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General Abstract 
 

With the advent of highthroughput sequencing (HTS), profiling immunoglobulin (IG) repertoires has 

become an essential part of immunological research. The dissection of IG repertoires promises to 

transform our understanding of the adaptive immune system dynamics. Advances in sequencing 

technology now also allow the use of the Ion Torrent Personal Genome Machine (PGM) to cover the full 

length of IG mRNA transcripts. The applications of this benchtop scale HTS platform range from 

identification of new therapeutic antibodies to the deconvolution of malignant B cell tumors. In the 

context of this thesis, the usability of the PGM is assessed to investigate the IG heavy chain (IGH) 

repertoires of animal models. First, an innovate bioinformatics approach is presented to identify antigen

driven IGH sequences from bulk sequenced bone marrow samples of transgenic humanized rats, 

expressing a human IG repertoire (OmniRatTM). We show, that these rats mount a convergent IGH 

CDR3 response towards measles virus hemagglutinin protein and tetanus toxoid, with high similarity to 

human counterparts. In the future, databases could contain all IGH CDR3 sequences with known 

specificity to mine IG repertoire datasets for past antigen exposures, ultimately reconstructing the 

immunological history of an individual. Second, a unique molecular identifier (UID) based HTS approach 

and network property analysis is used to characterize the CLLlike CD5+ B cell expansion of A20BKO 

mice overexpressing a natural short splice variant of the CYLD gene (A20BKOsCYLDBOE). We could 

determine, that in these mice, overexpression of sCYLD leads to unmutated subvariant of CLL (UCLL). 

Furthermore, we found that this short splice variant is also seen in human CLL patients highlighting it as 

important target for future investigations. Third, the UID based HTS approach is improved by adapting 

it to the PGM sequencing technology and applying a custommade data processing pipeline including 

the ImMunoGeneTics (IMGT) database error detection. Like this, we were able to obtain correct IGH 

sequences with over 99.5% confidence and correct CDR3 sequences with over 99.9% confidence. 

Taken together, the results, protocols and sample processing strategies described in this thesis will 

improve the usability of animal models and the Ion Torrent PGM HTS platform in the field if IG repertoire 

research. 
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Chapter 1  General Introduction 
 

1.1. The structure of the adaptive immune system 

B cells and T cells form the two pillars of the adaptive immune system. Together they exhibit the key 

feature of our body’s defensive system against pathogens, infections, adverse proteins and cancer. The 

first detailed description of the B cell population structures and dynamics was awarded with the Nobel 

prize of Medicine to Susumu Tonegawa in 1983 (1). This doctoral thesis builds upon the more than 

50,000 scientific publications that have been published in this field ever since (2). Utilizing high

throughput sequencing (HTS), it aims to provide a deeper understanding of B cell population dynamics 

in vaccination and lymphocytic leukemia using the A20BKOsCYLDBOE mouse model as well as 

OmniRatTM, a transgenic rat with human B Cell genes. 

1.1.1. The B cell receptor 

The B cell receptor (BCR) is the surface variant of the Immunoglobulin (IG) molecule. IG are 

glycoproteins that can bind in a keylock like principle to pathogens, proteins and even small peptides, 

either neutralizing or opsonizing them in the process. Structurally, the IG molecule consists of two 

identical heavy chains (IGH) and two identical light chains (IGL) that are linked by disulfide bonds 

(Figure 1a). The antigen binding fragments (Fab regions) at the tip of both chains are each characterized 

by the three highly variable complementary determining regions (CDR13) and the structurally important, 

conserved framework regions (FR13). The CDR3 of the IGH exhibits the largest variability and diversity 

of the IG molecules and presents the key determinant for antigen binding (3, 4). As a consequence, 

information about the CDR3 proves to be sufficient to uniquely characterize an IG molecule (3). The 

IGH extents into the Constant (C or Fc) region, defining the IG Isotype and exhibiting surface and 

complement tissue (Fc receptor) binding capacities (5). There exist five different isotypes, IgM, IgG, IgA, 

IgE and IgD, which are either expressed as B cell receptor or secreted as antibody molecules differing 

by carboxyterminal sequence of the IGH generated through alternative splicing of the same mRNA 

transcript (6). The isotypes have different biological functions and home different tissues in the body 

(Table 1). 
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Table 1 Properties of IG isotypes. Adapted from (7, 8) 

  

IG Isotype 
Structure as antibody 
molecule 

Half-life 
(days) 

Serum conc. 
(mg/mL) 

Functions 

IgG Monomer 0.59 723 Antiviral, allergy, toxin neutralization 

IgM Pentamer/Hexamer 1.5 5 Primary response 

IgA Mononer/Dimer 0.53 6 
Direct toxin neutralization, viruses 
and bacteria 

IgD Monomer 0.04 3 Homeostasis 

IgE Dimer 0.0003 0.5 Allergy 

Figure 1 Schematic structure of the IG molecule and primary IG repertoire diversification mechanism. (a) 
Representative structure of an IgG molecule. The domains encoded by IGH Variable (IGHV), Diversity (IGHD) 
and Joining (IGHJ) as well as IGL Variable (IGLV) and Joining (IGHJ) gene segments are shown for the top 
chains. The lower chains indicate the IG FR13 and CDR13. Dashed lines represent the disulfide bonds. (b) 
Steps of primary IG repertoire diversification. The diversity of the primary IG repertoire is mediated by somatic 
recombination of IGHV, IGHD, IGHJ and IGLV, IGLJ gene segments. Additional diversity is generated by random, 
nontemplated addition of Nnucleotides. An IGHD and IGHJ gene are combined first into a IGH DJ segment. 
Afterwards an IGHV and the IGH DJ are recombined into a full length IGH VDJ chain. The IGL is recombined after 
the IGH. Heterodimeric pairing of the IGH and IGL then forms a complete IgM IG molecule on the surface of a 
naïve B cell. Eµ: IgM intronic enhancer; Sµ: tandem repeats for classswitch recombination. Numbers in 
parentheses refer to estimates of human germline IGHV, IGHD and IGHJ segments. Reprinted by permission 
from Macmillan Publishers Ltd: Nature Biotechnology (56), copyright 2014. 
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1.1.2. The primary IG repertoire 

During the process of maturation in the primary lymphoid organs (bone marrow, spleen), the 

hematopoietic stem cell derived Early ProB cells first arrange IG heavy chain Diversity (IGHD) and 

Joining (IGHJ) DNA gene segments, choosing from a variety of IGH loci (Figure 1b). In a next step, the 

Late ProB cells join this rearranged IGHDJ structure with a Variable (IGHV) gene segment. Heavy chain 

VDJ rearrangement is mediated by recombination activating genes 1 and 2 (RAG1 and RAG2) through 

DNA segment deletion (9). Both processes are inherent to nucleotide deletions from DNA exonucleases, 

and insertions of templated palindromic nucleotides by DNA polymerases as well as nontemplated 

nucleotides from transferases (1). At both stages the rearrangements are checked for productivity, with 

the possibility of allelic exclusion. About 50% of all PreB Cells are subsequently signaled to die by 

apoptosis (10). In a next step, the PreB cells express their B cell receptor as rearranged IGH together 

with a surrogate IGL to perform initial tests for selfreactivity. Such autoreactive B cells are either clonally 

eliminated or receive additional receptor modification (11). Afterwards, the Immature B cells rearrange 

IGLV and IGLJ genes, using either κ or λ light chain loci, with the possibility of loci exclusion in the case 

of unproductive rearrangements (5). These B cells then express a fully functional B cell IgM receptor on 

their surface. After passing an additional checkpoint to prevent selfreactivity, the B cells are released 

as immature or naïve B cells into the periphery expressing IgM alongside IgD receptors. The process 

described above, is referred to as the primary B cell repertoire. It forms a broad, fully functional IG 

repertoire, capable of reacting to almost any possible antigen, albeit only with low affinity. The diversity 

at this stage stems from choosing different IGH V(D)J combinations from 4460 IGHV (12), 27 IGHD 

and 6 IGHJ genes (13), and 324 different IGL (200 Igκ and 124 Igλ) genes, allowing 2.5 x 106 different 

combinations (Table 2). Alternative IGHD reading frames, IGHD to IGHD genefusion, and imprecise 

IGHD to IGHJ and IGHV to IGHD junctions (14) further diversify the primary IG repertoire, leading to 

theoretically 1014 different possible IG molecules.  

Table 2 Number of possible human IG receptor combinations 

IG chain Number of gene segments potential combinations 

IGLV κ locus 40 
200 IGL kappa chains 

IGLJ κ locus 5 

IGLV λ locus 31 
124 IGL lambda chains 

IGLJ λ locus 4 

IGHV 44 

7,128 IGH chains IGHD 27 

IGHJ 6 

Total number of combinations 2.452×106 

  



16 
 

1.1.3. The secondary IG repertoire 

To overcome the affinity limitations of the primary repertoire, the adaptive immune system is able to 

enhance targetbinding of IG molecules in an iterative process. This results in highly specialized IG 

molecules of superior affinity and avidity to their target antigen. When a B cell encounters its cognate 

antigen, and receives the necessary costimulations from CD4+ helper T Cells (MHC class II binding 

and CD40CD40L costimulation), it initiates the formation of a Germinal Center (GC) reaction (Figure 

2) (15, 16). These highly organized areas coordinate the affinity maturation of B cell receptors against 

the specific antigen in a twozone iteration setup within secondary lymphoid organs (spleen, lymph 

nodes, Payer’s patches). In the Dark Zone of the GC, B Cells undergo rapid proliferation with by random 

pointmutations of the V genes from both IGH and IGL, called somatic hypermutation (SHM, (1, 17)). 

The high mutation rate of 103 mutations per base pair (18, 19) is mediated by the activationinduced 

cytidine deaminase (AID) and occurs at significantly higher levels within the CDR, than in the FR of both 

the IGH and IGL V segments (20). In the Light Zone of the GC mutated B Cells compete for improved 

Figure 2 Diversification process of the secondary IG repertoire. Naïve IgM and IgD expressing B cells were 
generated in the bone marrow and form the primary IG repertoire. Steps in the formation of secondary IG repertoire 
diversity are pointed out in boxes. Upon cognate antigen activation, in the presence of T cell mediated co
stimulation, they form a germinal center (GC) reaction. The GC is divided into a dark and a light zone. In the dark 
zone, B cells rapidly proliferate rapidly resulting in clonal expansion with contemplate somatic hypermutation (SHM) 
initiated by activationinduced cytidine deaminase (AID). B cells with high affinity IG receptors can enter the light 
zone of the GC where they undergo class switch recombination (CSR) to IgG, IgA or IgE IG isotypes. They further 
differentiate into memory B cells, plasma cells and plasma blasts. Steps that can lead to abnormal B cell proliferation 
and malignancies are indicated in red. ALL, acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; 
MCL, mantle cell lymphoma, GDDLBCL, germinal center diffuse large B cell lymphoma; FL, follicular lymphoma; 
ABCDLBCL, activated B celllike DLBCL; MGUS, monoclonal gammopathy of undetermined significance; MM, 
multiple myeloma. Malignancies not investigated by HTS at the time of the review (2014) are shown in parentheses. 
Reprinted by permission from Macmillan Publishers Ltd: Nature Biotechnology (56), copyright 2014.  
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antigenbinding capacities, mediated by follicular dendritic cells (FDC) and T Cells (21–23). In addition, 

AIDinduced classswitch recombination occurs to change the low affinity IgM receptor to the more 

specialized IgG/A/E isotypes, with subsequent selection against selfreactivity. After these GC reactions, 

consisting of several iterative rounds of proliferation, mutation and positivenegative selection, memory 

B Cells (memBC) and terminally differentiated Plasma Cells (PC) emerge. The former mediate rapid 

recall upon encountering the same antigen, whereas the latter transit to the bone marrow (11). Within 

the bone marrow PC can secrete antibodies into the periphery at unprecedented rate of up to 20,000 IG 

molecules per second until clearance of the antigen is achieved (24–26). Most PC stay in the bone 

marrow for weeks and up to 6 months (27). Some remain as longlived PC with a halflife times of, for 

example 11 years in the case of tetanus toxoid but also much longer, for example against measles virus 

(MV), over 3000 years of halflife time has been reported (28). B Cell memory recalls or secondary 

adaptive immune responses bypass the multistage activation necessary to stimulate naïve B cells. 

They lead to the direct generation of antibody producing plasma blasts, but also enable the initiation of 

additional affinity maturation through new GC formations (29, 30). All B cells originating from the same 

GC evolved from the same progenitor and are thus clonally related, characterized by similar SHM

profiles (16). In healthy individuals, typically 80% of the peripheral blood B cells (PBMC) are naïve and 

clonally unrelated. The other 20% are memBCs of past immunological encounters (31). Taken together, 

the enormous diversity of the secondary IG repertoire stems from somatic hypermutation and class

switch recombination resulting in high specificity and avidity of the IG molecules.  

