNHEJ Classical non-homologous end-joining

CRISPR Clustered regularly interspaced short palindromic repeats
CSR Class switch recombination

CST CTC1-STN1-TEN1

CTC1 CTS Telomere Maintenance Complex Component 1
CTCF CCCTC-binding factor

CtIP CtBP-interacting protein

CVID Common variable immunodeficiency

CXCL10 C-X-C motif chemokine ligand 10

CXCL11 C-X-C motif chemokine ligand 11

CXCL12 C-X-C motif chemokine ligand 12

CXCL13 C-X-C motif chemokine ligand 13

CXCL9 C-X-C motif chemokine ligand 9

CXCRS3 C-X-C Motif Chemokine Receptor 3

CXCR4 C-X-C Motif Chemokine Receptor 4

CXCR5 C-X-C Motif Chemokine Receptor 5

D Diversity

DC Dendritic cells

DNA Deoxyribonucleic acid

DNA2 DNA Replication Helicase/Nuclease 2
DNA-PKcs DNA-dependent protein kinase, catalytic subunit
DRB1 RNA debranching enzyme 1

DRdef DNA repair deficient

dsDNA double-stranded DNA

Dz Dark zone of the germinal center

EBI2 Epstein-Barr virus-induced G-protein coupled receptor 2
EDTA Ethylenediaminetetraacetic acid

eff _nclusters

The smallest number of nclusters containing 95% of the
reads

ELF3 E74 Like ETS Transcription Factor 3

EM Enhancer p

ERCC1 Excision repair cross complementation group 1
ERFS Early replication fragile sited

EXO1 Exonuclease 1

FACS Fluorescence-activated cell sorting

FBS Fetal bovine serum

FDCs Follicular dendritic cells




FO Follicular

FISH Fluorescence in situ hybridization

FR1 Framework area 1

FR2 Framework area 2

FR3 Framework area 3

FR4 Framework area 4

FW Forward

G Guanine

g Grams

GC Germinal center

gDNA Genomic DNA

GLTs Germline transcripts

GRCh37 Genome Reference Consortium Human Build 37
GRCh38 Genome Reference Consortium Human Build 38
GRCm38 Genome Reference Consortium Mouse Build 38
GRCm39 Genome Reference Consortium Mouse Build 39
GWAS Genome-wide association studies

Gy Grades

H2AX Histone family member X

H3 Histone 3

H4 Histone 4

HBV Hepatitis B virus

HCV Hepatitis C virus

HD Healthy donor

HelLa Henrietta Lacks

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HIV Human immunodeficiency virus

HMGB1 High mobility group B 1

HMGB2 High mobility group B 2

HR Homologous recombination

HSPCs Hematopoietic stem and progenitor cells

hTR Human telomerase RNA

HU Hydroxyurea

ICAM-1 Intercellular Adhesion Molecule 1

Ig Immunoglobulin

IG1 Promoter of IGHG1

IgA Immunoglobulin a

IgD Immunoglobulin &

IgE Immunoglobulin €

1gG Immunoglobulin y

IGH Immunoglobulin heavy chain locus

Igh Immunoglobulin heavy chain

IGHAL Immunoglobulin heavy chain al locus




IGHA2 Immunoglobulin heavy chain a2 locus

IGHD Immunoglobulin heavy chain & locus

IGHE Immunoglobulin heavy chain € locus

IGHG1 Immunoglobulin heavy chain y1 locus

IGHG2 Immunoglobulin heavy chain y2 locus

IGHG3 Immunoglobulin heavy chain y3 locus

IGHG4 Immunoglobulin heavy chain y4 locus

IGHM Immunoglobulin heavy chain p locus

IGL Immunoglobulin light chain locus

lgl Immunoglobulin light chain

IGLK Immunoglobulin light chain k locus

IGLL Immunoglobulin light chain A locus

IgM Immunoglobulin p

IL2 Interleukin 2

IL4 Interleukin 4

IM Promoter of IGHM

indel Insertions and deletions

IRF4 Interferon regulatory factor 4

ITS Interstitial telomeric sequence

J Joining

JARID2 Jumonji And AT-Rich Interaction Domain Containing 2

J-CH1 inserts | Insertions found between the J segment and the CH1 exon

K 1 000

Kb Kilobase (1 000 bases)

LAIR1 Leucocyte-associated immunoglobulin-like receptor 1

LAM-HTGTS | Linear amplification high-throughput genome-wide
translocation sequencing

LFA-1 Lymphocyte function-associated antigen 1

LILRB1 Leucocyte immunoglobulin-like receptor B1

L-NGS Long-read sequencing

LZ Light zone of the germinal center

med.dist Median distance

MH Microhomology

MHC Major histocompatibility complex

min Minutes

ml Milliliter

MMEJ Microhomology-mediated end joining

Mrell Meiotic Recombination 11

MRN Mrell-RAD50-NBN

MRNA messenger RNA

SBS9 Single base substitution signature 9

mMSA Mouse switch a region

mSG2bc Mouse switch y2bc region

mSG3 Mouse switch y3 region




mSM Mouse switch p region

NMD Non-sense-mediated decay

MtDNA Mitochondrial DNA

mM Milimolar

MmTGF-bl Mouse Transforming growth factor beta 1
MutSa mismatch DNA repair protein type A
MYC MYC Proto-Oncogene, BHLH Transcription Factor
MZ Marginal zone

nc-BER non-canonical base excision repair
nc-MMR non-canonical mismatch repair

NFKB1 Nuclear Factor Kappa B Subunit 1

ng nanograms

NIPBL Nipped-B-like protein

NK Natural killer

NMD Non-sense mediated decay

nt Nucleotide

NTD N-terminal domain

PALB2 Partner and localizer of BRCA2

PARP1 Poly [ADP-ribose] polymerase 1
PBMCs Human peripheral blood mononuclear cells
PBS-T Phosphate-buffered saline solution

PC Principal component

PCA Principal component analysis

PCR Polymerase chain reaction

PLK1 Polo-like kinase 1

Pol Polymerase

POT1 Protection of telomeres protein 1

PP Peyer’s patches

PRDM1 PR/SET Domain 1

R Adenine or Guanine

RAD51 DNA repair protein RAD51 homolog 1
RAD52 DNA repair protein RAD52 homolog 2
RAG1 Recombination activating gene 1

RAG2 Recombination activating gene 2

Rifl Replication timing regulatory factor 1
RIFIN Repetitive interspersed families of polypeptides
RNA Ribonucleic acid

RNR Ribonucleotide reductase

ROS Reactive oxygen species

RPA Replication protein A

RPMI Roswell Park Memorial Institute Medium
RSS Recombination signal sequences

RV Reverse




S Second

SA Switch a region

SAl Switch a1 region

SA2 Switch a2 region

SE Switch € region

SG1 Switch y1 region

SG2 Switch y2 region

SG2b Switch y2b region

SG2c Switch y2c region

SG3 Switch y3 region

SG4 Switch y4 region

SHLD1 Shieldin complex subunit 1

SHM Somatic hypermutation

SM Switch u region

SNP Single nucleotide polymorphism

SSA Single-strand annealing

SsDNA single-stranded DNA

STN1 Oligosaccharide Binding Fold Containing 1

SWIBRID Switch region breakpoint repertoire identification

Switch-joint Joint generated by class-switch recombination between two
different switch regions

SX Any switch region that is not SM

T Thymine

T1 Transitional 1

T2 Transitional 2

TCR T cell repertoire

TdT Terminal deoxynucleotidyl transferase

TEN1 Telomere Length Regulation Protein 1

TERT Telomerase Reverse Transcriptase

Tth T follicular helper

TPP1 Tripeptidyl-peptidase 1

TRF2 Telomeric repeat factor 2

U Uracil

UNG Uracil-DNA glycosylase

uv Ultraviolet

Vv Variable

VCAM-1 Vascular cell adhesion protein 1

VLA-4 very late antigen-4

W Adenine or Thymine

WT Wild-type

XIf1 XRCCA4-like factor 1

XPF Xeroderma Pigmentosum Group F-Complementing Protein

XRCC1 X-ray repair cross-complementing protein 1

XRCC4 X-ray repair cross-complementing protein 4




Y Cytosine or Thymine
ZFP318 Zinc-finger protein 318
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3. ABSTRACT
3.1. Abstract

| developed a methodology to study class-switch recombination (CSR) genomic
scars, also called switch-joints, in B cell DNA. | applied this methodology to study
a recently discovered antibody diversification process and the DNA repair
malfunction in humans and mice.

CSR is the diversification process by which the antibody changes the isotype. It
is a deletional recombination occurring in the antibody gene between long
repetitive intronic sequences called switch regions. During CSR, activation-
induced cytidine deaminase (AID) promotes random breaks in two switch
regions, later joined by the main DNA repair pathways. Thus, the study of switch-
joints in polyclonal B cells allows the analysis of diverse genomic scars. B cells
can also diversify their antibody by a recently discovered process integrating
foreign DNA fragments, called inserts, in the switch regions. Inserts have been
analyzed in antibody transcripts, but the mechanism of their generation remains
unknown.

This methodology, called SWIBRID, involves the amplification, long-read
sequencing, and computational analysis of switch-joints. Here, | designed a PCR
to amplify human and mouse switch-joints using as few as three primers. In
addition, published switch-joint analyses use read count as a metric for clonal
diversity. We demonstrated that the read count does not reflect the unique clone
composition and used this insight to identify unique B cell clones by SWIBRID
and confirmed its proper performance using an in silico dataset.

Firstly, SWIBRID was used to analyze the incorporation of inserts in switch-joints.
Results of in vitro and in vivo modulation of classical and alternative end-joining
DNA repair pathways in human samples suggested that alternative end joining is
involved in insert acquisition. Also, AID off-targets telomeres and a similar case
may occur with telomerase in the switch regions. Thus, | inhibited telomerase in
in vitro activated human B cells and found its potential involvement in
incorporating a specific insert type.

Secondly, we theorized that early detection of diseases like cancer might be
aided by DNA repair malfunction analysis via SWIBRID. | studied DNA repair by
analyzing genomic scars. While challenging in somatic cells due to the random
occurrence of DNA breaks in the genome, B cells serve as a subject for this
analysis since they acquire breaks during CSR. Four criteria were identified to
describe the switch-joint genomic scars, e.g., homology used for repair. BRCA1,
Ligase 4, NIPBL, ATM, and AID deficient human patients and BRCA1, 53BP1,
Rifl and Ligase 4 mouse CH12 knockouts were analyzed using a principal
component analysis (PCA). Using only those features, the PCA separated the
DNA repair deficient from the healthy samples. Results show that healthy- and
disease-specific breakpoint profiles may serve as a DNA repair biomarker. In the
future, this pipeline could be used to predict DNA repair deficiencies linked to
cancer development or immunodeficiencies.
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3.2. Zusammenfassung

In dieser Arbeit habe ich eine Methode entwickelt, um durch Class-Switch-
Rekombination (CSR) erzeugte DNA Narben (Switch-Joints), in B-Zellen zu
analysieren, um die Antikorper-Diversifizierung sowie DNA-
Reparaturfehlfunktionen zu erforschen.

CSR beschreibt den Prozess, durch den ein Antikorper sein Isotyp &ndert. Es
handelt sich dabei um eine deletionale Rekombination zwischen langen,
repetitiven intronischen Sequenzen (Switch-Regionen) im Antikérper-Gen.
Wahrend der CSR férdert die activation-induced cytidine deaminase (AID)
zuféllige Briche in zwei Switch-Regionen, die spater durch DNA-Reparatur
verbunden werden. Switch-Joints in polyklonalen B-Zellen eignen sich daher sehr
fur die Analyse von DNA-Narben. B-Zellen kdénnen ihre Antikérper auch durch
einen anderen Prozess diversifizieren, bei dem fremde DNA-Fragmente (Inserts)
in die Switch-Regionen integriert werden. Der Mechanismus ihrer Entstehung ist
aber noch unbekannt.

Die von mir entwickelte Methode heif3t SWIBRID und umfasst die Amplifikation
mit drei Primern, Long-Read-Sequenzierung und computergestitzte Analyse von
humanen sowie murinen Switch-Joints. Entgegen bislang publizierter Studien
konnten wir zeigen, dass nicht die Anzahl der Reads der wahren
Zusammensetzung der Klone entspricht und mit Hilfe von SWIBRID eindeutige
B-Zell-Klone identifizieren.

Zuerst wurde SWIBRID verwendet, um die Integration von Inserts in Switch-
Joints zu analysieren. Die Ergebnisse der in vitro- und in vivo-Modulation der
klassischen und alternativen End Joining-DNA-Reparatur in humanen Proben
legten nahe, dass Letztere an der Integration beteiligt ist. AuRerdem wurden
Telomere als eines der Off-Targets von AID beschrieben, und ein &hnliches
Phanomen koénnte auch bei der Telomerase in den Switch-Regionen auftreten.
In vitro Inhibition der Telomerase in aktivierten humanen B-Zellen zeigte, dass
sie fur den Einbau einer bestimmten Art von Insert verantwortlich sein konnte.

Weiterhin stellte ich die Hypothese auf, dass SWIBRID fir die Friherkennung
von Krebs durch die Analyse von Fehlfunktionen der DNA-Reparatur genutzt
werden koénnte. B-Zellen eignen sich im Vergleich zu somatischen Zellen
besonders gut fir diese Analyse, da sie wahrend der CSR, gerichtete DNA-
Briiche erleiden. Basierend auf vier ausgewahlten Kriterien wurden DNA-Narben
in BRCAL1, Ligase 4, NIPBL, ATM und AID defizienten humanen Proben sowie in
BRCA1, 53BP1, Rifl und Ligase 4 murinen CH12 Knock-out Zellen mit einer
Hauptkomponentenanalyse (PCA) analysiert. Die PCA zeigte, dass die vier
Merkmale ausreichten, um die Proben mit DNA-Reparatur Defiziten von den
gesunden Proben zu unterscheiden. Die Ergebnisse deuten darauf hin, dass es
gesunde und krankheitsspezifische Bruchpunktprofile gibt, die als DNA-
Reparatur-Biomarker dienen konnten. In Zukunft kénnte diese Pipeline zur
Vorhersage von Fehlern in der DNA-Reparatur im Zusammenhang mit Krebs
oder Immundefekten genutzt werden.
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4. INTRODUCTION
4.1. B cell biology

The adaptive immune system, comprised of T and B cells, can efficiently
eliminate threats by specifically recognizing pathogens and building memory. T
cells are responsible for cell-mediated immunity, while B cells are responsible for
antibody-mediated immunity. B cells produce membrane-bound and secreted
antibodies. When the antibody is expressed in the membrane, it is known as the
B cell receptor (BCR). In B cells, the cell maturation and the antibody
diversification processes go hand-in-hand since B cells are classified into distinct
populations defined by the diversification stage of the BCR. In brief, B cells are
developed from hematopoietic precursors cells in the bone marrow (BM) until
they egress as immature B cells when their BCR is ready to bind foreign antigens.
Outside the BM and upon antigen encounter, they continue diversifying in lymph
nodes into other B cell subpopulations, such as plasmablast or memory B cells

(1).

The antibody, which is part of the immunoglobulin (Ig) superfamily, is a protein
that targets threatening epitopes, a fragment of an antigen, and promotes their
elimination by distinct pathways. The antibody comprises 2 immunoglobulin
heavy chains (Igh) and 2 Ig light chains (Igl) (Figure 1A). The Ighs are bound to
each other by disulfide bonds, as well as each Igh to an Igl. Both chains contain
a variable and a constant region, the former determines specificity, while the latter
determines the isotype of the Ig. In humans, the variable region in the
immunoglobulin heavy chain locus (IGH) contains 159 variable (V) segments, 27
diversity (D) segments and 9 junction (J) segments, and the constant region
contains exon clusters organized in the order of IGH p (IGHM), IGH & (IGHD),
IGH y3 (IGHG3), IGH y1 (IGHG1), IGH a1 (IGHA1), IGH y2 (IGHG2), IGH y4
(IGHG4), IGH ¢ (IGHE) and IGH a2 (IGHA2) and are encoded in chromosome
14. Each Ig exon cluster contains different numbers of exons, called heavy
constant genes (CH). The variable and CH1 are separated from the CH2 in the
protein by a flexible hinge region. Compared to the Igh, the two distinct Igl are
encoded on two chromosomes, and its variable region does not contain D
domains. In chromosome 2 is immunoglobulin light chain locus (IGL) k (IGLK),
which variable region contains 77 V segments and 5 J segments and a constant
region carrying IGLK. In chromosome 22 is IGL A (IGLL), which variable region
contains 80 V segments and 9 J segments and a constant region carrying IGLL
(2) (Figure 1B).

IGH and IGL genes undergo diversification processes that allow the generation
of up to 10'® combinations of antibodies, as defined by the recombined V(D)J
recombination (3). The amount of diverse antibodies in an individual determines
the B cell repertoire (4, 5). The diversification processes are called i) V(D)J
recombination, which occurs in the variable region of IGH and IGL (6); ii) class-
switch recombination (CSR), which occurs in the constant region of the IGH and
iif) somatic hypermutation (SHM) which occurs in the variable and constant
regions of the IGH and IGL genes (7). V(D)J recombination is carried out in the
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BM by recombination activating gene 1 (RAG1) and 2 (RAG2) proteins, allowing
the BCR to be expressed carrying a V(D)J recombined domain for the B cells to
egress the BM towards the secondary lymphoid organs. CSR and SHM are
promoted by activation-induced cytidine deaminase (AID) and are active during
the development of a specific immune response in the germinal center (GC)
(section 4.3.4) (8).
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Figure 1. Human IGH, IGLL and IGLK genes and their contribution to the
antibody.

A. Representation of the antibody. Location of the IGH and IGL genes in the
antibody. B. Human IGH, IGLL and IGLK genes are divided into variable (V, D,
J) and constant regions (in yellow and grey). mRNA=messenger RNA,
IGH=Immunoglobulin heavy chain, IGL=Immunoglobulin light chain,
chr=chromosome, IGLL=IGL A, IGLK=IGL k, M=IGHM, D(grey)=IGHD,
G3=IGHG3, G1=IGHG1, Al=IGHAl, G2=IGHG2, G4=IGHG4, E=IGHE,
A2=IGHA2, V=Variable, D(blue)=Diversity, J=Joining. In brackets, the number
of different V, D and J domains in the human variable region of the IGH and
IGLs.

4.2. B cell development

B cell diversification starts in the BM, where B cells maturate until they egress to
the periphery. In the following explanation, | will introduce the process of B cell
maturation in humans. Firstly, the hematopoietic precursor cells rearrange the D-
J segments and start expressing a pro-BCR, becoming pro-B cells (9).
Subsequentially, they rearrange the V to the DJ segments in the IGH and become
pre-B cells expressing IgM carrying a surrogate light chain (10). Pre-B cells
rearrange V and J segments of the IGL and express Ig IGHM (IgM), becoming
immature B cells. Immature B cells can leave the BM and enter the blood
circulation to encounter an antigen triggering further B cell maturation processes
in the GC to become plasmablast, plasmacells or memory B cells (11).

Immature B cells egressing the BM migrate to lymphoid organs such as the
spleen. During the transition from the BM to the lymphoid organ, B cells are called
transitional 1 (T1) B cells and are recognized by the markers IgD-
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IgM*CD21-°WCD23". The cluster of differentiation 21 (CD21) and the low receptor
for IgE (CD23) are markers that provide survival signals to B cells not yet
positively selected (12, 13). T1 B cells maturate to transitional 2 (T2) B cells upon
B cell activation factor (BAFF) signaling, promoted by myeloid cells in the
lymphoid organ (14). T2 B cells start expressing Ig IGHD (IgD) in their membrane.
Co-expression of IgM and IgD isotypes is the result of BCR splice variants
carrying the same rearranged V(D)J but different constant Igh. IgD expression is
aided by the zinc-finger protein 318 (ZFP318), expressed in T2 B cells, that allows
the ribonucleic acid (RNA) polymerase Il read-through of the stop codon in IGHM,
transcribing the IGHD exon cluster. Generally, IGHM transcription has been
observed to be 3-fold higher than IGHD in T2 B cells (15, 16). T2 B cells are
recognized by the markers IgDMIgMH'CD21MPCD23* and can also be called
naive B cells. T2 B cells are a transitional stage of B cells whose fate depends
on the BCR binding strength to the antigen. If the strength is high, they will
become follicular (FO) B cells; if low, they will become marginal zone (MZ) B cells.
FO B cells migrate to the T cell zone of the lymph node and are the ones that
likely enter the GC for further maturation. FO B cells can be recognized by the
markers IgD"lgM*CD21MPCD23*. On the other hand, MZ B cells are located in
the outer white pulp of the spleen. MZ B cells are the first encounters of
immunocomplexes, and their high expression of CD21 has been linked to the
transport of antigens to the GC. MZ B cells can be recognized by the markers
IgD-°*WIgMHICD21H'CD23-CD1M (17).

FO B cells would encounter an antigen and start expressing Epstein-Barr virus-
induced G-protein coupled receptor 2 (EBI2) and C-C chemokine receptor type 7
(CCR7). EBI2 is vital to keep FO B cells in the outer part of the follicle where the
GC is carried out (18). On the other hand, CCR7 leads the FO B cells to migrate
towards the T:B border driven by residing stromal cells that highly express C-C
chemokine ligand 21 (CCL21), the CCRY7 ligand. In the T:B cell border, there are
T follicular helper (Tth) cells that have been previously activated by dendritic cells
(DC) (1, 19). Tth cells test if the FO B cells arriving at the border carry BCRs
binding to the antigens presented in the GC. In order to do so, FO B cells
internalize the antigen encountered, process it and present fragments of it on the
major histocompatibility complex (MHC) class Il to the Tth cells (20). The antigen
fragment is presented to the T cell receptor (TCR) via the MHC class ll, facilitated
by a synapsis formed by the CD40 ligand (CD40L) and the cluster of
differentiation 40 (CD40) between Tfh cells and FO B cells, respectively (Figure
2). When Tfh cells recognize the fragment via their TCR, they secrete cytokines,
e.g., interleukin 4 (IL4), which serve the FO B cells as pro-survival signals. These
signals push the downregulation of the BCR and the upregulation of AID and the
chemokine receptor 4 (CXCR4) and 5 (CXCR5). These changes in expression
transform the FO B cell into a GC B cell. Nonetheless, a subset of activated FO
B cells that intrinsically has a higher affinity towards the antigen would
differentiate into short-lived plasmablasts. The short-lived plasmablasts are part
of a short-timed adaptive response and secrete large amounts of antibodies to
combat ongoing threats (21, 22).
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Figure 2. B cell development.

Scheme representing the most relevant B cell populations during their
development. Boxes represent the different anatomical compartments where
the development occurs: bone marrow and lymph nodes. The germinal center
is formed inside the lymph nodes. VDJ=recombined V, D and J domains of the
immunoglobulin heavy chain, HC=heavy chain, LC=light chain, VJ=recombined
V and J domains of the immunoglobulin light chain, IgM=Immunoglobulin y,
CD21=cluster of differentiation 21, CD23=Ilow-affinity receptor for IgE, BAFF=B
cell activating factor, BAFFR=BAFF-receptor, IgD=Immunoglobulin 9,
CD1b=transmembrane glycoprotein from the CD1 family, BCR=B cell receptor,
CSR=Class switch recombination, SHM=somatic hypermutation, CXCR4=C-X-
C motif chemokine receptor 4, CXCR5=C-X-C motif chemokine receptor 5,
CCL12=C-C chemokine ligand 12, CCL13=C-C chemokine ligand 13,
AID=Activation-induced cytidine deaminase, FDCs=follicular dendritic cells,
CXCR3=C-X-C motif chemokine receptor 3, IRF4=interferon regulatory factor
4, PRDM1=PR/SET Domain 1, MYC=MYC Proto-Oncogene, BACH2=broad
complex-tramtrack-bric a brac and Cap'n'collar homology 2, CD27=T-Cell
Activation Antigen CD27, CCR6=C-C Motif Chemokine Receptor 6, TCR=T cell
receptor, MHC II=Major histocompatibility complex class two, CD4=CD4 mo,
CD40=Cluster of differentiation 40 , CD40L=CD40 ligand.

The GC is a microanatomical organization in which the maturation of the B cells
is carried out through the orchestration of GC B cells, Tth cells and follicular
dendritic cells (FDCs). The GC can be located in secondary lymphoid organs and
is divided into the light zone (LZ) and the dark zone (DZ). GC B cells in the DZ,
called centroblasts, are recognized by CXCR5*CXCR4H'CD83-°WCD86-°V and
in the LZ, called centrocytes, are recognized by
CXCR5*CXCR4°WCD83"'CD86M'. In contrast, Tfth cells in the GC express
CXCRS5 in the LZ and CXCR4 in the DZ (23). The cluster of differentiation 83
(CD83) and 86 (CD86) expression has been linked to the expression of MHC
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class Il (24), which agrees with their expression during LZ to present their antigen
fragments to the Tfh cells. The LZ is home to stromal cells expressing C-X-C
motif chemokine ligand 13 (CXCL13), the ligand of CXCRS5, while the DZ is home
to stromal cells expressing the C-X-C motif chemokine ligand 12 (CXCL12), the
ligand of CXCR4. As previously described, when FO B cells become GC B cells,
they downregulate the BCR and up-regulate AID, CXCR4 and CXCR5. Thus,
freshly activated GC B cells migrate to the DZ and undergo CSR and SHM,
promoted by the high AID expression and acquire mutations in their BCRs to
improve the affinity towards the antigen requiring extensive proliferation and to
class-switch the Ig isotype to acquire different effector functions (25). However,
mutations are also detrimental, in which case there are mechanisms to control
the consequences explained in section 4.3.4. The centroblasts that slow down
the proliferation also stop expressing CXCR4, forcing the centroblast to migrate
to the LZ and become centrocytes (Figure 2). FDCs in the LZ present the native
antigen that drives B cell maturation. They attract CXCR5*B cells with CXCL13
membrane receptors. B cells attach to the FDCs via the lymphocyte function-
associated antigen 1 (LFA-1) to the intercellular adhesion molecule 1 (ICAM-1)
and the very late antigen-4 (VLA4) to the vascular cell adhesion protein 1 (VCAM-
1) interaction. This interaction is necessary for the centrocytes to access the
native antigens presented by the FDC and to receive pro-survival signals through
BAFF recognition (26—28). Successful antigen binding is followed by antigen
internalization and fragment presentation in the MHC class Il. Again, B cells
pursue pro-survival signals through interaction with Tfh cells. If the centrocyte
receives pro-survival signals from the Tth cells, the MYC proto-oncogene (MYC)
gene would be expressed, which marks the centrocytes that have received
positive signals to continue cycling through the GC reaction (29).

B cells cycle between the LZ and DZ until plasmablast, plasmacells and memory
B cells eventually egress the GC to the periphery. Centrocytes with a very high
affinity towards an antigen internalize more antigens and can present more
fragments in the MHC class Il to the Tfh cells. Tth cells create a more prolonged
contact with them due to the higher MHC class Il presentation and secrete
interleukin 2 (IL2) and IL4 (30). Even though not all these B cells become
plasmablasts, this has been described as the path for differentiation into
plasmablast. A small set of these plasmablasts express chemokine receptor 3
(CXCR3) and become long-lived plasmacells, migrating to the BM where the
CXCRS3 ligands, chemokine ligand 9 (CXCL9), 10 (CXCL10) and 11 (CXCL11),
are expressed (27, 31). On the other hand, memory B cells arise from centrocytes
that were not positively selected by Tfh cells, thus, from low-affinity B cells. This
assumption was made since memory B cell precursors express broad complex-
tramtrack-bric a brac and Cap'n'collar homology 2 (BACH2), a gene
downregulated upon Tth cell help. Memory B cell precursors pause their cell cycle
and start expressing CCR6, BACH2 and CD27, a TNF family receptor. They
migrate from the LZ to an intermediate GC stage before migrating to the periphery
(27, 31-34) (Figure 2).

The homeostasis in the GC is guided by B cell apoptosis. In fact, half of the GC
B cells die every six hours (35). In the LZ, GC B cells die when not receiving any
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Tth cell help, thus not promoting MYC expression and entering apoptosis due to
Jumoniji And AT-Rich Interaction Domain Containing 2 (JARID2) accumulation in
the nucleus that impedes the progression of the cell to the S phase (35, 36). In
the DZ, GC B cells die after the diversification processes when their BCR is
damaged by mutations that hinder their expression. This event has been
observed in around 60% of the centroblasts (35).

B cell populations in the blood represent the frequency of B cell populations in
the lymphoid organs, except for GC B cells. The primary group of cells in the
blood comprises erythrocytes and peripheral blood mononuclear cells (PBMCSs).
B cells (CD19%) represent around 8% of PBMCs in the blood. Specific markers
were used to estimate the populations of B cells present in healthy blood, i) 20-
42% memory B cell (CD27%), ii) 3-7% plasmablasts (IgD-CD27"'CD38MPCD138"
), iii) 0.3% plasmacells (IgD-CD27H'CD38MPCD138*) and iv) 49-52% naive B
cells (CD27 IgM*IgD™) (37).