  



18 
 

1.2. Studying the IG repertoire in Health and Disease 

1.2.1. Low-throughput Sequencing of the IG repertoire 

With the arrival of Sanger sequencing it became possible to assess IG molecules on the transcriptional 

level, albeit at low throughput (32). Like this, using limiting dilution, antibodies and IG receptors of 

determined specificity could be functionally described, cloned and expressed in immortalized B cells, 

yielding pathogenneutralizing antibodies (33–38). Following this, numerous IG sequences encoding for 

antibodies against clinically important pathogens, such as SARS coronavirus (39), Influenza (40), HIV 

(41–43) and dengue (44), were determined and B cell related autoimmune reactions were described on 

a functional level (45–47). Table 3 provides a brief overview over a selection of lowthroughput 

sequencing vaccination studies.  

Table 3 Low-throughput sequencing IG repertoire studies, adapted from (48) 
 

Abbreviations: DT = diphtheria toxoid; Hib = Haemophilus influenza type b; OC = oligosaccharide; PPV23 = 23
valent pneumococcal polysaccharide vaccine; PS = polysaccharide; TIV = trivalent inactivated influenza vaccine; 
PB = Plasma blast; mAb = monoclonal antibody; d/w. p v. = days/weeks post vaccination.  

  

Vaccine Cells used Methodology Key findings Ref. 

TIV 
(Influenza) 

IgG PB 
7 d.p.v. 

Single cell IGH and 
IGL PCR with 

Sanger sequencing 

Study of 50 mAbs produced from 14 individuals 
against three different influenza strains, showing 
that influenzaspecific antibody response is pauci
clonal, with extensive SHMderived intraclonal 
diversification of the influenzaspecific lineages 

(40) 

TT 
PB 

6 d.p.v. 

Single cell IGH and 
IGL PCR, cloned 
into E. coli and 

Sanger sequencing 
of TT+ clones 

The level of SHM were similar between 
individuals, and did not increase through the 
study, suggesting the limit had already been 
reached through previous routine vaccinations. 

(49) 

TT 
TTspecific PB 

7 d.p.v. Single cell isotype 
specific IGH and 

IGL PCR with 
Sanger sequencing 

CDR3 length, IGH VDJ gene usage, and 
distribution of SHMs were similar among TT
specific PB and memBC cells. 

(50) 

PS (23 
valent) 

IgG PB 
7 d.p.v. 

137 mAbs against 19 of the 23 vaccine serotypes 
from four individuals were cloned, and it was found 
that most antibodies were serotypespecific, but 
12% cross reacted with two or more serotypes 

(51) 

PS (23 
valent) 

PPS4 or 
PPS14 

specific B cells 
6 w.p.v. 

Single cell culture 
with IGH PCR and 
Sanger sequencing 

of pooled cells 

More than 1300 sequences from 40 individuals. 
significant differences in antibody repertoires 
between young and elderly individuals. the latter 
had higher clonality with lower levels of SHM 

(52) 

PS or PS
DT or OC

CRM 
Lymphocytes, 

7 d.p.v. 

Fusion of 
lymphocytes to 

mouse myeloma 
cells with IGH and 

IGL PCR and 
Sanger sequencing 

15 cell lines that secreted antibody against Hib PS 
were sequenced from 10 individuals. These mAbs 
had undergone SHM and demonstrated increased 
Bcell clonality after vaccination and bias towards 
use of the IGHV3 gene family. 

(53) 

PSDT 

4 cell lines that secreted antibody against Hib PS 
from four individuals were sequenced, where all 
used IGHV3 genes, but 2 unique IGHDIGHJ 
gene segments, indicating that the four cell lines 
were from two different lineages. 

(54) 
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1.2.2. High-throughput sequencing the IG repertoire 

With the invention of highthroughput sequencing (HTS) technologies it became possible to probe an 

individual’s IG repertoire at unprecedented depth (55). Typically, IG repertoire sequencing of human 

samples uses either B cell DNA or (m)RNA of IGH rearrangements isolated from donor PBMCs (56). 

Sequencing B cell DNA favors determination of diversity as the number of sequences will be proportional 

to the number of DNA molecules (57). Using (m)RNA templates enables the estimation of relative 

expression levels of IG molecules and requires initial reverse transcription into cDNA (56). As plasma 

cells produce >100 times more IG RNA transcripts than naïve B Cells or memBC, this cell type will be 

overrepresented by such an approach (56, 58). In a typical human sequencing library setup, the 

templates are subsequently amplified in a multiplex PCR approach using either IGHJ gene or CRegion 

specific forward primers combined with the BIOMED2 primer set of FR1, FR2 or FR3 targeting reverse 

primers (Figure 3) (59). These primers, designed by van Dongen and colleagues 2003 (59), were  

validated by several independent researchers (60–62), and became the gold standard for human IG 

repertoire HTS experiments. The FR1 BIOMED2 primer set generates the longest amplicons and is the 

most widely used set, due to the superior information gained about the IGHV region (63, 64). In general, 

the utilization of several primers in a competing PCR setup can lead to an uneven target amplification 

IGHD FR1 FR2 FR3 CRegion 

IGH cDNA 

IGHJ 

 

IGHV 

Biomed2  
FR1 

Biomed2  
FR2 

Biomed2  
FR3 

IGHJ 
primer 

CRegion 
primer 

Ligated PGM  
adapter A 

Ligated PGM 
adapter P1 

Multiplex amplicon PGM HTS library 

Figure 3 Schematic overview of the PGM multiplex primer library preparation approach. IGH cDNA is 
amplified with a Biomed2 FRspecific primerset consisting of 7 different primers. IGHJ or Cregion specific 
primers are used for the reverse strand. Templates are amplified with 2535 cycles of PCR. PGM sequencing 
adapter are ligated to bluntended purified templates and the amplicon reaction mixture is again amplified in 
a 12 cycle PCR reaction using adapter P1 and A as Primer (not shown). Afterwards libraries are ready to be 
sequenced on an IonTorrent PGM. 
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(65). Such a bias may skew the IG repertoire readout and falsely label sequences as originating from 

highly expanded clones. To overcome this technical problem, approaches such as 5’RACE PCR or 

unique molecular identifier (UID) tagging of every single RNA molecule in a PCR mixture have been 

applied (48, 56, 57). 5’RACE uses IGHJ or CRegion specific primers in a cDNA reverse transcription 

setup wit subsequent template switching (66–68). The template switching oligonucleotide is then 

targeted in a conventional PCR amplification avoiding the use of multiple primers. While this technique 

eliminates the PCR bias, it bears the pitfalls of lowefficiency and falsetemplate switching (69, 70). In 

addition to that, the amplicons from 5’RACE PCR usually extent to 500600 base pairs, which exceeds 

the sequencing length of most HTS systems, enforcing the use of Roche’s 454 platform due to its 

superior read length (67). While being the instrument of choice for almost all early HTS studies on the 

IG repertoire, 454 sequencers were expensive and more errorprone compared to other available 

systems (Table 4). More recently, Vollmers and coworkers adapted an RNA barcoding approach to the 

Illumina sequencing platform (71). By adding 8 random nucleotides (unique identifiers – UIDs) to each 

primer prior to amplification and HTS, the group combined HTS reads into UID families that represented 

PCR copies of the same original RNA molecule (71). This allowed to completely reverse the 

amplification of RNA transcripts and provided the means for thorough error correction through building 

of consensus sequences from each UID family (71–74). Requiring at least 5 reads per UID (71–73), this 

method considerably lowers the throughput of HTS approaches and depends on complex bioinformatic 

pipelines backed by sophisticated computer hardware, to allow smooth processing of larger HTS 

datasets. However, UIDbased sequencing has ever since become the gold standard for IG repertoire 

HTS approaches and was adapted to other sequencing platforms (see also Figure 26, Chapter 4) (68, 

75, 76). Another crucial subject of HTS studies is the separate assessment of IGH and IGL transcripts 

(56, 57). The identification of a usable antibody sequence (i.e. it can be cloned, expressed, and tested 

for target specificity) requires the information of both IG chain sequences. While it is possible to 

sequence each separately at highthroughput, it remains elusive which transcripts belonged together 

(77). In addition, the relatively lowthroughput of current cloning strategies renders subsequent trialand

error approaches not very costeffective. DeKosky and his group published their approach on 

sequencing artificially linked  IGH:IGL transcripts, preserving the original pairing (78). In addition, recent 

advances in singlecell cloning and sequencing achieve depths comparable to early HTS approaches, 

also keeping the original IGH:IGL combinations (79).  
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Table 4 Error-rates per 100 bp of the different sequencing platforms, adapted from (83) 

1.2.3. B Cell research: aims and scopes 

HTS approaches on IG repertoires have been applied for antibody discovery in the context of vaccination 

and infectious diseases, to investigate IG repertoire dynamics and development, to understand immune 

dysregulation and B cell malignancies.  

1.2.3.1.  Antibody discovery  

The core of employing HTS to study postvaccine and postinfection IG repertoires is the identification 

of sequences that originate from antigeninduced, antigendriven and antigenspecific IG molecules. For 

experiments based on human peripheral blood samples, it is crucial to first separate sequences of the 

antigendriven from naïve B cells. This can be achieved ipso facto by determining their mutation status 

in relation to the prospected rearranged germline genes, as antigendriven B Cells must have passed 

GC reactions thus accumulated IGHV region mutations (84). However, with the constant challenges of 

the adaptive immune system, these sequences might not have been solely raised in response to the 

applied vaccine or infection of interest. Another important aspect is the critical time window in which 

such antigendriven B cells can be found in the periphery (55). While most studies examined blood B 

cells harvested 7 days after infection or vaccination, the memoryrecall Plasma blasts can already be 

found as early as 3 days after challenge (28). To distinguish the sequences of antigenspecific B cells 

from the pool of mutated, postGC B cell sequences, several approaches have been developed. One 

method is to search for sequences of known specificity within the assessed IG repertoire (85–89). 

Another approach is to identify shared and public IG molecules in response to the same antigen, also 

referred to as IG convergence (Figure 4). With an estimated 1018 possible unique receptors (55), the 

theoretical repertoire surpasses by far the capacities of human B cell populations (10101011). Therefore, 

it is stochastically unlikely, that certain individuals would share the same IG receptors (84). However, 

Platform Substitution SD Indels SD Total SD 

454 GS FLX 0.09000 N/A* 0.90000 N/A* 0.99000 N/A* 

454 GS Junior 0.05430 N/A* 0.39055 N/A* 0.45540 N/A* 

Illumina HiSeq 0.26400 0.11238 0.02561 0.02351 0.28467 0.11875 

Illumina MiSeq 0.24551 0.11079 0.00905 0.01436 0.29652 0.18867 

Ion Torrent PGM 0.16985 0.44761 1.45793 1.21924 1.63112 1.24217 

Data from (75, 80–82), * only one sample available, Indels = Insertions and Deletions 
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antigens impose structural restrictions for IG interaction, which results in a shared structural homology 

in the elicited IG molecules. This homology can, to some extent, be mapped to the underlying amino 

acid. Additionally, the high variability and deterministic binding function of the IGH CDR3 amino acid 

sequence has been proven sufficient to investigate IG convergence (3, 90–92). Following this concept, 

several groups were able to identify such shared and public IG sequences (Figure 4) in response to 

acute dengue infections (90), Haemophilus influenzae type B (Hib), tetanus toxoid polysaccharides and 

group C meningococcal (MenC) polysaccharides, using a trivalent vaccine (92). In the future, databases 

could contain all IGH CDR3 sequences with known specificity to mine IG repertoire datasets for past 

antigen exposures ultimately reconstructing the immunological history of an individual (93–99). 

1.2.3.2.  IG repertoire dynamics and development 

The potential number of different IG gene segment recombinations in humans is about 2.5×106. 

Junctional diversity through nucleotide insertions and deletions increases this number to approximately 

1018 different IG molecules, which is referred to as the theoretical naïve or total IG repertoire (Figure 4). 

Using HTS, Arnaout and Glanville estimated the depth of the human peripheral blood B cell repertoire 

to be 3×1093×1010 unique IG receptors per individual (100, 101). However, little is known at this 

resolution about B cell turnover dynamics or the contributions of different tissues, which are difficult to 

access in humans (102).  

Individual IG  
repertoires 

Shared IG repertoires 

Public IG repertoire 

Total IG repertoire 

Donor 1 

Figure 4 Schematic representation of IG repertoire overlap. Individual repertoires are presented by 
circles per donor. Shared repertoires are shown as IG sequences shared between 2 donors. Public 
repertoires are described as sequences shared between 3 and more donors. All donors form a 
theoretical total IG repertoire. 
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1.2.3.3. Immune repertoires with age 

The adaptive immune system is impaired in human infants and elderly individuals alike, making these 

individuals more susceptible to certain infectious diseases such as influenza (103). IG repertoire 

development has been found to be deterministic and programmed in murine and human feti (104–106). 

The IGHV gene usage of human adults differs from that of fetal IG repertoires. The latter preferentially 

express IGHV1, 3 and 4 gene families in response to respiratory syncytial virus (RSV) infections, instead 

of the immunodominant IGHV genes found in response by adult individuals (IGHV3–23, IGHV3–30, 

IGHV3–33 and IGHV4–04) (107). In addition, young individuals exhibit less somatic hypermutation in 

these responses, producing less optimized or weaker immune responses than adults. A major 

underlying factor of these observations could be the suppressed expression of the terminal 

deoxyribonucleotidyl transferase enzymes responsible for the nontemplated random nucleotide 

insertions and deletions during IGHD and IGHJ recombination (108). Alterations of IG repertoire diversity 

and structure were associated with age in multiple studies (109–112), showing increased clonality and 

delays in the immune responses of the elderly. 

1.2.3.4. Chronic lymphocytic leukemia 

With an incidence rate of 4.92 per 100,000 individuals per year in Europe, chronic lymphocytic leukemia 

(CLL) is the most common form of leukemia (113). Incidence rates are higher for men than for women, 

and two thirds of CLL patients are over 60 years old (114). There is evidence, for a population specific 

difference in CLL to leukemia rates, with 3540% of all leukemia being CLL in Denmark but only 35% 

in Japan and China (115). The clinical outcome of CLL varies strongly between patients. While many 

patients remain without specific symptoms and don’t require treatment, others become increasingly 

susceptible to infections (116). Early diagnosis and characterization of the malignant B cell clones are 

essential for personalized treatment, and thus of high clinical importance.  

CLL is determined by high (> 5×109 cells/L) peripheral blood clonal B cell count over at least 3 months. 

With these B cells expressing κ:λ IGL at a ratio over 1:3 or below 1:1.03, and showing a small cell 

phenotype with dense nuclei and partially aggregated chromatin (117–121). The malignant lymphocytes 

express CD19, CD5 and CD23, with no or weak expression of surface IG (122). An accumulation of 

CD5+ B cells in secondary lymphoid organs is typical for CLL, but unlike other malignancies, 

accumulation originates from resistance to apoptosis rather than increased proliferation rates (123). The 

antiapoptotic profile is characterized by increased expression of the Bcl2 survival protein and other 
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microenvironmental factors, causing rapid apoptosis of CLL lymphocytes in vitro (124, 125). About 25% 

of CLL patients are asymptomatic, complicating diagnosis or detection of disease onset (124). Most CLL 

cases are diagnosed during routine examinations of elevated lymphocyte counts at physicians (126). 

CLL symptoms include persistent lymphocytosis, splenomegaly, and mild cervical, supraclavicural 

and/or axillary nodes lymphadenopathy (114, 127, 128). About 50% of CLL patients experience mild 

anemia and thrombocytopenia is observed in approximately 25% of the patients (129, 130). Skin 

symptoms include exfoliative dermatitis, erythroderma and secondary skin infections, which are 

observed in approximately 5% of the patients (131, 132). The function of the immune system in CLL 

patients is usually impaired, manifesting itself in immunodeficiency despite increased B cell count (130). 

Autoimmunity against red blood cells, leading to anemia, platelets and neutrophils is observed in about 

25% of the patients during the disease (133, 134). Mortality and morbidity of patients is highly affected 

by frequently occurring bacterial infections of the skin, respiratory, as well as urinary tract. Additionally, 

patients show poor responses to vaccination (130, 135). The vaccine response can be correlated with 

clinical outcome and survival (130). 

Two different staging systems have been developed to allow clinical prognosis, relying either on a 

combination of lymphadenopathy, organomegaly and cytopenias (5 Rai stages, (136)), or on the number 

of affected lymphal areas and cytopenias (3 Binet stages, (137)). While both provide prognosis and 

treatment timing suggestions, the heterogeneity of the different categories and outcomes warrants the 

identification of more accurate clinical markers. One of the most reliable prognosis markers is the IGHV 

mutation status. Postantigenic stimulation (Figure 2) and thus mutated IGHV regions (>2% divergence 

from germline) in the malignant clone (MCLL) resulting in improved survival rates (138, 139). This can 

be partially explained by the increased occurrence of polyreactive autoantibodies in unmutated CLL (U

CLL) clones, of which the patients usually require early treatment (140–143). The mutation status of 

CLL clones mostly assessed by Sanger sequencing of PBMC cDNA or BM aspirates with a commercially 

available assay. Extensive work has been performed to characterize the B cell receptors in CLL patients 

(94, 144–146). Malignant clones are found to be highly biased in IGHV gene usage compared to IG 

repertoires from healthy individuals (96, 141, 146–151). According to these studies, similar IG transcripts 

are produced by different CLL patients, using dominantly IGHV 169 paired with IGHJ 6 genes and IGHV 

434 in UCLL and MCLL respectively. Furthermore, they report stereotypical CDR3s, with similar 

length and amino acid composition. Taken together this provides evidence for an involvement of B cell 
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receptor reactivity in the onset of CLL leukemogenesis, possibly through a common antigen or auto

antigen (151–153). 

1.2.4. OmniRatTM – transgenic rats with human IG repertoire 

The underlying modulating mechanisms and dynamics of the IG repertoire are exceptionally conserved 

among jawed vertebrates (154, 155). While these mechanisms bear the possibility to generate >1018 

different IG molecules (55), the number of circulating B cells limits this theoretical diversity to a maximum 

of 10101011 in humans (101), 109 in mice (2) and 300,000 IG receptors in Zebrafish (156). In addition, 

clonally related B cells targeting the same antigen further limit the expressed diversity of the IG 

repertoire. Compared to early studies in the IG repertoire or other fields in immunology, the utilization of 

animal models has been largely ignored. While some of the first studies on HTS IG repertoires were 

conducted using zebrafish and mice (77, 156–158), during the following years, studies focused mainly 

on human B cells. Thus, due to the technical limitations inherent to human studies, our knowledge on 

deepsequenced repertoires is built almost solely on B cells circulating in the peripheral blood. However, 

the vaccine and diseaseelicited antibody responses are generated in inaccessible GC reactions, and 

thereafter transit into the bone marrow within a narrow 1d timewindow (28). Consequently, human IG 

repertoires are blurred by a large accumulation of naïve B cell ‘noise’ making it difficult to, for instance, 

identify reoccurring shared or public clones. Unfortunately, no primer set with quality and verification 

equal to BIOMED2 was ever released to amplify any nonhuman IG transcripts. In addition, existing 

databases on nonhuman IG repertoire germlines proved to be incomplete or inaccurate with 

uncontrolled release of partially unproductive or even false IG transcripts (Communication of the 

Adaptive Immune Receptor Repertoire community, AIRR, unpublished). The availability of secondary 

lymphoid organs, combined with lower repertoire diversity, highly warrants rodent animal models to 

decipher the immune response to vaccination and disease at unprecedented depth.  

Several transgenic rodents have been developed to bridge the gap between human limitations and 

animal models (159–161). Yet, their performance proved to be suboptimal, suffering from imperfect 

interaction of human constant region with the endogenous rodent cellular signaling machinery (162). In 

the presented work, we utilized the OmniRatTM, a transgenic rat expressing human IG genes (163, 164). 

These rats utilize a chimeric human/rat IGH locus with 22 human IGHV, 27 IGHD and 6 IGHJ germline 

genes, which are linked to the rat IGH Cregion segments (Figure 5). For the light chains, 12 IGLV and 

5 IGLJ human gene segments were introduced into the κ locus, whereas 16 IGLV and 5 IGLJ human 
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gene segments were introduced in the λ locus. The endogenous rat IG loci were silenced by zinc finger 

nucleases (165, 166). OmniRatTM express a fully diversified IG repertoire with human fab fragments and 

rat constant regions, and have been successfully used for the production of high affinity chimeric 

monoclonal antibodies (164). 

 

 

Figure 5 Schematic overview of the integrated human IG loci in OmniRatTM. (A) The chimeric human/rat IGH 
region contains three overlapping bacterial artificial chromosomes (BAC) with 22 different and potentially functional 
human IGHV segments. BAC63 has been extended with IGHV 311 to provide a 10.6kb overlap to BAC3, which 
overlaps 11.3 kb via IGHV 61 with the Cregion human/rat. The latter is chimeric and contains all human IGHD and 
IGHJ segments followed by the rat Cregion (Cμ, Cγ1, Cγ2b, Cε, Cα) with full enhancer sequences. (B) The human 
IGL κ BACs with 12 IGLV (κ) and all IGLJ (κ) provide an ∼14kb overlap in the IGL κ region and ∼40 kb in Cregion 
(κ) to include the kappadeleting element (KDE). (C) The human IGL λ region with 17 IGLV (λ) and all IGLJ and C
regions (λ), including the 3′ enhancer, is from a yeast artificial chromosome (167). Figure used from (164) with 
permission. 
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Thesis aims and hypotheses 

Dissection of the IG repertoire with HTS in health and disease promises to transform our understanding 

of the adaptive immune system dynamics. The applications range from identification of novel 

(therapeutic) antibodies to the deconvolution of malignant B cell development. In this context, the 

development of robust HTS and data processing methods also for animal models is crucial. The purpose 

of this thesis is to establish IG repertoire sequencing of mouse models and OmniRatTM on the Ion Torrent 

PGM HTS platform. The specific aims were as follows:   

1. Development of a bioinformatics framework to identify antigendriven IGH sequences from bulk 

sequenced bone marrow B cell RNA transcripts.  

2. Characterization of the CLLlike CD5+ B cell expansion observed in A20BKOsCYLDBOE mouse 

model using a custommade bioinformatics network property analysis approach. 

3. Improve PGM IGH sequencing quality and throughput by developing a laboratory and 

bioinformatics sample processing protocol using a UID barcoding approach tailored to the PGM 

platform.  
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2.1. Summary 

The identification and tracking of antigenspecific immunoglobulin (IG) sequences within total IG 

repertoires is central to highthroughput sequencing (HTS) studies of infections or vaccinations. In this 

context, public IG sequences shared by different individuals exposed to the same antigen could be 

valuable markers for tracing back infections, measuring vaccine immunogenicity, and perhaps ultimately 

allow the reconstruction of the immunological history of an individual.  Here, we immunized groups of 

transgenic rats expressing human IG against diverse sets of bacterial, viral and chemically defined 

antigens. We showed that these antigens impose a selective pressure causing the IG heavy chain (IGH) 

repertoires of the rats to converge towards the expression of antibodies with highly similar IGH CDR3 

amino acid sequences. We implemented a computational approach, similar to differential gene 

expression analysis, that selects for clusters of CDR3s with 80% similarity that are significantly 

overrepresented within the different groups of immunized rats. These clusters represent complex 

antigenspecific signatures exhibiting stereotypic amino acid patterns that include previously described 

IG sequences specific for tetanus toxoid and measles virus proteins. Our results highlight the potential 

use of the transgenic IG rats as a model to readily identify convergent signatures to large numbers of 

antigens that could potentially be used to draw an antigenic map of past immune exposures for humans 

as well. 
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2.2. Introduction 

Immunoglobulin (IG) molecules are the primary effectors of the humoral immune response. In theory, 

IG can bind to every possible antigen through the large variety of immunoglobulin V (variable), D 

(diversity) and J (joining) gene rearrangements in the bone marrow and targetoriented affinity 

maturation in germinal centers (1). All B cells of a germinal center are clonally related to a common 

ancestor and target the same antigen with varying affinities, iteratively selecting for improved affinity and 

avidity (15). The IG molecules of the emerging B cells bind to the target epitope in a lockandkey 

principle which is mediated mainly by the heavy chain complementarydetermining region 3 (CDR3) 

loop on top of the IG (1, 3). The CDR3 is the most variable part of the IG sequence and the main antigen

binding determinant. The repertoire of CDR3s sufficiently describes the entire functional immunoglobulin 

heavy chain (IGH) repertoire of an individual (3, 4). 

Highthroughput sequencing (HTS) has been widely applied to study the IGH repertoire in response to 

vaccination and infection (90). With this technique, it has become possible to investigate the evolutionary 

affinity maturation processes after antigenic challenge and to compare their outcome across individuals 

(168). The IGH repertoire is essentially private (84), but it appears that individuals also produce a public 

response to a common antigenic stimulus characterized by a certain degree of similarity at the CDR3 

sequence level (44, 169–171). Public CDR3s were notably identified in human in response to dengue 

infection, H1N1 seasonal influenza vaccination and repetitive polysaccharide antigens (90, 92, 171). 

Such CDR3s provided signatures of past immunological exposures allowing for sequencebased 

monitoring of vaccination or infectious diseases, and perhaps ultimately to reconstruct an individual’s 

antigenic history. Studies investigating this concept of public IG CDR3s mainly used human blood

derived PBMCs. These represent only a miniscule part of the complete IG repertoire (172) and it is 

critical to capture the affinitymatured B cells during their brief transit from the germinal centers through 

peripheral blood to the bone marrow. The large heterogeneity of human B cell repertoires composed 

through past exposure to a plethora of antigens further complicates the identification of antigeninduced 

IG sequences in the context of single antigen challenge or vaccination (173). The usage of an animal 

model provides ready access to secondary lymphoid organs after restricted antigen exposure, enabling 

a focused investigation of antigen experienced plasma cells (28, 174, 175).  
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Here we applied HTS on class switched, bone marrow B cells, rich in serum antibody producing plasma 

cells, from rats carrying human germline IGH and light chain (IGL) loci, the OmniRatTM (164–166, 176). 