4.3. B cell diversification —VDJ, SHM and CSR

As previously described, antibody diversity starts in the BM when random and
imprecise genetic recombination of V, D, and J domains creates a vast number
of antibodies with unique binding sites. Following the V(D)J recombination,
mature B cells leave the BM and get activated upon antigen encounter in the
periphery, starting the process of CSR and SHM. Both processes further diversify
the antibody repertoire: CSR by introducing large genomic deletions that induce
switching from IgM to other immunoglobulin classes, namely IgD, IgG, IgA, or
IgE, and SHM by introducing mutations in the recombined V(D)J domains to
improve antigen affinity (38, 39).

4.3.1. VDJ recombination

The V(D)J recombination is a process that irreversibly recombines V, D and J
domains in the variable regions of IGH and IGL genes to generate the antibody
binding domain (40). It is known as V(D)J recombination because, in the IGH,
there are V, D and J domains, while in the IGL, there are only V and J domains.
This process starts in early pro-B cells and finalizes in pre-B cells. This process
occurs in the BM and is carried out most importantly by RAG1 and RAG2 because
RAG2 is necessary for RAG1 to function, which is to nick the V, D, and J
segments. A protein complex comprising the RAG proteins recognizes conserved
deoxyribonucleic acid (DNA) motifs adjacent to every individual V, D and J
segment called recombination signal sequences (RSS). The RSS consists of a
conserved heptamer (5"-CACAGTG-3') spaced by 12 or 23 nt to a conserved
nonamer (5-ACAAAAACC-3'). RAG recombination only occurs between two
protein complexes in which one carries an RSS spaced by 12 nt, and another
carries an RSS spaced by 23 nt. This is known as the 12/23 rule. The 12/23 rule
assures that the V segment cannot be recombined to a J segment (23 nt spacers)
without a D segment (12 nt spacers) in the IGH (41). The V(D)J recombination in
the IGH occurs firstly between the D-to-J segments in early pro-B cells, which
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usually happens in both alleles, and then, late pro-B cells undergo V-to-DJ
recombination to give rise to pre-B cells (1, 40).

Firstly, RAG1 and RAG2 must be available for V(D)J recombination. RAG1 is
expressed throughout the entire cell cycle and aggregates in the nucleoli by its
N-terminal domain (NTD). RAG1 aggregation is part of the posttranslational
regulation of the V(D)J recombination, which impedes RAG1 from functioning
during the whole cell cycle (42). On the other hand, RAG2 expression is tightly
regulated by the cell cycle proteins. RAG2 is degraded constantly except during
the G1 phase, exactly when V(D)J recombination occurs. The recombination
occurs only during G1 because the classical non-homologous end-joining
(cNHEJ) is the major DNA repair process during this cell phase. cNHEJ is an
error-prone DNA repair pathway crucial to generate diversification during the
V(D)J recombination (43). Thus, the function of RAG2 is to disaggregate RAG1
in the nucleoli and start with the V(D)J recombination by forming a protein
complex (44).

Secondly, the protein complex must be formed, recognize the RSS, and nick the
V, D and J domains for further recombination. The protein complex is formed by
RAG1, RAG2, High mobility group B 1 (HMGB1) and 2 (HMGB2). The last two
proteins promote DNA bending for enhanced synapsis and cleavage. Two protein
complexes in parallel scan for RSS in the sequences. When the RAG1 in two
independent protein complexes finds the RSS, a paired complex will be formed
by joining the two protein complexes. The pair complex only happens following
the 12/23 rule; in other words, between a protein complex that recognizes a
nonamer of an RSS with a 12 nt spacer and the other recognizes a nonamer with
a 23 nt spacer (6, 45). The pair complex is necessary to bring the two segments
to be recombined together (D-J, V-J or V-DJ). Then, RAG1 nicks the DNA
between the RSS and the coding sequences, forming a hairpin on the coding side
and a blunt end on the RSS side.

Thirdly, the hairpin needs to be resolved, and the two double-strand (ds) DNA
breaks need to be ligated to each other. At this point, cNHEJ proteins are crucial
for joining the domains. The heterodimer Ku70/Ku80 binds the DNA ends to
protect them from further degradation. DNA-dependent protein kinase, catalytic
subunit (DNA-PKcs), couple with Ku70/Ku80 in the DNA ends. DNA-PKcs and
Artemis form a complex, and DNA-PKcs phosphorylates Artemis to acquire
endonucleolytic 5" and 3' activity. The endonucleolytic activity allows Artemis to
open the hairpins formed after the RAG1 nick. Artemis cuts the hairpin with high
variability and forms ends with 2-8 nt of single-stranded (ss) DNA extensions for
further processing (46, 47) (Figure 3A). When opening a hairpin, the DNA
acquires a palindromic sequence. The open coding ends are potential substrates
for terminal deoxynucleotidyl transferase (TdT). TdT is a polymerase that extends
the open ends with non-templated, or random, nucleotides (48, 49). After adding
non-templated nucleotides, the cNHEJ joins the two ends using blunt end ligation
or less than 2 nt homology (section 4.5.1).

The V(D)J recombination gives rise to the antibody binding domain comprised of
three hypervariable regions: complementarity-determining regions 1 (CDR1), 2
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(CDR2) and 3 (CDR3), and four framework areas: FR1, FR2, FR3 and FR4. The
CDRs form the antibody binding domain, which conformation is maintained by
the FDRs. CDR1 and CDR2 are coded by the V domain, while the recombination
of V, D and J in the IGH and V and J in the IGL codes CDR3. It is assumed that
CDR3 is the most diverse CDR of all three since it arises from the recombination
of three segments. Further diversification of the VDJ domain is provided by SHM
(section 4.3.3) (50-53).

4.3.2. Class switch recombination

CSR is the process by which B cells exchange their Ig class, providing antibodies
with different effector functions (Table 1). CSR occurs in the constant part of the
IGH. It is an irreversible join between the introns preceding the exons in the IGH,
also referred to as deletional recombination. The CSR is carried out in the so-
called switch regions, characterized by long, highly repetitive intronic GC-rich
sequences. In brief, CSR starts with double-stranded DNA (dsDNA) breaks in two
switch regions promoted by AID, the first being the switch p region (SM) and the
second any other switch region downstream. These breaks come together to be
repaired primarily by cNHEJ. The most critical mechanistic players in CSR are
germline transcripts (GLTs), AID and loop extrusion.

Every Ig isotype gene comprises a cytokine-inducible promoter, an intervening
exon, a switch region and a constant gene comprised of a cluster of exons. The
Ig transcription and subsequent splicing generate the GLTs, an RNA that only
contains the switch region of a certain isotype. GLTs are necessary during CSR
since they expose ssDNA interacting with the switch region DNA and forming
RNA:DNA hybrids which are necessary for AID targeting. During CSR,
transcription starts in at least two Ig genes. This transcription is promoted by
different stimuli targeting the cytokine-inducible promoter (Table 1). Unlike any
other Ig isotype, the generation of IGHM GLT is not cytokine-inducible but
constantly produced by the enhancer p (EM). In fact, when the EM is located in
another part of the IGH locus, it induces the constant transcription of any
downstream gene (54). The transcription of the Ig is followed by the splicing of
the RNA between the VDJ and the IGH exon. Upon splicing, the spliced-out
switch region RNA is closed in DNA lariats. The DNA lariat is opened by RNA
debranching enzyme 1 (DRB1), which linearizes the RNA and forms GLTs. Due
to the highly repetitive sequences and the GC-richness, GLT usually forms
secondary structures (G-quadruplex) that can also drive AID toward the switch
region (55) (Figure 3B).

Immunoglobulin gene | Half-life (days) Cytokine promotion of GLTs
IGHM 10 Constant GLT production
IGHD 3 (not clear)
IGHG3 7 CDA40L+IL4+1L13 or
IL6
IGHG1 21 CD40+IL10 or
IL6
IGHAL 6 IL4+ TGFB
IGHG2 20 IL6
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IGHG4 21 CDA40L+IL4+IL13 or
IL6

IGHE 2 CD40L+IL4+I1L13

IGHA2 6 IL4+ TGFB

Table 1. Immunoglobulin effector functions and cytokines that trigger the GLT
production (1, 54, 56—60).

AID is an enzyme that deaminates cytosine (C) and converts it to uracil (U). AID
acts within the WYCR (Adenine/Thymine + Cytosine/Thymine + Cytosine +
Adenine/Guanine) motif, found in the switch regions and other parts of the
genome; hence, AID also has off-target activity (61, 62). Once AID deaminates
the C and becomes U, a mismatch is generated since U cannot match the G in
the complementary DNA strand (Figure 3B). The mismatch is rapidly processed
by base excision repair (BER), in which uracil-DNA glycosylase (UNG) removes
the U from the DNA and creates an abasic site. The abasic site is nicked by
apurinic-apyrimidinic endonuclease 1 (APE1), sometimes in combination with
exonuclease 1 (EXO1), creating a blunt dsDNA break that cNHEJ will repair. This
abasic site can also be processed by mismatch DNA repair protein type A
(MutSa), which would follow the DNA break repair by the alternative end-joining
(aeJ) (63) (section 4.5.2). AID targeting occurs in two distant switch regions in
parallel, generating two dsDNA breaks to be repaired. cNHEJ or aEJ would
primarily ligate the two distant dsDNA breaks once they are brought up close
together, facilitated by the chromatin loop extrusion (64) (Figure 3B).

The chromatin loop extrusion was first discussed for V(D)J recombination and
theorized later for CSR (64—-66). The chromatin loop extrusion is mediated by
cohesin that modulates the extrusion of chromatin between two CCCTC-binding
factors (CTCF) sites and generates loop-shaped contact domains. The CTCF
sites in the IGH are located in the EM and the 3'regulatory region (3'RR) (67). In
agreement with different studies using chromatin interaction experiments, it was
shown that the EM and 3'RR are in contact in non-activated B cells. Interestingly,
the transcription of these two elements is also active at that stage (64, 68). Upon
B cell activation and, thus, cytokine induction, the transcription of another switch
region starts, and interactions between the EM, 3"'RR, and the newly transcribed
switch region occur. While the GLT production is ongoing within the chromatin
loops, AID would mediate the dsDNA breaks in SM and the cytokine-induced
switch region driven by the GLT G-quadruplex in the exposed ssDNA. Cohesin-
mediated loop extrusion aligns the dsDNA breaks in the switch regions for
deletional end joining, preferably by cNHEJ or aEJ (section 4.5) (64, 69). The
dsDNA break resolution gives rise to a switch-joint and the deletion of the DNA
between the SM and the other switch region. The switch-joint is formed by parts
of SM joined to another switch region. The DNA degradation between both switch
regions is encapsulated into a DNA switch circle that decays rapidly when
activation stimuli are withdrawn from the B cells (70, 71) (Figure 3B).

CSR is the diversification process widely accepted to happen during the GC
reaction in the DZ. However, it has been observed that one day after Tth cell
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activation and before the GC is anatomically formed, GLTs peaked in
transcription, followed by AID expression and induction of CSR (72). Also, CSR
is not a process that occurs only once in the B cells; indeed, CSR can happen
more than once within the same allele of a B cell in a process called sequential
switching. Sequential switching was first described in the canonical CSR to IgE,
which involves first switching from SM to switch y1 region (SG1), and secondly
between SM-SG1 to switch € region (SE) (68, 73). Even though sequential
switching has not been deeply studied, it has been observed to happen not only
to class switch to IgE but also to class switch to IgGs (74) and IgAs (75).

CSR is a complex process often used as a readout of DNA repair. CH12-F3
(CH12) is a murine lymphoma B cell line used in DNA repair research due to
being a B cell line able to carry CSR (76). The role of proteins such as P53
Binding Protein 1 (53BP1) and Ligase 4 in the orientation-specific DNA repair
during CSR (77, 78) or the role of chromatin binding factor in the CSR were found
using CH12 (79).
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Figure 3. Antibody diversification.

A. V(D)J recombination. Top, depiction of domains containing 12-RSS and 23-
RSS. In blue are the sequences carrying RSS that belong to the V, D or J
domain. Green corresponds to the protein complex formed by RAG1, RAG2,
HMGB1 and HMGB2. Artemis is a cNHEJ protein that can open DNA hairpins
upon phosphorylation of DNA-PKcs. Bottom, a simplified way of the two steps
of VDJ recombination. RSS=Recombination  signal  sequence,
RAG1=Recombination activating gene 1, RAG2=Recombination activating
gene 2, HMGB1=High mobility group B 1, HMGB2=High mobility group B 2,
cNHEJ=classical non-homologous end joining. B. Class-switch recombination.
Following the arrows, the process goes from top to bottom and left to right. The
example of CSR occurs between SM and SGL1. Firstly, the EM and 3'RR are
the anchor points of a loop the cohesin holds. Upon cytokine induction, GLTs
are formed. GLTs drive AID to target the switch region DNA. AID function is
deaminating the C into an U that will become a dsDNA break after the BER
process. Eventually, two distant dsDNA breaks, in SM and SG1, will be brought
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up together, and dsDNA repair machinery will join them to form a switch-joint.
EM=Enhancer L, 3'RR=3" regulatory region, SM=Switch p region,
IGHM=Immunoglobulin heavy chain py, SG1=Switch y1 region,
IGHG1=Immunoglobulin heavy chain y1, GLT=Germline transcripts,
AlID=Activation-induced cytidine deaminase, W=Adenine or Thymine,
R=Adenine or Guanine, C=Cytosine, G=Guanine, U=Uracil, Y=Cytosine or
Thymine, BER=base-excision repair, UNG=Uracil-DNA glycosylase,
APE1=Apurinic-apyrimidinic endonuclease 1, EXO1=Exonuclease 1,
IG1=Promoter of IGHG1, IM=Promoter of IGHM.

4.3.3. Somatic hypermutation

SHM is the process by which AID deaminates cytosines in the V(D)J recombined
domain and generates single nucleotide mutations in an attempt to acquire higher
affinity towards an antigen during GC reaction in the DZ. AID is recruited to the
V(D)J domain by the motif WGCW, especially in areas where several of these
motifs are concentrated as a hotspot. AID deaminates the C, in the same fashion
as during CSR, creating an U and a mismatch that needs to be resolved.
Resolution is processed by non-canonical BER (nc-BER) or non-canonical
mismatch repair (nc-MMR) (80, 81).

Even though SHM and CSR are primed by AID activity, different environmental
components separate the destiny of the U:G mismatches. It was described that
the C-terminus of AID is responsible for CSR, while the N-terminus of AID is
responsible for SHM (38). Also, APE1 protein from BER is only necessary for
CSR but not SHM (82). Interestingly, WGCW hotspots also recruit DNA
polymerase (Pol) n, a low-fidelity polymerase that fills gaps during nc-BER or nc-
MMR repair (83). To date, it is unclear how CSR and SHM are entirely regulated.

4.3.4. Regulation of the diversification processes

The diversification processes of the antibody require the generation of mutations
to gain affinity towards antigens. However, mutations are also hazardous since
they can cause genome stability or generate autoreactive antibodies. Therefore,
antibody diversification is tightly regulated by processes to avoid the generation
of malignant and self-destructive B cells.

Firstly, distinct mechanisms divided into peripheral and central tolerance ensure
the deletion or inactivation of B cells that are reactive to self-antigens, also called
autoreactive B cells. The V(D)J recombination is a random deletional
recombination process that can cause highly autoreactive antibodies. B cells can
be reactive to self-antigens with high or weak affinity. When the affinity towards
a self-antigen is weak, the B cell egresses the BM in an anergic form; in other
words, it will not be able to respond to antigen encounters. B cells that egress the
BM are supervised by peripheral tolerance, which regulates these anergic B cells
and leads to apoptosis upon lack of positive selection. When B cells have a high
affinity towards self-antigens in the early stages of the B cell development, the
central tolerance takes care of reconducting or eliminating the B cell. The central
tolerance directs a highly affine autoreactive B cell towards apoptosis or receptor
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editing. The apoptosis occurs mainly in the newly formed B cells and is driven by
the expression of B cell lymphoma 2—-interacting mediator (BIM). However, if B
cell lymphoma 2 (BCL-2) is expressed, the pro-apoptotic function of BIM is
inhibited, and the receptor editing direction is followed. The receptor editing
pathway involves the upregulation of RAG1 and RAG2 and the downregulation
of the BCR. The receptor edition is done in the IGL in both alleles, making
possible the co-expression of two different IGLs that may lead to the escape of
partially autoreactive B cells from the BM. Around 20% of the B cells in BM are
estimated to undergo receptor editing (84). It is worth mentioning that receptor
editing has also been reported to happen during peripheral tolerance (85).
Receptor editing is possible because the recombination of the IGH and IGL is
done only in one allele at a time, thanks to the process of allelic exclusion.

The allelic exclusion guides the monoallelic recombination of the BCR. In other
words, the three antibody diversification processes only occur in one allele at a
time. It is unclear if CSR and SHM are subjected to allelic exclusion. Studies in
cancerous cells or in vitro show that CSR and SHM are not subjected to allelic
exclusion (86, 87). Although transcription is found in both IGH alleles, further
molecular players are necessary to define if CSR occurs upon IGH transcription
(88).

Epigenetics tightly regulate allelic exclusion. Epigenetically, the recombined allele
is hypomethylated, while the excluded allele is hypermethylated, impeding the
access of proteins to it. Nevertheless, the transcription of both alleles has been
found to happen simultaneously in the B cells independently of the allelic
exclusion process (89). If the recombination of an allele gives rise to a
successfully expressed antibody, further rearrangements are prevented by the
downregulation of RAG1, RAG2 and TdT (90). However, further rearrangements
within the same allele or the other allele would follow if it fails (91). Allelic
exclusion confers two opportunities for a B cell to rearrange its VDJ into a
successful antibody. Allelic exclusion can also be considered an early cell-
autonomous tolerance mechanism that helps reduce the chance of B cells
expressing two poly-specific BCRs, facilitating central tolerance surveillance (92).

44. Insertsinthe IGH locus

The dogma of antibody diversification comprises the three processes described
in the previous section: V(D)J recombination, CSR and SHM. However, a new
mechanism of antibody diversification was discovered in 2016 in which the IGH
of the antibody acquires DNA fragments in the switch regions from all over the
genome (93). Tan et al., 2016 discovered that inserts could confer a broader
reactivity against different subtypes of malaria parasites. Leucocyte-associated
immunoglobulin-like receptor 1 (LAIR1) was found in the antibodies of up to 10%
of malaria-exposed donors. The genomic insert comprised the LAIR1 exon
flanked by its introns enabling splicing into the antibody transcript and, thus,
translated (94). Further research in malaria-exposed donors also discovered
leucocyte immunoglobulin-like receptor B1 (LILRB1)-containing antibodies of
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several malaria-exposed donors (95). Interestingly, LAIR1- and LILRBI1-
containing antibodies provided a broadly reactive immune response against
several variants of the malaria parasite, in contrast to their non-insert antibody
counterparts. These insert-containing antibodies were broadly reactive because
repetitive interspersed families of polypeptides (RIFIN), malaria parasite surface
antigen, binds to LAIR1 and LILRB1 to activate immune suppression and
therefore, the antibody acted as a decoy attracting the parasite to them (96).
Thus, the antibody would have acquired RIFIN-interacting proteins domains and
increased the chance of encountering the parasite. Even though the mechanism
remains unknown, it was suggested to be a copy-paste mechanism since, in the
case of the LAIR1 insert, the original LAIR1 gene was found intact in both alleles
(93). Further research in the mechanism of insert incorporation must be done to
bring light to this new B cell diversification mechanism.

These inserts were found between (-): V-DJ, VD-J, J-CH1, V-J, V-CH1 and V-D-
J (97). Inserts within the VDJ segments strongly originated from introns, while J-
CHL1 inserts originated from exons. Mitochondria original inserts were found only
between VDJ segments and originated mainly from the D-loop part of the
mitochondrial genome (97). The inserts do not always translate to the antibody
protein due to the splicing process or stop codons. The splicing removes the
inserts incorporated in intronic regions, such as between J-CH1 segments.
Inserts originating from distant genes were detected in the IGH of European
donors in genomic DNA and RNA. The insert origin correlated with the
transcriptional landscape of B cells, suggesting a link between inserts and
transcription (94, 97). Even though insert frequency is very low, they contribute
to the diversification of antibodies and should be considered part of the B cell
diversification process.

4.5. DNA repair mechanisms of double-stranded DNA breaks

The genome acquires breaks regularly due to endogenous processes, e.g., DNA
replication, and exogenous processes, e.g., ultraviolet (UV)-light. Erroneously
repaired DNA breaks result in mutations, namely DNA nucleotide substitutions,
small or large insertions or deletions. Cells have evolved distinct DNA repair
mechanisms to avoid the damaging outcomes of undesired mutations and
unrepaired broken DNA.

The first response to dsDNA break is to recruit ataxia-telangiectasia mutated
kinase (ATM). ATM attracts the Mrel1l-RAD50-NBN (MRN)-complex (98). The
MRN-complex is an anchor between the two sides of the DNA break in cNHEJ
and aEJ. It also bridges between the DNA break and the sister chromatid in
homologous recombination (HR) (99). ATM phosphorylates histone family
member X (H2AX) to become yH2AX. yH2AX acts as a positive feedback loop
recruiting more ATM to phosphorylate more H2AX. Accumulation of yH2AX in the
DNA lesion localize the DNA repair action in a "foci" (100).

26



The dsDNA break has different resolutions depending on the type of break and
the cell phase when it is produced. The different pathways could be divided into
error-prone and error-free repair.

45.1. Classical non-homologous end joining

cNHEJ is an error-prone dsDNA break repair mechanism. It is known for its ability
to join ends without needing homology (blunt ends) or using less than 3 nt of
homology. cNHEJ is the fastest dsDNA break repair mechanism and the most
used by mammalian cells since it is active throughout the G1, S and G2 phases
(101, 102).

In cNHEJ, yH2AX recruits 53BP1, which gets phosphorylated by ATM in Serine
25 (103). Replication timing regulatory factor 1 (Rifl) translocates to the break in
a 53BP1 phosphorylated-dependent way. Rifl is a protein that protects the DNA
breaks from resection, which contributes to the standard processing of the cNHEJ
and inhibits HR (104, 105). In parallel, chromatin remodeling occurs: Histone 3
(H3) and 4 (H4) get acetylated and recruit Ku70/Ku80 heterodimer, which
protects the dsDNA break ends (106). The Ku70/Ku80 heterodimer has a ring-
like form that enables the heterodimer to hug the DNA break ends dynamically.
DNA-PKcs are recruited and interact with Ku70/Ku80, activating its
Serine/Threonine kinase. Physically there are two DNA-PKcs kinases, one at
each DNA break. DNA-PKcs get phosphorylated, either through
autophosphorylation or by ATM. The two phosphorylated DNA-PKcs form a
synapsis, making the two dsDNA breaks come closer together. In some cases,
the DNA ends are ligated to the complementary strand, forming a hairpin.
Resolution of the hairpin starts with DNA-PKcs phosphorylation of Artemis, which
will subsequentially cleave the hairpin. If the DNA end has a 3'overhangs, there
would be a nucleotide gap-filling process to fill the missing strand by DNA Pol n
or DNA Pol p. These two DNA polymerases are highly imprecise, resulting in
inserts and deletions (indels) (107, 108). Blunt ends are captured by the complex
formed by X-ray repair cross-complementing protein 4 (XRCC4) and Ligase 4,
and lastly, get ligated (109) (Figure 4).

45.2. Alternative end-joining

The aEJ, also known as microhomology-mediated end joining (MMEJ), is an
error-prone DNA repair pathway that shares the end resection with HR and the
non-homologous joining with cNHEJ. It is a DNA repair that is not highly used by
mammalian cells, but it is of high importance because its usage promotes
genomic instability by, for example, translocations. aEJ is functional throughout
the G1, G2 and S phases (110, 111).

In the first step, poly [ADP-ribose] polymerase 1 (PARP1l) and 53BP1 are
recruited to the dsDNA break. Then, CtBP-interacting protein (CtIP) in
combination with meiotic recombination 11 (Mrell), are recruited to the
3’overhangs where the process of resection starts (110). Resection comprises
the degradation of nucleotides from a blunt end to produce an ssDNA or
overhang. Thus, Mrell resects 3'single-stranded regions using the 3'-to-5'-
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exonuclease activity to expose micronomology (MH). Replication protein A (RPA)
binds the exposed ssDNA. Rapidly, DNA repair protein RAD52 homolog 2
(RAD52) and DNA Pol 6 bind the ssDNA and promote the annealing of
complementary ssDNA strands (112, 113). As soon as MH is found, Mrell
pauses the resection for a proper alignment of sequences. The MH can comprise
an alignment of 3 to 20 nt. The MH exposes the non-homologous 3'-tails that
excision repair cross complementation group 1 (ERCC1) and xeroderma
pigmentosum group F-complementing protein (XPF) nucleases digest (114).
Resulting gaps within the DNA strands are filled by DNA Pol 4, DNA Pol 1, DNA
Pol n and DNA Pol ¢. DNA ends are finally ligated by the complex formed by X-
ray repair cross-complementing protein 1 (XRCC1) and Ligase llla or Ligase |
(111, 115) (Figure 4).

aEJ has been shown to be the second most preferred mechanism used during
CSR after cNHEJ. The second most frequent type of CSR junctions are those
bearing 1-4 nt microhomologies, which are the typical genomic scars found after
aEJ break repair (69).

45.3. Homologous recombination

HR is an error-free or high-fidelity DNA repair mechanism that repairs DNA
breaks occurring during S and G2 phases. It uses the sister chromatid as a
template and is the slowest DNA repair pathway (69).

Mrell, as part of the MRN complex, resects up to 300 nt enhanced by CtIP,
similar to aEJ. Breast cancer gene 1 (BRCA1) in complex with BRCA1l-associated
RING domain protein 1 (BARD1) acts as an enhancer of Mrel1-CtIP. The 5'-tail
formed is an entry point for endonucleases like EXO1, DNA Replication ATP-
Dependent Helicase/Nuclease DNA2 (DNA2) or 3'-5' ATP-dependent RecQ
DNA helicase (BLM) that make the break have a long 3'-tail. RPA covers and
protects ssDNA from the 3"-tail from degradation. Breast cancer 2 (BRCAZ2) binds
the ssDNA, displaces RPA, and starts binding to BRCA1, BARD1 and recruiting
partner and localizer of BRCA2 (PALB2). DNA repair protein RAD51 homolog 1
(RAD51) is recruited to the DNA break by the DNA enrichment of BRCA1, BRCA2
and PALB2. However, it can also be loaded into the DNA in a BRCA2-
independent way. The BRCA2-independent RAD51 loading is regulated by polo-
like kinase 1 (PLK1) and casein kinase 2 (CK2). They both phosphorylate RAD51
in Serinel4 and Threoninel3d (RAD51514T13), RAD515'4T%3 binds to the MRN-
complex right after DNA break sensing. Even though RADS51 is constitutively
expressed throughout the cell cycle (116), phosphorylated RAD51514T13 peaks at
the end of G2, which makes it accumulate in DNA breaks and form foci during
G2 and S phases (117). RAD51, physically and not enzymatically, promotes HR
and inhibits any other DNA repair (118). RAD51-ssDNA is a dynamic
nucleoprotein able to screen for homology in sister chromatids. When the
homology is found, a three-strand synapsis stabilizes, and DNA Pol d synthesizes
a new DNA strand using the sister chromatid as a template (119) (Figure 4).

HR is considered dispensable for CSR; however, deletion of crucial HR molecular
players, e.g., RAD51, causes the persistence of breaks in the IGH in post-
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replicative B cells. It has been hypothesized that HR rescues IGH genes whose
breaks were not efficiently repaired by cNHEJ. Considering that HR would use
the sister chromatid to repair the IGH, HR would essentially rescue the IGH with
the possibility of rearranging it once again (69).
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Figure 4. dsDNA break repair mechanisms

At the top is a representation of the double-strand DNA break-sensing process.
From left to right, we find cNHEJ, aEJ and HR DNA repair processes.
53BP1=P53 Binding Protein 1, Rif1=Replication timing regulatory factor 1 ,
DNA-PKcs=DNA-dependent protein kinase, catalytic subunit, XRCC4=X-ray
repair cross-complementing protein 4, ATM=Ataxia-telangiectasia mutated
kinase, MRN=Mrell-RAD50-NBN, H2AX=Histone family member X
PARP1=Poly [ADP-ribose] polymerase 1, Mrel1=Meiotic Recombination 11 ,
CtIP=CtBP-interacting protein, MH=Microhomology, XPF=Xeroderma
Pigmentosum Group F-Complementing Protein, ERCC1=Excision repair cross
complementation group 1, XRCC1=X-ray repair cross-complementing protein
1, BRCAl=breast cancer gene 1, BRCA2=breast cancer gene 2,
BARD1=BRCA1l-associated RING domain protein 1,
RPA=Replication protein A , ssDNA=single-stranded DNA,
EXOl1=Exonuclease 1, DNA2=DNA Replication Helicase/Nuclease 2 |,
RAD51=DNA repair protein RAD51 homolog 1, Pol=DNA polymerase.
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4.6. Telomerase and telomere elongation

DNA repair maintains the cell alive by correctly repairing the DNA breaks.
However, a cell has a limited number of cell cycles before it enters apoptosis, and
that is due to the length of the telomeres. In every DNA replication, the telomeres
shorten; thus, there is a point where there are no more telomeres, and the coding
genome starts to be shortened (120, 121). In fact, long telomeres are essential
for highly proliferative cells such as GC B cells. GC B cells are expected to
undergo several cycles of proliferation to maturate their antibody and one of the
aspects that intrinsically keeps them alive is the telomeres. Elongation of
telomeres is done via the telomerase reverse transcriptase (TERT). Naive B cells
express high TERT before entering the GC reaction, which has been accounted
to the fact that GC B cells proliferate extensively during the GC reaction;
therefore, elongating the telomeres ensures genome stability during this process
(122, 123).