These transgenic rats were immunized with viral (Modified Vaccinia virus Ankara, MVA), protein 

(measles virus hemagglutinin and fusion proteins, HF and tetanus toxoid, TT) and chemically defined 

haptenconjugate antigens (Benzo[a]PyreneTT, BaPTT) to study the evolution of convergent CDR3 

amino acid sequences. We showed that OmniRatTM mount convergent IG responses characterized by 

CDR3s with high amino acid sequence similarity. The level of similarity was consistent for all 

investigated antigens. We applied an approach similar to differential expression analysis to identify 

overrepresented clusters of highly similar, antigendriven CDR3s. These could be grouped into antigen

associated signatures matching previously described measles virusspecific OmniRatTM hybridomas 

(177) and human TTspecific antibodies (92, 178–180). Our results suggested that humanized IG 

transgenic rats can be used as a model to study humanlike IG repertoire dynamics and to determine 

antigenassociated CDR3 signatures to characterize the history of antigen exposure in human 

individuals. 

 

2.3. Materials and Methods 

2.3.1. Animals and immunizations 

Humanized IG transgenic rats (OmniRatTM, Open Monoclonal Technology Inc., Palo Alto, USA) were 

developed and bred as previously described (164–166, 176). OmniRatTM carry a chimeric human/rat 

IGH locus, where 22 human IGHV genes and all human IGHD and IGHJ genes are linked to the rat C 

region genes in germline configuration as well as fully human, IGL λ and κ loci (164) (Figure 5). Animals 

were separated into 6 groups of 4 to 6 individuals (Table 5). They received 3 intraperitoneal injections 

at 2weeks intervals and were sacrificed 7 days after the last injection. Injections either contained 100 

µg of tetanus toxoid (TT group, n = 4; Serum Institute of India, Pune, IN) or of a benzo[a]pyreneTT 

conjugate construct (BaPTT group, n = 5) (181), both formulated with 330 µg of aluminum hydroxide. 

Other rats were injected with 107 p.f.u. of a recombinant Modified Vaccinia virus Ankara (MVA) 

expressing the hemagglutinin (H) and fusion (F) glycoproteins of the measles virus (MVAHF group, n 

= 6) or the MVA viral vector only (MVA group, n = 6) without adjuvant. The control animals received 

either 330 µg of aluminum hydroxide alone (ALUM group, n = 6) or were left untouched (NEG group, n 
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= 5). Antigenspecific IgG responses were monitored by ELISA 10 days after immunizations and at 

sacrifice. All animal procedures were in compliance with the rules described in the Guide for the Care 

and Use of Laboratory Animals (182) and accepted by the ‘Comité National d’Éthique de Recherche’ 

(CNER, Luxembourg) 

Table 5 Study design: Antigen- and vaccination groups 

Antigen 
TT group MVA group Controls 

TT (n=4) BaPTT (n=5) MVA (n=6) MVAHF (n=6) ALUM (n=6) NEG (n=5) 

BaP  x     

TT x x*     

MV H + F    x   

MVA   x x   

Alum x x   x  

* indicates that TT was chemically modified in the hapten coupling process for the BaPTT group and does therefore 
not possess the same antigenic surface as the native TT used in the TT group. 

2.3.2. Antigens for immunization and ELISA 

BaP was coupled to ovalbumin (OVA, SigmaAldrich) for ELISA and to purified tetanus toxoid as 

previously described (181). The recombinant Modified Vaccinia virus Ankara (MVA) and the 

recombinant MVA carrying measles virus H and F proteins of the Edmonston strain (MV vaccine strain, 

clade A) viruses were propagated on BHK21 cells (ATTCTM CCL10TM) as previously described (183–

185). Antigenspecific IgG antibody levels in sera were determined in 384well microtiter plates (Greiner 

bioone, Wemmel, BE), coated overnight at 4°C with either 250 ng of MV antigen (Measles grade 2 

antigens, Microbix Biosystems, Mississauga, USA), 2.5 × 105 PFU of sonicated MVA (~314 ng), 187.5 

ng of TT or 0.25 µM of BaPOVA in carbonate buffer (100 mM, pH9.6). Free binding sites were saturated 

with 1% bovine serum albumin (BSA) in Trisbuffered saline at room temperature for 2h. Serial dilutions 

of the sera were added for 90 min at 37°C, and developed with alkaline phosphataseconjugated goat 

antirat IgG (1/750 dilution, ImTec Diagnostics, Antwerp, BE) and the appropriate substrate. Absorbance 

was measured at 405 nm. Endpoint titers (EPT) were determined as the serum dilutions corresponding 

to 5 times the background (Figure 6). 

2.3.3. Sample preparation, amplification and Ion Torrent PGM Sequencing 

Lymphocytes were isolated from bone marrow samples by densitygradient centrifugation (ficoll® Paque 

Plus, SigmaAldrich). Total RNA was extracted with an RNeasy midi kit following the manufacturer’s 

protocol (Qiagen). cDNA was prepared using dT18 primers and Superscript III reverse transcriptase  
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(Thermo Fisher Scientific) at 50°C for 80 min. Recombined IGH fragments were subsequently amplified 

by PCR using primers for human IGHV regions and rat C region with Q5 Hot Start High Fidelity 

polymerase (NEB, Ipswich, USA) as described previously (177). Amplicons were size selected on a 2% 

agarose gel and quantified. Quality was checked with a Bioanalyzer (High Sensitivity DNA, Agilent 

Technologies, Diegem, BE). Four randomlyselected libraries were pooled in equimolar concentrations 

and sequenced on a 318™ Chip v2 (Thermo Fisher Scientific) using multiple identifiers (MIDs) with the 

Ion OneTouch™ Template OT2 400 Kit and the Ion PGM Sequencing 400 Kit (Thermo Fisher Scientific) 

on the Ion Torrent Ion Personal Genome Machine (PGM™) System (Thermo Fischer Scientific). 

2.3.4. Quality control and sequence annotation 

BAM files were extracted from the Torrent Suite TM software (version 4.0.2, standard settings) and 

demultiplexed by multiplex identifiers (MID). Only reads with an unambiguously assigned MID (0 

mismatches), identified primers at both ends (2 mismatches allowed) and more than 85% of the bases 

with a quality score above 25 were considered for further analysis (Table 6). After clipping MIDs and 

primers, sequences were collapsed and submitted to the ImMunoGeneTics database (IMGT) HighV

Figure 6 OmniRatTM ELISAs. Antigenspecific serum IgG in immunized rats were measured by 
indirect ELISA. The serum dilution was plotted (log scale) against binding, measured by 
absorbance expressed as multiples of the average optical density of the background (BG OD). 
Average endpoint titers (EPT) were determined as the serum dilution corresponding to five times 
the BG OD (dotted line). 
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QUEST webserver (www.imgt.org, (186)) for IGHV gene annotation and CDR3 delineation (187). IGHV 

and IGHJ genes for the inframe, productive sequences were subsequently assigned using a local 

installation of IgBlast (188), including only the genes present in the genome of the OmniRatTM as 

references. Only sequences with an unambiguously assigned IGHV and IGHJ gene were considered 

for further analysis. Human Ig sequences (IgG and IgM) were obtained from the Sequence Read Archive 

database (https://www.ncbi.nlm.nih.gov/sra) and processed as described (Accession number: 

SRP068407; (189)). Samples taken at day 7 post immunization were excluded to avoid skewing of data 

distributions by the applied vaccination. Samples were annotated using IMGT and postprocessed using 

ChangeO framework (v 0.2.4, (190)). Only functional sequences present at least three times per dataset 

considered for assessing CDR3 length distributions and somatic hypermutation level. 

Table 6 HTS sequencing and data processing. The first column indicates the vaccination group including the 
number of animals. The second column is the studynumber of the animal. The third column shows the raw reads 
per animal as identified per MID. The fourth column shows the quality filtered reads, collapsed to unique sequences. 
The fifth column shows the number of unique CDR3 amino acid sequences after IMGT processing. The last two 
rows show the total, mean and SD per column. 

 

Vaccination ID Raw-reads w. MID Filtered unique nt sequences Unique CDR3s 

MVA-HF 
n=6 

1 1,365,752 75,632 4,007 
2 1,072,907 87,632 5,680 
3 1,573,425 97,070 5,050 
4 1,579,703 105,168 5,609 
5 1,110,541 53,913 3,536 
6 1,073,485 68,542 4,469 

MVA 
n=6 

7 929,621 75,643 4,333 
8 995,002 91,300 5,084 
9 937,392 65,840 3,288 
10 1,084,088 129,977 7,232 
11 998,174 105,000 4,980 
12 1,198,061 129,219 5,691 

BaP-TT 
n=5 

13 1,177,010 94,218 3,191 
14 990,929 91,500 5,838 
15 989,221 80,886 5,538 
16 1,126,831 89,527 4,399 
17 1,646,696 50,234 2,379 

TT 
n=4 

18 1,184,407 105,527 3,912 
19 1,119,688 65,630 4,228 
20 1,036,147 54,763 4,471 
21 1,380,809 137,371 6,756 

Alum 
n=6 

22 1,431,185 65,363 3,586 
23 1,879,372 85,192 7,202 
24 1,004,133 78,375 8,013 
25 896,017 68,058 6,602 
26 879,714 46,409 3,946 
27 850,298 86,623 4,365 

NEG 
n=5 

28 929,883 60,509 5,619 
29 1,121,113 100,287 5,885 
30 938,306 106,170 6,422 
31 1,380,088 135,281 6,809 
32 1,593,984 84,948 4,026 

Total 37,473,982 2,771,807 162,146 
Mean± SD 1,171,062 ±257,905 86,619 ±24,056 5,067 ±1,335 
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2.3.5. CDR3 similarity threshold for public immune responses 

The number of matches for the 200 most frequent CDR3 (top 200) of a rat A in a rat B was obtained for 

a series of similarity thresholds and returned as ratio from 0 to 1 (i.e. all top 200 CDR3s of rat A have a 

match in rat B). Ratios were determined from 50% to 100% sequence similarity in one percent 

increments. The averages for the top 200 matching ratios at each increment were then calculated for all 

rats within a vaccination group and all rats vaccinated with unrelated antigens. Rats with related antigens 

were excluded in the pairwise comparison (e.g. MVA as intragroup for MVAHF). The average top 200 

matching ratios were plotted against sequence similarity along with the first derivatives in GraphPad 

Prism 5 (www.graphpad.com). 

2.3.6. Identification of antigen-driven CDR3 clusters 

Only CDR3s longer than 4 amino acids were considered for analysis. CDR3s with a minimum of 80% 

amino acid similarity, with one amino acid length difference allowed, were considered as relatives. 

Length differences were penalized the same as a substitution. For each CDR3, the cumulative count of 

all its 80% relatives per rat (CDR3count) was calculated and stored in a fuzzy match count table. Data 

was imported and analyzed with DESeq2 according to the standard workflow for RNAseq, treating 

CDR3counts as expression values (191). Briefly, data was imported as a countdata matrix and 

converted into a DESeq2object with conditions according to the antigens used for vaccination. Correct 

sample grouping was confirmed using variance stabilizing transformed count data (VSTcounts). 

Euclidian distance computation was performed on VSTcounts as described in the DESeq2 vignette 

(192). Principle component analysis plots were generated using the ‘PlotPCA’ function on VSTcounts 

of the DESeq2 package. Pvalues were adjusted for multiple testing and to determine the false discovery 

rate (FDR) using BenjaminiHochberg correction (193). Based on an FDR of 1%, overrepresented 

CDR3 sequences were extracted if their adjusted pvalues were lower than 0.01. Log2fold change cut

offs were determined manually per antigen group. The extracted CDR3 sequences were grouped using 

singleseed iterative clustering based on maximum difference of 80% sequence similarity. All analytical 

scripts were written in Python 2.7 and R 3.2.3 (194). 

2.3.7. 3D modeling 

Selected IG nucleotide sequences were uploaded to IMGT for annotation. Sequences were elongated 

to full length by adding the missing nucleotides from the closest germline gene as predicted by the IMGT 
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algorithm. Full length sequences were submitted to the “Rosetta Online Server that Includes Everyone” 

(ROSIE, http://rosie.rosettacommons.org/, (195–197)) with enabled H3 loop modeling option. ROSIE

output PDB files of the grafted and relaxed models were visualized using PyMol (version 1.7.4, 

http://pymol.org, (198)). 

 

2.4. Results 

2.4.1. High-throughput sequencing of OmniRatTM IGH mRNA transcripts 

To study convergent IGH repertoires in response to vaccination, 32 transgenic IG humanized rats 

(OmniRatTM) were immunized with different antigens (Table 5; TT, BaPTT, MVA, MVAHF). Aluminum 

hydroxide (ALUM) was used as an adjuvant for TT and BaPTT. Two control groups received either the 

adjuvant alone or were left untouched (NEG). All animals exhibited a specific antibody response against 

the immunizations and mock immunized (ALUM group) and nonimmunized animals (NEG group) 

showed no detectable antigenspecific antibodies (Figure 7). MVAHF and BaPTT vaccinated animals 

exhibited a specific immune response against the MVA vector or the TT carrier protein respectively, 

albeit at lower levels than the animals immunized with these antigens only (Figure 7). Rearranged heavy 

chain IgG genes were amplified from mRNA extracted from bone marrow (BM) lymphocytes and 

sequenced on a highthroughput sequencing (HTS) Ion Torrent PGM platform. A total of 37,473,982 

raw reads with MID were obtained (range: 850,298 – 1,879,372 per animal, Table 6). After quality control 

and annotation, on average 86,619 sequences per animal were retained for analysis. The rats 

expressed a diverse IGH repertoire, including varying frequencies of all human IGHV and IGHJ genes. 

All possible IGHVIGHJ combinations were found in all vaccination groups with no obvious bias in IGHV, 

IGHJ genes or IGHVIGHJ recombination usage. The CDR3 length distribution of rats was comparable 

to that of observed in human IgG B cells (189) and somatic hypermutation resulted in an average 

germline similarity of 97.27% (± 1.9%). 



37 
 

 

2.4.2. Highly similar CDR3 sequences in response to the same antigen 

We first investigated to what extent rats that received the same antigen expressed the same CDR3 

amino acid sequences. Pairs of rats from different vaccination groups (369 pairs) shared less CDR3s 

with each other than pairs of rats within the same group (71 pairs, pvalue < 2×1016, KruskalWallis with 

Nemenyi posthoc test) or immunized with related antigens (56 pairs, pvalue = 3.4×1014), indicating 

that mutual CDR3s are essentially induced by the immunizations (Figure 7). Among a total of 11,643 

identical CDR3s (i.e. 100% similarity) that were shared by any set of two or more rats, irrespective of 

the antigen, 5,346 CDR3s (45.9%) were shared exclusively by animals of the same group and 1,912 

(16.4%) were shared between animals immunized with a related antigen (TT and BaPTT, MVA and 

MVAHF). Most of the CDR3s shared within groups were common to only 2 animals of the same group 

(6,467; 89.1% of CDR3s shared within groups only). CDR3s present in all animals of a group were rare 

(Table 7). For instance, only a single CDR3 was shared between all 6 rats immunized with MVAHF, 

and 3 CDR3s were shared between all the 12 animals exposed to the MVA vector (combined MVA and 

MVAHF group). However, multiple CDR3s which differed only by one or two amino acids were shared 

by all animals within a vaccination group but not by animals from other groups (Table 8). Interestingly, 

these differences occurred preferentially at certain positions of a CDR3 amino acid sequence. This 

suggested that the vaccinations seemed to have induced identical CDR3s as well as clusters of highly 

similar CDR3s. 

 

 

Figure 7 Shared CDR3s in OmniRatTM–
pairs. Boxwhisker plots represent the 
number of identical CDR3s shared 
between pairs of rats from different (369 
pairs, orange), related (56 pairs, 
lightblue), or the same vaccination group 
(71 pairs, green). More CDR3s were 
shared between rats from the same (p
value 3.4 x 1014) or related (pvalue < 2 
x 1016) antigen group than between rats 
of different antigen groups (Kruskal
Wallis test followed by Nemenyi post hoc 
test).   
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Table 7 CDR3s shared between rats in the same vaccination group. The first column shows the vaccination 
group, the last two rows are the combined vaccination groups with shared antigens. The second column shows the 
number of unique CDR3s not shared with any animal, i.e. the combined ‘private’ CDR3 repertoire if considering 
only identical CDR3s. The third column shows how many animals per group share unique CDR3s. Most CDR3s 
are not shared by all the animals of a vaccination group, considering only identical CDR3s as shared. 

GROUP 
Not 
shared 

CDR3s shared by numbers of animals per group 
n = 2 3 4 5 6 7 8 9 10 11 12 

BaPTT 27,167 510 74 12 0        
TT 27,317 988 75 15         
MVA 61,139 1,123 168 40 1 0       
MVAMV HF 43,778 686 51 4 0 1       
NEG 33,675 455 37 3 0        
BaPTT + TT / 258 101 24 11 0 1 1 0    
MVA + MVAMV HF / 924 316 102 72 35 29 15 8 8 4 3 

 

Table 8 Similarity of selected CDR3 sequences shared by rats in the MVA HF group. The first column shows 
a representative CDR3s and their relatives in animals within the vaccination group. Unchanged amino acids are 
described by points and changing amino acids are shown. The second column shows the number of animals in the 
group that express the different CDR3s. The CDR3s tend to vary only at certain positions.   

 

2.4.3. Shared antigen-related CDR3s at 80% sequence similarity. 

We compared CDR3s within and across the different vaccination groups to estimate the degree of 

similarity between these antigenrelated clusters. We determined which of the top 200 CDR3s, 

representing on average 72.1% (± 7.6%) of the repertoire of the rats. of any rat A had a related CDR3 

in a rat B either within the same group (intragroup comparison) or between groups (intergroup 

comparison) allowing for a single amino acid substitution. The same analysis was repeated for two, 

three and up to eight amino acid substitutions. The number of top 200 CDR3s found to be present inter 

and intragroup were plotted against the amino acid substitutions expressed as percent of CDR3 length 

MVA HF associated CDR3s No. of animals 
A R H R T Y Y Y G S G S P L F D Y 4 
     F            4 
             P    3 
             H    2 
     H            2 
       F          2 
   Q          R   P 2 
     F  F          2 
     H        I    2 
                P 2 
     F  F      R   P 2 
   K  F        R    2 
             I    2 
             R    2 



39 
 

(Figure 8). The resulting sigmoidal curves showed a similar shape for all vaccination groups. In the 

exponential phase between 100% and 9095%, intragroup overlap was higher than intergroup overlap. 

In the linear phase between 9095% and 75%, overlap increased faster for the intergroup comparison. 

In the asymptotic phase below 75% similarity, both inter and intragroup overlap leveled off towards 1, 

indicating that all top 200 CDR3s of a rat had relatives in any other rat, irrespective of the antigen 

administered. The first derivatives of the curves clearly showed that in all cases the inflection point was 

at around 80% (Figure 8). Thus, at this similarity threshold a maximum number of related CDR3s can 

be found within the same group while keeping the number of related CDR3s between groups at a 

minimum. In conclusion, all antigens induced in these rats a public IGH response that can best be 

characterized by clusters of CDR3s with at least 80% similarity.  

 

G H 

D I J 

E F K L 

Figure 8 Influence of CDR3 sequence similarity on CDR3 repertoire overlap between rats. (A) Average 
fractions of top 200 CDR3s of the MVAHF vaccination group shared with all CDR3s of other samples. Samples 
were divided into two groups having either the same antigen (HF group samples, blue curve) or different antigens 
(ALUM, BaPTT, TT and NEG samples, red curve). Both curves follow a similar sigmoidal behavior. (B) First 
derivative of both curves. Inflection points align at 80% CDR3 amino acid similarity. (C, E, G, I, K) similar to (A) but 
for the MVA group, the combined groups MVAHF + MVA, the BaPTT group, the TT group and the combined 
groups BaPTT and TT respectively. (D, F, H, J, L) Corresponding first derivatives similar to (B). 

C 

A B 
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2.4.4. Hierarchical clustering of CDR3 repertoires at 80% sequence similarity 

Based on the above observation, we identified antigendriven CDR3s using a workflow developed for 

differential gene expression analysis of RNAseq data (27). For each CDR3 within a rat, counts of CDR3 

sequences with 80% similarity (CDR3counts) were used analogous to RNAseq read counts. Rats of 

the same vaccination group were considered as replicates. The CDR3counts followed a negative 

binomial distribution (Figure 9A). Compared to RNAseq data, CDR3s usually lack a baseline 

expression and are essentially private, resulting mostly in zerocounts for individuals across the study, 

while some shared CDR3s have very high counts in a single animal (Figure 9B). To account for this 

distribution, we applied variance stabilizing transformation (VST) to the CDR3counts reducing the 

variance of the standard deviations over ranked means (Figure 9C). Hierarchical clustering of VST

Figure 9 DESeq2 statistics and sample grouping. (A) Densityhistogram representing the distribution of CDR3
counts (log(x+1) transformed). The CDR3counts follow a negative binomial distribution (B) Sparsityplot displaying 
the count distribution per CDR3. The sum of counts for every CDR3 is plotted in log10scale against the highest 
count for the CDR3 divided by the sum of all counts for the CDR3. Density of data is indicated by hue. (C) CDR3
wise standard deviation of ranked means of counts after variance stabilizing transformation (VSTcounts). The black 
line shows the standard deviation for all ranked means of VSTcounts across all samples, the blue area indicates 
the data distribution and density by hue. (D) Dendrogram of the Euclidian sample distances calculated for VST
counts. Three main clusters are indicated by coloration (Cluster I: red, Cluster II: green, Cluster III: blue). (E) 
Scatterplot for the first two principal components of VSTcounts. Samples are colored by vaccinationgroup (MVA: 
light blue, MVAHF: green, TT: pink, BaPTT: gold, ALUM: red, NEG: blue). 
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counts revealed three clusters (Figure 9D). Cluster I included all animals immunized with MVA (with or 

without MV HF protein expression). Interestingly, within this cluster, animals of the MVAHF group and 

of the MVA group emerged from two separate branches indicating, that additional presentation of HF 

antigens leaves a distinct imprint in the CDR3 repertoire. Cluster II contained the three groups of animals 

that received alum as an adjuvant (TT, BaPTT and ALUM). Again, each of the three groups clustered 

on separated subbranches. Cluster III contained only untreated animals (NEG group) and was distinct 

from all immunized animals. The low variance and the specific grouping of the samples through both 

principle components showed that the VSTcounts cluster the data by vaccination group. This indicated, 

that the different antigens had distinct impact on a subset of the IG repertoire of the rats (Figure 9E). 

When the data were reanalyzed applying an 85% or 75% threshold, the clear clustering of rats by 

vaccination group was lost (Figure 10), thus confirming that the 80% similarity threshold was optimal to 

identify antigenassociated responses on the CDR3 repertoire of the rats. Additionally, it showed that 

VST CDR3count data can be analyzed analogously to RNAseq count data. 

2.4.5. Large numbers of antigen-driven CDR3s form stereotypic signatures 

Similar to RNAseq expression experiments, we aimed to identify CDR3s that are differentially 

represented between groups of rats. Based on a false discovery rate (FDR) of 1%, 16,727 of the 249,657 

(6.9%) unique CDR3s across all groups were found to be overrepresented. One hundredfold 

differences in numbers of overrepresented CDR3s were identified in each of the six antigengroups 

(Table 9). The highest number of overrepresented CDR3s was found in the two combined groups MVA 

Figure 10 Sample grouping for 75% and 
85% CDR3 similarity counts. (A) 
Dendrogram of the Euclidian sample 
distances calculated for VSTcounts based 
on 75% CDR3 similarity. Three main 
clusters are indicated by coloration (Cluster 
I: red, Cluster II: green, Cluster III: blue). (B) 
Scatterplot for the first two principal 
components of VSTcounts based on 75% 
CDR3 similarity. Samples are colored by 
vaccinationgroup (MVA: light blue, MVA
HF: green, TT: pink, BaPTT: gold, ALUM: 
red, NEG: blue). (C) Dendrogram of the 
Euclidian sample distances calculated for 
VSTcounts based on 85% CDR3 similarity. 
Three main clusters are indicated by 
coloration (Cluster I: red, Cluster II: green, 
Cluster III: blue). (D) Scatterplot for the first 
two principal components of VSTcounts 
based on 85% CDR3 similarity. Samples 
are colored like in (B). 
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and MVAHF (n=11,080, 10.4% of the unique CDR3s for this combined group), and TT and BaPTT 

(n=2,451, 4.4%), which reflected the high immunogenicity of the antigens TT and MVA common within 

these groups. Less overrepresented CDR3s were found in the MVA (n=1,689, 2.6%), the MVAHF 

(n=804, 1.8%) and TT group (n=540, 1.8%). The lowest number of overrepresented CDR3s was found 

in the BaPTT group (n=163, 0.6%). These overrepresented CDR3s could be considered groupspecific, 

and thus immunization induced.   

Table 9 Antigen-driven sequences and 80% similarity clusters. The first column is the vaccination group. The 
second column describes the antigen(s) that these animals received with the immunization. The TT in the BaPTT 
group is chemically altered in the conjugation process and therefore not identical with the one from the TT group. 
The third column is the number of unique CDR3s extracted as overexpressed by DESeq2. The fourth column 
contains the number of 80% similarity CDR3clusters with more than 10 unique CDR3s. These are considered as 
the most important. The last column is the number of total clusters. 

Overrepresented CDR3s were grouped into clusters of 80% sequence similarity (Figure 11). The larger 

the antigen, the more clusters were found. For instance, 20 clusters were found for the BaPhapten 

while 109 clusters were found for the TT protein (46 for TT alone and 63 for TT + BaPTT combined). 