The telomeres are a region of repetitive sequences (TTAGGG) found at the ends
of each chromosome. TERT is an RNA reverse transcriptase that works with the
human telomerase RNA (hTR) to elongate telomeres. hTR (CAAUCCCAAUC)
forms secondary structures and couples with TERT to serve as a template for
telomere elongation. The elongation of telomeres is highly regulated by TERT
expression, telomere capping (Shelterin) and telomere extension abrogation
(CTS Telomere Maintenance Complex Component 1(CTC1)-Oligosaccharide
Binding Fold Containing 1(STN1)-Telomere Length Regulation Protein 1 (TEN1)
(CST complex)) (124).

TERT is highly regulated and is expressed in progenitor cells, such as stem cells
or BM progenitors. Also, it has been observed that renewing tissues express
TERT, while cells like fibroblasts do not express it, entering a state of senescence
(124). On the other hand, Also, cancer cells are known to reactivate TERT to
have an unlimited telomere length (125).

The telomere ends are capped and protected by a protein complex, Shelterin, to
prevent the naked ends from activating the DNA damage response. Tripeptidyl-
peptidase 1 (TPP1), a protein in Shelterin, recruits TERT to the telomeres. TPP1
is bound to the protection of telomeres protein 1 (POT1), which binds the sSDNA
of the telomeres. It is thought that hTR and POT1 compete for sSDNA binding
and regulates TERT activity. Only when hTR is bound to the ssDNA would TERT
start the process of telomere elongation (126).

The telomere elongation follows a process called "repeat addition processivity."
hTR contains two telomeric repeats. Telomerase initially binds its telomere DNA
substrate via base-pairing interactions to the first telomeric repeat of hTR. Once
bound, a single telomere DNA repeat is rapidly synthesized. The newly formed
nucleotides align with the first repeat of hTR, giving space to synthesize a new
one (127). The process continues to elongate until the inhibitory CST complex is
recruited together with DNA Pol a. The CST complex sequesters the single-
stranded telomeric overhang and promotes the DNA synthesis of the
complementary strand by DNA Pol a (128).
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TERT has off-target activity outside the telomeres that have been observed as
interstitial telomeric sequence (ITS). ITS are telomeric repeats included at
genomic scars after dsDNA break repair all around the genome. dsDNA repair
proteins can be found in telomeres, and telomeric repeat factor 2 (TRF2), a
protein part of Shelterin, is often recruited by the DNA repair machinery. ITS is
often flanked by 1-5 nt of homology to the hTR, which suggests the involvement
of TERT in their synthesis (129, 130). On the other hand, TERT can also be found
in mitochondria. Human TERT contains a mitochondrial signal peptide sufficient
for mitochondrial localization (131). TERT activity in mitochondria has been linked
to the protection of mitochondrial DNA (mtDNA) and the downregulation of
reactive oxygen species (ROS) (132).

Altogether, TERT is the human RNA reverse transcriptase that maintains the
telomeres and protects them from shortening, but at the same time, it has non-
canonical functions as part of the ROS system regulation.

4.7. Cancer and DNA repair mechanism

The genome is constantly exposed to damage from exogenous and endogenous
sources, such as UV-light or antibody diversification processes in B cells.
Unrepaired DNA damage can direct the cell fate to apoptosis and mutations
driving carcinogenesis (133). Healthy cells roughly bear one mutation per 100
billion bases in their genome; however, if they suffer DNA repair malfunction, the
mutation rate increases together with the chances of developing disease (134).
For instance, inborn errors in Ligase 4 cause a B cell immunodeficiency since the
normal antibody diversification processes are impaired due to the inefficient
repair of DNA breaks (135, 136).

DNA repair malfunction is commonly caused by single nucleotide polymorphisms
(SNP) or deletions in genes of proteins that are part of the DNA repair machinery.
It promotes the accumulation of DNA lesions, driving the malignant
transformation of cells. Indeed, cancer cells are estimated to carry 3.16 mutations
per megabase. Mutations can be classified as "driver" or "passenger" mutations.
"Driver" mutations provide an advantage to somatic cells in their
microenvironment, thus driving them to cancer, while "passenger" mutations are
defined as mutations that do not provide any proliferative benefit. Controversially,
most mutations found in cancer cells are "passenger" mutations (137, 138).

Mutations in cancer cells are crucial to research for characterizing tumors and
choosing the right therapy to combat them. There are two types of
chemotherapies: i) targeting and ii) non-targeting. Targeted chemotherapies were
developed toward specific molecular targets on cancer cells, while non-targeted
chemotherapies generally drive the death of highly proliferative cells (139). Unlike
targeted, non-targeted chemotherapies, like platinum or radiation, are cytotoxic
and drive mutation acquisition in healthy cells as well. Considering that cancer
patients likely have DNA repair malfunctions, it is counterproductive to treat them
using DNA break-inducing chemicals that would create mutations in non-
cancerous cells, potentially driving malignancies in other tissues (140).
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Cancer prognosis is most commonly assayed in clinics using SNP screening.
SNP screening is an assay based on sequencing the most common SNPs found
in people who developed cancer, e.g., BRCA1 mutation. An improved cancer
prognosis assay relates somatic cells' mutational rate to known mutational
landscapes of cancer cells, identifying potential somatic cells that will develop
cancer (141).

Cancer development and DNA repair malfunction are tightly linked. All in all,
cancer prognosis is commonly done by screening DNA repair protein mutations.
Every year, cancer research discovers new mutations that initiate or maintain
cancer linked to DNA repair proteins, challenging screening relevant DNA repair
proteins. The future holds for analyzing DNA repair malfunction without screening
all DNA repair proteins individually, most optimally studying DNA repair genomic
scars.
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5. AIMS
The overall aim of my Ph.D. thesis was to i) develop a methodology to study CSR
genomic scars and apply it to ii) study the insert incorporation mechanism and iii)
the identification of DNA repair malfunction.

5.1. Development of a methodology to characterize B cell clones,
genomic inserts, and DNA repair outcomes by analyzing CSR genomic
scars

The current methodologies employed for studying CSR junctions are significantly
limited in their ability to characterize and analyze the complexity exhibited by
these junctions accurately. On the one hand, the length limitation of short-
sequencing does not allow the analysis of complex switch-joints, such as
sequential switching or inserts-containing junctions, since their length can span
the maximum length of high-throughput sequencing. On the other hand, these
analyses are often standardized using the total number of reads. However, this
approach is not representative of the B cell diversity because i) PCR amplification
favors the amplification of smaller amplicons resulting in an overrepresentation
of small clones, and ii) the same B cell clones can be overrepresented due to
illness, vaccination or endogenous immune responses in a polyclonal B cell
sample.

Therefore, the first aim of my thesis was to develop a methodology to analyze
switch-joints establishing a PCR using the minimum number of primers and long-
read sequencing. Unlike current methods, the novel method would involve the
identification of inserts and unique B cell clones.

5.2. Addressing the insert incorporation mechanism in the antibody
heavy chain locus

Antibody inserts have emerged as a novel area of research. Genomic inserts in
the antibody gene are rare but potentially valuable as they can broaden the
affinity of antibodies. Despite being thoroughly studied in antibody transcripts, the
mechanism of insert incorporation remains unknown. Therefore, in my thesis, |
aimed to identify crucial DNA repair proteins involved in the acquisition of inserts
in switch-joints in culture and patients. in vitro and in vivo.

To investigate insert acquisition in antibody genes, | focused on i) insert source
and ii) the DNA repair mechanism involved. Originally, inserts were found in the
proximity of ERFS. To investigate the involvement of genomic instability, |
promoted ERFS breakage using hydroxyurea. Moreover, | targeted the two
preferred mechanisms in CSR to study the DNA repair mechanism involved in
insert ligation. | affected the cNHEJ inhibiting Ligase 4 and aEJ inhibiting PARP1,
and in general, | affected dsDNA break sensing inhibiting ATM. In addition and
assuming that telomerase can off-target switch regions in the same fashion as
AID off-target telomeres, | analyzed the role of telomerase in the insert acquisition
by inhibiting it in vitro. Bearing that inhibition of proteins in vitro does not equal
partial or total absence of protein in vivo, I analyzed DNA repair protein-deficient
patients to observe the natural insert acquisition in the absence of ATM, Ligase
4, nipped-B-like protein (NIPBL), AID and BRCAL.
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5.3. Profiling breakpoints and analyzing DNA repair efficiency in CSR
genomic scars of human and mouse samples

DNA repair malfunction is routinely diagnosed by screening target
polymorphisms in DNA repair proteins linked to the initiation or maintenance of
cancerogenesis, such as BRCA1 and BRCA2. Such screenings are hampered
by the fact that our knowledge of the molecular players involved and the
polymorphisms is limited. Thus, | aim to study DNA repair malfunction by
analyzing the outcomes of DNA repair using switch-joints as somatic genomic
scars in humans and mice. Considering that all main DNA repair pathways are
active during CSR, this analysis would reflect how DNA breaks are repaired in
the body.

The final aim of this thesis was to separate healthy from DNA repair-deficient
samples using the analysis of switch-joints using either a i) visualization or ii)
sequence analysis.
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6. MATERIAL AND METHODS

6.1. B cell culture
6.1.1. Primary human B cells

Primary human B cells were cultured using 10% fetal bovine serum (FBS) (PAN
Biotech GMBH, #P30-3302), 1% non-essential aminoacids (Life Technologies,
#11140035), 1% sodium pyruvate (Life Technologies, # 11360039), 1%
GlutaMAX (Life Technologies, #35050038), 1% Penicilin-Streptomycin (Life
Technologies, #15140163), 0.1% mercaptoethanol (Life Technologies,
#31350010), 5 pg/ml Kanamycin (Serva Electrophoresis, #26897.01) and
0.002% Transferrin (Merck-Milipore, #616397) in 1M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) Roswell Park memorial institute medium
(RPMI) (Life Technologies, #42401018).

Primary human B cells were cultured in 12-wells plates (SARSTEDT, #833921)
at a concentration of 200 000 cells per ml with four grades (Gy)-irradiated CD40L
expressing K562L cells to induce their activation. The culture was carried out for
seven days. On days 0, 1, 3, and 5, 25 nanograms (ng) of IL4 (recombinantly
produced) was added to each well to trigger B cell activation. If the primary human
B cells were treated with some chemicals (Figure 5C), they were to the well added
simultaneously with the IL4. Cells were harvested on day 7. gDNA isolation of
primary human B cells was performed using the ReliaPrep™ Blood genomic DNA
(gDNA) Miniprep System (Promega, #A5082).

A - e KU60019
donor 5 5 2 B o 5 2= 2 = ; ;
£ 300 g0 2235 Chemical Company, Concentration
19012 @ EEEN m ; ; m ; catalog (#) | used
19019 EEEER DMSO Roth Max DMSO
19030 . . . 21073 : : : : #A994l Used ) in t the
21074 experimen
19031 W M = Olaparib | BIOZOL | 1.25 uM
19051 EEN | #FBM-10-
19052 HE [ ] 2154
Hydroxyurea | Th.Geyer 25 uM
- BIBR1532 (HU) Berlin
B N #118142008
donor 3 2 @ 3 3 = SCR7 Holzel 80 uM
10055 M MW EEE E,Ligsnf:?m;a
19057 HEEEE BIBR1532 | Holzel 0.5,1,2,5 uM
19058 [ | EENR Diagnostika
#M1676
KU-60019 Holzel 0.5,1.2,3.5uM
Diagnostika
#TMO-
T2474

Figure 5. Description of experiments done with chemicals.

A. Chemicals used in each donor belonging to the "DNA repair modulation”
experiment. HU=Hydroxyurea. pM=micromolar. B. Chemicals used in each
donor belonging to the "telomerase inhibition" experiment. C. Chemicals used
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in each donor belonging to the "ATM inhibition" experiment. D. Chemicals used
in experiments. In the left column is the chemical's name; the middle column,
the company and catalog number and the right column used concentrations in
the experiments.

6.1.2. CH12 cells

CH12 cells were cultured using 10% FBS (PAN Biotech GMBH, #P30-3302), 1%
non-essential aminoacids (Life Technologies, #11140035), 1% sodium pyruvate
(Life Technologies, # 11360039), 1% GlutaMAX (Life Technologies, #35050038),
1%  Penicilin-Streptomycin ~ (Life  Technologies, #15140163), 0.1%
mercaptoethanol (Life Technologies, #31350010), 5 ug/ml Kanamycin (Serva
Electrophoresis, #26897.01) and 0.002% Transferrin (Merck-Milipore, #616397)
in 1M HEPES RPMI ((Life Technologies, #42401018).

CH12 cells were cultured in 12-well plates (SARSTEDT, #833921) at a
concentration of 200 000 cells per ml. The culture was carried out for three days.
On day 1, 25 ng IL4 (recombinantly produced), 4300 ng of anti-mouse CD40
(BIOZOL, #BLD-102902) and 8.6 ng of mTGF-bl (R&D Systems, #7666-MB-
005/CF) were added to each well to trigger B cell activation. Cells were harvested
on day 3. gDNA isolation of CH12 was performed using the ReliaPrep™ Blood
gDNA Miniprep System (Promega, #A5082).

The CH12 cell lines were kindly provided by the group of Michela di Virgilio (Table
2).

CH12 mutation Creator

Ligase 47 (partial deletion of exon 2) | Anna Guzman

BRCAL1" (partial deletion of exon 11) | Sandhya Balasubramanian

53BP1 (partial deletion of exon 18) | Devakumar Sundaravinayagam

Rif1”- (partial deletion of exon 2) Matteo Andreani

Table 2. CH12 mutants used for the analysis of class-switch recombination
breakpoint profiles.

6.1.3. DNA repair deficient patients

The human samples of DNA repair deficient patients were supplied by Qiang
Pan-Hammerstrom (Karolinska Institute, Sweden). The exact mutations found in
the human samples are collected in Table 3.

Diagnosis Mutation

Ligase 47 Undefined

BRCAL1” 3171ins5

NIPBL" C.6647A>G, p.Y2216C

ATM p.GIn1852ProfsX5

ATM” Hom Large deletion

AID"- Hom p.Arg98X

Table 3. Genotypes of human DNA repair deficient patients.
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6.2. Flow cytometry & fluorescence-activated cell sorting (FACS)

The preparation of cells for flow cytometry and FACS was carried out in the same
fashion. The only difference was the number of cells used and the device where
the staining was performed in. Flow cytometry staining was done in a 96-well U-
bottom plate (SARSTEDT, #833925500) with 25 microlitres (ul) of staining
solution and 50 000 to 200 000 cells. FACS staining was performed in a 15 ml
falcon tube (Faust, #TPP91015) with 800 pl of staining solution and 15 to 50
million cells.

The staining was carried out by centrifuging the cells at 5009 for 5 minutes. Then,
cells were resuspended in the staining solution that contained the antibodies
chosen for the analysis (Table 4) and incubated for 7 minutes at 4°C in the dark.
Cells were rinsed with eight times more volume of MACS buffer and centrifuged
for 5 minutes at 500g. Cells were washed once with a 0.5 ng/ul DAPI solution,
rinsed with eight times more MACS buffer and centrifuged for 5 minutes at 500g.
Cells for flow cytometry were resuspended in 400 pl of MACS buffer and cells for
FACS were resuspended in 500 to 1 000 pul of MACS buffer, depending on the
number of stained cells.

Flow cytometry was done in LSRFortessa™ Cell Analyzer (BD Biosciences) and
FACS in BD FACSAria™ Fusion Flow Cytometers (BD Biosciences). First, single
staining of the colors used was used to calculate compensation. Then 50 000
events were recorded from each sample. Analysis was done using FlowJo (BD
Biosciences).

Target | Fluorophore | Info Dilution | Analysis
CD27 | PE Miltenyi Biotec, #130-114- | 32 FACS
156, M-T271
IgD PE-Cy7 Miltenyi Biotec, #130-098- | 32
584, IgD26
IgM AF488 Life Technologies, | 160
#A21215
lgG AF647 Dianova, #109-606-170 80
IgA AF647 Dianova, #109-606-011 80
DAPI | UV BD Biosciences, #564907 | 2000
IgM AF488 Life Technologies, | 100 Flow
#A21215 cytometry
IgG AF647 Dianova, #109-606-170 500
IgA AF647 Dianova, #109-606-011 500
DAPI | UV BD Biosciences, #564907 | 2000
Table 4. Antibodies used in flow cytometry and FACS for different analyses.
The staining solution was done using MACS buffer. Alexa Fluor=AF,
FACS=Fluorescence-activated cell sorting.
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6.3. Generation of artificial switch-joint reads

6.3.1. In-silico prototype

The in silico prototype was created in R to generate artificial switch-joints. The in
silico prototype generated random switch-joints using the switch region
annotations (Table 8). The script used the following R packages: ggplot2, stringr,
ggridges, seqinr, Biostrings, DescTools, phylotools and tidyverse.

Firstly, the switch region sequences were loaded into the script in FASTA format
using seginr. Then a loop to create X number of reads took place to make four
different types of reads:
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Deletion reads: Switch-joints comprised of SM and another switch region
with deletion of random size between 1-1 000 nt and the joint between the
end of SM and start of the other switch regions.

1) SM and a random switch region are joined, forming a switch-joint of two
complete switch regions:

a<-sample (switch region, 1)
SX<-switches[a]
joint<-str c(SM, SX)

2) The size of the deletion that the read would have is randomly chosen
between 1 and 100 nt:

deletion<-sample (seq(1:1000),1)

3) The switch-joint created is then cut SM in the middle and removing
nucleotides equal to the size of the random deletion:

joins<-str c(str sub(joint, end = round(SM length/2) -
deletion/2), str sub(joint, start = round(SM length/2)
+ 1 + deletion/2))

Random reads: Switch-joints with random breakpoints in SM and another
switch region that is not SM (SX).

1) SM and a random switch region are included into a vector:

a<-sample (switch region, 1)
SX<-switches[a]

joint<-str c(SM, SX)
vector<-c (SM, SX)

2) A loop comprising 2 rounds, one per switch region involved, is made to
create the switch-joint:
for(i in 1:2){
2.1) The length of the SM and the other switch region are
considered. Four different positions are randomly selected
considering the length of each switch region involved:
length<-str length (paste (vector[i]))
random<-sort (sample (length, 4))



2.2) In the first round of the loop, the four randomly chosen positions
are used to create two stretches of a read of the SM combining
positions 1-2 and 3-4. Thus, creating a deletion between positions
2-3:

if (i==1) {
joins<-
str c(str sub(paste(vector[i]),start=sample[l],
end=sample[2]),str sub(paste(vector[i]),start=s
ample[3],end=sample[4])) }

2.3) In the second round of the loop, the four randomly chosen
positions are used to create two stretches of a read of the randomly
chosen switch region are generated combining positions 1-2 and 3-4.
These stretches are added to the SM stretches. Also, the switch region
carries a deletion between positions 2-3:

if (i==2){
joins<-str c(joins,str sub(paste(vector[i]),
start=sample[1l],end=sample[2]),str sub(paste(vect
or[i]), start=sample[3],end=sample[4])) }
Consecutive reads: Switch-joint between SM and two other random
switch regions. The breakpoints occurring between the switch regions are
random.

1) Two random switch regions, SX and SXX, are randomly selected:
a<-sample (switch region, 1)
b<-sample (switch region[-(l:a)], 1)
SX<-switches[a]
SXX<-switches[b]
vector<-c (SM, SX, SXX)
2) A loop comprising 3 rounds, one per switch region involved, is made to
create the switch-joint:
for(i in 1:3){
2.1) The length of the SM and the other switch regions are
considered. Two positions are randomly selected considering the

length of each switch region involved:
length<-str length (paste (vector[i]))
sample<-sort (sample (length, 2))

2.2) In the first round of the loop, the two randomly chosen positions
are used to create a stretch of SM combining positions 1-2:

if (i==1) {
Jjoins<-
str c(str sub(paste(vector[i]),start=sample[l],
end=sample[2])) }

2.3) In the second and third rounds of the loop, the two randomly
chosen positions are used to create a stretch of SX and SXX,
respectively, combining positions 1-2. These stretches are added to
the SM stretches:
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1f(1i>1) {
joins<-str c(joins,str sub(paste(vector[i]),
start=sample[l],end=sample[2])) }

- Consecutive 2 reads: Switch-joint between SM and three other random
switch regions. The breakpoints occurring between the switch regions are
random. The script looks the same as described in the "Consecutive
reads", but there is an extra step to choose a third switch region. Thus,
there are SM, SX, SXX and SXXX.

6.3.2. Naturficial reads

Naturficial reads were generated by Benedikt Obermayer. The naturficial reads
are described as naturally templated computationally generated reads. The
reference sequences of 10 000 unique B cell clones from 8 HD were obtained.
Samples comprising a different amount of clones and reads were made. The
naturficial reads were mutated randomly following the MinlION mutations
observed in the non-PCR MinION control (Table 5).

A C G T
A 10.190063 0.000193921 0.0116397 0.000554028
C 10.000574434 0.292938 0.000341318 | 0.00207396
G 10.0112465 2.17643e-05 0.288772 0.000121508
T 0.001054 0.00121019 8.39998e-05 | 0.199111

Table 5. Mutation rates between nucleotides to generate naturficial reads.

Mutations were obtained from a sample run in MinlON without PCR (the SM
plasmid).
These mutations comprised single nucleotide mutations (Table 5) and indels
(chance to get an insertion=0.0200868 with an increasing size probability of
0.511982 and a deletion=0.0253724 with an increasing size probability of
0.687357).

6.4. Primary human B cell isolation from blood

Buffy coats were purchased from the DRK-Butspendedienst Nord-Ost GmbH. Al
buffy coats were free from antibodies against human immunodeficiency virus
(HIV), hepatitis C virus (HCV) and hepatitis B virus (HBV).

Firstly, 80 ml of blood was mixed with 20 milliliters (ml) of 2 millimolar (mM)
ethylenediaminetetraacetic  acid (EDTA) phosphate-buffered  saline
solution (PBS-T) (Promega, #V4231 & Biotek, #EL406). The blood was
distributed in 4 falcons, slowly pouring 30 ml of the blood on top of 15 ml of Ficoll
(Carl Roth GmbH, #0642.2). Falcons are centrifuged for 25 minutes (min) at 500
grams (g) with an acceleration/break of 3/0 (Centrifuge Eppendorf 5910R). Blood
was separated density-wise and lymphocytes were isolated from the white layer
between the plasma and the Ficoll. The isolated lymphocytes were washed twice
with 2 mM EDTA PBS-T.
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Primary human B cells were isolated using CD19 Microbeads (Miltenyi Biotech,
#130-050-301). Therefore, 500 million lymphocytes were incubated with 200 pl
CD19 Microbeads in ice for 15 minutes in 800 ul, followed by a washing step
using 3 ml MACS buffer (10% FBS 2 mM EDTA PBS-T) and a centrifugation step.
Lymphocytes were resuspended in 3 ml MACS buffer to make them pass through
a 30 micrometer (um) pre-separation filter (Miltenyi Biotech, #130-041-407) and
an LS Column (Miltenyi Biotech, #130-042-401) attached to a QuadroMACS
separator (Miltenyi Biotech, #130-090-976). LS Columns were washed three
times using 3 ml of MACS buffer. Then, 5 ml of MACS buffer was used for flushing
the CD19-positive lymphocytes with the help of the syringe provided by the LS
Columns.

6.5. MinlON library preparation

PCR products and amplicons were purified using ProNex beads (Promega,
#NG2001) in a 1:1 ratio following the manufacturer’s protocol. The amplicons
were eluted in 16 pl.

Firstly, the quality of the purified switch joint amplicons was controlled. Thus, 5 pl
of purified amplicons was checked in a 0.8% Agarose (Biozym, #840004) gel. In
addition, 1 pl of amplicons were loaded into 2100 Bioanalyzer (Agilent).
Amplicons visible in the gel were diluted 50% before loading them into 2100
Bioanalyzer.

The outcomes of both assays were used to decide how much volume was added
to each sample. First, the intensity analysis of smear bands in the Agarose gel
was done (GelAnalyzer 19.1) and the values were used to make a first decision
on the volume that was loaded into MinlON. The intensities belonging to the same
gel were considered for the following calculations:

Volume MinION (])

maxI = maximum intensity of the gel

1 maxI - A/3 maxl

minl = minimum intensity of the gel

. . 1.5 minl +A/3| maxI-A/3
meanl = mean mtensntycjtbe gel

A = maxI - minl 2 meanl minl + A/3

2.5 minl+A/6 meanl

3 0 minl + A/6

from to

Volumes were then corrected by looking at the 2100 Bioanalyzer results. The
correction was based on comparing samples with the same volume MinlON score
and seeing if they had the same pattern in Bioanalyzer. Based on the result, more
or less volume was added.

The total volume of DNA amplicons must be 48 pl. The MinlON library preparation
(MinlON Nanopore, #SQL-LSK109) followed the manufacturer’s protocol. The
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only difference we made was not to use DNA control when preparing our MinlON

library.

6.6. Switch-joint PCR

Name | Coordinate | Sequence | Chrom | Type | Orientation | Assembly
S osome

Su | 105860975 - | CACCCTTG 14 Primer |  forward GRCh38
105861001 AAAGTAG
106327185 - | CCCATGCC GRCh37
106327211 TTCC

Sp | 105856877 - | GGAACGCA 14 Primer |  reverse GRCh38
105856902 GTGTAGA
106322982 - | CTCAGCTG GRCh37
106323007 AGG

hEp | 105862197 - | GGTCACCG 14 Primer | forward GRCh38
105862225 CGAGAGT
106328407 - | CTATTTTA GRCh37
106328435 GGAAGC

Pre- | 105862942 - | GGAGCCAC 14 Primer forward GRCh38

hEp | 105862964 | ATTTGGA
106329152 - | CGAGATGC GRCh37
106329174

Sa 105588857 - | CTCAGTCC 14 Primer reverse GRCh38
105588879 | AACACCC
105709106 - | ACCACTCC
105709128
106055194 - GRCh37
106055216
106175443 -
106175465

Sy | 105626824 - | CTGCCTCC 14 Primer reverse GRCh38
105626852 | CAGTGTCC
105645549 - | TGCATTAC
105645577 TTCTG
105743825 -
105743853
105772166 -
105772194
106093161 - GRCh37
106093189
106111886 -
106111914
106210162 -
106210190
106238503
-106238531

Se 105601669 - | GGAGGGAA 14 Primer reverse GRCh38
105601692 TGTTTTT
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106068006 - | GCAGCAGC GRCh37
106068029 G
Su 113426178 - | GGAGGGAC 12 Primer forward GRCm38
113426200 CCAGGCT
113389798- | AAGAAGGC GRCm39
113389820
Sa 113260804 - | GCAAGCAG 12 Primer reverse GRCm38
113260830 TGGACCC
113224424 - | AAAGACGA GRCm39
113224450 GAGG
Syl 113330330 - | GCTCAGAG 12 Primer reverse GRCm38
113330354 TGTAGAG
113293950 - | GTCAGACT GRCm39
113293974 GC
Sy3 | 113361218 - | GGGCTGTT 12 Primer reverse GRCm38
113361244 GTTGTAG
113324838 - | CTGCAAGA GRCm39
113324864 TAGG
Sy2 | 113307913 - | CTGATGGG 12 Primer reverse GRCm38
113307936 GGTGTTG
113288916 - | TTTTGGCT
113288936 G
113271533 - GRCm39
113271556
113252536 -
113252556
Se 113273349 - | GGGACCCC 12 Primer reverse GRCm38
113273369 ATTCCAG
113236969 - | TCTAGG GRCm39
113236989
Table 6. Primers used for switch region PCR in human (GRCh38 / GRCh37) and
mouse (GRCm38 / GRCm39) antibody locus.
GRCh38=Genome Reference Consortium Human Build 38, GRCh37=Genome
Reference Consortium Human Build 37, GRCm38=Genome Reference Consortium
Mouse Build 38, GRCm39=Genome Reference Consortium Mouse Build 39.

6.6.1. Human switch-joint PCR

Human switch polymerase chain reaction (PCR) started by mixing the different
reagents as suggested for the manufacturer protocol of LongAmpTag® (NEB,
#M0323). The reaction was done in 25 pl and the optimal template amount was
the isolated gDNA of 25 000 cells or less. In one reaction, the forward primer Sy,
PreSu or hEp was added in combination with Sa and Sy reverse primers (Table
6). The PCR protocol consisted of the following steps: 95°C for 3 min and 25
cycles of 95°C for 40 seconds (s), 60°C for 30s, 65°C for 3 min; and the last
elongation step at 65°C for 10 min at a ramp of 4°C/s.
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6.6.2. Mouse switch-joint PCR

Mouse switch PCR started by mixing the different reagents as suggested by the
manufacturer protocol of LongAmpTag® (NEB, #M0323). The reaction was done
in 25 ul and the optimal template amount is 100-150 ng of isolated gDNA. In one
reaction, the forward primer S (38) was added in combination with Sa and Sy2bc
reverse primers and in another combination, Sy in combination with Sy3 and Se
reverse primers (Table 6). The PCR protocol consisted of the following steps:
95°C for 3 min and 30 cycles of 95°C for 40s, 60°C for 30s, 65°C for 3 min; and
the last elongation step at 65°C for 10 min at a ramp of 2°C/s.