The largest number of clusters was found for the MVA virus antigen (518, 99 for MVA alone and 419 for 

MVA and MVAHF combined). These complex antigendriven clusters of CDR3s, typical for each group, 

represented up to 46.5% of the bone marrow IGH repertoire of the rats (Figure 12). The fraction of the 

repertoire corresponding to these CDR3 clusters varied between the groups but was relatively consistent 

among animals of the same antigengroup. Sequences encoding the overrepresented CDR3s were 

surprisingly diverse in IGHV gene usage. IGHV genes belonging to one family were largely predominant 

for each cluster (average 93.3% ± 9.8 of genes belonging to one family per cluster) and the 

Vaccination group Antigen Overexpressed CDR3s No. of Clusters (n>10) Total clusters 

BaPTT BaP + (TT) 163 3 20 

TT TT 540 14 46 

MVAHF MV H+F 804 13 79 

MVA MVA 1689 28 99 

BaPTT & TT TT backbone 2451 25 63 

MVAHF & MVA MVA backbone 11080 233 419 
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Figure 11 Antigen-associated CDR3-similarity clusters. The top 5 clusters of 80% similar CDR3s
overexpressed in response to the antigens are shown as Weblogos. Coloration follows IMGT amino acid 
coloration scheme (372). Numbers represent the unique CDR3s in each cluster. Average IGHV gene family usage 
(± SD) is indicated as percentage of sequences across all rats per cluster (see also supplemental Table S3). 
IGHV2 was excluded, as no sequences in the clusters were derived from this family. (A) Clusters associated with 
the antigens BaPTT, TT and the combined antigen groups BaPTT and TT. The red box indicates TTassociated 
OmniRatTM CDR3s bearing an amino acid pattern also found in human antiTT PBMC CDR3 sequences from for 
independent studies. (B) Clusters associated with the antigens MVAHF, MVA and the combined antigens MVA 
and MVAHF. The red box indicates MVHF associated CDR3signature also identified in OmniRatTM hybridomas 
generated in an independent experiment in response to MV antigens. 
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level of associated IGHV genes were comparable between rats of each cluster (Figure 11). Interestingly, 

cluster 2 of the combined group MVA + MVAHF showed an elevated IGHV gene family repertoire. The 

dominant IGHV4 gene family accounted only for 57.5% (± 20.4%) of the CDR3s and the IGHV gene 

families IGVH1 (16.3% ± 13.4%), IGVH3 (14.2% ± 18.5%), and IGVH6 (11.3% ± 11.6%) were 

predominating the cluster 2 repertoire of one, two and one rat, respectively. All together we showed that 

OmniRatTM exhibited large fractions of highly similar, stereotypic CDR3s in response to the applied 

vaccinations, even across groups with shared antigens. All together, we showed that OmniRatTM 

exhibited large fractions of highly similar, stereotypic CDR3s in response to the applied vaccinations, 

even across groups with shared antigens.  

2.4.6. Stereotypic signatures match MV-specific and TT-specific CDR3s 

MAHF signatures were compared to the previously described CDR3s of MVspecific hybridoma clones 

derived from an independent set of OmniRatTM immunized with whole MV antigens (15). The largest of 

the identified HF associated clusters (244 members) matched three CDR3s of MVspecific hybridoma 

cells, suggesting that this cluster is an MVH or F protein induced CDR3 signature (Figure 13). Similarly, 

our TTassociated clusters were compared to known human TTspecific IGH sequences (9, 16–18). The 

CDR3s from the TTassociated cluster 4 matched 12 published human CDR3s (Figure 14A). This 

signature and the human CDR3s consisted of 15mer CDR3s following the same amino acid pattern. 

Both humans and rats elicited a conserved paratope defined by a static motif ‘+QWLV’ (‘+’ = R/K) at the 

center of the CDR3, flanked by variable positions that are connected to the torso of the CDR3 (Figure 

Figure 12 Fractions of the nucleotide IG repertoire encoding for CDR3 
signatures. The IG repertoire per sample is displayed using numbers of full length 
nucleotide sequences. Nucleotide sequences encoding for CDR3s that are part of a 
signature are colored by associated antigen.   
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14B). This indicates that similar key are used even across species. The sequence similarity between 

the human and rat CDR3s ranged from 67% to 87% resulting from different torso amino acid 

compositions at the positions flanking the conserved binding motif (Figure 14C+D). To compare the 

structures of these CDR3s from human and rat origin, we performed 3D homology modeling on their 

Fabfragments. Four human antibodies with available heavy and light chain sequences (17) and four 

selected OmniRatTM heavy chain sequences paired with the human light chains were modeled with 

Rosetta Antibody. Within the OmniRatTMhuman chimeric Fabfragments, the CDR3s formed torso 

structures ranging from unconstrained amino acid formations over short betasheets to rigid betasheet 

hairpin constructs (Figure 14C). Like the rats, human CDR3s exposed the key binding residues at the 

very tip of the CDR3 loop by a rigid betasheet hairpin formation of the torso that protruded out of the 

IGH core structure (Figure 14D and 15). Together our results corroborate the evolution of functionally 

convergent CDR3s in different individuals and by different vaccines delivering the same antigen. Also, 

this strongly indicates that OmniRatTM and humans, albeit the lower sequence similarity between their 

TTassociated CDR3s, produce antibodies with highly homologous CDR3s in response to the same 

antigen.  

 

2.5. Discussion 

We analyzed more than 2,700,000 functional IGH sequences derived from the bone marrow of 

transgenic rats expressing human B cell receptor genes immunized with different antigens. Our study 

showed that these rats produced identical as well as highly similar CDR3 amino acid sequences in 

response to common antigenic challenges. When shared CDR3 repertoire fractions were investigated 

at different levels of sequence similarity, overlaps between rats from the same vaccination group were 

optimal around 80% CDR3 amino acid similarity. Applying a differential gene expression workflow to the 

counts of 80% similar CDR3s, we presented a novel way to identify convergent, stereotypic CDR3 

sequences in response to an antigenic stimulus. These included known CDR3s induced by different 

Figure 13 OmniRatTM MV-specific CDR3 
signature. The clusters of CDR3s 
overrepresented in response to MVAHF (see also 
Figure 11B) and the CDR3s from 3 monoclonal 
hybridomas specific for MVH protein are shown 
as weblogos. The differences between the 
sequences were calculated as Levenshtein 
distances in percent of CDR3 length.  
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measles antigens, indicating that the identified CDR3s are specific for the measles virus H or F proteins 

which were shared in both immunizations. In addition, our approach also identified CDR3s in response 

to tetanus toxoid that were remarkably similar to known tetanusspecific CDR3s from human samples. 

Our findings highlighted the presence of convergent IGH transcripts at high levels in the bone marrow 

of the transgenic rats and that these sequences are highly similar to those of humans. 

Pairs of rats within the same group shared more identical CDR3s than pairs from different groups, but 

very few CDR3s were shared among all rats of a group. Given the tremendous size and diversity of the 

IG repertoire, finding identical sequences in several individuals is indeed unlikely (84). Because of 

private processes during B cell development including stochastic affinity maturation of the IG molecules, 

a certain variability in CDR3s converging towards reactivity with the same antigen is to be expected (56, 

158, 168). Galson and coworkers found that for the identification of public repertoires in humans an 

87.591.6% cutoff (1 in 12 to 1 in 8 amino acids) was optimal to identify TT and influenzarelated CDR3 

Figure 14 OmniratTM and human antibodies against tetanus toxoid with similar properties and 
structures. (A) Sequence similarity range between OmniRatTM TTassociated cluster 4 (Fig. 4B) 
CDR3s and human TTspecific CDR3s (Levenshtein distance as percent of sequence length). (B) 
Amino acid pattern for the combined TTspecific human and TTassociated rat CDR3s. The weblogo 
highlights the conserved binding motif ‘+QWLV’ and torso amino acids with variable positions are 
highlighted. (C) 3Dhomology models of four OmniRatTMHChumanLC chimeric antibody fab 
fragments. Heavy chains are colored in orange and light chains in blue both visualized with 50% 
transparent surface. CDR3 torsos are shown as cartoon and colored in red. Binding motifs are 
displayed as sticks and colored in green with only polar hydrogens shown. Views were enlarged to 
focus on the CDR3 structure (D) Complete human fabfragment visualized as described for (C). Motif, 
variable and torso structures are highlighted with boxes and arrows as described in (B). 
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clusters (199). In the present study, we explored the relation between CDR3 sequence similarity and 

the overlap between CDR3 repertoires, by inter and intragroup crosscomparisons at different levels 

of sequence similarity. Our data showed that 80% amino acid similarity optimized the intragroup overlap 

between CDR3 repertoires while keeping the intergroup overlap at a minimum. The identified antigen

associated clusters were absent in rats outside immunization groups, which provides a strong support 

for their underlying biological relevance.  

 

We showed that between 6% and 46% of the bone marrow IGH repertoire correspond to convergent 

CDR3 sequences. Similar proportions (1550%) of antigenspecific CDR3 sequences were reported in 

peripheral blood B cells of patients with acute dengue infections (90). In contrast, in the reconvalescent 

dengue patients as well as in influenza patients, convergent sequences represented only to less than 

1% of peripheral B cell sequences. Such human studies are normally restricted to peripheral blood 

where only a small fraction of the repertoire can be found and assessed (172, 200). Blood is the only 

readily available source for sampling B cells in humans. However, the high turnover rate of 5 × 1011 B 

cells per day (201) and low sampling depth makes it difficult to capture a significant fraction for 

exhaustive analysis of antigen experienced Ig repertoires in a vaccination context (173, 202). In contrast, 

high levels of antigen selected B cells can be found within the bone marrow, where about 17% of all B 

cells reside, making this tissue a preferable target for studying the antigenspecific B cell response after 

vaccination. In this regard, elevated levels (37%) of public clones were observed in mice in response to 

hepatitis B surface antigen and less to 4Hydroxy3nitrophenylacetyl hapten conjugated to Hen Egg 

Lysozyme (22%) and OVA (14%), when examining bone marrow derived longlived plasma cells 

(CD138+ CD22– MHCII– CD19– IgM– PI–) (173). In the present study, we analyzed IG mRNA from bulk 

Figure 15 Homology models of three human antibodies against tetanus toxoid bearing the ‘+QWLV’ binding 
motif. Heavy chains are colored in orange and light chains in blue both visualized with 50% transparent surface. 
CDR3 torsos are shown as cartoon and colored in red. Binding motifs are displayed as sticks and colored in green 
with only polar hydrogens shown. Views were enlarged to focus on the CDR3 structure. 
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rat bone marrow cell isolates, an organ rich in serum antibodyproducing plasma cells (28, 174, 175). 

Because plasma cells express significantly higher levels of IG mRNA (estimated 500:5:2 compared to 

memory or naïve B cells, (72)) and only class switched BCR (IgG) were targeted, those are 

overrepresented in our datasets (56, 199). This explains the high fractions of converging CDR3s we 

found in the assessed bone marrow IgG repertoire. We thus primarily targeted antigenassociated 

effector B cells, facilitating the tracking of antigenspecific sequences induced by similar antigens.  

The IGH repertoire of OmniRatTM displayed a CDR3 length distribution comparable to that of human IgG 

B cells isolated from peripheral blood and lower than that of the corresponding IgM B cells (189). This 

indicates, that OmniRatTM are generating CDR3 diversity in an equivalent way as humans. Interestingly, 

the average mutation rate of OmniRatTM IgG sequences was much lower as human bloodderived IgG 

or IgM B cells. This is most likely due to the much younger Ig repertoire of the rats having not been 

exposed to a large number of antigens as compared to humans, leaving their repertoires relatively 

unchallenged and thus unmutated (173).  

The clusters of antigeninduced CDR3s exhibited a diverse IGHV gene usage from mainly one 

predominant IGHV gene family. Only CDR3 cluster 2 of the animals in the combined vaccination group 

MVAHF + MVA exhibited significant differences in IGHV gene family usage across the rats. Similarly, 

different IGHV gene families were found in convergent CDR3 responses to dengue infections and anti

polysaccharide vaccination in humans implying a convergent evolution (90, 92). In an antigenantibody 

binding scenario the IGHV gene encodes for a structural scaffold while the CDR3 must precisely fit the 

antigen surface (3). Hoogenboom and Winter concluded from their synthetic antibody library that 

substitution of the CDR3 alone can create entirely different antibody specificities (203). However, in 

contrast to the other 29 clusters, the 15amino acid long signature of MVAHF + MVA cluster 2 was 

largely composed by the IGHJ6 gene segment resulting in a tyrosinerich ‘YYYGMDV’ tail motif, with a 

shorter section from the more diverse D/N region. Similarly, the signatures reported by Parameswaran 

an colleagues in response to dengue infections were composed largely of a long, tyrosinerich tail motif 

resulting from the IGHJ region with very short D/N sections (90). We expect that such CDR3 signatures 

exhibit a rather polyreactive binding mediated by the abundant tyrosine residues. Yet, the absence of 

any 80% relatives in the other vaccination group underlines their presence as a result of the antigen 

exposure through the applied vaccination. 