6.6.3. Barcoded switch-joint PCR

The PCR protocols were carried out as mentioned before. PCR products used
for MinlON sequencing were barcoded, meaning that the primers used for the
PCR contained a 20 nt barcode. The barcoded primers contain the barcode in
the 5'end. The barcodes used can be seen in Table 7.

BO1 | AAGAAAGTTGTC |B36 | ATGTCCCAGTTA |B72 | TAGCTGACTGTCT
GGTGTCTTTGTG GAGGAGGAAACA TCCATACCGAC
B04 | TTCGGATTCTATC | B47 | GTGCAACTTTCC | B75 | GACCATTGTGATG
GTGTTTCCCTA CACAGGTAGTTC AACCCTGTTGT
BO5 | CTTGTCCAGGG |B49 | ACTGGTGCAGCT | B76 | ATGCTTGTTACATC
TTTGTGTAACCTT TTGAACATCTAG AACCCTGGAC
BO9 | AACTAGGCACA |B51 | GTTGAATGAGCC | B78 | AACAACCGAACCT
GCGAGTCTTGGTT TACTGGGTCCTC TTGAATCAGAA
B12 | CAGGTAGAAAGA | B55 | TGGAAGATGAGA | B81 | CCTCATCTTGTGA
AGCAGAATCGGA CCCTGATCTACG AGTTGTTTCGG
B17 | ACCCTCCAGGA |B60 | CATGTTCAACCA | B92 | TTGTGAGTGGAAA
AAGTACCTCTGAT AGGCTTCTATGG GATACAGGACC
B24 GCATAGTTCTG | B64 | GACAGACACCGT
CATGATGGGTTAG TCATCGACTTTC
B32 | CCAGTAGAAGT |B68 | GAATCTAAGCAA
CCGACAACGTCAT ACACGAAGGTGG
Table 7. The sequence of barcodes in 5'- of switch primers.

6.7. Peyer’s patches isolation
Intestines from dead mice were obtained in cold PBS-T (Biotek, EL406). Using a
1 ml syringe (BRAUN, #91614060) and a needle (Fine-Ject, #4710006030), the
insides of the intestines were washed with PBS-T. A tube was introduced into the
intestines for better inspection.

Peyer's patches (PP) were identified as a white bulked mass on the surface of
the intestines. Isolation of PP was performed using scissors. Isolation of B cells
from PP was done by smashing the cells against a filter (Miltenyi Biotech, #130-
041-407), centrifuging the content and washing the cells twice using PBS before
continuing to isolate gDNA.

44



6.8. Statistics

Tests were two-tailed, and a p-value lower than 0.05 was considered statistically
significant. Shapiro-Wilk test was used for normality testing of continuous
variables, using R function shapiro.test (). An independent Student t-test
was used to compare two groups when continuous data met the criteria for
normality, using the R function t.test (); otherwise, the Mann-Whitney U test
was used, using the R function wilcox.test (). Comparison of multiple groups
was made using ANOVA post-hoc analysis for data that met the criteria for
normality, using the R aov () ; otherwise, the Kruskal-Willis test was done, using
the R kruskal.test (). Principal component analysis (PCA) was performed
with scaled data and under the same seed using R (seed=147). PCA was
performed using the R function prcomp: :prcomp ().

6.9. SWIBRID
Firstly, SWIBRID demultiplexes the samples from MinlON using the 20 nt
barcodes (Table 7). Then, the reads that did not meet our quality criteria were
discarded. Our quality criteria were the following:

- Reads are longer than 500 nucleotides (nt)

- Reads contain the SM forward (FW) primers and the SG reverse (RV) or
SA RV within the 100 nt beginning and end of the read

- If two primers are found together in the middle of the read, the read should
be split and consider them as two independent reads

- Reads should not contain single primers outside the 100 nt of the
beginning and end of a read

- The sequence of the read must contain switch regions (Table 8)

- The sequence of the read must align in more than 95% of its length to the
genome

- If more than 50 nt of the sequence does not align to switch regions, it will
be considered a J-CHL1 insert as long as its sequence aligns in 95% of its
length to the genome.

- Next, the filtered reads were clustered by similarity, specifically by
calculating the Cosine distance between the cleaned coverage patterns.
The distance measure compared how similar all reads are to each other
using the coordinates of alignment and generated a phylogenetic tree. As
a result, a dendrogram of read differences was generated for the cut-off
determination.
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Name Specie GenBank or | Length (bp)
reference
Switch mu Human X54713.1 4 525
Switch gamma 3 | Human U39935.1 3 395
Switch gamma 1 | Human U39737.1 4171
Switch alpha 1 Human L19121.1 3 326
Switch gamma 2 | Human U39934.1 3812
Switch gamma 4 | Human X56796.1 4 757
Switch alpha 2 Human AF030305.1 2 758
Switch mu Mouse AF446347.1 870
Switch gamma 3 | Mouse D78343.1 1801
Switch gamma 1 | Mouse M12389.2 5188
Switch gamma | Mouse (142) 4176
2b
Switch gamma | Mouse (142) 2104
2C
Switch alpha Mouse D11468.1 3578

Table 8. Switch region consideration to align for SWIBRID

The cut-off limits the differences allowed to take part in cluster determination. In
order to determine the cut-off, the function of clusters and cut-off is used. In this
function, two tendencies were observed, i) one with a high slope observed at low
cut-offs, and ii) one with a lower slope observed at larger cut-offs. The middle
point between these two slopes was used to determine the cut-off and, thus, the

number of clusters.
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7. RESULTS

DNA repair malfunction predisposes people to develop diseases such as cancer
and it is often diagnosed by analyzing mutations in DNA repair proteins related
to malfunction. Such an option of diagnosis is chosen because researching
somatic DNA repair in cells is complex due to the low frequency and randomness
of somatic DNA breaks in cells. However, mutation screening of DNA repair
proteins does not directly study the efficiency of DNA repair. Therefore, we
decided to focus on researching DNA repair function by studying somatic breaks
by analyzing genomic scars in the antibody gene during B cell diversification.
Among the B cell diversification events is CSR, a controlled deletional
recombination process in the antibody locus that joins two distant switch regions
to give rise to a new isotype generating a switch-joint. Thus, switch-joints result
from a DNA repair event and commonly carry mutations and insertions serving
as an analyte to study DNA repair footprints.

On the other hand, non-immunoglobulin elements deriving from distant genomic
regions (inserts) integrate into the heavy chain antibody locus (IGH), thereby
adding another layer of diversity to the antibody repertoire (93, 94). More
specifically, inserts incorporated in the switch regions (J-CH1 inserts) can be
spliced into antibody transcripts and consequently incorporated as extra
elements in the antibody protein (Figure 6A). The mechanism of J-CH1 insert
acquisition is still unclear. Recent studies identified J-CH1 inserts in antibody
transcripts with a mean length of 160 bp and were even estimated to comprise
up to 10 kilobases (Kb) in the genome when counting their multiple exons
separated by large introns. In this study, the J-CH1 inserts were studied using
suppression PCR, an improved PCR to enrich the amplification of longer
amplicons (143). Unfortunately, suppression PCR removed the possibility of
quantifying inserts per clone since such amplification is biased towards the
amplification of long sequences (97). An unbiased approach to identify J-CH1
inserts would allow the quantification of B cell clones and, therefore, the J-CH1
insert frequency (J-CH1 insert per B cell clone). Also, the study identified J-CH1
inserts spliced in the transcripts, leaving aside those insertion events that were
spliced out but still happened and are essential to account when studying the J-
CHZ1 insert mechanism. In other words, the J-CH1 insert mechanism should be
studied at the DNA level using a tool to identify the insertions and unique B cell
clones for a quantitative analysis.

The switch-joints have been previously studied using short sequencing (lllumina
or lon Torrent), which captured only a few nucleotides covering the switch-joints
(144). However, our idea aims to study a bigger picture of the switch-joints using
long-read sequencing (L-NGS) MinlON to screen CSR breakpoints to identify
sequential switching, intra-switch deletions and J-CH1 inserts in long switch-
joints reads, among other aspects.

Thus, this thesis aims to develop a tool to analyze switch-joints and characterize
their variabilities (J-CH1 inserts and breakpoints) within a library to determine
unique B cell clones using long amplicons derived from MinION.
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7.1. Development of a bioinformatical tool to identify breakpoint profiles,
unique B cell lines and J-CH1 inserts using long reads

7.1.1. Development of a tool that overcomes MinlON errors in the
sequence and identifies individual B cell clones in a sample

Building upon previous work (94), | first aimed at improving the methodology that
integrates i) amplification of switch-joints comprising the switch y and switch y 1,
Y2,Y3,v4,a1ora?2regions (SM, SG1, SG2, SG3, SG4, SA1, SA2) (94), ii)
sequencing by MinlON technology and iii) computational analysis capable of
quantifying B cell clones via switch-joint analysis and J-CH1 insert. The primers
were designed to amplify only switch-joints, e.g., SM-SG3, while IGH that did not
undergo CSR were excluded from amplification since the smallest distance found
between our FW primer and any RV primer in the IGH locus that was not
subjected to CSR is 87.4 Kb (SM-SG3), which is far beyond any PCR
amplification limit (Figure 6B) (145).
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Figure 6. SWIBRID: strategy and outcome of the switch-joint analysis.

A. Depiction of the immunoglobulin heavy chain (IGH) gene, transcript and
protein of a J-CH1 insert-containing antibody. Cv=constant g, SM=switch u
region. J-CH1 insert=green, V, D, J domains=red and SM & Cwm=Dblack. B.
Depiction of the switch regions of the human IGH locus indicating primer
binding sites to amplify switch-joints. Kb=kilobases. SG3=switch y3 region;
SGl=switch y1 region; SAl=switch al region; SG2=switch y2 region;
SG4=switch y4 region and SE=switch € region and SA2=switch a2 region.
Primers: SM forward (FW)=blue, SG reverse (RV)=red, SA RV=green. C. On
the left side, the so-called "FakePoly" control comprises 6 switched alleles of
monoclonal B cells, deriving from EBV immortalized human B cells, nhamely,
MMJ5, CAA, CGL and MGO3 (CMKS acts as a negative control because it
does not carry a switched allele); a plasmid containing the human SM used as
control after linearization using restriction enzyme Hindlll. On the right side,
0.8% agarose gels show the switch-PCR of the FakePoly or SM-SM PCR of
the plasmid. A 1 Kb ladder was used. D. Read plots of samples with no-,
medium- and high-B cell diversity, namely, plasmid < Fakepoly < class-switch
memory B cells. Five thousand random reads are depicted in each plot. On the
lower left, a hierarchical clustering dendrogram of the switch-joint reads is
shown together with the cut-off (red) used to determine the number of clusters
that discriminates technical noise from biological diversity. On the lower right,
each straight line in the same horizontal plane represents an individual read or
switch-joint amplicon. Reads depicted together and in the same color belong to
the same B cell cluster. The x-axis represents the IGH locus switch regions and
the reads only appear when aligning with them.

Switch joint amplification (switch-PCR) generates long amplicons with a mean
length of 2.5 Kb. Long amplicons can be sequenced using L-NGS devices, e.g.,
MinlON or PacBio, but also by short amplification, e.g., lllumina or lon Torrent,
upon fragmentation of the amplicons. The latter generates highly accurate reads
with a maximum read length of 2x300 bp. However, short reads demand
reconstitution and assembly of amplicons using computational tools. Considering
that switch regions are characterized by long, repetitive GC-rich sequences
(142), accurate reconstitution of fragmented switch-joint amplicons is excluded.
Thus, we decided to sequence our amplicons using the L-NGS device, and there
were two options to consider: MinlON from Nanopore technology® and PacBio
from Pacific Biosciences®. PacBio sequencing gives rise to more accurate reads
than MIinlON (error rate <1% versus 6.6%, respectively), but it is also known to
provide a lesser read yield (PacBio 8 gigabytes in contrast to 50 gigabytes of data
per flowcell of MinlON). MinlON is a more flexible technology than PacBio, due
to the possibility of sequencing without the need for PCR amplification (146-148).
It is also a technology that has rapidly evolved to acquire high read yields (in
2015, 16 000 reads and in 2021, 48 million reads), fewer errors (in 2015, 12% of
errors and in 2021, 6.6% of errors) and new features (specific cytosine DNA
methylation identification) (149-152). Betting on the technology that has shown
constant improvements in recent years, we decided to use MinlION despite its
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higher error rate, which we tackled using a bioinformatical approach (see section
7.1.3).

In a previous study, J-CH1 insert frequency was standardized using total reads,
which in turn meant that every read was considered one B cell clone (94). Such
an approach increases the risk of making wrong assumptions about J-CH1 insert
frequency because unique B cell clones are represented by several reads in
polyclonal B cell libraries. Therefore, my thesis aims at developing a tool to
identify individual B cell clones for a proper J-CH1 inserts frequency
quantification. To this end, we established a collaboration with the
bioinformatician Dr. Benedikt Obermayer (Berlin Institute of Health) to translate
my biological idea of how the tool should identify J-CH1 inserts and individual B
cell clones and characterize the breakpoints in switch-joints into an algorithm
using his deep bioinformatical skills. Together, we developed a bioinformatical
tool called SWIBRID (SWIltch region Beakpoint Repertoire IDentification), the first
computational tool to identify unique B cell clones using switch-joints. SWIBRID:

- Demultiplexes libraries in samples with the help of barcodes (Table 7),
- Discards reads that do not meet our quality criteria (section 7.1.2),
- ldentifies:
o Breakpoints of switch-joints,
o J-CH1 inserts,
o Isotypes
o Characterize switch-joint scar-features,
- Classifies the switch-joint amplicons in individual B cell clones (section
7.1.3),
- Characterizes the switch-joint B cell clones by determining the number of
reads that represent them.

Establishing controls to ensure SWIBRID performance in B cell clustering by
switch-joint analysis was crucial. SWIBRID read input contains errors due to PCR
amplification and MinlON sequencing, which can add technical noise to the reads
library and potentially lead to overestimating clones. Therefore, two samples
were generated and established as a control to check for i) PCR amplification by
amplifying switch-joints of well-defined B cell monoclonals pooled together that
we called "FakePoly" (Figure 6C); and ii) MinlON by sequencing a linearized
plasmid containing the SM region using MinlON (Figure 6C).

To visualize the output of SWIBRID comprehensively, we developed the readplot.
The readplot visually shows the clustering of a library for a fraction of randomly
chosen reads (Figure 6D). The readplot represents the read's alignment to the
IGH locus, using the x-axis to reference the switch regions (Table 8). For this
purpose, the x-axis depicts the scaled SM, SGs, SE and SAs regions in the same
order found in the IGH locus. Exons and intergenic regions of the IGH locus were
excluded from the x-axis. The y-axis indicates the individual reads. Every read
starts in SM since we use the SM FW primer at the very left side of the plot and
ends in an SG or SA region. Consequently, sharp edges can be found at the
beginning of SM and the end of every other switch region. Reads are represented
by fine, straight lines depicted from left to right and are only visible over the switch
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region parts to what they align. Reads considered to belong to the same B cell
clone are depicted together and in the same color; thus, the diversity of a B cell
sample is represented by the variety of colors in a readplot.

The readplots serve as a clustering visualization tool to judge the sample's
diversity. Visual comparison of readplots comprising 5 000 reads of plasmid (low
diversity), FakePoly (medium diversity) and class-switched memory B cells (high
diversity) show clear differences. Plasmid portrays a unique big cluster,
FakePoly, a few big clusters and the class-switched memory B cells several small
clusters (Figure 6D). More specifically: i) in plasmid, 95% of the reads fall into
one cluster, in line with the fact that it is supposed to contain a single B cell clone
carrying SM; by contrast, ii) FakePoly contains 6 clones that comprise 84% of all
reads, and the clones have an average of 704.5 reads, 209-fold more reads than
the rest of clusters; iii) the class-switch memory B cell sample has 2 255 clones;
from them, 29% are singletons (clusters with one read). Interestingly, the biggest
cluster is formed by only 28 reads (unlike for plasmid and Fakepoly, 4 758 and 1
578 reads, respectively), which shows how well-balanced the reads among
clusters are in the class-switched memory B cell sample (Figure 6D). The high
amount of singletons is a SWIBRID's limitation, which we overcame using what
we call the effective number of clusters (eff _nclusters) (section 7.1.3).

In summary, we identified individual clusters from a switch-joint read library
produced by MinlON using our computational tool SWIBRID. Such an analysis
gave rise to the readplots, a clustering visualization tool that allows for the
sample's diversity judgment.

7.1.2. The development of SWIBRID: the tool that characterizes
switch-joints

The success in clustering polyclonal B cell samples using switch-joints was a joint
effort culminating in the development of SWIBRID. SWIBRID's structure consists
in i) filtering the reads that do not match our quality criteria, ii) identifying J-CH1
inserts, iii) clustering the reads by measuring the differences between reads and
iv) determining the number of individual B cell clones in a sample (Figure 7A).

Raw reads were first filtered to obtain a high-quality library to be clustered. Our
quality criteria involved discarding reads with the following properties: i) reads
shorter than 500 bp (short), considering that we were aiming for an extended
range sequence analysis; ii) reads not containing primers at both ends of the
reads (incomplete), hypothesizing that the sequencing of the read has been
abrogated during the MinlON run, iii) reads that contain primers in the middle
(internal), iv) the reads in which less than 95% of the sequence map to the
genome (low_cov) and v) reads that do not contain any switch region (Table 8)
(no-switch), considering that we were interested in switch-joints (Figure 7A).
Filtering MinlON reads was crucial because PCR amplification could create
artifacts and generate false diversity. Indeed several artifacts were observed in a
manually performed analysis. An early version of SWIBRID identified 37.6% of
reads as internal, discarding almost half of the libraries. These reads contained
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a primer in the middle of the read, and we decided to discard them (Figure 7B-
top). Manual analysis of internal reads revealed that they mostly consisted of two
individual reads joined by their primer ends. The high amount of internal reads
could have resulted from the adaptor ligation step during the library preparation
(SQK-LSK109) for MinlON, which uses T4 ligase to ligate an adapter to every
amplicon for the sequencing to occur. We decided to split internal reads through
the internal primers and improved our analysis by increasing the number of
mapped reads (>95% of the sequence of a read maps to the genome),
decreasing the number of internal reads, and in the aftermath, gaining
eff_nclusters (Figure 7B-below) (section 7.1.3). During the filtering process, we
needed to identify J-CHL1 inserts by differentiating between no-switch reads and
reads containing part of switch regions plus other parts of the genome since the
latter could be a J-CHL1 insert-containing read. Following previous studies in
identifying J-CH1 inserts in switch-joints (94), we decided to identify J-CH1 inserts
as a sequence belonging to a read of at least 50 nt long flanked by switch regions
and which sequence aligns at least 95% to the genome. Manual analysis of the
J-CHL1 insert-containing read confirmed the accuracy of SWIBRID identification
(Figure 7D). In summary, the filtering step discarded short, incomplete, low_cov,
internal and no-switch reads and identified J-CH1 inserts in parallel.

Next, the filtered reads were clustered by similarity, specifically by calculating the
distance measure. The distance measure compares how similar all reads are to
each other using the coordinates of alignment and generates a phylogeny tree.
The distance measure in SWIBRID combines two measurements: i) the interval
distance that considers the intersection and union of alignment blocks (Cosine
distance) and ii) the switch overlap distance, which compares coverages of each
of the switch regions in reads. Both are calculated and weighted equally to
calculate the differences between the reads in a sample. As a result, a
dendrogram of read differences is generated (Figure 6D-left below).

The last step is to identify the number of individual B cell clones. In order to do
so, we need to determine the cut-off. The cut-off sets the limit of differences and
allows identifying unique clusters (considered B cell clones). The cut-off aims at
separating technical noise from biological diversity. To visualize the diversity of
samples, we plotted the number of clusters (y-axis) obtained at varying cut-offs
(x-axis). Of note, two clear tendencies were observed. For very small cut-offs, the
graph showed a steep slope representing the technical noise. Beyond a certain
cut-off, another tendency could be shown with a lower slope representing the
biological diversity (red and blue in Figure 7A-low right, respectively). As a result,
the cut-off was determined by the intersection between the technical noise and
the biological diversity. The cut-off can be seen represented in Figure 6D-left
below as a red line crossing the dendrogram. When counting the lines that the
cut-off intersects, we obtain the number of clusters that the samples have. The
clusters obtained at the calculated cut-off were called nclusters.

SWIBRID aims to represent B cell diversity through switch-joints by only
considering events that would appear in nature. In order to achieve this, SWIBRID
follows the following B cell class-switch biology rules:
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- A switch-joint can include more than two different switch regions. B cells
can class-switch more than one time due to a process called sequential
switching (73)

- Class-switching can only occur following the (-) sense direction of the IGH
locus due to the intragenetical deletional recombination. In other words, if
the SM-SG1 joint occurs, SG3 should not appear after SG1 (Figure 6B),
or it would be considered a J-CH1 insert (153)

SWIBRID has been constantly optimized through manual analysis of SWIBRID
output and weekly discussions. One significant problem we experienced was the
case of an extensive set of reads that did not contain barcodes (undetermined
reads). Those reads occupied more than 35% of the library in thirteen
independent MinlON runs, when usually a sample occupies only up to 10% of a
run (Figure 7C). Twenty reads from the undetermined reads were manually
analyzed and identified as the control DNA used by the library preparation SQK-
LSK109 Kit from Nanopore technology®. Since then, the control DNA was
excluded from the library preparation and the libraries were more enriched in the
sample reads.
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Figure 7. Towards the optimization of SWIBRID.

A. Simplified scheme of SWIBRID's pipeline. First, a filtering process to
exclude reads not fulfilling our quality criteria is performed (1), followed by the
measurement of read distances (2) and last, the determination of cut-off, which
takes part by differentiating the technical noise from the biological diversity to
achieve the number of clusters that are representative for the sample number
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of B cell clones (3). B. Manual analysis of internal reads. At the top is a scheme
of the overview of an internal read. At the bottom, plots representing the
consequence of splitting reads in, from left to right, internal reads, reads
mapping to the genome and the number of effective clusters, no_splitn=21,
splith=21. The value in percentage indicates the median. C. Graphical
representation of a library of reads after demultiplexing (classification by
barcodes). In orange is the set of undetermined reads. The rest of the colors
represent reads that contain barcodes. D. A representative manual analysis of
a J-CH1 insert-containing read identified by SWIBRID. The bold part of the read
contains the J-CH1 insert. The part of the sequence identified as a J-CH1 insert
by SWIBRID is in red, while the sequence highlighted by a dashed box was
identified as a J-CHL1 insert by the manual analysis. NFE2L3 insert reference
sequence, in green, corresponds to chr7:26198404-26198500. Coordinates
belong to GRCh37 genome assembly.

In summary, SWIBRID's structure follows highly optimized biological and
computational rules, making it possible to identify J-CH1 inserts and individual B
cell clones using switch-joints generated by MinlON.

7.1.3. Analysis of naturficial reads and human polyclonal B cell
samples show that the read numbers do not impact SWIBRID output in
highly diverse samples

In the comparison between read numbers and the number of B cell clones
identified by SWIBRID in samples, we hypothesized that the number of reads
might have an impact on the nclusters identified in a sample: fewer reads, fewer
clones. If that were the case, comparing results from samples with a different
number of reads could bias the results. To address this problem, we decided on
two things: i) generate artificial switch-joints representing different amounts of
clones represented by various numbers of reads and ii) analyze human samples
at different cell numbers.

Firstly, | generated a script to produce artificial switch-joints that | named the “in-
silico prototype.” It generated artificial reads to represent switch-joint libraries
based on the switch region annotations. Individual B cell clone-like reads were
randomly created following four pipelines: Deletion, Random, Consecutive 1 and
Consecutive 2. i) Deletion generated joins between SM and Sx between two
random points. In the join, SM carried a deletion of a length between 100 and 700
nt in a random position before switching. ii) Random is a pipeline similar to
Deletion because it generates a join between SM and Sx at random positions,
but in addition, it creates a deletion of random size in both SM and Sx. iii)
Consecutive 1 generates a join between SM, SX and SXX at random positions
mimicking a common event in CSR called sequential switching (73). iv)
Consecutive 2 follows the same principle as Consecutive 1, but SM switches
thrice to different switch regions using random positions (SX, SXX and SXXX)
(Figure 8A).
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The in-silico prototype successfully generated the desired amount of completely
distinct reads. However, the artificial reads generated did not represent the usual
distribution of breaks or isotypes in MinlON libraries of a natural B cell repertoire.
The mean length of artificial reads was 4 388 kb, while the mean length of real
samples was 1 367 kb. The cause was that the in-silico prototype did not account
for the frequency of breaks occurring in natural CSR events. We addressed this
issue by expanding the in-silico prototype to the generation of naturally templated
synthetic reads, which we called naturficial reads.

The templates of the naturficial reads were based on the coordinates of
previously identified B cell clones by SWIBRID, ensuring the natural distribution
of isotype switching and breakpoint acquisition in the newly generated reads. In
detail, B cell clones were produced using the reference sequence of nclusters
found in eight samples from four donors and later mutated with the corresponding
degree and quality of mutations that were recorded in the SM plasmid control,
which represented the mutations or errors that MinlON produced (Figure 8B)
(Table 5). The minimum and the maximum number of individual naturficial B cell
clones generated were 10 and 10 000, respectively. Naturficial reads are
considered an in silico library.
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Figure 8. Artificial and naturficial reads.

A. The scheme depicts a loop-based script to generate randomized artificial
reads representing unique switch-joints of B cell clones. Four types of artificial
reads were generated: Deletion, Consecutive 1, Consecutive 2 and Random.
The uniqueness of each clone was confirmed after every loop. B. Scheme of
naturficial read generation by Dr. Benedikt Obermayer. The black line
represents SM and the other colors SAs or SGs. Blue “X” represents a mutation
from Table 5.

Secondly, to analyze human samples, three healthy donors (HD) were analyzed
in triplicates using different cell numbers to test SWIBRID reproducibility
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considering potential technical variabilities (e.g., read number, PCR amplification,
MinlON flowcell sequencing). This experiment will be referred to as the cell
number experiment. Primary human B cells were isolated, and memory IgG and
IgA (CD27*1gG*/IgA*) were sorted following the gating strategy in Figure 9A
(CD27*IgG*/IgA* in total B cells from HD1: 10.8%, HD2: 14.5% and HD3: 6.5%).
Based on the quality between the input and output in a PCR reaction, we
identified 500, 5 000, 10 000, 25 000, 50 000, 100 000, 150 000 and 200 000
memory IgG and IgA B cells as the most suitable samples to be tested. | expected
to obtain a linear relationship between the input cells and the output B cell clones
from SWIBRID. PCR reactions using these cell numbers were performed in three
technical replicates for each donor. The isolation of genomic DNA (gDNA) of the
three HD and the switch-joint PCR was performed following the same protocol.
Before sequencing, the switch-joint PCR result was checked by agarose gel and
Bioanalyzer (Figure 9B-C).
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Figure 9. Preparation and quality control of samples for the cell number
experiment.

A. Representative FACS gating strategy for sorting. Sorting was performed
using FACSAria Fusion Flow Cytometer (BD) and was analyzed by FlowJo
software. The starting material was primary human CD19+ B cells pre-sorted
via magnetic bead separation. CD27-PE, IgM-AF488, IgG-AF647, IgA-AF647,
IgD-PE-Cy7. AF=AlexaFluor. B. 0.8% agarose gel showing 30% of amplicons
generated by the switch-joint PCR. C. DNA analysis by chip-based capillary
electrophoresis (Bioanalyzer, Agilent) of 3-6% of the amplicons generated by
the switch-joint PCR. Pos=positive control from EBV-immortalized IgA
expressing monoclonal B cell. In green and magenta, the limit markers of
Bioanalyzer.

SWIBRID analysis of the cell number experiment and naturficial reads comprised
identifying unique switch-joint B cell clones using two units: nclusters and
eff_nclusters. As previously described, nclusters are defined by the number of
unique switch-joint B cell clones found in a sample at a defined cut-off (Figure
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7A). Considering that our analysis is based on B cell biology and that MinlON has
a 5% error rate, we decided to ignore small nclusters and look at the data in a
more realistic way giving rise to eff_nclusters. Thus, eff_nclusters is defined by
the smallest number of nclusters containing 95% of the reads (Figure 10A). We
chose this approach following the VDJ-sequencing B cell repertoire analysis,
which discards reads or clusters under specific quality rules (154). It is essential
to differentiate these two units since nclusters contain singletons (clusters that
only have one read), and eff_nclusters contain a more considerable percentage
of clusters represented by more than one read.

SWIBRID analysis of the cell number experiment and naturficial read libraries
identified an amount of B cell clones that increased with the input number of cells
or clones, respectively. There was almost no difference between nclusters and
eff_nclusters in the three HD of the cell number experiment, as shown by the
correlation index, R2. In both cases, HD showed a linear tendency between input
cells and SWIBRID switch-joint B cell clones (Figure 10B). However, the
maximum amount of nclusters and eff _nclusters found were 27 000 and 26 000,
respectively, even though the input amount of cells for these values was 100 000.
The naturficial reads only used a maximum amount of input clones of 10 000,
which in principle, and based on the cell number experiment, SWIBRID should
identify efficiently. The eff _nclusters identified in naturficial reads followed an
intersected line (dashed line in Figure 10C) that showed an equal number of
SWIBRID and input clones, which means that SWIBRID could successfully
identify the exact amount of input clusters (Figure 10C-right). On the contrary, the
tendency of nclusters diverged from the intersected line at low and high numbers
of input clones (Figure 10C-left). The difference in the values obtained of
nclusters and eff_nclusters in naturficial reads could be due to the impact of the
MinlON mutations. MinlON mutations could falsely create unique switch-joint B
cell clones that would not cluster together with other reads, creating singletons.
Therefore, the usage of eff_nclusters is preferred over nclusters. Thus, SWIBRID
can identify B cell clones successfully using eff _nclusters and the maximum
eff_nclusters identified should not be higher than 20 000. Since the number of
cells does not always reflect the number of clones, analyzing a sample
represented by various amounts of cells would benefit the analysis of switch-
joints.

We next tested the hypothesis that the number of reads can affect the output
number of SWIBRID clones. We analyzed the different input clones of the
naturficial reads using 10 000, 25 000, 50 000, 100 000 and 200 000 reads.
nclusters, but not eff _nclusters, identified in naturficial reads increased with the
number of reads used in the sample (Figure 10C). The cell number experiment
gave rise to different amounts of reads; however, we did not observe evidence of
an affected analysis. The results supported the usage of eff _nclusters over
nclusters since it was not subjected to the number of reads in the naturficial reads.
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Figure 10. Effective clusters identify individual B cell clones after SWIBRID
analysis of in vivo and in silico samples.

A. Explanatory scheme of identifying eff nclusters, which corresponds to
95% of the biggest clusters in a sample. X-axis clusters are ordered by size,
and the y-axis is the cumulative number of reads. B. Human healthy donor
(HD) samples run through SWIBRID. The input of IgG*/IgA* B cells is
represented by the x-axis, while the output number, given by SWIBRID, of
nclusters (left) and eff _nclusters (right) are represented on the y-axis. Three
technical replicates were done for each cell number sample and donor. The
lines represent the mean of the replicates per donor. HD1 and HD2 have
three replicates per cell amount, HD3 has three replicates in 500, 5 000,
25 000, 150 000, 200 000, 100 000 and two replicates in 10 000, 50 000. C.
Naturficial reads run through SWIBRID. The input clones are represented by
the x-axis, while the output number, given SWIBRID, of nclusters (left) and
eff_nclusters (right) are represented on the y-axis. Colors represent the
different number of reads comprising each library: 10K=black, 25K=purple,
50K=yellow, 100K=blue and 200K=red. K=1 000. The dashed grey line is the
function x=y. D. Comparison of B cell clones obtained by VDJ-sequencing
and SWIBRID using 50 000 and 100 000 memory IgGA* B cells of three
donors. Points show the mean of three technical replicates. The three donors
are represented by different colors: HD1=red, HD2=blue and HD3=yellow.

SWIBRID results showed that the three HD did not elicit more than 27 000 unique
switch-joint B cell clones even though the input cell triplicated that value (Figure
10B). Since our method was novel, we decided to gain further insights to
understand if SWIBRID was underestimating the clonality of our samples.
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Currently, the only method to analyze B cell clonality is VDJ-sequencing. VDJ-
sequencing identifies unique B cell clones based on the uniqgue combination of
V-D-J-constant domains (VDJ-clone) (155). Considering that the saturation of
SWIBRID B cell clone identification begins at 50 000 cells, we ran VDJ-
sequencing in the three HD using 50 000 and 100 000 cells as inputs. VDJ-
sequencing revealed that the three HD had a maximum of 1 000 and 3 000 VDJ-
clones for 50 000 and 100 000 input cells, respectively (Figure 10D). Therefore,
SWIBRID might not be underestimating the B cell clones identified. The vast
discrepancy between the unique B cell clones found in the VDJ-sequencing and
SWIBRID can be explained by the fact that they identify different types of clones.
While VDJ-sequencing differentiates B cell clones generating antibodies binding
to different antigens, SWIBRID differentiates between B cell clones that have
undergone different amounts of CSR rounds. Thus, one VDJ-clone can be
covered by several SWIBRID clones (eff_nclusters).

In summary, naturficial reads showed that by identifying the eff _nclusters, we
avoided the additional diversification caused by MinlON mutations and the
different amount of reads. We also can conclude that VDJ-clones are not equal
to SWIBRID clones since they represent antigen specificity and B cell
diversification, respectively.

7.2. Translation of the human pipeline to murine B cells: in vivo and in
vitro models of mouse switch-joint diversity

We successfully generated a workflow to analyze human samples using
SWIBRID. The development of SWIBRID aimed to analyze the J-CH1 insert
incorporation by modulating DNA repair proteins in vitro. Nevertheless, the in vivo
analysis of samples carrying DNA repair protein deficiencies is also crucial for
understanding the impact of DNA repair proteins in the natural J-CH1 acquisition.
Human DNA repair protein deficiencies are rare diseases (156, 157), implying
that procuring such material is limited. In fact, most of the research is done on
DNA repair protein deficiencies in mice than in humans. Therefore, we found that
translating our pipeline to the murine system would only wide-up the research
possibilities.

To do so, we collaborated with Dr. Michela Di Virgilio's laboratory (Max Delbriick
Center) to access mouse samples. The group is currently working in DNA repair
and CSR (69, 158, 159) using extensively CH12-F3 cells (CH12), a mouse
lymphoma B cell line that almost exclusively switches to IgA (76). They kindly
provided me with wild-type (WT) and clustered regularly interspaced short
palindromic repeats / CRISPR associated protein 9 (CRISPR/Cas9) knockout
CH12 (Rif1", Ligase 47, 53BP1” and BRCAL1") (Table 2) that | activated in vitro
using IL4, mouse transforming growth factor 1 (mTGF-B1) and anti-CD40L.
Also, they provided me with WT mouse intestines from which | isolated primary
mouse B cells from Peyer's patches (PP) that have switched in vivo mainly to IgA
(160).
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The mouse switch-joint PCR was designed following the human workflow, which
only allows the amplification of switch regions in IGH loci subjected to class-
switching. | designed primers based on the murine switch region annotations
(Table 8) and, in the case of mSM FW primer, based on Shinkura et al., 2004
(38) (Figure 11A). Switch-joint PCR worked for all the designed primers in in vitro
and in vivo activated mouse B cells (OBC); however, when the FW and RV
primers carried 20 nt barcodes (2BC), all amplifications decreased their efficiency
(Figure 11B). Thus, | decided to amplify the mouse switch-joints combining the
barcoded mSM FW primer with an unbarcoded RV primer (1BC), which did not
limit the efficiency of the PCR to such a significant extent (Figure 11B). PP and
CH12 contained mainly SM-SA switch-joints and SM-SG2bc. PP contained many
SM-SGL1 joints, unlike CH12, whose third most frequent joint was SM-SG3.
Analysis was done in CH12 using only the mSM FW primer and the mouse SA
(mSA), mouse SG3 (MSG3) and mouse SG2b and SG2¢ (MSG2bc) RV primers,
excluding mouse SG1 RV primer. The reason was that CH12 elicited less SM-
SG1 than SM-SA, SM-SG2bc or SM-SG3. The translation to murine samples in
the SWIBRID pipeline involved the usage of the genome assembly GRCm38 and
the annotations of the murine switch regions (Table 8).

| tested the newly translated SWIBRID using WT in vivo and in vitro activated
mouse samples. The in vivo activated sample, PP, elicited 395 eff nclusters, of
which 4.3% were SG3, 30.3% were SG2b, 3.5% were SG2c, and 59.7% were
SA. On the other hand, the in vitro activated sample, CH12, showed 417
eff_nclusters, of which 90.4% were SA. Most clones were derived from SM-SA
class-switching, which is expected due to the nature of PP and CH12 (76, 160).
Regarding diversity, the four most prominent clusters in CH12 occupied 47.3% of
all the reads, while in PP, only 6.9%. This result showed that CH12 elicited a
higher diversity than PP, although the cluster size distribution was more
conserved in PP (Figure 11C).

In conclusion, the pipeline was successfully translated to mouse samples. We
found a lower isotype diversity in mouse samples compared to human samples,
which is expected due to the nature of the cell line, CH12, and the origin of the
mouse | obtained PP from, a non-immunized mouse.
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Figure 11. Translation of SWIBRID for the analysis of mouse samples
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A. Switch regions of the mouse IGH locus show primer binding sites in different
colors. Kb=kilobases. SM=switch p region (GenBank: AF446347.1);
SG3=switch y3 region (GenBank: D78343.1); SGl=switch vyl region
(GenBank: M12389.2); SA=switch a region (GenBank: D11468.1);
SG2b=switch y2b region (142); SG2c=switch y2c region (142) and
SE=switch € region (GenBank: M17012.1). B. Amplicons of switch-joints from
M to y3, u to y2bc, pto a and p to y1 in a 0.8% agarose gel. The material used
was activated CH12 (in vitro) and activated mouse Peyer's patches (PP) (in
vivo). OBC=PCR with unbarcoded primers, 1BC=PCR using FW primer
barcoded and RV primer unbarcoded, 2BC=PCR using FW and RV barcoded
primers. C. Readplots of in vivo and in vitro activated mouse cells (Peyer's
patches and CH12, respectively). 5 000 reads are shown in the plots. On the
left is a hierarchical clustering dendrogram of the switch-joint reads and the cut-
off (red) used to determine the number of clusters. Each row represents an
individual switch-joint read, and the x-axis represents the switch regions'
coordinates. Reads belonging to the same cluster are depicted in the same
color.

7.3. Analysis of proteins involved in the insert incorporation mechanism
unravels SWIBRID limitations

So far, the mechanism of J-CHL1 insert acquisition in the switch regions remains
elusive. As we developed a tool capable of identifying J-CH1 inserts and
individual B cell clones in a sample, | am now positioned to address the molecular
players of the insert incorporation. The insert incorporation mechanism can be
divided into i) insert source, ii) switch region donor break inducer and iii) insert
repair into the switch regions. However, first, we needed to decide if the analysis
would be performed in human or mouse samples.

7.3.1. Insert frequency is stable within different replicates of the
same donor in humans

Analysis of insert frequency was previously standardized using reads (94).
However, sample reads do not resemble sample diversity, making the use of
reads incorrectly to normalize the analysis of inserts. Considering the usage of
switch-joint B cell clones as a novel way of standardizing the insert frequency, |
decided to test the natural J-CH1 insert acquisition in vivo in different human HD.

Six HD were analyzed using SWIBRID to calculate the unique J-CH1 inserts per
eff_nclusters (J-CHL1 insert frequency). The J-CHL1 insert frequency within the
same donor was consistent regardless of the cell number input (Figure 12A).
However, the J-CHL1 insert frequency in all six HD at cell numbers lower than
50 000 was irregular, indicating that the analysis of J-CH1 insert frequency
requires at least 50 000 input cells to provide a reliable result. This issue reveals
that SWIBRID has limitations that could lead to false results when analyzing
samples deficient in B cell clones. Despite the J-CH1 insert frequency being
consistent within the same donor, the HD had completely different J-CH1 insert
frequencies suggesting that every donor has a unique signature (median J-CH1
insert frequency per 1000 eff nclusters: HD1=13.4, HD2=8.6, HD3=15.2,
HD4=5.9, HD5=6.5 and HD6=4.9) (Figure 12B).
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Figure 12. Insert frequency varies between healthy human donors.

A. Unique J-CH1 inserts per eff ncluster in six HD were analyzed using
different amounts of cells. Three biological replicates were performed in HD1,
HD2 and HD3; two biological replicates were performed in HD4 and only one
replicate was performed in HD5 and HD6. HD=healthy donor. HD1, HD2, HD3,
HD4 — memory IgGA B cells; HD5, HD6 — total B cells. Every HD is represented
by a different color. B. Unique J-CH1 insert per eff_ncluster is shown for
different HD. The biological replicates samples used contained more than 49
000 cells. HD1n=14, HD2n=13, HD3n=8, HD4n=7, HD5n=12, HD6r=3. Normality
was found in all samples, and a ANOVA post-hoc test was performed. P-value
<0.05=*, p-value < 0.01=** and p-value < 0.001=***C. Unique J-CHL1 insert
per eff_ncluster is shown in murine samples. WT variants of CH12 (n=8) and
Peyer's patches (n=1).

In vivo and in vitro activated mouse B cells (CH12 and Peyer's patches (PP))
were analyzed by SWIBRID. J-CH1 inserts were identified in both samples (mean
unique J-CH1 inserts in CH12: 14.3, PP: 9) (Figure 12C). Direct comparison of in
vivo J-CH1 insert acquisition in human and mouse samples showed that the latter
elicited slightly lower J-CH1 insert frequency than human samples (PP=8.7
versus HD=9.2 unique J-CHL1 inserts per 1 000 eff_nclusters).

In conclusion, we found that the J-CH1 insert frequency is stable within the same
HD as long as the analysis is conducted on a minimum of 50 000 cells.
Interestingly, the HD had different J-CH1 insert frequencies, suggesting specific
J-CH1 insert frequencies for different donors potentially related to their DNA
repair machinery. Even though the J-CH1 insert frequency was barely the same,
| chose human samples to analyze the mechanism of the J-CH1 inserts because
they elicit more eff _nclusters than mouse samples, making the probability of
finding a J-CHL1 insert higher.

7.3.2. Study of J-CH1 insert acquisition by the modulation of DNA
repair

Lebedin et al. 2022, studied the characteristics of J-CHL1 inserts in an attempt to
understand their incorporation mechanism; however, J-CH1 insert acquisition
studies per se have not yet been performed (97). The study of J-CH1 insert
acquisition comprises the modulation of proteins in vitro to learn protein
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contributions to that event. It is hypothesized that J-CH1 inserts in switch regions
need a broken acceptor site, which has been granted to the activation-induced
cytidine deaminase (AID) since memory B cells contain a higher amount of J-
CHL1 inserts than naive B cells (97). Therefore, the J-CH1 insert acquisition
studies were performed in a model of activation of naive B cells (CD27'1gG’IgA
IgM*IgD*) under the treatment of DNA repair modulating agents (Olaparib,
SCRY7). J-CH1 inserts need a DNA donor source, which has been suggested to
be genomic loci close to early replicating fragile sites (ERFS), as studied in
Lebedin et al. 2022 (97). Thus, we decided to provoke ERFS instability using
hydroxyurea (HU) with the aim of increasing the J-CH1 insert DNA source (161,
162). Finally, J-CH1 inserts incorporation into the switch regions is likely to finish
by ligating the DNA fragment into the IGH. Considering that c-NHEJ and a-EJ are
the preferred DNA repair mechanisms during CSR, we decided to use SCR7 to
impair c-NHEJ (163) and Olaparib to impair a-EJ (164) and see their effect in the
J-CHL1 insert acquisition (Figure 13A).

In vivo and in vitro activated B cells were analyzed. In vivo activated B cells were
isolated from blood as CD27*IgG*IgA* B cells (Memory), while in vitro activated
B cells derived from naive B cells isolated from the blood and activated in culture
using IL-4 and CD40L (Activated). Activated and Memory B cells were analyzed
to be compared to each other. On the other hand, B cells were also activated in
vitro and treated with 80 uM SCR7, 1.25 uM Olaparib, 25 uM HU and DMSO (as
control, since it is the solute for the DNA repair modulators) to see their effect on
J-CH1 insert acquisition (Figure 13B). Concentrations were chosen after
chemical titration.

SWIBRID analysis identified the highest number of eff_nclusters in Activated and
HU samples with values higher than 2 500 eff nclusters. Following previous
results that indicated the need for a minimum input of 50 000 cells in the analysis
(Figure 12A), | decided to establish a minimum amount of eff_nclusters to be
considered a sample suitable for analysis. Taking into account that the PCR in
the J-CHL1 insert acquisition experiments was not optimized to the number of cells
but to the amount of gDNA, | considered correct discarding samples with less
than 100 eff nclusters (Figure 13C). Despite having less diversity, Memory B
cells had a higher number of unique J-CH1 inserts than Activated, while for
treated samples, SCR7 samples elicited a higher number of unique J-CH1 inserts
(average unique J-CH1 inserts in Memory=17.3t10.9 and SCR7=22).
Unfortunately, most SCR7-treated samples did not elicit more than 100
eff_nclusters impeding the statistical comparison of the data with other samples.
The lowest unique J-CH1 inserts were found in Olaparib-treated samples
(average unique J-CH1 inserts=2+1.41). Differences in unique J-CH1 inserts
were not found among the rest of the samples (average unique J-CHL1 inserts in
Activated=15.75+14.6, HU=17.33+15, DMSO=12+15.5) (Figure 13D).

Comparison of unique J-CHL1 inserts per eff_nclusters (J-CHL1 insert frequency)
did not reveal a big difference between Activated and Memory (median J-CH1
insert frequency J-CH1 insert frequency in Activated=0.0032+0.003 and
Memory=0.004+0.002). However, there was a tendency that indicated a lower J-
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CHL1 insert frequency in samples treated with Olaparib (median J-CH1 insert
frequency in Olaparib=0.0005+0.001, HU=0.0013+0.025, SCR7=0.0047+0.006,
DMS0=0.0020+£0.003) (Figure 13E). High variance among the biological
replicates within the same conditions indicates that the J-CHL1 insert frequency
potentially varied among the different donors, as we have seen in previous results
(Figure 12B). It could also be explained by the fact that these donors had a silent
DNA repair deficiency, which could only be addressed by exome sequencing.
Addressing this issue should involve using chemicals at different concentrations
within the same donor or having the same donor represented by more than one
replicate.
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Figure 13. Modulating DNA repair does not elicit differences in J-CHL1 insert
frequencies but affects their origin.

A. Scheme depicting the action point of DNA repair inhibitor SCR7 and
Olaparib in DNA repair pathways and the DNA replication fork stall chemical,
hydroxyurea (HU). PARP-1=Poly [ADP-ribose] polymerase 1, X-ray repair
cross-complementing protein 1 (XRCC1), RNR=ribonucleotide reductase, DNA
pol=DNA polymerase, cNHEJ=classical non-homologous end joining,
aEJ=alternative end joining. DNA (+)-sense in blue, (-)-sense in red and newly
produced DNA in green. A straight red line with a perpendicular end indicates
inhibition. B. Scheme depicting isolation and activation of primary human B cell
populations. IL4=interleukin 4 and CD40L=Cluster of differentiation 40 ligand.
C. The eff_ncluster of Activated versus Memory B cells (top) and after treatment
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with different inhibitors (bottom). Bar plots show the mean of the effective
clusters. The dashed line indicates 100 eff nclusters indicating the limit for
analysis of J-CHL1 insert frequency. D. Unique inserts found in activated versus
memory B cells (up) and after treatment with different inhibitors (below). Bar
plots show the mean of the J-CH1 inserts in samples with more than 100
eff_nclusters. E. J-CH1 insert frequency in Activated versus Memory B cells
(up) and after treatment with different inhibitors (below) in samples with more
than 100 eff_nclusters. The boxplot line represents the 50% quatrtile. Biological
replicates in Activated=4; Memory=5; DMSO=5; Olaparib=4; HU=5; SCR7=3.
F. Median distance (med.dist) of J-CH1 insert origins to the telomeres.
nt=nucleotides. The boxplot line represents the 50% quartile, the upper box the
75% percentile and the lower the 25% percentile. G. Median distance
(med.dist) of J-CH1 insert origin to the closest early replication fragile sites
(ERFS). The boxplot line represents the 50% quatrtile, the upper box the 75%
percentile and the lower the 25% percentile. Inserts in Activated=543,;
Memory=775; DMSO=111; Olaparib=6; HU=290; SCR7=103. Shapiro test was
performed, but no normal distribution was found in the samples. Pair-wise
Wilcox rank sum test was performed to test the difference between samples.
P-value <0.05=*, p-value < 0.01=** and p-value < 0.001=***

As previously mentioned, it was identified that J-CH1 insert origin in naive B cells
was closer to telomeres, while J-CH1 insert origin in activated B cells was not
only closer to telomeres but especially to ERFS (97). Interestingly my results
show that the origin of J-CH1 inserts acquired in Memory and Activated samples
had a similar distance to ERFS, but Memory J-CH1 insert origins were closer to
telomeres (median distance (med.dist) to telomeres in Memory=17 993 157 nt
and Activated=28 811 293 nt). Treatment with HU provoked a shift in J-CH1
insert origin that located them closer to telomeres and ERFS in comparison to
DMSO (med.dist telomeres in DMSO=31 380 685 nt and HU=5 965 255 nt;
med.dist ERFS in DMSO=1 975 431 nt and HU=1 262 147 nt). Inhibition of
Ligase 4 by SCR7 also shifted the J-CH1 insert origin closer to ERFS (med.dist
ERFS=643 671.5 nt). Olaparib-treated samples only acquired six J-CH1 inserts
that showed high variability in med.dist ERFS and med.dist telomeres. The high
variability among the few J-CH1 insert origins suggests that PARP1, inhibited by
Olaparib, could be involved in J-CH1 inserts acquisition (Figure 13F-G).

In summary, in vivo and in vitro activated B cells (Memory and Activated) showed
a similar J-CH1 insert acquisition, while cells activated under Olaparib treatment
showed a lower J-CHL1 insert acquisition. Analysis of J-CHL1 insert origin revealed
that J-CH1 inserts acquired in cells activated under HU treatment were closer to
telomeres and ERFS and that in vivo activation of B cells shifted J-CH1 insert
origin to be closer to telomeres.

7.3.3. Inhibition of ATM impairs J-CH1 insert acquisition and B cell
diversification

The DNA inhibition of Ligase 4 and PARP1 and the replication fork stall in
different donors did not elicit conclusive results. The lack of technical replicates
in treated samples could explain the inconclusive results in conditions like SCR7
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treatment that only elicited one sample for analysis. In order to contemplate the
impact that individual J-CH1 insert frequencies could have on the results of our
experiments, | decided to focus on studying a single protein.

Ataxia-telangiectasia mutated (ATM) was chosen to be studied for its implication
in J-CH1 insert acquisition. ATM is one DNA double-strand break-sensing protein
that starts the cascade of DNA repair (165). We decided to study ATM
involvement in J-CH1 insert acquisition because if the repair of dsDNA breaks
were involved in ligating DNA fragments to the IGH to become J-CH1 inserts, we
would impair their acquisition by inhibiting ATM since ATM is a dsDNA break
sensing protein.
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Figure 14. ATM inhibition impairs B cell diversification and does not affect J-
CH1 insert origin.

A. The eff_nclusters of primary human B cells activated under the treatment of
KU-60019 or DMSO (control). The dashed line indicates 100 eff nclusters. B.
Number of unique J-CHL1 inserts of primary human B cells activated under the
treatment of KU-60019 or DMSO that contains more than 100 eff_nclusters. C.
J-CH1 insert frequency of primary human B cells activated under the treatment
of KU-60019 or DMSO that contains more than 100 eff_nclusters. Boxplot-line
shows the 50% quartile. DMSO: 2 tech. rep and 3 donors; KU-60019 0.5 uM: 2
tech. rep and 3 donors; KU-60019 1.2 pM: 2 tech. rep and 3 donors and KU-
60019 3.5 puM: 2 tech. rep and 3 donors D. Median distance (med.dist) of J-
CHL1 insert origins to the telomeres, nt=nucleotides. The boxplot line represents
the 50% quartile, the upper box the 75% percentile and the lower the 25%
percentile. E. Median distance (med.dist) of J-CH1 insert origins to ERFS,
nt=nucleotides. The boxplot line represents the 50% quartile, the upper box the
75% percentile and the lower the 25% percentile. The number of J-CH1 inserts
in DMSO: 117; KU-60019 0.5 uM: 7; KU-60019 1.2 pM: 3 and KU-60019 3.5
MM: 3.. Shapiro test was performed, and not all the samples were not normal;
thus, the Kruskal-Willis test was performed to compare the samples. **=p-value
< 0.01.

Activation of primary human naive B cells under the treatment of ATM inhibitor
(KU-60019) was performed at different concentrations (0.5 puM, 1.2 uM and 3.5
UM). Very low concentrations of KU-60019 were enough to disrupt B cell
diversification significantly in three donors. Considering that inhibition of ATM is
inhibiting dsDNA break sensing and that activated B cells undergo CSR, which
involves dsDNA breaks, we could expect a decrease in the number of
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eff_nclusters due to the apoptosis of cells in which DNA breaks were left
unrepaired. Control-activated samples (DMSO) elicited a mean eff_nclusters of
1 633, while the mean eff_nclusters of the samples treated with KU-60019 were
>7-fold lower. (mean eff_nclusters at 0.5 uM=208, 1.2 uM=139 and 3.5 pM=78.5
of KU-60019) (Figure 14A). We discarded samples with less than 100
eff_nclusters and analyzed the unique J-CH1 inserts and their frequency. KU-
60019 treatment greatly disrupted J-CH1 insert acquisition, considering that
samples elicited a mean of less than 5 unique J-CH1 inserts, while DMSO elicited
a mean of 10 unique J-CH1 inserts (Figure 14B). As expected by the results, J-
CHL1 insert frequency was lower for the samples treated with low KU-60019
compared to DMSO, and specifically, 1.2 uM KU-60019 J-CH1 insert frequency
was significantly lower than DMSO (Wilcox test, p-value=0.006464).
Controversially, the three samples carrying more than 100 eff_nclusters treated
with 3.5 uM KU-60019 elicited a normal J-CH1 insert frequency (Figure 14C). No
significant difference was found in the J-CHL1 insert origin proximity to telomeres
or ERFS, which might be explained by the general lack of J-CH1 inserts acquired
under the KU-60019 treatment (Figure 14D-E).

In conclusion, ATM inhibition disrupts J-CH1 insert acquisition at low KU-60019
treatment and B cell diversification. Interestingly, the J-CH1 insert origin under
the treatment of KU-60019 was unchanged. Unfortunately, many samples were
discarded from the analysis due to poor B cell diversification.

7.3.4. Telomerase inhibition particularly affects J-CH1 insert
acquisition in switch mu region

Telomeres are DNA regions with well-orchestrated DNA machinery regulating
replication and repair. One of the most special proteins in the maintenance of
telomeres is telomerase reverse transcriptase (TERT), one of the few reverse
transcriptase RNA polymerase in human cells (166). Considering that J-CH1
insert origin in naive B cells is closer to telomeres (97) and that expression of
TERT is increased upon B cell activation (122, 123), we believe that TERT could
contribute to the generation of J-CH1 insert substrates. BIBR1532 is a chemical
that inhibits the repetitive sequence addition of TERT (167). Thus, | decided to
inhibit TERT function using BIBR1532 and screen J-CH1 insert frequency and
characteristics at different concentrations.

Considering that 10 uM of BIBR1532 maintains myeloma cell lines alive, but the
double amount lowers the viability to 60% (168, 169), we decided to start the
treatment of primary human B cells using up to 5 uM BIBR1532. Naive B cells
from three donors were isolated and activated under the treatment of BIBR1532
(1 pM, 2 uM, 5 uM) or DMSO as a control. A very similar amount of eff _nclusters
was found among all the samples, discarding only one sample with less than 100
eff_nclusters for further analysis (1 uM BIBR1532 of HD7 with 88 eff_nclusters)
(Figure 15A). The highest mean quantification of unique J-CH1 insert was found
in BIBR1532 1 uM, but it was not significantly different (Figure 15B). J-CH1 insert
frequency was also similar for samples treated with different concentrations of
BIBR1532 and DMSO (J-CH1 inserts per 1 000 eff nclusters, DMS0O=4.1, 1
uM=4.3, 2 uM=4.5, 5 uM=4.3 of BIBR1532) (Figure 15C). Analysis of J-CH1
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inserts origin showed that high concentrations of BIBR1532 significantly shifted
J-CH1 insert origin closer to ERFS. In contrast and unexpectedly, J-CH1 insert
origin distance to telomeres was maintained across all samples, except for
BIBR1532 1 uM, whose origin of J-CH1 inserts showed significantly closer
proximity to telomeres than DMSO control (Wilcox's test, p-value=0.0002498)
(Figure 15D-E). Considering that only BIBR1532 1 uM showed such a result, |
cannot conclude that inhibition of TERT increases the J-CH1 insert origin closer
to the telomeres.
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Figure 15. TERT inhibition during B cell activation impairs in a dose-response
manner the ability to acquire J-CHL1 inserts within SM, but it does not affect
the total J-CH1 insert frequency.