The varying IGHV gene assignments in each cluster can be explained by the relatively short read length 

of our approach. In this regard, IGHV genes belonging to the same family (e.g. IGHV439 and IGHV4
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34) share a high level of similarity, only differing by few nucleotides. As the amplicons of the rat IG VDJ 

transcripts did not span the whole IGHV sequence, information encoded in the FR1 and CDR1 are lost. 

This could easily lead to varying gene assignments, explaining the IGHV gene variability of the described 

CDR3 clusters. 

Potential influence on the repertoire composition could result from PCR amplification biases introduced 

during library preparation as well as sequencing errors (57). We did not account for potential errors and 

sequencing bias by using molecular barcodes or similar methods (67, 71–73). However, the data 

analysis of the present study was based on collapsed, unique nucleotide Ig sequences, minimizing the 

influence of potential PCR amplification bias. Analysis of the nucleotide sequences before and after 

collapsing to unique nucleotide sequences revealed no major difference in our findings, indicating that 

PCR amplification bias did not falsifying our results. The Ion Torrent PGM sequencing platform is prone 

to insertion and deletion errors, especially within homopolymer repeats (75). Such errors cause 

frameshifts within the IG sequence which are detected by IMGT with 98% efficiency in a benchmarking 

setup, missing only indels at the beginning and end of the sequence or if placed in close proximity to 

each other masking the resulting frameshift (see Chapter 4)(204). Sequences with detected indels are 

marked by IMGT as productive with detected errors and were not included in the described analysis. 

Furthermore, our analysis is based on the CDR3 amino acid sequence. An insertion or deletion within 

the CDR3 encoding nucleotides results in the sequence being labelled as unproductive, with no 

correction attempts undertaken by IMGT (204). Less than 1% of indel combinations remain undetected 

by IMGT and could be present within the CDR3 encoding nucleotides (204). These rare combination of 

sequencing errors would then result in artefactual CDR3s either covered by the applied 80% sequence 

similarity clustering threshold or missed because of higher sequence variation. Therefore, such CDR3 

artefacts can be expected to induce only a small underrepresentation of CDR3s by lowering CDR3

counts. In conclusion, the presented workflow is well protected from potential sequencing errors or PCR 

bias, that could impact our conclusions. 

We found that certain CDR3s have high counts of 80% relatives within a group but very few to none in 

the unrelated groups. This is in principle comparable to differential gene expression in RNAseq data. 

The CDR3counts followed a negative binomial distribution but, unlike in RNAseq experiments, our data 

contained large amounts of CDR3s with zerocounts over different samples. These correspond to private 

CDR3s that are absent in other rats of the same or other groups. On the other hand, some CDR3s 

exhibited very high counts of 80% relatives within an animal. While such a data distribution is uncommon 
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in RNAseq, they were nevertheless compatible with our computational approach (DESeq2, (191)) as 

demonstrated by negative binomial data distribution and perfect sample grouping after variance 

stabilizing transformation of the CDR3counts. Interestingly, the Euclidian distance grouping of MVAHF 

and MVA rats remained unchanged for 85% and even for 75% CDR3counts in contrast to TT

associated rats. Similarly, Trück and colleagues found highly similar (≤ 2 mismatches) Hib and TT

related sequences enriched seven days postvaccination, but could not identify H1N1 and MenC

related sequences at the same threshold (92). Correspondingly, statistical evidence of convergent 

CDR3s in pairs of donors against influenza with a mean genetic distance of  ~75% were reported (205). 

Together with our data this indicated that the identification of convergent Ig repertoire responses using 

amino acid similarity thresholds was applicable. Future research will tell, to what extent the 80% 

threshold can be applied to other antigens.  

Identified convergent CDR3 matched to sequences of previously described human monoclonal 

antibodies against TT protein (92, 178–180). Despite the relatively low sequence similarity (67% to 87%) 

between OmniRatTM and human TTspecific CDR3s, they shared a common sequence and structural 

motif at the center of the CDR3. The center part of the CDR3 is exposed at the tip of the loop structure 

which directly interacts with the antigen while the adjacent amino acids act as a supporting scaffold. 

Similarly, Greiff and coworkers observed stereotypical motifs at the center of the CDR3 amino acid 

sequences in specific antibodies following 4Hydroxy3nitrophenylacetyl vaccination in mice (173). 

While structural similarity cannot readily be used to determine antibody specificity, algorithms to identify 

convergent CDR3s could be further improved by including structural parameters drawn from the 

expanding amount of available crystal structures.  

In conclusion, we demonstrated a strong public IGH response with converging and overlapping CDR3 

repertoires in animals exposed to the same antigens. These converging repertoires consisted of similar 

CDR3 sequences that can be best described using an 80% amino acid similarity threshold. Additionally, 

we presented an approach to identify such CDR3s by adopting a groupwise expression analysis, similar 

to RNAseq approaches. This provides also a valuable tool for largescale HTS datamining to identify 

potential candidates for highaffinity targeted antibody design. 
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3.1. Summary 

NFB activation has been implicated in the pathogenesis of chronic lymphocytic leukemia (CLL) and 

clinically asymptomatic monoclonal Bcell lymphocytosis (MBL). We demonstrate that enhanced 

canonical NFB activation, driven by Bcell specific expression of a natural splice variant of the tumor 

suppressor CYLD, sCYLD, lacking domains required for NFB inhibition, leads to the development of 

high penetrance, indolent clonal B cell lymphoproliferation, resembling MBL. Additional Bcellspecific 

deletion of the deubiquitinase A20, reinforced NFB activity, thereby accelerating monoclonal 

expansion of CD5+ B cells due to their accelerated survival and proliferation, recapitulating hallmarks of 

human CLL. Importantly, we show sCYLD expression associated with human CLL, suggesting that 

inhibition of alternative splicing of this key regulator is essential for keeping B cells nonmalignant. 
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3.2. Introduction 

Chronic lymphocytic leukemia (CLL) represents the most common type of leukemia among adults 

in the Western world and is characterized by the accumulation of abnormal monoclonal CD5+ B cells 

in blood, bone marrow, and secondary lymphoid tissues (206). Several biological parameters have 

been introduced to characterize the heterogeneity of CLL and to evaluate the prognosis of CLL 

patients (118, 207). Leukemic clones with unmutated immunoglobulin heavy chain (IGHV) genes 

(UCLL) correlate with poor clinical outcome while clones with frequently mutated IGHV (MCLL) 

genes exhibit an indolent asymptomatic course (139, 150, 208, 209).  

Many factors have been shown to contribute to the etiology of CLL, including genetic predisposition, 

auto antigen stimulation, microRNAs and cytogenetic abnormalities (210). A number of signaling 

pathways, such as the nuclear factor kappa B (NFκB) pathway, show constitutive activity in CLL 

cells (211, 212), which is suggestive of a pathogenic role. However the underlying molecular 

mechanisms leading to its constitutive activation remain largely unknown (213–215). In contrast to 

other mature B cell lymphomas only a few recurrently mutated genes involved in canonical or non

canonical NFκB activation have been identified in CLL (e.g. BIRC3, MYD88, and NFKBIE) (216).  

To maintain immune cell homeostasis and to prevent persistent NFκB activation, a tight control of 

this pathway is required. One mechanism to regulate NFκB pathway activity is ubiquitination. 

Whereas linkage with polyubiquitin chains via lysine 48 (K48) results in proteasomal degradation of 

the target protein, polyubiquitin chains linked via K63 have nondegradative, regulatory functions 

and serve in the recruitment of various kinase complex platforms (217). Ubiquitination is a reversible 

process mediated by deubiquitinating enzymes (DUBs), such as CYLD and A20, which prevent 

persistent NFκB pathway activation by deubiquitinating their target proteins (218, 219).  

CYLD, originally identified as a tumor suppressor gene mutated in familial cylindromatosis (220), 

has been shown to regulate diverse biological functions, including immune cell development, 

activation, inflammation and tumorigenesis (221). Previously, we have identified a short isoform of 

CYLD (sCYLD), which is encoded by a natural splice variant of the Cyld mRNA that retains DUB 

activity but lacks the domain harboring the binding sites for TRAF2 and IKKy/NEMO, required to 

dampen NFκB activation. Mice lacking fulllength (FL)CYLD but overexpressing exclusively 

sCYLD, demonstrate enlarged lymphoid organs resulting from an expanded B2 B cell compartment. 

This increase is a consequence of a B cellintrinsic survival advantage, which has been associated 
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with higher expression levels of Bcl2 (222).  

Downregulation of FLCYLD expression was found in various types of cancers, including CLL (223). 

CLL B cells fail to undergo TNFαinduced cell death due to LEF1mediated downregulation of CYLD 

and RIPK3. Reduced CYLD protein levels in CLL cells resulted in constant K63 ubiquitination of the 

kinase RIPK1 leading to permanent activation of the canonical NFκB pathway and resistance to 

apoptosis (215).  

Similar to CYLD, A20 (TNFAIP3) is capable of removing activating K63, but also K48 linked ubiquitin 

chains from its target proteins (219). B cellspecific deletion of A20 results in sustained canonical 

NFκB activity in B cells and predisposes mice to autoimmunity (224–226). The importance of A20 

regulatory activity is further emphasized by the finding that mutations in the A20 locus are associated 

with various human B cell lymphomas (217) although not to CLL (227, 228).  

Here, we report that mice with accelerated canonical NFκB activation, driven by sCYLD 

overexpression in B cells, spontaneously develop a CD5+ B cell lymphoproliferative disorder. Further 

enhancement of NFκB activation, by additional B cellspecific deletion of A20, reinforces clonal 

accumulation of CD5+ B cells ultimately leading to a lateonset CLLlike disease, recapitulating 

hallmarks of human CLL. Importantly, we found that a substantial number of malignant cells of CLL 

patients express the sCYLD variant. These findings demonstrate that alternative splicing of the NF

κB regulator Cyld predisposes accumulating CD5+ B cell to malignant transformation, while further 

accelerated NFκB activation promotes the progression to a CLLlike disease in mice. Thus, 

interfering with ubiquitinationdriven NFκB activation represents a promising therapeutic target for 

the treatment of CLL and identifies sCYLD as a potential risk factor of this disease. 
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3.3. Materials and Methods 

3.3.1. Mice 

CyldF/F and A20F/F mice have been described previously (222, 225). A20BKOsCYLDBOE were generated 

by crossing A20FFCD19Cre mice to CYLDFF mice. CYLDfullKO mice (229) were bred to A20FFCD19Cre 

mice to obtain A20BKOCYLDKO mice. CD45.1 mice were obtained from the central breeding (TARC, 

Mainz). All mouse experiments were approved (G 111026). 

3.3.2. CLL patient samples 

Primary CLL cells were obtained from the peripheral blood of patients after written informed consent to 

the Declaration of Helsinki and with Institutional Review Board approval (#11319) at the University of 

Cologne. 

3.3.3. B Cell Isolation, Proliferation and Survival Analysis 

Spleens were harvested mice. For B cell isolation, homogenized splenocytes were incubated with anti

CD19 or antiCD43 microbeads for 15 min at 4°C, washed with FACS buffer, and separated on LS or 

LD columns (Miltenyi Biotec). Purity was determined by flow cytometry being 9598%. Complete media 

consisted of RPMI1640, 10% FCS, 10 mM HEPES, 0.05 mM βmercaptoethanol and Lglutamine. For 

in vitro proliferation assay 3×105 VioletCellTracer labeled B cells were stimulated with a final 

concentration of Fab antimouse IgM [10μg/ml] (Jackson ImmunoResearch), antiCD40 [10μg/ml] 

(BioXCell, West Lebanon), LPS [20μg/ml] (Sigma) or CpG [0,1μM] (InvivoGen). Cells were acquired on 

FACSCanto II and analyzed with FlowJo software. B cell survival was determined by 7AAD staining 

using FlowJo software for data analysis and by counting live cells using Trypan blue. 

3.3.4. In Vivo BrdU-Labeling 

To analyze BrdU incorporation in vivo, mice were fed with 1mg/ml bromdesoxyuridin (BrdU) (Sigma) 

and 1 % sucrose in the drinking water for 5 and 10 days. BrdU uptake of splenic and peritoneal cavity 

B cells was determined by FACS analysis. Therefore 24×106 cells per sample were surface stained 

according to normal FACS. Afterwards, stained cells were washed once with PBSFCS 2%, 

resuspended in 200µl PBS and subsequently injected into 1ml icecold 70% ethanol and incubated 30 

min on ice for fixation. For permeabilization an equal volume of PBS1%paraformaldehyd 0,01%Tween
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20 (v/v) was added and cells were incubated for 1h on ice or overnight at 4°C. On the next day, cells 

were DNaseI treated (1ml PBS++ plus 300μg/ml DNaseI (Roche)) for 10min at RT and washed once 

with PBSFCS 2%. Then cells were stained with BrdU antibody for 20min at RT. BrdU incorporation was 

compared to splenic cells of nonBrdU treated mice. The percentage of BrdU positive cells was detected 

by FACS. 