A. The eff_nclusters of primary human B cells activated in the presence of
indicated concentrations of BIBR1532 or DMSO as a control. The dashed line
indicates 100 eff _nclusters. B. Number of J-CH1 inserts of primary human B
cells activated under the treatment of BIBR1532 or DMSO as a control. C. J-
CH1 insert frequency of primary human B cells activated under the treatment
of BIBR1532 or DMSO as a control. Boxplot-line shows the median. ANOVA
was performed. D. Median distance (med.dist) of J-CH1 insert origins to the
telomeres under the treatment of BIBR1532 or DMSO as a control.
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nt=nucleotides. Normality was not found in these samples and a wilcox-test
was performed to compare the groups. E. Median distance (med.dist) of J-CH1
insert origins to the ERFS under the treatment of BIBR1532 or DMSO as a
control. nt=nucleotides J-CH1 inserts originating in telomeres or chrUn
(pseudo-chromosomes) were not considered in D and E. In C-E, the boxplot
line represents the 50% quartile, with the respective 75% percentile and the
25% percentile indicated by the upper and lower bars. Normality was not found
in these samples and a wilcox-test was performed to compare the groups.
Inserts found in the samples were DMSO=131, BIBR1532 1 uM: 256,
BIBR1532 2 pM: 58 and BIBR1532 5 puM: 70. F. Manual analysis of one
representative read containing a "telomeric repeat". Straight lines connect
matching nucleotides of two different sequences. In bold can be found the raw
sequence of the read. Highlighted in red is the part of the read identified as a
"telomeric insert" by SWIBRID. The black box highlights the telomeric repeat.
Genomic coordinates are written following GRCh37. Telomeric repeats were
found in DMS0O=19, BIBR1532 1 uM=46, BIBR1532 2 uM=35 and BIBR1532 5
MM=5. Total manually analyzed reads=10. G. Quantification of telomeric-
repeats found as J-CHL1 insert in the presence of different concentrations of
BIBR1532 upon activation. H. Count of J-CH1 inserts within different switch
regions depending on the concentration of BIBR1532 used upon activation.
Colors represent donors (the legend can be found in G). For A-E, G and H:
DMSO=2 tech. rep and 3 donors; BIBR1532 1 uM=2 tech. rep and 3 donors;
BIBR1532 2 uM=2 tech.rep and 3 donors and BIBR1532 5 uM=2 tech.rep and
3 donors. The Shapiro test was performed to test the normality of the samples.
A t-test was performed in C. In contrast, the Wilcox test was performed in D
and E. *=p-value < 0.05.

The inhibition of TERT impairs the elongation of the telomeres, which is
necessary for the survival of highly proliferative cells such as activated B cells.
The elongation of telomeres is a process that involves the reverse transcription
of telomeric repeats. This process is also thought to occur in non-telomere areas
of the genome since interstitial telomeric sequences (ITS) can be found in the
genome (130). Following the hypothesis that telomeric repeats could form J-CH1
inserts, we found at least ten in every condition. Since telomeric repeats and
switch regions are repetitive, | manually analyzed ten random reads containing
these J-CHL1 inserts and confirmed their veracity (Figure 15F). J-CH1 inserts that
are telomeric repeats decreased in a dose-dependent manner in two out of three
donors. One of the donors did not elicit any telomeric repeat (Figure 15G). The
lack of telomeric repeat J-CHL1 insert could be analyzed together with TERT
activity in the samples. The decrease is not significantly different from DMSO but
shows a dependency on TERT for generating such a J-CH1 insert source.

On another note, Lebedin et al. 2022 found that the origins of J-CH1 inserts from
naive B cells were the closest to the telomeres (97). Naive B cells do not go
through CSR; thus, the J-CHL1 inserts found in naive B cells must have been
inserted between the J and the IGHM domain, likely in the SM. In addition, naive
B cells highly express TERT to overcome the proliferation burden that B cell

71



maturation entails. Considering these two facts, | analyzed how many J-CH1
inserts were acquired within each switch region after inhibiting TERT. Despite no
difference in J-CHL1 insert acquisition within SGs and SAs, J-CHL1 inserts acquired
within SM decreased upon BIBR1532 treatment in a dose-dependent manner
(Figure 15H). The data suggest that TERT could have a role in the J-CH1 insert
acquisition in SM.

In summary, inhibition of TERT did not impair the general J-CH1 insert
acquisition. However, it disrupted telomeric repeat J-CH1 insert acquisition. Also,
inhibition of TERT impaired the J-CH1 insert incorporation within SM, suggesting
that TERT could play a role in J-CH1 insert acquisition in that switch region.

7.3.5. AID7, ATM7, BRCA1” and Ligase 47 patients show different
J-CH1 insert acquisition than HD

Modulating DNA repair by applying modulators in vitro may not reflect human
protein deficiencies because impairment of protein function is not equal to the
absence of the protein. In fact, the mere presence of proteins, e.g., dead-kinase
ATM, is sufficient to carry out some DNA repair functions (170). Hence, we
established a collaboration with Dr. Qiang Pan-Hammarstrom (Karolinska
Institute, Sweden) to analyze J-CHL1 insert frequency in DNA repair-deficient
patients (DRdef) carrying deficiencies in AID, ATM, breast cancer gene 1
(BRCAL), Ligase 4 and nipped-B-like protein (NIPBL).
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Figure 16. Natural J-CH1 insert acquisition is deficient in BRCA1”-, ATM7,
AID”- and Ligase 47 patients.
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A. The eff_nclusters of DNA repair-deficient patients (DRdef) compared to HD.
B. Number of J-CH1 inserts of DRdef compared to HD. C. Insert frequency of
DRdef samples compared to HD. D. Median distance (med.dist) of J-CH1 insert
origins to the telomeres, nt=nucleotides. E. Median distance (med.dist) of J-
CH1 insert origins to the ERFS, nt=nucleotides. J-CH1 inserts originating in
telomeres or chrUn (pseudo-chromosomes) were not considered in D and E.
Donors analyzed for: Healthy, n=3; AID, n=1; ATM, n=2; BRCA1, n=1, Ligase
4, n=1 and NIPBL, n=1. Unigue J-CH1 inserts (i) in Healthy, i=21; AID, i=0;
ATM, i=1; BRCAL, i=1, Ligase 4, i=0 and NIPBL, i=9. In A-C the barplots
represent the mean. In D-E, the boxplot line represents the 50% quartile, with
the respective 75% and 25% percentile indicated by the upper and lower lines
of the box.
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AID is the promoting enzyme of CSR; without it, CSR is not expected to occur.
Thus, analysis of DRdef showed that, AID”- did not elicit a high number of
eff_nclusters (AID7=30). Thus, AID”-was not included in further analysis (Figure
16A). We did not find J-CH1 inserts in deficiencies of ATM”, Ligase 47 and
BRCAL1", unlike NIPBL", which elicited 9 unique J-CH1 inserts, higher than 6.6,
the average unique J-CH1 insert found in HD (Figure 16B). Nonetheless, NIPBL"
l- J-CH1 insert frequency was in the same range as in HD (NIPBL7=0.0023 and
HD=0.0022) (Figure 16C). Analysis of J-CH1 insert origin showed similar
proximity to telomeres and ERFS of J-CH1 inserts acquired in HD and NIPBL"
(Figure 16D-E).

In conclusion, and considering that these samples comprise single case studies
due to the rarity of the disease, the data suggest that BRCA1”-, ATM”-, AID”- and
Ligase 47 impair J-CH1 inserts, while NIPBL" does not do so when compared to
HD.

7.3.6. Characteristics of SWIBRID J-CH1 inserts in HD agree with
published RNA J-CH1 insert data

Lebedin et al., 2022 analyzed inserts in antibody transcripts of HD. They
discovered that inserts could be classified by their incorporation position and the
B cell subpopulation where they were found (97). SWIBRID inserts represent
insertions in the genomic switch region, and they would classify as J-CH1 inserts
since the switch region is located between the J segment and CH1 exon. |
decided to analyze the characteristics of the J-CH1 inserts found in HD and follow
the analysis according to Lebedin et al. 2022.

Firstly, | decided to compare the origin of the J-CH1 inserts found by SWIBRID in
DNA to those found in transcripts, specifically if they derive from exonic, intronic
or intergenic regions. We detected 31 880 J-CH1 inserts in HD with unique
origins. To ease the analysis, | collected 3 sets of 500 unique J-CH1 inserts
randomly chosen and ensured that J-CH1 insert origin did not overlap among the
sets. As a control, | generated 3 in silico datasets following the same lines as
Lebedin et al., 2022. The control data must be considered to derive from genic or
intergenic regions. Thus, the control in silico insert datasets were randomly
originated from exonic, intronic and intergenic regions in the exact percentage as
their counterpart set of 500 J-CH1 inserts. The randomization was done within
the same chromosome and at the same length as the original J-CH1 inserts
(Figure 17A).

SWIBRID origins of SWIBRID J-CH1 inserts were identified as 6.4+0.8% exons,
62+1.3% introns and 31.5+2.1% intergenic. Comparison of SWIBRID J-CH1
inserts to Lebedin et al. 2022 inserts showed that SWIBRID inserts were more
similar to the RNA V-DJ inserts (exon=29.1%, intron=42.1%, intergenic=28.8%)
than to the RNA J-CHL1 inserts (exon=69.4%, intron=18.45%, intergenic=12.15%)
(Figure 17B) (97). To exclude that the J-CH1 inserts source is randomly
generated from the genome, | compared them to a randomized simulated dataset
without considering their genic origin. Therefore, J-CH1 inserts were generated
randomly, only considering their chromosome and length. Comparison of
simulated J-CH1 inserts to SWIBRID J-CH1 inserts showed that, unlike SWIBRID
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J-CH1 inserts, simulated inserts were enriched in intergenic regions (exon=1.6%,
intron=42.8%, intergenic=55.6%). In an attempt to find common features from
SWIBRID J-CH1 inserts donor origins, DNA methylation frequency and median
distance to the closest R-loop, ERFS and telomeres were measured.
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Figure 17. J-CH1 insert characteristics resemble V-DJ inserts characteristics
found in RNA.

A. Scheme of control data generation to analyze the J-CH1 inserts. B.
Classification of inserts by origin from genes: introns (white), intergenic (grey)
or exons (black) regions. Data of V-DJ and J-CH1 inserts found in RNA were
obtained from Lebedin et al., 2022 (97). C. Fraction of J-CH1 insert that
originates from methylated DNA. Data were obtained from methylation studies
during transcription upon B cell activation (172). D-F. Median distance (nt) of
the J-CHL1 insert original site to the closest R-loop (determined by DRIP-seq)
(173) (D), early replicating fragile sites (ERFS) (162) (E) and telomeres (F). In
D-F, the boxplot line represents the 50% quartile and the upper and lower lines
of the box the respective 75% and 25% percentile. The Wilcox test was
performed. p-value <0.05=*, <0.001=***,

DNA methylation is a DNA modification that shapes the epigenetics in the
genome. It has been observed that DNA hypomethylation can lead to genomic
instability (171). Therefore, | quantified the DNA methylation frequency in the J-
CHL1 insert origin using a methylation dataset obtained from a B cell differentiation
analysis (172). 97% SWIBRID J-CH1 insert donor origin did not coincide with
methylated positions; thus, they can be considered hypomethylated. However,
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there was no difference between the control and the SWIBRID dataset (Figure
17C), indicating that the hypomethylation cannot be considered a feature of J-
CHL1 insert origins.

Following Lebedin et al., 2022, | analyzed other DNA characteristics that may
promote J-CH1 insert donation: R-loops, ERFS and telomeres. R-loops are
DNA:RNA hybrids that expose ssDNA of the complementary strand. R-loop
formation can cause dsDNA breaks in the exposed ssDNA when not resolved by
specialized proteins (174). Therefore, | decided to investigate the proximity of the
origins of J-CH1 inserts to R-loops using an immunoprecipitation sequencing
database called DRIP-seq, derived from a human leukemic cell line (173).
Moreover, oncogenic stress has been shown to target genomic regions called
fragile sites preferentially. This group is divided into common fragile sites and
ERFS (162). Considering that Lebendin et al., 2022 showed that J-CH1 insert
origins were proximal to ERFS, | also decided to analyze ERFS. And last, |
decided to analyze the proximity of the SWIBRID J-CHL1 insert origin to telomeres.
SWIBRID J-CHL1 insert origins were closer than the control to the three analyzed
datasets: R-loops, ERFS and telomeres (Figure 17D-F). Proximity to these
features was in line with the data found in J-CH1 insert origin found in transcripts
(97).

In conclusion, SWIBRID J-CH1 insert origin was mainly intronic, hypomethylated
and close to telomeres, ERFS and R-loops. SWIBRID J-CHL1 inserts agree with
the published data regarding the proximity but not to the origin signature.

7.4. The DNA repair biomarker — the Prototype

SWIBRID was developed to study J-CH1 inserts; however, the efficiency of J-
CHL1 insert identification is very low. According to the data, J-CH1 inserts were
found in 10 per 1 000 reads (Figure 14C), leading to the unused portion of 990
reads per 1 000 reads. Luckily, we built up SWIBRID analysis not only recorded
data from J-CHL1 inserts but also profiled the breakpoints occurring in the switch-
joints of the samples. Switch-joints carry the genomic scars of the dsDNA breaks
formed during CSR. Since the switch-joints and any other somatic dsDNA break
are most likely repaired by cNHEJ, one can consider the switch-joint breakpoint
profile to reflect dsSDNA break repair in the whole body. Therefore, analysis of the
completion of the reads obtained by SWIBRID could help to understand somatic
dsDNA break repair in healthy and sick patients. Current tools do not look at the
repair event to understand DNA repair but rather at mutations driving DNA repair
malfunction. The development of a tool that identifies healthy and DRdef samples
based on the switch-joint breakpoint profiles could prognosis diseases related to
B cell biology or DNA repair mechanisms with the advantage that we would not
miss players of the DNA repair machinery that have not been yet identified. Thus,
in this thesis, | decided to create the basis of the DNA repair biomarker.

7.4.1. Two-dimensional breakpoint plots reveal specific breakpoint
patterns in patient samples
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Firstly, to start the switch-joint analysis, the data needed to be visualized.
SWIBRID breakpoint analysis of DRdef samples was depicted in a histogram that
showed the breakpoints accumulating in the core of the switch regions (x-axis).
Breakpoint histograms depicted every class-switching event as two independent
events, one in the donor switch region (upstream) and one in the acceptor switch
region (downstream). The accumulation of the breaks in SM was specially
conserved among WT, ATM”-, NIPBL”, BRCA1” and Ligase 4, but not for AID
I (Figure 18A), which suggests that the specificity of the SM breakpoint profile is
linked to AID. In addition, the histograms showed that AID” and ATM”- did not
contain breakpoints in any SGs (Figure 18A), implying that the successful CSR
to SGs requires very early decisions in the molecular cascade of the DNA repair,
such as the promotion of dsDNA break, by AID, or sensing of dsDNA breaks, by
ATM. Ligase 47 did not elicit breakpoints in SG2 and SG4 switch regions and
had a lower amount of breakpoints than HD in SG3 and SG1 (Figure 18A). No
apparent differences were observed between BRCA1”’- and NIPBL’ compared
to HD in the breakpoint histograms (Figure 18A).

The lack of differences between BRCA1”- and NIPBL"’ compared to HD made
me realize that considering every class-switching event as two independent
events is insufficient to study DNA repair. The class-switch event results from one
repair event in which the DNA repair machinery joins two switch regions. It is
crucial to consider the sequence features of the parts that had to be joined to
pinpoint specific repairs carried out by certain proteins, e.g., RAD51 would use
high stretches of homology to repair the DNA (175), only quantifiable when both
strands of a break are analyzed together. Consequently, we developed the two-
dimensional breakpoint plot (2D-bps plot) that counts every switching event as
one considering the exact position of the switch regions involved. The 2D-bps
plot has a y-axis representing the coordinates of the donor switch regions
(upstream) and an x-axis representing the coordinate of the acceptor switch
regions (downstream) (Figure 18B). The 2D-bps plot does not consider every
nucleotide as a single position but instead uses binsizes to depict and analyze
the data. A binsize is determined by grouping nucleotides as units. For instance,
if a binsize of 500 is chosen, the sequence would be divided into groups of 500
nucleotides. This affects the analysis, as any nucleotide present in a group can
be considered a match in the bin. The 2D-bps plot allowed for the observation of
three different types of genomic scars created by CSR. Firstly, direct switch
events occurring between SM and another switch region. Secondly, intra-switch
deletions are deletions occurring within the same switch region. And third,
seqguential class-switch events occur between two switch regions that are not SM,
likely happening in a second CSR event.

DRdef and HD samples were portrayed in the 2D-bps plots using one read per
eff_ncluster and 200 nt bins. The 2D-bps plots allowed us then to differentiate the
DRdef from the HD by eye. ATM”’- and Ligase 47~ samples mainly concentrated
their breakpoints along SM, SA1 and SA2, and unlike in Figure 18A, the BRCA1"
I-sample could be separated from the HD because it lacked intra-switch deletions
in SGs. Nonetheless, the 2D-bps plot of NIPBL"- was similar to HD, suggesting
that NIPBL" might not disrupt CSR. It has been reported that NIPBL”- promotes
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a-EJ as the DNA repair mechanism during CSR, the second most used DNA
repair mechanism in CSR (176) (Figure 18C).
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Figure 18. A two-dimensional breakpoint plot of switch-joints allows the
differentiation of DNA repair-deficient from healthy samples.

A. Breakpoint histograms from switch-joints of DNA repair-deficient patients
and HD in 50 nt bins. Breakpoints are considered every break in the alignment
of the switch-joint except primer binding sites. On the left is the sample
annotation that corresponds to the histogram. Below are the annotations of the
switch regions that align with the breakpoints. Grey boxes indicate the
separation between the switch regions. B. Shown is the explanation of the two-
dimensional breakpoint plot (2D-bps plot). The upper scheme represents a
switch-joint containing sequences aligning to SM, SG1 and SA2. Triangles
(1,2,3) determine class-switch events. The lower scheme represents a 2D-bps
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plot with three dots corresponding to the number in the numbers next to the
triangles. Dots are depicted considering the location of the breakpoint in the
upstream (y-axis) and downstream switch region (x-axis). C. 2D-bps plot of
DNA repair-deficient patients (DRdef) and HD using 200 nt bins. These plots
show the normalized (per eff_nclusters) density of breakpoints. Color gradients
indicate higher or lower breakpoints density. The plots represent the breakpoint
in the upstream (y-axis) and downstream switch region (x-axis). D. Principal
component analysis (PCA) of DRdef and HD using the breakpoint density in
the IGH locus and 200-nt bins. Colors indicate different genotypes. PC1 and
PC2 are used for depiction in this plot. E. PCA of DRdef and HD using the
breakpoint density in SM, SA1 and SA2 using 200-nt bins. Colors indicate
different genotypes. PC1 and PC2 are used for depiction in this plot. n=1 for all
samples.

Principal component analysis (PCA) was chosen to visualize if the event positions
in the 2D-plots could spot differences between the DRdef from HD samples. PCA
is a linear multi-variable analysis that calculates how distant samples are from
each other based on the variables given (PC) and ranks the PCs from the highest
to the lowest in terms of their ability to account for the variance between samples
(PC1, PC2, PC3 ...). Visual separation of samples based on two different PCs
would indicate that samples differ based on the variables analyzed. In this case,
the PCA considered every bin in the plot a feature, and the number of events
occurring in every bin was the value of the feature. These data were collected
from the samples and the PCA was performed. PC1 versus PC2, the values that
show the highest variability between samples, separated all DRdef from HD
except BRCA1” and NIPBL’ (Figure 18D). Potentially, BRCA1”- and NIBPL"
samples were clustered close to the HD because they carried breakpoints in SGs,
unlike the other DRdef samples. Hence, we analyzed the samples with a PCA
using only SM, SA1 and SA2, which did not succeed in separating BRCA1” and
NIPBL" from the other samples (Figure 18E).

In summary, we developed a way to analyze and separate DRdef samples from
HD by depicting class-switching events in a two-dimensional plot with axes
representing the donor and acceptor switch regions and independent from the
switch-joint isotypes of the samples. The separation between DRdef and HD
opened a path to create a tool to spot people with DNA repair defects using
switch-joints breakpoint profiles. Additional work towards optimizing this tool will
eventually lead to the development of the DNA repair biomarker.

7.4.2. Translation of the 2D-bps plots to mouse samples with an
advantage to use more DNA repair deficient samples

Human B cells contain a high diversity in their switch-joints since humans are
constantly exposed to pathogens pushing B cell diversification to generate highly
variable antibodies. The variability is a sum of the different isotypes found in the
switch-joint library and the randomness of the breakpoints throughout the switch
regions. Since the human IGH contains 8 isotypes and is ~200 Kb long (Figure
6B), the variability among switch-joints can be immensely high. Thus, defining a
healthy DNA break repair profile is challenging, and a large cohort should be used
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to analyze breakpoint profiles in switch-joints. Optimally, we would use DRdef
human samples to establish the DNA repair biomarker in humans, but
unfortunately, DRdef humans are scarce and difficult to obtain. Hence, we
decided to determine the DNA repair biomarker in mice because we could access
CH12 knockout cells (Table 2) and generate as many replicates as necessary.
Considering that it is a cell line, we decided to generate several replicates of the
same CH12 knockout genotype and analyze them with SWIBRID to estimate
whether the switch-joints breakpoint profiles could separate the different
knockout genotypes.

Previous analysis on human 2D-bps plots showed that PCA only using SM, SAL,
and SA2 did not influence the separation between samples (Figure 18E).
Therefore, performing PCA on 2D-bps plots of CH12 samples whose breakpoints
would be mainly focused between SM and SA would not influence the separation
of the different CH12 knockout genotypes.

In contrast to polyclonal human samples, activation of CH12 generated a lower
number of eff_nclusters. Firstly, because they mostly switch to SA, and secondly,
they are a B cell line with a common ancestor and might class-switch using a
pattern. | also decided to run WT Peyer’s patches (PP) samples to compare the
diversity found in CH12 to a mouse sample. Due to the lower number of
eff_nclusters, the visualization of the 2D-bps plots became less apparent. Hence,
we decided to use a binsize 200 for visualization, while the analysis of the 2D-
bps plot was done using a binsize 50 to comply with the analysis done in human
samples (Figure 19A). Visualization of CH12 and PP using 2D-bps plots showed
a clear difference in IGH locus usage. Keeping in mind that the switch-joints
analyzed in mouse samples were SM-SG3, SM-SG2b, SM-SG2c and SM-SA,
CH12 mainly showed breakpoints focused on the SM-SA area, while PP showed
a higher diversity of breakpoints along the whole IGH locus with a higher
frequency in SM-SA. Unfortunately, PP was not highly exploited in this study due
to the difficulty of obtaining mouse knockouts at this point (Figure 19B). The
comparison of CH12 2D-bps plots shows that WT and BRCA1” have very similar
breakpoint profiles in SM-SA and SM-SG2b, although CH12 WT has higher
breakpoints in the latter. CH12 Ligase 47 also had a majority of breakpoints in
the SM-SA zone but was also scarce in the SM-SG2b zone. CH12 53BP1” and
Rif17- has almost no breakpoints and the few ones they had were focused on the
SM-SA zone (Figure 19B).

2D-bps plot PCA of CH12 samples standardized by eff_ncluster and a binsize of
50 did not reveal a separation between the different CH12 knockout genotypes.
In an attempt to study the core problem of the lack of separation between the
knockouts and the wild-type samples, we visualized the genotypes (WT, Rifl”,
BRCAL1", Ligase 47 and 53BP17), the MinlON run date (batch 1, batch 2, batch
3), the eff_nclusters and the number of reads in each sample (nreads) in a PCA
plot (PCl versus PC2) (Figure 19C). Comparison between these features
showed that the date of the MinlON run had the highest impact since different
batches appeared clustered independently of the CH12 genotype (Figure 19C-
Batch).
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Figure 19. Translation of two-dimensional breakpoint plots in murine samples
allows us to identify the limitations of SWIBRID.

A. Explanation of the binsize used for analysis and visualization. Binsize=50
was used to perform the PCA analysis, and binsize=200 was used to visualize
the two-dimensional breakpoint plots (2D-bps plots). B. 2D-bps plots of
standardized murine samples (by eff_nclusters) using a binsize of 200. Rif1,
53BP1 and Ligase 4 are proteins from the cNHEJ DNA repair mechanism.
BRCA1 is a protein from the homologous recombination DNA repair
mechanism. Rifl=Replication timing regulatory factor 1, 53BP1=p53 binding
protein 1, BRCAl=Breast cancer gene 1, WT=Wild-type, CH12=B cell
lymphoma cell line. PP=Peyer's patches. In A and B, dots are depicted
considering the location of the breakpoint in the upstream (y-axis) and
downstream switch region (x-axis). C. Principal component analysis (PCA) of
CH12 samples carrying different knockouts (PC1 versus PC2). Knockouts are
indicated in the graph in the "genotype" plot. Legends of the plots are located
in the right of the PCA plots. The title of the plot indicates what the color coding
of the legend shows. Technical replicates in CH12 WT, n=6; CH12 Rif1”-, n=7;
CH12 BRCAL1"', n=6; CH12 Ligase 47, n=6; CH12 53BP1", n=4.

In conclusion, analysis of the 2D-bps plot using CH12 knockouts allowed us to
use a higher number of replicates per genotype and revealed that the date of the
MinlON run comprised the most significant limitation of SWIBRID, which we
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would not be able to spot by the single human DRdef samples. The development
of a DNA repair biomarker would need a deconvolution of the 2D-bps plots into
single characteristics.

7.4.3. Exploiting the 2D-bps plots in human samples to develop the
DNA repair biomarker in humans

Analysis of the switch-joint breakpoints using only the bins as features did not
differentiate the healthy from the disease genotypes in humans or mice.
Therefore, we decided to deeply characterize the genomic scars considering
crucial characteristics of the DNA repair and CSR events.

The 2D-bps plot depiction can classify the breakpoints at different levels: single-
breakpoints, breakpoints occurring between SM and any other switch region,
multiple-breakpoints, breakpoints occurring between two switch regions that are
not SM (as a result of sequential switching) and within-breakpoints, meaning
breakpoints that occur intra-switch region deletions (Figure 20A). Classification
of breakpoints is potentially crucial to separate DRdef from HD because DNA
breaks in DRdef patients are more likely to be left unrepaired, which threatens
the life of the B cells (177). Thus, DRdef B cells would likely not carry as many
breaks as HD because the ones with breaks would probably die.

Analysis of breakpoint classes in DRdef and 20 HD (same sample material,
PBMC) showed a tendency of a higher occurrence of single-breakpoints in DRdef
samples but higher within-breakpoints and multiple-breakpoints in HD (Figure
20B). Interestingly, similar tendencies in the breakpoint class were found among
HD of different ethnicities (European and African) and between different cell
number samples from HD4 (Figure 20B-C), which speaks for the conservation of
these features along HD and within the same donor. More replicates will be
necessary to build significance in DRdef samples versus HD (DRdef n=6).

With the purpose of finding specific features to separate healthy from DRdef
samples, | decided to record the number of inversions occurring in a sample per
eff_ncluster. Inversions are CSR events in which the joining between a (-)-sense
switch region and a (+)-sense switch region occurs (178, 179). Inversion
frequency was found to occur significantly more frequently in HD than in ATM--
and Ligase 47 samples, while the frequency was similar comparing European
and African donors (Figure 20D). These results agree with the fact that 53BP1, a
core protein in the DNA repair machinery during CSR working together with ATM
and Ligase 4, has been found to regulate inversional joins tightly (78).
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Figure 20. DNA repair protein deficiencies show a different inversion
frequency but not in breakpoint class distribution.

A. Scheme of breakpoint classification using the 2D-bps plot. Areas described
as single-, multiple-, and within-breakpoints are depicted in the 2D-bps plot in
yellow, orange and green, respectively. X-axis represents the breakpoints in
downstream switch regions and the y-axis represents the breakpoints in
upstream switch regions. B. Difference of multiple-, single- and within-
breakpoint frequency between DNA repair protein deficient patients (DRdef)
and healthy donors of PBMC material origin (left) and donors with an African
and European background (right). C. Breakpoint class distribution along a
different sampling of the HD4. Three technical replicates were performed for
each cell number analyzed. Different shades of blue represent different
amounts of cells. D. Inversions per eff_nclusters: DRdef versus HD of PBMC
material origin (left) and Africans and Europeans (right). Two technical
replicates were performed for each sample: healthy African donors, n=5;
healthy European donors, n=5; Healthy, n=20 and DRdef, n=6. HD=Healthy
donors. T-test was performed after the normal distribution of the data was
confirmed through the Shapiro test. *=p-value < 0.05.

Furthermore, DNA repair protein deficiencies trigger the replacement of preferred
DNA repair mechanisms (176, 180). The preferred DNA repair mechanisms
during CSR are c¢-NHEJ and a-EJ, which often use <20 nt homologies.
Homologous repair (HR) or single-strand annealing (SSA), which work
exclusively using >20 nt homologies (69), can take over the repair of dsDNA
breaks when cNHEJ or aEJ cannot be used. Since such a different homology
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range is found in homology and non-homology DNA repair mechanisms, we
analyzed the average sequence homology used for switch-joint repair.

The homology was calculated by measuring the times the repaired strands in a
break shared the same nt at the point of the break. Instead of comparing the
strands nt by nt, the analysis was done in bins of 4 nt; thus, we called it homology
4-mer. In this analysis, raw sequences were not directly compared since MinlION
errors could lead to false results. As an alternative and trusting SWIBRID's
alignment of the libraries to the IGH, the homology 4-mer was calculated using
the coordinates of the reads, specifically, the 2D-bps plot. The homology found
in 4 bins was depicted in a plot with the same configuration (x- and y-axis) as the
2D-bps plot (Figure 21A). The homology plot showed the most homologous
sequences in red and the least in white. The homology 4-mer in samples
comprises the fraction of 50 bin breaks that occurred in 4-bin homologous zones.
Furthermore, we differentiated between the homology 4-mer occurring in two
strands following the same sense, homology (-) 4-mer (Figure 21A-lower
triangle), and two strands of opposite sense, homology (+/-) 4-mer (Figure 21A-
upper triangle). The differentiation was necessary to consider the occurrence of
inversions during CSR. Results show that switch-joints in DRdef used
significantly higher homology (-) 4-mer than HD, but the opposite occurred for
homology (+/-) 4-mer (Figure 21B). Specifically, ATM’, AID”- and Ligase 47 had
the highest differences from HD. The data agree that ATM”- and Ligase 47 do
not experience many inversions (Figure 20D). AID-/- data in inversions is missing
due to the lack of clusters.
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Figure 21. DNA repair deficiencies show different usage of 4-nt homologies when
switching.
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A. Scheme of the 4-mer homology density between switch regions along the
IGH. The 4-mer homology was calculated using 4 nt bins. For every homology
4-mer bin, a red square was depicted. The lower triangle depicts the homology
occurring between (-)-sense sequences in the IGH, while the upper triangle
depicts the homology occurring between (+)- and (-)-sense sequences in the
IGH. B-C. Average sequence homology used in switching between DNA repair
protein deficient patients (DRdef) and HD (B) and healthy donors with African
and European backgrounds (C). Homology between the (-) sense on the left
and between the (+/-) sense on the right. D. Percentage of homology used in
switching among different cell number samples of HD4. Three replicates per
cell amount were analyzed. T-test was performed after the normal distribution
of the data was confirmed by the Shapiro test. **=p-value < 0.01. E-F. Principal
component analysis (PCA) DRdef versus HD (E) and healthy donors with
African versus European background (F). Variables used for PCA: homology
(+/-) sense, homology (-) sense, log10(inversions per eff_nclusters) and single-
, within- and multiple-breakpoints. Variables were scaled before the PCA.
Analysis performed under seed 147. Healthy, n=20; DRdef, n=6; African
donors, n=5; European donors, n=5. HD=healthy donor.

We could not consistently separate DRdef from HD using the previous features
separately. Therefore, we decided to perform the PCA using the scaled
breakpoint classes, inversion frequency, homology (-) 4-mer and homology (+/-)
4-mer. The PCA separated all DRdef from HD except for NIPBL”- and BRCA1™"
(Figure 21E). This result was similar to the PCA on the 2D-bps plot when using
all isotypes (Figure 18D). NIPBL” and BRCAL” cluster with HD, most likely
because none of the features alone showed any difference between these two
deficiencies and HD. As a control, PCA in European and African samples did not
show such a big separation. Nevertheless, some samples with European
backgrounds were clustering on the edge of the plot (Figure 21F).

In summary, PCA of specific features of the 2D-bps plots can differentiate ATM"
, AID”- and Ligase 47 samples from HD. NIPBL”- and BRCA1"- had similar values
to HD in the features analyzed and, therefore, did not separate in the PCA.
Including further 2D-bps plot features would help the separation of NIPBL”- and
BRCA1”. The potential of this analysis would be enhanced by adding more
replicates from the same DRdef type, leading to a better separation of DRdef
samples from HD samples.

7.4.4. Exploiting the 2D-bps plots in mouse samples to develop the
DNA repair biomarker in mice

The main hurdle in optimizing SWIBRID is the low availability of human samples
with DNA repair defects. Since much DNA repair research is done in cell lines,
we decided to optimize SWIBRID using CH12 cells. Again, we made use of the
CH12 knockout cells to investigate the new deep analysis considering features
beyond the breakpoints.
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CH12 WT, 53BP17-, BRCA1™, Ligase 47 and Rifl” cells were cultured for two
days in two rounds, generating 10, 5, 6, 7 and 8 replicates, respectively. SM-SA,
SM-SG3 and SM-SG2bc switch-joints were amplified, sequenced by MinlON and
ran in SWIBRID. Following the human analysis, we calculated the classification
of the breakpoints, inversion frequency and homology (-) 4-mer and (+/-) 4-mer.
Comparison of breakpoint classification showed a general lack of multiple-
breakpoints, or sequential switching, and a significant difference in single- and
within-breakpoint frequency between WT and BRCA1’- CH12 samples (Figure
22A). Ligase 47 had a significantly higher inversion frequency than any other
CH12 sample (mean inversion per eff_nclusters: Ligase 4=25.8, BRCA1=0.92,
Rif1=2.81, 53BP1=2.06, WT=1.3) (Figure 22B). Homology density plots were
also done as previously described (Figure 22C); however, unlike in human
samples, CH12 samples did not show a different average sequence homology (-
) 4-mer or (+/-) 4-mer (Figure 22D).

Due to the lack of apparent differences among the knockout samples, a new
feature was added to the analysis: the spread in the switch regions. The spread
represents the average width of the switch regions covered by breakpoint
samples. The aim was to add only the spread switch regions that would add
differences. Spread in SM and SA was very similar among all samples; however,
spread in SG3 showed significant differences between WT and Ligase 4
samples and SG2b showed different tendencies among all genotypes (Figure
22E). Considering the results above, PCA was done using the variables that
showed a higher difference (significantly or not) among the genotypes: single-
breakpoints, within-breakpoints, inversion per eff_nclusters, spread in SG3 and
SG2b. Depiction of PC1 and PC3 clustered the different mutants together. Ligase
4~ samples clustered separated by at a certain distance from the other samples,
whereas 53BP17- and Rif1”- mainly clustered together. Clustering of 53BP1”- and
Rif1”- together might signify that similar switch-joints result from a knockout of
proteins that promote c-NHEJ only when working together (Figure 22F).
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CH12.

85



A. Difference of multiple-, single-, and within-breakpoint frequency between
DNA repair knockouts and wild-type CH12 samples. B. Inversions per
eff_nclusters among DNA repair protein knockouts in CH12. C. Scheme of the
4-mer homology density between switch regions along the IGH. For every
homology 4-mer nucleotide, a red square was depicted. The lower triangle
depicts the homology occurring between (-)-sense sequences in the IGH, while
the upper triangle depicts the homology occurring between (+)- and (-)-sense
sequences in the IGH. 4-mer means the homology analysis has been done
between bins of 4 nucleotides. D. Difference of average sequence homology
used among different DNA repair protein knockouts in CH12 between (-)-sense
sequences (homology-(-), upper) and between (+)- and (-)-sense sequences
(homology-(+/-), lower). T-test was performed after the normal distribution of
the data was confirmed by the Shapiro test. *=p-value < 0.05, **=< 0.01. E.
Spread of breakpoints in SM, SG3, SG2b and SA among DNA repair protein
knockouts in CH12. Spread indicates the average width of the switch regions
covered by a sample. Normality was not found in the SG3 data distribution and
the wilcox.test was performed, *=p-value < 0.05. F. PCA of DNA repair protein
knockouts and wild-type CH12 samples. PCA was performed using scaled
log10 inversions per eff _nclusters, single- and within-breakpoints, and spread
in SG3 and SG2b. Technical replicates for CH12 WT, n=10; Rif1”-, n=8; 53BP1-
-, n=5; BRCA1", n=6 and Ligase 47, n=7.

In summary, using features of the 2D-bps plot in CH12 helps to cluster the
different CH12 genotypes separately using a PCA. The success of separately
clustering CH12 knockouts forms the basis of the DNA repair biomarker, which
eventually could be used in human samples to predict disease.
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8. DISCUSSION
8.1. B cell switch-joints constitute a biomarker or DNA repair
malfunction

The present work introduces SWIBRID, a novel tool to identify DNA repair
malfunction by characterizing the breakpoint profiles occurring in switch-joints of
B cells upon diversification to describe the switch-joints of a sample
comprehensively.

8.1.1. SWIBRID analysis finds mutations more frequently than
published methods, and it could be used for the prediction of
cancer

In SWIBRID, | studied the mutational break repair of CSR, processed by cNHEJ
and aEJ, and could not record the error-free break repair processed by HR. By
definition, the latter includes the copy of entire DNA sequences in trans and is
error-free. When HR is active during CSR, it does not result in a genomic scar
and, therefore, cannot be detected by SWIBRID (181). On the other hand, the
mutational break repair results in mutations, in the case of CSR, a deletion in the
form of a switch-joint in the IGH locus, allowing the amplification of switch-joints
(69).

Unrepaired DNA breaks trigger apoptosis, which suggests that the cell
intrinsically seeks to repair a DNA break rather than leaving it broken (182).
Indeed, if a DNA repair pathway misses a protein, it will compensate for it using
other proteins. This compensation mechanism can potentially repair a DNA break
into a threatening outcome. For instance, the deficiency of an HR protein (e.g.,
BRCAZ1) would lead to a higher rate of mutations since the DNA break would be
repaired more often by a mutational DNA repair pathway (180, 183). In this case,
SWIBRID could identify HR impairment since, theoretically, it would record more
mutations or aberrations than in samples with healthy HR. Thus, SWIBRID has
the potential to identify DNA repair malfunction occurring in any DNA repair
pathway, using the switch-joints as a sink of somatic DNA breaks. In this thesis,
| was specifically able to separate WT, BRCA17, Ligase 47, 53BP17 and Rif1”
CH12 using PCA and including the features: direct switch-joint and intra-switch
deletion breakpoint (single and within, respectively), inversion per unique B cell
clone (eff_nclusters) and the scope of breakpoint occurrence (spread) in SG3
and SG2b. Notably, mutations in the gene of BRCA1, Ligase 4 and 53BP1 in
humans are linked to the development of cancer (184), which indicates that
SWIBRID has the potential to identify different DNA repair malfunctions and, thus,
cancer predisposition in human samples.

State-of-the-art in cancer prognosis has commonly screened mutations in DNA
repair proteins which can lead to wrong assumptions since gene mutations are
not always linked to protein malfunction (184). DNA repair efficiency has been
measured by other people using direct methods applied by in vitro assays that
give a semiquantitative measure of genomic DNA breaks in cells exposed to
DNA-damaging reagents (comet assay) (185). However, it is a quantitative
measure of DNA break in the cells and does not necessarily reflect the DNA
repair power in a cell. Research on mutations that can initiate or maintain cancer,
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also called cancer-driving mutations, has been performed unbiasedly and
comprehensively by people like Sherman et al., 2022, who used genome-wide
DNA break repair analysis to predict potential cancer-driven mutations in coding
and non-coding sequences. Specifically, Sherman et al., 2022 analyzed public
whole-genome, whole-exome and targeting sequencing datasets of 37 cancer
types using a deep learning approach called Dig. Dig generated a neural network
that could identify positively selected cancer-driving mutations of arbitrary cancer
cohorts (141). Dig allowed the identification of new cancer-driving mutations
linked to DNA repair function. For instance, E74 Like ETS Transcription Factor 3
(ELF3), a transcription factor involved in HR (186), is an oncogene whose
malignancy has been previously linked to its gene variants (187). Nonetheless,
Dig novelly found mutations in the ELF3 promoter that were suggested to enable
its methylation and expression in two cancer cohorts (141). Cancer-driving
mutations are crucial to identify, screen for, and asses for people's predisposition
to cancer. However, screening all cancer-driving mutations found in Sherman et
al., 2022 would involve the analysis of at least a whole-exome sequencing, which
IS not an accessible screening to perform. Therefore, the approach of SWIBRID
to analyze DNA repair function and, indirectly, cancer predisposition, using only
the breakpoint profile of switch-joints located in one gene, is feasible to envisage
in the clinics as a predisposition analysis since it works amplifying a focused area
and can be used using a focused computational analysis.

DNA repair research commonly uses B cells due to the sink for DNA-break events
in the IGH as a result of CSR that frequently become somatic DNA lesions.
Following these lines, we analyzed the switch-joints from B cells, assuming that
switch-joints mirror the somatic DNA repair in the body. Studies have considered
that a successful CSR in B cell proves that cNHEJ or aEJ works. For instance,
the role of 53BP1 (77) or Ligase 4 (188) for end-joining DNA repair in splenic
murine B cells activated in vitro followed by the analysis of switch-joints or in
CH12 activated in vitro followed by the analysis of IgA switching, respectively.
Recently, it has been shown that the mutational signatures occurring during
antibody diversification are the same types that trigger B cell lymphoma, which
links somatic DNA repair in B cells to cancer. Specifically, Machado et al., 2022
analyzed the mutational landscape of B cells and T cells in different
subpopulations and compared the mutational burden found in whole-genome
sequencing in four HD to their hematopoietic stem and progenitor cells (HSPCs).
Lymphoid malignancies, such as chronic lymphocytic leukemia and malignant B
cell lymphomas, is characterized by single base substitution signature 9 (SBS9),
which are T>G transversions at ApTpN and TpTpN trinucleotides and have been
proposed to be linked to the activity of the error-prone Pol n (189). Memory B
cells of lymphoma patients show a direct link between the SHM rate and the
number of SBS9 mutations found in the genome (1 SHM: 18 SBS9) (190). This
fact links the mutations occurring during B cell diversification to those promoting
cancer located around the whole genome. More importantly, it has been found
that neurons and oligodendrocytes accumulate mutations with age and follow the
same mutational signatures as the HD HSPCs cells that Machado et al., 2022
observed (191). Neurons and HSPCs, two completely different cell types,
similarly mutate their genome, meaning that they similarly repair their DNA
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breaks. Therefore, we can suggest that the switch-joints in B cells could resemble
or mirror the DNA repair throughout the body.

Sherman et al., 2022 and Machado et al., 2022 show unbiased studies that
analyzed either the predisposition to cancer or the mutational burden using
whole-genome sequencing because they did not focus on specific genomic
regions. However, the disadvantage of using such a methodology is the low
likelihood of finding a mutation. Sherman et al., 2022 used publicly available
sequencing data from cancer cohorts. They looked for mutations using 10 Kb-
bins (groups of 10 kb nucleotides), allowing them to find a mutation per 1.3 bins
analyzed (~ 1 mutation per 13 Kb, in 75% of the bins). In contrast, Machado et
al., 2022 sequenced the whole genome using 3000 cells per subtype (T cell, B
cell, HSPCs). The samples consisted of an expansion of individual clones
belonging to different cell subtypes. They looked for mutations also using 10 Kb
bins, binning the genome in 279 094 bins and finding only 91 343 bins carrying
mutations; therefore, they only found mutations in 32% of the bins (141, 190). In
contrast to these studies, the present work takes advantage of the fact that
numerous DNA breaks occur in close proximity leaving the whole genome
analysis unnecessary and finding at least one mutation corresponding to the CSR
event in every read. Sequencing and analyzing reads of a maximum of 5 kb
instead of whole chromosomes makes the pipeline require less computational
power as well as a more detailed characterization of a region in terms of somatic
breaks.

In conclusion, SWIBRID presents a tool to identify cancer predisposition by
analyzing the efficiency of DNA repair in switch-joints. In contrast to current efforts
to predispose cancer focus that search for cancer-driven mutations or mutational
signatures using whole-genome sequencing, SWIBRID screens the efficiency of
somatic DNA repair. Also, whole-genome sequencing-based approaches can
identify relevant information in as much as 75% of the analyzed data. In turn,
SWIBRID identifies at least one genomic scar to analyze in every read, translating
into a highly efficient tool to identify the risk of cancer development.

8.1.2. DNA repair analysis by SWIBRID has the potential to identify
neurological and immune-related diseases

Analysis of DNA repair function provides information about a patient's chance of
repairing a break error-free compared to a healthy sample. Besides cancer, DNA
repair malfunction is associated with the development of neurological diseases.
For instance, mutations in ATM can lead to the development of ataxia—
telangiectasia, a neurodegenerative disease that causes ataxia early in life (192).
DNA repair analysis also focuses on screening the function of DNA repair
proteins, although many DNA repair factors remain unknown. Unlike present SNP
screening methods (193), the DNA repair biomarker could potentially predict
neurodevelopmental diseases associated with DNA repair deficiencies early in
life.

Moreover, T and B cell diversification relies on the imprecise gene recombination
of their TCR and BCR. These recombinations require mutational DNA repair
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mechanisms such as cNHEJ to repair the joints (194). Therefore, it has been
shown that impaired DNA repair proteins in humans can result in primary
immunodeficiencies. In fact, Ligase 4 deficiency is the cause of Ligase IV
Syndrome, a T-B-Natural Killer (NK)+ severe combined immunodeficiency (195).
Most immunodeficiencies are challenging to diagnose since their signs can be
easily confused with other diseases like sinusitis. Currently, diagnosing B cell-
related primary immunodeficiencies includes the analysis of clinical signs, such
as recurrent infections or antibody classes in the blood. Genomic screening is not
often used as diagnostics, given that nuclear factor-kappa B subunit 1 (NFKB1),
the most common defect causing common variable immunodeficiency (CVID), is
only found in 4% of the patients (196). Thaventhiran et al., 2020 performed a
genome-wide association study (GWAS) on 974 patients carrying sporadic or
familiar CVID with a large control dataset in pursuit of novel common genomic
defects. Unfortunately, they did not find a CVID genomic defect more common
than nuclear factor kappa B subunit 1 (NFKB1), but they found new ones that the
Exome Aggregation Consortium did not cover before, such as deletion on Actin
Related Protein 2/3 Complex Subunit 1B (ARPC1B) that impaired the assembly
of actin in immune cells (197). These studies suggest that the discovery of new
genetic variants could facilitate accurate diagnosis of primary B cell
immunodeficiencies. However, mutations identified using GWAS are not
necessarily linked to a phenotype, and the consequence of a gene mutation
should be further investigated at the protein level. On the other hand, SWIBRID
profiles repair outcomes in DNA repair in genomic scars rather than examining
the functionality of specific molecular players, identifying differences in DNA
break repair between a healthy and immunodeficient patient and linking it to a
phenotype.

SWIBRID could help diagnose immunodeficiencies such as IgA deficiency in
children, the most prevalent immunodeficiency in the Western world (198) since
blood IgA level in children younger than 4 years old is scarce and the deficiency
complicates the diagnosis at this age. IgA deficiency can undergo unnoticed and
not cause any consequence, but in some untreated cases, it can cause severe
complications. Clinical cases show a 4 and 2 years old with an undiagnosed IgA
deficiency which caused nephropathy (199), meaning that IgA deficiency also
affects children that, in principle, should have very low IgA in their blood. Since
IgA switching is not impaired in children, considering it can be found in saliva at
higher concentrations than in blood (200), SWIBRID could determine the
switching percentage from blood and help diagnose IgA deficiency in children
younger than 4 years old.

Therefore, the phenotypic analysis of switch-joints may be preferable over
genotyping for diagnosis. It would be of utmost importance to detect them early
in life, as some primary immunodeficiencies are not expressed symptomatically
until adulthood, threatening the life of the patients with the development of
disease complications such as B cell lymphoma (201). SWIBRID analyzes the
switch-joints of B cells, which also allows the identification of specific
immunodeficiencies based on their isotype switching percentage, such as hyper
IgE (202) or IgA deficiency (203). Thus, it can observe impaired B cell
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diversification or switching — two leading causes of B cell primary
immunodeficiencies (according to the European Society for Immunodeficiencies
Registry) — likely allowing their early-life diagnosis.

In conclusion, the DNA repair biomarker has the potential to identify DNA repair
malfunction using the switch-joints and predict the development of
neurodevelopmental diseases and immunodeficiencies that currently are
challenging to diagnose.

8.2. SWIBRID comprises a new methodology to characterize switch-
joints in humans and mice using novel features

The study of CSR by switch-joint analysis started in 1991 when SM-SE switch-
joints were PCR amplified to disprove that IgE expression occurred as a result of
RNA splicing (204). Recently, switch-joints were used to discover that the
combination of the shieldin complex subunit 1 (SHLD1) and XRCC4-like factor 1
(XIf1) was crucial for the inhibition of resection (205) or to confirm that staggered
dsDNA breaks are often repaired using resection and MH (206). Here | compare
the switch-joint analysis of SWIBRID with published switch-joint data in humans
and mice.

Switch-joint analysis has been commonly standardized by the total number of
reads or not normalized at all (178, 205). However, standardizing by the number
of reads is not optimal because clones in a polyclonal library are represented by
one or more reads. For instance, all CH12 knockouts, especially Rif17, presented
less diversity than WT CH12. Standardizing our analysis using reads gives an
inversion frequency in Rifl”- CH12 of 0.0044, and doing it with eff_nclusters is
2.81. DNA repair protein inhibition analysis is expected to result in a lower B cell
diversity. Therefore, standardizing the switch-joint analysis using B cell clones is
essential to avoid overestimating events in samples with low diversity (207, 208).
By developing SWIBRID, we have created a tool that not only studies the DNA
repair of breaks during CSR and quantifies the number of individual B cell clones
in a sample, for the first time enabling the standardized quantification of DNA
repair in switch-joints. Thus, the standardization of the analysis using clones is
primordial.

To underline the relevance of quantifying B cell clones for switch-joint analysis,
we set out to reanalyze a published dataset using SWIBRID. Vincendeau et al.,
2022 sequenced SM-SG1 joints from murine splenic B cells by PacBio and
analyzed the resection occurring in amplicons standardizing their data using the
number of reads. When applying SWIBRID to the dataset, we observed fewer
and unequal unique B cell clusters depending on the sample. For instance, the
WT sample contained 1 276 reads, while SWIBRID identified only 174 unique B
cell clones. Thus, SWIBRID has a significant advantage of standardizing the data
in a high-throughput manner by the number of individual B cell clones, which is
especially crucial when analyzing samples with different B cell diversity.

Homology is a feature that is often measured in switch-joint analysis. It is
described as the similarity between two sequences and a feature that can help
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determine the DNA repair mechanism involved in DNA break repair (69). On the
one hand, our human results show that DNA repair deficient patients used higher
homology than HD, specifically ATM”, Ligase 47. These results align with
previous work that observed ATM” mice using more MH in SM-SG1 joints than
WT (209) and with the Ligase 47 human B cell line, Nalm-6. The latter showed
that switch-joints were repaired using long stretches of homology promoted by
the compensation of NHEJ with single-strand annealing (SSA), which uses more
than 25 nt of homology to repair DNA breaks (210). On the other hand, results in
murine B cell line CH12 showed a higher homology usage only in Rifl7- CH12.
This result agrees with the promotion of HR when Rifl is silenced in Henrietta
Lacks (HeLa) cells (211), likely because Rifl directly inhibits HR by competing
with BRCA1 for DNA foci binding (104, 105).

Inversions in CSR were introduced in 2015 when they discovered that they rarely
occurred in healthy samples, but upon cNHEJ protein depletion, they became
more frequent (178). We found that inversions occurred at a median frequency
of one per eff_ncluster in healthy humans and mice. However, Ligase 47~ CH12
mean inversions per eff_nclusters was 25.8, unlike the Ligase 47 human sample,
which showed no inversional event. It was shown that XRCC4”’ mice have
increased inversional CSR joints in SM-SG1 and SM-SE than WT (212). XRCC4
is a protein that forms a heterodimer with Ligase 4 during cNHEJ to ligate the
strands of a break. Our results could be explained by the fact that XRCC4/Ligase
4 heterodimer is necessary to limit the formation of inversional CSR joints.
Inversions in human switch-joints have not been reported yet (178, 205, 213,
214); therefore, discrepancies between our data and literature may result from
species-specific features (215).

We introduced a set of novel features to characterize the switch-joint comprising
the classification of breakpoints and implemented them in SWIBRID. DNA repair-
deficient cells are prone to leave DNA breaks unrepaired and enter apoptosis
(216). Therefore, it is expected to see fewer DNA breaks repaired in DNA repair
deficiencies. Therefore, we novelly implemented single-, multiple- and within-
breakpoints that differentiate between breakpoints that result in direct-join
between SM and another switch region, sequential switching or intra-switch
deletions, respectively. Analysis in human and mouse samples shows that
multiple- and within-breakpoints are less frequent in DNA repair deficiencies than
in HD or WT samples. Considering that productive CSR can result from a
minimum of one single-breakpoint between SM and any other switch region, while
multiple- and within-breakpoints are not essential to generate a productive CSR,
it is likely that DNA repair deficient samples only acquired single-breakpoints.
Potentially, DNA repair deficient samples that acquired multiple- and within-
breakpoints could not repair them and eventually died, not being part of our
analysis. Thus, DNA repair deficient B cells have a higher chance of surviving
when they experience fewer DNA breaks.

In conclusion, SWIBRID is a tool that can support the research of CSR through
the long-read sequencing and characterization of switch-joints. SWIBRID uses
known features, namely, homology and inversions, and novel features, namely,
eff_nclusters and classified breakpoints. SWIBRID is crucial to analyze samples
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with different degrees of diversity since the standardization by eff nclusters
weights features among the samples equally.

8.3. Genomic J-CH1 inserts identified by SWIBRID mainly derive from
introns, unlike RNA J-CH1 inserts that rely on splicing

J-CH1 inserts are found between the J segment and CH1 exons in the IGH locus.
They have been thoroughly studied in Ig transcripts RNAs (97) and, less
extensively, in genomic DNA (94). Pieper et al., 2017 studied J-CHL1 inserts in
genomic DNA using the same primers | used and sequencing with Illumina and
MinlON. In their study, the J-CH1 insert frequency is higher when using lllumina
than MinlON, 7 and 0.8 J-CH1 inserts per 1 000 reads, respectively. Long-
amplicon sequencing by lllumina requires amplicon fragmentation and
computational re-assembly, which can lead to both creation and deletion of
clones, especially when the re-assembly is done in highly repetitive sequences
as the switch regions. In my thesis, | used MinlON to avoid the computational re-
assembly of reads and improved the analysis, obtaining as many as 2 inserts per
1 000 reads.

Our study is the first to analyze J-CHL1 inserts using genomic DNA in more than
six HD and found a total of 31 880 unique J-CH1 inserts. SWIBRID J-CH1 inserts
spanned introns, intergenic regions and exons, in order of frequency. From now
on, | would refer to the J-CH1 insert origin characteristics as the J-CH1 insert
signature. Interestingly, the J-CH1 insert origin signature (intron > intergenic >
exon) resembled more accurately V-DJ inserts than J-CH1 inserts found in RNA,
being introns the most frequently donated substrate for insertion. Also in
agreement with Pieper et al., 2017 that found that J-CH1 inserts in the genomic
DNA were enriched in introns (94). Based on the insert signatures, Lebedin et al.,
2022 hypothesized that inserts derived from different genes depending on their
incorporation site. Unlike Lebedin et al., 2022 | hypothesize that the source of the
inserts incorporated into the IGH locus is mainly intronic, intergenic, and lower in
exonic origin, regardless of the incorporation position.

My hypothesis is based on two facts. Firstly, the recombined VDJ is an exon;
consequently, a genomic fragment inserted into the VDJ does not require
independent splicing. As part of the VDJ domain, the inserts will be present in the
transcripts and will be translated. In contrast, the J segment and the CH1 exon
are separated by an intron (switch regions) spliced out upon transcription (8).
Inserts within J and CH1 coding sequences (J-CH1 inserts) are thus expected to
be spliced out unless they would carry matching splicing sites (donor and
acceptor) (Figure 23). It has been observed that cryptic splicing sites occur in as
low as 9% of the cases in introns (217). Therefore, we can consider that the
occurrence of matching splicing sites (donor and acceptor) in IGH inserts is odd;
therefore, V-DJ inserts in RNA would resemble more the signature found in DNA
than J-CH1 inserts in RNA, which would be biased by splicing. Pursuing this
hypothesis should follow by sequencing VDJ recombined domains in the gDNA.
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Figure 23. Splicing scenarios supports the insert origin.

Scheme showing splicing scenarios of an insert within V-DJ and J-CH1 with
(middle) and without (right) matching splicing sites. Pink and purple triangles
indicate the matching splicing sites

J-CH1 inserts are highly infrequent, and their origin is not yet understood (93-95,
97). Thus, their appearance in Ig transcripts and between switch regions in the
DNA can be confused with artifacts since no acquisition mechanism is known to
date. J-CH1 inserts could result from a PCR amplification artifact by LongAmpTaq
Pol since the most common artifact Tag polymerases produces is a chimeric
amplicon (218). However, if J-CH1 inserts were artifacts, the switch-PCR would
have to create a crossover product in which the DNA strand of the switch region
would align to a DNA fragment, namely J-CH1 insert, and then the DNA fragment
would need to align again to the switch region. This process is highly improbable
to happen. Moreover, as observed in manual analysis, J-CH1 inserts do not
always share homology with the flanking switch region sequences. Thus, |
consider that J-CH1 inserts are not artifacts and should be considered to account
for the diversification processes of the antibody.

Introns are the most significant donor source of V-DJ and SWIBRID J-CH1
inserts, and non-degraded splicing byproducts could explain such an enriched
signature. Introns often are degraded upon splicing; however, they can also
become stable and have secondary functions. For example, long-non-coding-
RNAs regulate the alternative splicing of pre-mRNAs (219) or micro-RNAs
silence genes to regulate their gene expression (220). However, no intronic origin
of SWIBRID J-CH1 inserts matched significantly higher to long-non-coding- or
micro-RNA databases than the control (221-223). Nonetheless, the source of J-
CH1 inserts in the IGH locus could originate from late degraded splicing
byproducts. Experiments targeting the degradation of introns after splicing, e.g.,
inhibition of the RNA debranching enzyme (DRB1)-dependent pathway to
accumulate lariat intermediates after splicing (224), could be done to bring light
to this hypothesis.

In conclusion, the study of J-CH1 insert origin using SWIBRID matched the
previously published signature from V-DJ inserts found in transcripts and J-CH1
inserts found in genomic DNA — intronic > intergenic > exonic — suggesting that
the latter is biased by splicing. Despite the originally intronic SWIBRID J-CH1
inserts did not match long-non-coding- or micro-RNAs, further research
manipulating splicing in vitro should be performed.
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8.4. SWIBRID characterization of CH12 knockout switch-joint features is
in line with the literature

B cell includes VDJ recombination, which occurs early during B cell maturation,
as well as CSR and SHM, which are processes activated after antigen
recognition. Cell lines have limitations to study B cell diversification. CH12 is a
mouse B cell lymphoma cell line that mainly switches to IgA and has been
extensively used for the analysis of CSR (76), while Ramos is a human B cell
lymphoma cell line that represents a model for the analysis of SHM (225, 226).
In this thesis, | used CH12 WT, 53BP17, BRCAL1', Ligase 47- and Rif1”-to study
switch-joints generated during in vitro CSR.

53BP1 is a protein known to interact with Rifl and to promote cNHEJ (104), but
it has also been related to HR during G2 phase (227). 53BP17- CH12 has been
previously observed to switch mainly to IgA and almost not to IgG1 or IgG2b (205,
228). This agrees with the exclusive SM-SA switch-joints observed in our results
in 53BP17- CH12. Also, it could explain the low amount of eff _nclusters found in
53BP17- CH12 since the lack of class-switching to other isotypes reduces the
possibilities of generating a variety of B cell clones. Moreover, 53BP17 was
shown to have increased breakpoints in the IGH locus (228); however, we
observed a lower amount of intra-switch deletions (within-breakpoints).
Unfortunately, a comparison to Dev et al., 2015 is hampered by the fact that the
methodology used to calculate the breakpoints in 53BP17- CH12 was not
explained, making the analysis comparison less veridic. Despite this exception,
SWIBRID data could replicate the results previously observed in 53BP17- CH12.

BRCAL is a protein involved in homology-directed DNA repair, which is not
essential during CSR but helps to repair long-lasting CSR breaks during the S
phase (229). We observed that switch-joint features in BRCA1” CH12 were
similar to WT, except for the direct switch-joints between SM and another switch
region, where BRCA1”- CH12 had the highest frequency from all genotypes. A
high amount of single-breakpoints indicates a higher diversity of break positions
in the switch-joints. One assumption is that a large number of breaks would give
a higher spread value in SM and SA. Spread indicates the distance between the
most upstream and downstream breakpoints in a switch region. However, SM
and SA spread in BRCA1”- CH12 was not significantly different from WT CH12.
There was only a slightly higher tendency of BRCA1”- CH12 SM spread than WT
CH12. Interestingly, lack of BRCA1 was observed not to vary the number of
switch-joints (230), agreeing with our results where we can observe that this
deficiency and WT have similar eff_nclusters.

Ligase 4 is the enzyme that, in complex with XRCC4, end-ligates two dsDNA
break ends and finalizes cNHEJ (136). As previously outlined in section 8.2,
Ligase 47 CH12 switch-joints presented a high occurrence of inversions. Also,
Ligase 47~ CH12 showed a high SG3 spread. | have not found a factual
explanation for the high spread in SG3. However, dsDNA break could be
processed by aEJ (188) due to Ligase 4 loss, suffering resection in both directions
in an attempt to find homology and repair the DNA break. SM and SA could
experience a lower resection because homology between them can be found
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more easily; however, SGs are less homologous to SM than SA, potentially
increasing resection. Ligase 4~ CH12 results were aligned with published results.

Rif1 protects dsDNA breaks from resection during DNA repair and replication fork
stalling (104, 231). Rif1 loss impairs cNHEJ, the preferred DNA repair mechanism
during CSR and promotes homology-directed repair (104, 232). Our results show
that Rif1”- CH12 uses the highest 4-mer homology of all samples, which can be
translated as that homology-directed DNA repair has repaired the breaks in Rifl1-
/~CH12 knockout. Rif1”- CH12 had a very low spread in all switch regions and the
lowest amount of eff nclusters (2-fold less than the second lower, 53BP1*
CH12). These features depend on each other since every new eff_ncluster
provides new breakpoint information for the spread unit since the more clusters
a sample has, the more diverse breakpoints can contribute to the spread unit.
However, it is worth noting that the low spread unit indicates that the breakpoints
occur in a very narrow region of the switch regions. The low number of
eff_nclusters could be explained by the lack of cNHEJ. It is important to note that
all of the Rif17- CH12 replicates gave rise to many reads per cluster, which could
mean that upon activation, most of the Rifl” clones died, and the few
successfully class-switched B cells, proliferated and occupied the majority of the
culture.

Resection is a characteristic that helps understand the DNA repair pathway
involved in a repair. Resection can help identify 53BP1 (233), Rif1 (105) and
BRCA1 (234) knockouts, considering that the two first inhibit resection while the
latter promotes it. Resection is measured by quantifying the length of DNA
missing from a fixed DNA break. Considering that we manage a set of diverse
switch-joints with random breakpoints, SWIBRID could not measure resection.
Nonetheless, resection was not required to separate the genotypes in the PCA;
however, the analysis could benefit from having such a feature. SWIBRID could
adopt the method that Vincendeau et al., 2022 followed to measure resection by
measuring the length of the amplicons. Longer amplicons would relate to less
resection and vice versa.

In conclusion, CH12 knockout switch-joint features analyzed by SWIBRID agree
with the literature, validating our results. New features of the genotypes, such as
higher diversity in SM direct joins to other switch regions in BRCA1”7- CH12 and
low amount of eff nclusters in Rif1”- CH12, show how SWIBRID contributes to
the analysis of DNA repair deficiencies by novel features. SWIBRID can open a
new way to analyze DNA repair during CSR discovering new features.

8.5. Characteristics of switch-joint derived from DNA repair-deficient
patients are in line with published data

Analysis of DNA repair can be performed using inactive or absent proteins.
However, the outcomes of both experiments are, in some cases, very different.
For instance, mice carrying inactivated ataxia telangiectasia and Rad3-related
protein (ATR) (ATR*KD) or loss of ATR (ATR*/°ss) experience different outcomes.
ATRYXP pbut not ATR*'°ss caused ssDNA defects causing, for instance, male
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infertility. The reason was that the kinase function of ATR is necessary for its
mobility within the DNA break. However, inactivation and immobility caused an
accumulation of ATR/RPA foci in the break, impairing its repair (235). This
example resembles the importance of studying the impact of DNA repair proteins
inactivating them and also as a loss of it. Since | analyzed the inhibition of proteins
to investigate the protein function in J-CH1 insert incorporation, | also studied
human patients with deficiencies in BRCA1”, Ligase 47, ATM”-, NIPBL"- and AID"
" to understand the physical role of the proteins in J-CH1 incorporation.

First, | researched their in vivo acquisition of J-CH1 inserts. BRCA1', Ligase 47
, ATM”-, and AID”- human patients lacked J-CH1 inserts. Even though these three
proteins do not have a common background (7, 104, 136, 236), their absence
caused the same outcome. However, the NIPBL" patient had a slightly higher
diversity of J-CH1 inserts than HD. NIPBL is responsible for cohesin loading into
the DNA. Cohesin is a protein complex that connects sister chromatids, and that
has also been shown to play a role in DNA repair, e.g., facilitates the homology
search during HR DNA repair (237). NIPBL impairment has been observed to
stimulate aEJ, which leads to a higher chance of translocation between
chromosomes (176). Since aEJ induces intrachromosomal aberrations, |
hypothesize that stimulation of aEJ could promote J-CH1 inserts incorporation.

Second, | investigated the characteristics of their genomic scars in switch-joints.
In this case, | aimed at differentiating DRdef patients from HD using the features
of homology used for repair, classification of breakpoints and inversional events
by PCA. Ligase 47, ATM', and AID’- human patients differentiated from HD;
however, BRCA1” and NIPBL” did not. | concluded that the latter two had
breakpoint profiles similar to HD and could not be separated via PCA. |
hypothesize that the reason is that BRCA1 absence would impair homology-
directed DNA repair, promoting error-prone DNA repair mechanisms, e.g.,
cNHEJ (238). Since cNHEJ is the preferred DNA repair mechanism during CSR,
we could expect not to observe differences between HD and BRCA1”- breakpoint
profiles. Following the same lines, NIPBL is part of the cohesin protein complex,
which has been suggested to have the role of strand screening aiding RAD51
during HR repair (237). Thus, error-prone DNA repair can be expected in the
absence of NIBPL and again, no differences in breakpoint profile between NIPBL-
l~and an HD would be expected.

Third, | decided to deepen into the characteristics of the DNA repair patients with
the highest affection in CSR: Ligase 47-, ATM”, and AID”-. The AID"- donor had
a very poor number of breakpoints. Considering that AID is the CSR-promoting
enzyme and | analyzed switch-joints, | did not expect to find any breakpoint
events. Studies in AID”- mice showed that these mice present only high levels of
IgM in serum (239). However, SM-SA1 and SM-SA2 joints could be observed in
the human AID”-sample. Two independent studies showed in mice that extensive
transcription can cause spontaneous dsDNA breaks (240, 241), suggesting that
AID”- switch-joints could have occurred as a random occurrence of DNA breaks
due to the excessive transcription of switch regions during GLT production.
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ATM7 patients were composed of two biological replicates carrying different
mutations. Nonetheless, both ATM”- donors presented breakpoint profiles with a
preference for SM-SA1 and SM-SA2 switch-joints. ATM is a protein that senses
dsDNA breaks and phosphorylates proteins to promote both HR and cNHEJ (242,
243), so theoretically, both mechanisms would be expected to be impaired.
Nonetheless, it was described that ATM” mice handle dsDNA breaks using
homology-driven repair during CSR (209). SM and SA regions share high
sequence homology, as seen in the homology plots in section 7.4.3. Therefore, if
ATM” handles the dsDNA breaks using homology-directed repair, we could
expect to find SM-SA1 and SM-SA2 switch-joints. dSDNA breaks in SG regions
would likely be left unrepaired, directing the cells to apoptosis. However, the
absolute lack of SM-SGs joints also suggests that there could be a deficiency in
cytokines promoting IgG switching.

Ligase 47 donor presented no switch-joints between SM-SG2 and SM-SG4,
which aligns with the literature (136). Ligase 4 is part of the complex that joins
the two strands from the DNA break during cNHEJ. Interestingly, Ligase 47
switch-joints pattern resembles the type of CSR occurring in children, which uses
only the first part of the IGH locus (207). Even though we lack information about
their age, we can assume that the Ligase 47 donor was a child because the life
expectancy of this deficiency is low (244), and it would agree with the breakpoint
profile.

In conclusion, the data obtained using SWIBRID in human DNA repair deficient
patients aligns with the literature. BRCA1”- and NIPBL’ human patients did not
present an impairment in the CSR of B cells, unlike Ligase 47, ATM”-, and AID"
human patients. Ligase 47, ATM”-, and AID" had a preference for SM-SA1 and
SM-SAZ2 joints and a lack of SM-SGs joints, likely due to the usage of homology-
driven repair

8.6. SWIBRID identifies unique CSR events in B cells: switch-joint
versus VDJ B cell repertoire

Analysis B cell repertoires using sequencing of VDJ recombined domains and
switch-joints gave rise to vastly different values. Specifically, switch-joint
clustering done by SWIBRID elicited 3.2- and 8.5-fold higher SWIBRID-clones
than VDJ-sequencing in the analysis of 100 000 and 50 000 cells, respectively.

| expected to obtain up to 2-fold higher number of SWIBRID-clones than VDJ-
clones. This expectation was based on the fact that i) one B cell can carry two
switched alleles and ii) the occurrence of non-sense-mediated decay for non-
productively recombined Ig transcripts (245, 246). Firstly, B cells contain two
alleles with two independent IGH loci. During BM diversification, only the IGH in
one allele undergoes VDJ recombination. If the rearrangement does not result in
a functional antibody or it gives rise to an autoimmune antibody, the B cell will
allow the allelic inclusion and perform the VDJ recombination in the other allele.
Since allelic exclusion acts via epigenetics to avoid gene rearrangement (92), |
hypothesized that a newly included allele would also allow the CSR and SHM
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events to occur. In that case, a cell would carry two class-switched IGH. However,
despite carrying two class-switched IGHs, only one would be transcribed due to
allelic exclusion (91). In this case, SWIBRID would amplify both alleles and
consider one unique B cell as two unique B cell clones, while VDJ-sequencing
would only consider the presence of one unique B cell based on the CDR3
transcribed.

Secondly, non-sense mutations in the exons of the IGH lead to premature stop
codons. Cells have a mechanism to degrade the mRNA-carrying stop codons in
the middle of the sequence and avoid wrongly folding proteins that potentially
cause damage. This mechanism is called non-sense-mediated decay (NMD).
NMD in B cells degrades 80% of non-sense Ig transcripts in active cells (memory
B cells) but only 50% of non-sense Ig transcripts in resting B cells (naive B cells)
(247). Considering that we are studying memory B cells, we can expect that if B
cells would carry a non-sense Ig transcript, only 20% would be available for VDJ-
sequencing, unlike in SWIBRID, which sequences the DNA not subjected to
NMD.

Another explanation for the high number of SWIBRID clones could be the
deletional events in the switch regions besides CSR. SWIBRID identifies a clone
as the unique switch-joint in a library of B cells. It considers CSR events, such as
the joint between two different switch regions, but also non-CSR-related events,
such as the J-CH1 inserts and intra-switch region deletions. The switch-joint is
the genomic scar that occurs in the introns of the antibodies, while VDJ segments
are exons. Cells carrying mutations that can change the folding of proteins
undergo apoptosis triggered by endoplasmic reticulum stress (248). These
mutations mainly involve those happening in exons and, for instance, create
cryptic splicing sites, amino acid exchanges or stop codons. B cells with
deleterious mutations in the VDJ likely undergo apoptosis or gene editing, while
the same mutations occurring in the switch-joints would not be a subject of
selection. Thus, we expect to see more switch-joint mutations and, therefore,
more SWIBRID-clones.

VDJ- and SWIBRID-repertoire analysis results show that B cells carrying the
same V-D-J-C domains undergo different diversification processes. SWIBRID-
clones represent the degree of diversification that a B cell population has gone
through, and although it maintains a direct relationship with the amount of VDJ-
clones, it differs among donors. Division of SWIBRID- versus VDJ-clones within
the same donor, SWIBRID/VDJ-clone ratio, compares how frequently B cells
underwent CSR in a donor. SWIBRID/VDJ-clone ratio in 50 000 cells was the
highest in HD1 with 16 and the lowest in HD2 with 7. Differences in the
SWIBRID/VDJ-clone ratio suggest that people can bare different amounts of DNA
breakage or that their DNA repair is differently efficient.

In conclusion, SWIBRID and VDJ quantification of the B cell repertoire identify
different clones by definition. SWIBRID observed more unique B cell clones,
suggesting that different SWIBRID unique B cell clones carry the same
recombined VDJ and isotype. Comparing the SWIBRID/VDJ-clone ratio between
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three HD suggests that people have diverse DNA breakage burdens or DNA
repair efficiency.

8.7. Inhibition of DNA repair proteins in in vitro activated human B cells
impairs B cell diversification and provides insights of the J-CH1
insert source

The experiments inhibiting Ligase 4, PARP1 and ATM using SCR7, Olaparib and
KU-60019 in primary human B cells were performed to gain insights into the J-
CHZ1 insert mechanism. Even though most of the inhibitors were highly toxic to
the B cells in culture, they revealed hints about the J-CH1 insert source.

Inhibition of Ligase 4 via SCR7 gave rise to a very low amount of eff _nclusters,
which reflects the impairment of cNHEJ, the preferred DNA repair mechanism
during CSR (136). SCR7 treatment was highly toxic for the primary human B
cells; in fact, only one out of four replicates generated switch-joints. The only
replicate that elicited enough switch-joints had more than 20 unique J-CH1
inserts, which was higher than the control. The origin of these J-CH1 inserts was
closer to ERFS than the control, which matches the origin of J-CH1 inserts found
in memory B cells under the classification of Lebedin et al., 2022. Considering
the rate of switch-joint formation failure upon SCR7 treatment, | decided not to
pursue this inhibitor experiment. Indeed, generating three viable replicates would
have involved performing at least twelve SCR7 inhibitor experiments. The data
from this replicate suggest that Ligase 4 inhibition increases J-CH1 insert
incorporation.

Inhibition of PARP1 via Olaparib gave rise to a higher amount of eff _nclusters
than the DMSO control. However, studies in rhabdomyosarcoma and ovarian
cancer cell lines showed that Olaparib at 1.5 uM and 10 uM either did not interfere
with or decrease the proliferation of the cells (249, 250). Proliferation measures
were done in both cases, counting the number of cells. Even though, diversity
quantified by SWIBRID does not have to equal proliferation, if there were a lower
proliferation, less diversity is to be expected. Thus, | hypothesize that we
observed more eff nclusters than the literature because PARP1 inhibition
benefits CSR. This hypothesis is based on the fact that in vitro activation of
primary human B cells in the presence of 1.25 uM Olaparib would impair aEJ,
which is compensated by using cNHEJ, the preferred DNA repair during CSR
(251). Inhibition of PARP1 also elicited an extremely low J-CH1 insert diversity.
Since PARPL1 is part of the aEJ, this could hint at the involvement of aEJ in
incorporating J-CH1 inserts (164). In 2013, aEJ was linked to the occurrence of
translocations. They demonstrated that the IGH locus translocates to other
chromosomes using fluorescence in situ hybridization (FISH) (176). Since aEJ
has been linked to intrachromosomal genomic aberrations, it may also promote
the incorporation of J-CH1 inserts in the IGH.

On the other hand, we modulated the replication DNA machinery and promoted
the replication fork stall via HU. The replication fork stalling has been linked to
the breakage of ERFS (162), a group of genomic sites found closer to J-CH1
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insert origins in antibody transcripts (97). HU treatment gave rise to a highly
variable J-CH1 insert frequency between the donors, originating more proximal
to telomeres and ERFS than DMSO control. The inconsistency between the J-
CHL1 insert frequency among different donors prevents us from concluding ERFS
breakage and J-CH1 insert. However, the data suggests that the breakage of
ERFS by HU increases the J-CHL1 insert source closer to telomeres and ERFS.

Finally, inhibition of ATM via KU-60019 at different dosages decreased the
diversity excessively. It was already observed that ATM~- mice contain up to 120-
fold fewer SM-SG1 and SM-SE switch-joints than WT (209). Having fewer switch-
joints translates to eliciting a lower number of clusters. Also, the different dosages
of KU-60019 elicited 5-fold fewer unique J-CH1 inserts than the DMSO control,
which made it challenging to analyze their origin.

In conclusion, SWIBRID recorded data supporting ERFS could be a source of J-
CHL1 inserts. Also, some hints point towards the involvement of aEJ in J-CH1
inserts incorporation, which will be discussed below. Unfortunately, inhibiting
these proteins decreases the diversity so much that little data was obtained.
Therefore, | decided to focus more on the experiments that provided hints about
the mechanism of J-CH1 inserts acquisition, the analysis of TERT inhibition.

8.8. Inhibition of TERT decreases the amount of J-CH1 inserts within SM

Insert classification based on transcripts (97), divided J-CH1 inserts into naive J-
CHL1 inserts, with origins very close to telomeres, and memory J-CH1 inserts, with
origins also close to telomeres, but especially to ERFS (97). This division raised
the hypothesis that the J-CH1 insert incorporation could be related to telomere
processing, especially the naive J-CH1 inserts. AID was observed to produce off-
target deaminations in telomeres due to the presence of WRCY motifs (252).
Telomeres and switch regions share similarities in their sequences. They are both
repetitive C-rich sequences, which sequences are transcribed to produce non-
translatable transcripts that have the potential to form G-quadruplex structures
(252, 253). The resemblance is so high that AID has been observed to off-target
the telomeres in a process that shorten the telomeres (252, 254). Therefore, |
hypothesize that TERT also off-target switch regions and could play a role in the
J-CH1 insert incorporation. Specifically and after finding telomeric repeats as J-
CH1 inserts, TERT could synthesize de novo the fragments that result as J-CH1
inserts.

Using different doses, | inhibited TERT using BIBR1532 during the activation
process of human naive B cells. The inhibition of TERT did not affect the
incorporation of J-CHL1 inserts nor the specific incorporation of J-CH1 inserts
constituted of telomeric repeats. Lebedin et al., 2022 showed that J-CHL1 insert
found in naive B cells originated from genes closer to telomeres than those found
in memory B cells. Naive B cells have an intact constant region in their IGH. Thus,
Lebedin et al., 2022 analyzed J-CH1 inserts in naive B cells incorporated
between the J-segment and the CH1 exon of IGHM, potentially incorporated into
the SM. Following these lines, | analyzed the J-CH1 inserts that were potentially
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incorporated before CSR occurred, and those would be flanked by the SM
sequence. In order to do that, | classified the J-CH1 inserts that were found to be
embedded within a switch region into the different isotypes. The results show that
the J-CHL1 inserts incorporated flanked by SM sequence, and not any other
isotype, decreased their frequency in a BIRB1532 dose-dependent manner.
These results indicate that TERT may have a role in incorporating J-CH1 inserts
within SM, which could happen in naive or memory B cells.

In conclusion, TERT inhibition did not impair J-CH1 inserts in in vitro activated
primary human B cells. Nonetheless, the data suggest that TERT is involved in
the acquisition of J-CH1 inserts in the SM region.

8.9. In vitro and in vivo analysis of J-CH1 inserts incorporation hints
towards the implication of aEJ

Results on J-CH1 inserts acquisition obtained by SWIBRID suggest that aEJ is
involved in their incorporation into the IGH. Specifically, the modulation of aEJ via
NIPBL”, PARP1 or Ligase 4 inhibition hinted towards the implication of aEJ in
incorporating J-CH1 inserts. NIPBL" has been observed to promote aEJ because
it was found that the genomic scars occurring in this deficiency were rich in the
usage of MH < 4nt and resection and had a very low amount of blunt DNA repairs
(176). The NIPBL” human sample elicited a slightly higher J-CH1 insert
frequency than controls which could be linked to the intrachromosomal
aberrations from the aEJ. PARP1 inhibition impairs aEJ since PARP1 works at
the early stages of the DNA repair mechanism facilitating the DNA synapsis
(164). Results show that PARP1 inhibition elicited a very low J-CH1 insert
frequency which could be a consequence of the inhibition of aEJ. Finally, it has
been observed that catalytically inactive Ligase 4, which could resemble Ligase
4 inhibition, promotes aEJ via Ligase 3 (188). In our results, Ligase 4 inhibition
elicited a relatively high J-CH1 insert frequency, which could be linked to the
promotion of aEJ.

aEJ is a DNA repair pathway that is error-prone and uses <6 nt MH for dsDNA
break repair. Unfortunately, the analysis of J-CH1 insert homology in the switch-
joints incorporation could not be performed because the MinlON error rate is 5%.
Analysis of 5 ntregions in the sequence entails a risk of analysis of MinlON errors.
In order to analyze the homology used for repair and considering that the average
length of a clone is 2.5 Kb, we would need at least 20 reads from the same switch-
joint and create a consensus sequence out of them to have a low chance of
finding mutations in the joint region.

In conclusion, analysis of human samples and in vitro inhibition of proteins hinted
towards the implication of aEJ to the J-CHL1 insert incorporation. The research
should follow with experiments modulating aEJ in different ways, for example,
inhibiting Ku70/80 or Ligase Il to promote or inhibit aEJ, respectively (114).

8.10. Future directions in the study of J-CH1 inserts in genomic DNA
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The analysis of J-CHL1 insert incorporation in genomic DNA allowed the analysis
of more than 31 000 inserts. However, the mean length of the SWIBRID J-CH1
inserts was around 10-fold less than expected from published data (97). For
instance, Lebedin et al., 2022, identified an insert originating in the casein kinase
| isoform delta (CSNK1D) gene consisting of two exons separated originally by a
10 kb intron. They could amplify it because the analysis was done in transcripts,
and the exons would be spliced. However, the chance of finding that insert in
genomic DNA is almost impossible because the current methodology to obtain
switch-joints is a PCR limited to 5kb. This limitation underestimated the analysis
and real frequency of J-CHL1 inserts. Therefore, attempts to optimize the study of
the J-CH1 inserts should be addressed. In order to do that, the amplification of
switch regions using gDNA could be improved.

The switch-joint PCR could be improved by placing the SG RV and SA RV
primers in the exons rather than switch regions (205). Unlike switch regions, the
exons are not as targeted during B cell diversification, as observed in the single
nucleotide variant plots in Machado et al., 2022. Thus, exons will always be
present in the IGH locus and using them to place primers would ensure that even
when the break occurs very close to the exon, a sustainable amount of amplicons
can still be amplified. In this approach, we must consider that the PCR would
need to amplify a longer stretch of DNA.

Another approach would use the suppression PCR for switch-joints. The
suppression PCR is a method that biases the PCR amplification of longer
amplicons by using primers designed to form hairpins when in short amplicons
that would impair their amplification. The suppression PCR was developed by
Lukyanov et al., 1995 and was used by Lebedin et al., 2022 to enrich the
amplification of inserts in antibody transcripts (97, 143). The suppression PCR
would be optimal for the analysis of insert origin since it would capture a higher
amount of inserts in the IGH locus. However, suppression PCR limits the
quantification of B cell clones since it biases the PCR amplification to larger
amplicons (97).

A larger-scale approach would amplify the switch regions using Linear
AMplification High-Throughput Genome-Wide Translocation Sequencing (LAM-
HTGTS) (255). LAM-HTGTS uses only one primer, which could bind upstream to
SM, to amplify a stretch of DNA limited by the elongation time in the PCR cycler
and the number of cycles. This approach is the most unbiased PCR approach to
date and would allow identifying large inserts at the DNA level. LAM-HTGTS
could also amplify VDJ inserts using a primer amplifying upstream from SM to
confirm that the insert signature in both J-CH1 and VDJ inserts are identical.

And finally, the approach that could be used is the non-PCR amplified analysis of
inserts in the IGH locus. Although LAM-HTGTS offers an opportunity to amplify
PCR products without a size bias, artifacts could arise from chimera formation
(255, 256). Therefore, we could also opt for a non-PCR-based amplification of
the switch-joints using Cas9 fragment enrichment (257). Cas9 can precisely cut,
using one or two CRISPR RNAs, the extremes of the switch-joints. Then, the
fragments can be directly prepared for MinlON loading. However, not all the
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alleles in the cells of interest would contain switch-joints, even if they are memory
B cells. This would be the case for cells that only have one switched allele. When
the IGH locus in one allele is not switched, it can give rise to fragments as big as
268 Kb (SM-SA2) that should be filtered out before loading them to MinlON in
order only to consider switch-joints.

In conclusion, improving the switch-joint amplification will ensure a better J-CH1
insert analysis to obtain hints about the J-CHL1 insert incorporation. Different
methods that could unbias the approach and enable the identification of larger
inserts are readily available and could be used to optimize the method.

8.11. The future of SWIBRID: The DNA repair biomarker envisaged as a
diagnostic tool to predict disease

SWIBRID, or the DNA repair biomarker, can become a diagnostic tool used in
the clinic to predict diseases. The diseases it will be able to predict would be
those which cause lies in DNA repair or B cell biology. Thus, cancer,
neurodevelopmental diseases, autoimmune diseases or immunodeficiencies
would be the main target of the DNA repair biomarker. Cohorts of different
diseases with age- and gender-matching healthy controls would allow a patient
sample to be tested against several diseases (Figure 24). These cohorts might
be challenging to obtain because i) diseases are rare, such as CVID, which
occurs in 1:25 000 people (196) or ii) the life expectancy of diseases is low, like
Cockayne syndrome, whose patients live up to 16 years old (258), parents could
restrict access.
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Figure 24. DNA repair biomarker scheme.

Cohort patients in grey represent the healthy controls, and patients in red
represent the disease or silenced donors. Cells represented in red stand for
cells of interest. PCA=principal component analysis.
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Therefore, cohorts could also be accomplished by silencing specific proteins in
primary human B cells of HD (Figure 24). The idea is to divide every HD material
into two groups: i) the primary human B cells would be activated as such, and ii)
the primary human B cells would undergo silencing of target proteins, e.g., ATM,
and subsequentially would be activated. This approach would generate a group
of sick and healthy matching samples for protein deficiencies that are rare, and
thus, their material can be challenging to obtain (259). It will be essential to
consider that the silenced B cells would be activated in vitro and not in vivo.
Considering that in vitro and in vivo activation do not elicit the same CSR
outcomes (97, 260), comparing in vitro activation with the in vivo switch-joint of
the donors using their CD27*IgG/A*IgM- B cells should be performed. The healthy
control group must be composed exclusively of non-carriers of DNA repair protein
mutations. Addressing this issue would involve the screening of such mutations
either by SNP screening or, preferably, exome sequencing.

In the future, we will analyze new patient switch-joints using SWIBRID and
identify a person's risk of having a particular protein deficiency. Considering that
SWIBRID would count with samples with numerous DNA repair protein
deficiencies, we could analyze the risk of several protein deficiencies using the
same data from SWIBRID.

In conclusion, efforts focus on developing the DNA repair biomarker using
SWIBRID. We envisage this tool to diagnose the predisposition to develop
diseases by estimating the efficiency of DNA repair in switch-joints. The DNA
repair biomarker may improve how DNA repair malfunction is analyzed in the
clinics and help understand a person's risk of developing diseases like cancer.
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