3.3.5. RNA isolation and real-time PCR 

RNA was isolated (QIAGEN RNeasy Mini Kit) and reverse transcribed (Promega Kit) for quantitative 

realtime polymerase chain reaction (qRT) using probes and primers from Qiagen as described on their 

homepage: http://www.quiagen.com/poducts/pcr/quantitect/primerassays.aspx 

3.3.6. Array Analysis 

Total RNA (1μg) was amplified and labeled using the Affymetrix OneCycle Target Labeling Kit 

(Freiburg, Germany) according to the manufacturer’s recommendations. As newly transcribed RNA 

mainly consists of mRNA, it was amplified and labeled according to the manufacturer’s protocol for 

mRNA. The amplified and fragmented biotinylated complementary RNA (cRNA; 15µg) was hybridized 

to Affymetrix. Mouse Gene 1.0 ST Arrays using standard procedures. Arrays were assessed for quality 

and robust multiarray average (RMA)normalized. Quality assessment consisted of RNA degradation 

plots, Affymetrix quality control metrics, sample crosscorrelation, and probelevel visualizations. 

Normalization incorporated (separately for each RNAtype data set) background correction, quantile 

normalization, and probelevel summation by RMA. The data were analyzed for differential gene 

expression using an empirical Bayes moderated ttest, implemented in the Bioconductor package Linear 

Models for Microarray Data (LIMMA). The results were sorted by adjusted pvalue and exported in tab

delimited format. 

3.3.7. Ion Torrent PGM library preparation and sequencing 

Libraries of immunoglobulin heavy chains (IGH) were prepared using an adapted version of the unique 

molecular identifiers described elsewhere (71). 500ng purified RNA from peritoneal cavity and spleen 

were reverse transcribed using Superscript III (Life technologies) according to the manufacturer's 

protocol and a mouse IgM specific constant region primer (IGHCµ). This primer contained an 8random

nucleotide unique identifier (8NUID) and partial Ion Torrent PGM sequencing adapter A (Table 10). 
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Second strand synthesis was performed using Phusion polymerase (NEB) with a mouse IGHV region 

specific multiplex primer set (Table 10) containing 8NUIDs and the partial sequencing adapter P1 (1 

cycle with 98°C for 2min, 50°C for 2min and 72°C for 10min). The double stranded cDNA libraries were 

purified twice using AMPureXP Beads (Agencourt, 1:1 v/v) and subsequently amplified with Q5 

polymerase (NEB) and full sequencing adapters as primers (Table 10; 98°C for 5min, 20 cycles of 98°C 

for 10sec, 65°C for 20sec and 72°C for 30sec, and 72°C for 2min). Amplified libraries were purified twice 

with AMPureXP Beads (1:1, v/v) and quality was controlled using an Agilent 2100 Bioanalyzer (Agilent 

Technologies). Libraries were sequenced on the Ion Torrent PGM platform (400bp protocol, 318v2 chip, 

5 libraries/chip) according to the manufacturer's instructions (all trimming options disabled in the Torrent 

SuiteTM, version 4.4). 

3.3.8. Computational analysis of Ion Torrent PGM data 

The two 8NUIDs of each read were used to reverse the PCR amplification and sequencing error 

correction on the datasets (see (71, 73) for a detailed description of similar approaches, possible errors 

and necessary correction measures). Raw reads were demultiplexed, quality filtered (80% bp, QSC > 

20) and grouped into UID families based on their dual 8NUIDs. With an inhouse IgBLAST installation 

((188), http://www.ncbi.nlm.nih.gov/igblast/, version 1.2.0) sequences were checked for a consistent 

IGHV and IGHJ region assignment (IMGT classification scheme) inside a UID family and productivity 

(e.g. no stop codons). From productive, unambiguously assigned sequences, a consensus sequence 

was built for each UID family using the pagan multiple sequence aligner ((230), 

http://code.google.com/p/paganmsa/, version 0.47). Consensus sequences were again checked for 

productivity with IgBLAST to account for incorrect consensus builds. The remaining sequences, each 

representing one original IGH mRNA molecule, were collapsed and uploaded to IMGT (www.imgt.org, 

HighVQUEST version 1.3.1) for additional error correction (IMGT indel detection algorithm) and final 

classification. IMGT readout was filtered for productive sequences and collapsed. To remove remaining 

artificial variants (mostly undetected early PCR or reverse transcription errors), only sequences with at 

least two identical nucleotide copies were considered. Data analysis was performed with custommade 

python and R scripts in a Linux environment. Plots were generated using Graphpad Prism (version 5) 

and R (version 3.2.3). 
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3.3.9. Network analysis of BCR repertoire data 

A custommade R script based on the iGraph module in R (http://igraph.sourceforge.net/index.html) was 

used to compute and display vertex cluster networks: Sequences were displayed as vertices, with log

transformed normalized counts (ratio of total count) providing the vertex size. Vertices were connected 

if they differed by one nucleotide (calculated as hamming distance of 1). A vertex cluster is defined as 

group of connected vertices. Vertex cluster networks were compared by their Gini coefficients (231) 

calculated for vertex and cluster distributions using the “ineq” package in R. The Gini coefficient provides 

an unevenness measure ranging from 0 (even distribution) to 1 (maximum unevenness of population). 

3.3.10. Protein Isolation and Western Blotting 

Total protein lysates, cytoplasmatic and nuclear fraction were isolated as previously described (232). 

Equal amounts of protein lysates were separated on a 412% bistris polyacrylamyd gradient gel 

(Invitrogen) and transferred onto a polyvinylidene fluoride membrane. Membranes were subsequently 

blocked for 1hr with 5% milk powder (MP) in TBS containing 0,1 % Tween at RT and incubated over 

night with different primary antibodies: antiαβTubulin, antiHDAC1, antiNFκB2 (Cell Signaling) and 

antiRelA, antiRelB, antiNFκB1, antiIκBα, antiCYLD (SantaCruz) in 5% BSA or 5% milk powder 

over night at 4°C. After incubation with horseradish peroxidaseconjugated antirabbit or antimouse 

secondary antibody at RT (Amersham or Santa Cruz) proteins were detected using an ECL Plus kit (GE 

Healthcare).  

3.3.11. Flow Cytometry 

Singlecell suspensions were prepared from bone marrow, spleen, lymph node, peritoneal cavity and 

treated with FcBlock (BioXcell) and surface or intracellular stained with monoclonal antibodies: B220 

(BioL RA36B2), CD19 (BioL 6D5), CD23 (BD B3B4), CD90.2 (BioL 30H12), IgM (eBio II/41), IgD (eBio 

1126c), CD5 (eBio 537.3), Bcl2 (BioL BCL/10C4), Zap70 (eBio 1E7.2), CD20 (eBio AISB12), CD22 

(BioL OX97), CD29 (eBio eBioHMb11), CD54 (BioL YN1/1.7.4), CD49d (eBio R12), CD45.1 (eBio 

A20), CD45.2 (eBio 104) For intranuclear staining FoxP3 staining kit was used with respective 

intracellular antibodies (eBioscience) according to the manufacturer's instructions. Dead cells were 

excluded with fixable viability dye V506 (eBioscience) or ef780 (eBioscience). Samples were acquired 

on FACSCanto II and FACS Aria (BD) machines, and analyzed with FlowJo Version 8.87. 
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3.3.12. IGHV Gene Rearrangement Analysis 

DNA was purified from FACS sorted CD19+/CD90/CD5+ or CD5 B cells from spleen or peritoneal cavity 

from mice that were diagnosed with CD5+ B cell lymphoproliferations. IGHV sequences were amplified 

by PCR, using forward primers that anneal to the framework region I of the mouse IGHV families: 

IGHVJ558a: CAGGTGCAGCTGAARCAGTCA; GTGAAGCCTGGAGGGTCCC; 

GAGGTGAAGCTKGYGGAGTCT; IGHVQ52: IGHV7183b: IGHV6/7: CAGATCCAGTTGGTRCAGTCT 

and reverse SAGGTCCAGCTGCAGCAGTCTGG; IGHV3660/4: IGHV7183c: IGHVGam3.8: 

GAGGTGMAGCTTCYSGAGTC; GGCTTAGTGMAGCCTGGAGG; primer positioned downstream of 

the IGHJ4 segment IGHJ4int2: ACTATCCCTCCAGCCATAGG. Cycling conditions were the following: 

1 cycle 95°C for 5 minutes, 35 cycles of 95°C for 30 sec, 61°C for 30 sec, 72°C for 2 min. PCR products 

were separated on a 1.5% agarose gel. 

3.3.13. Histology 

For histological analysis spleen, liver and lung were fixed by immersion in 4% paraformaldehyde (PFA) 

and subsequently embedded in paraffin, cut into 4 μm thick tissue sections and stained with hematoxylin 

and eosin (H&E). Sections of the experimental groups were blinded and reviewed by an expert. Blood 

and bone marrow smears were stained with Giemsa staining. 

3.3.14. Quantification of Western Blots 

For quantification of Western blots ImageJ was used. 

3.3.15. Statistical analysis 

All statistical differences are presented as mean +/ SD and statistical significance was determined by 

twotailed ttest using Prism 5. 
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Table 10 Primer sequences for 8N-UID layout murine HTS library preparation 

   

Vprimer Sequence  

IGHV1a AGRTYCAGCTGCARCAGTCT 

IGHV1b AGGTCCAACTGCAGCAGCC 

IGHV1c TCAGTGAAGATGTCCTGCAAG 

IGHV1d AACTGGGTGAAGCAGAGGCCT 

IGHV1e AAGTTGTCCTGCACAGCTTCT 

IGHV1f AAGCTCAGCTGCAAGGCTTCT 

IGHV2a CCTCACAGAGCCTGTCCA 

IGHV2b CAGCCATCACAGACTCTGTCTC 

IGHV3 GTGCAGCTTCAGGAGTCAG 

IGHV4 GGAGGTGGCCTGGTGCAG 

IGHV5a AGCCTGGAGGGTCCCTGAA 

IGHV5b GCTTAGTGCAGCCTGGA 

IGHV6 GAGGAGTCTGGAGGAGGCTT 

IGHV7 TCTGGAGGAGGCTTGGTACA 

IGHV8 CTGGGATATTGCAGCCCTCC 

IGHV9 CAGTCTGGACCTGAGCTGAAG 

IGHV10 GTGAGGTGCAGCTTGTTGAG 

IGHV11 GAAGTGCAGCTGTTGGAGAC 

IGHV12a CCTGGTGAAACCCTCACAG 

IGHV12b GCTGTCATCAAGCCATCACAG 

IGHV13 AGGCTTGGTGAGGCCTGGA 

IGHV14 GAGGTTCAGCTGCAGCAGT 

IGHV15 CAGGTTCACCTACAACAGTCTG 

IGHV16 GTGCAGCTGGTGGAATCT 

IGHCµ AGACATTTGGGAAGGACTGAC 

A CCATCTCATCCCTGCGTGTCTCCGACTCAG 

P1 CCTCTCTATGGGCAGTCGGTGAT 
  

Example Layout: 
 

pAUIDIGHV4 GCGTGTCTCCGACTCAGNNNNNNNNGGAGGTGGCCTGGTGCAG 

pP1UIDIGHCµ CTATGGGCAGTCGGTGATNNNNNNNNAGACATTTGGGAAGGACTGAC 
 

bold= partial A/P1 adapter 
 

italic=UID bases 
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3.4. Results 

4.3.1. Increased number of CD5+ B cells in mice overexpressing a natural splice 
variant of CYLD 

To study the role of sCYLD on the distribution of B cell subsets in a B cellspecific manner, we have 

generated mice that express sCYLD and lack the expression of the (FL)CYLD in B cells (sCYLDBOE 

mice), as described previously (222). Interestingly, at three months of age FACS analysis revealed the 

presence of an expanded CD5+ B cell population in peripheral blood (PB) (Figure 16A), and to a lower 

extent also in the lymph nodes (LN) and spleens compared to CYLDfullKO mice (which lack expression 

of all CYLD splice variants) or to wild type (WT) and CD19Cre control mice. CD5 expression on B cells 

defines the B1a subset which is almost absent in the spleen and preferentially localizes in the pleural 

and peritoneal cavities (PerC) (233). FACS analysis of B cell subsets in the peritoneum revealed that 

the proportion of B1a, B1b and B2 B cells as well as the total cell count was not significantly changed in 

sCYLDBOE mice compared to controls at this age (Figure 16B).  

At 12 months of age, sCYLDBOE mice displayed a significant expansion of CD5+ B cells, reaching around 

20% of all B cells in PB whereas in controls this population represented only about 2% (Figure 16C, 

upper panel). CD5+ B cells were also significantly expanded in the LN and spleen of sCYLDBOE mice 

(Figure 16C, middle	and lower panel), resulting in splenomegaly (data not shown).  

Thus, sCYLD overexpression drives the expansion of CD5+ B cells leading to a B cell lymphoproliferative 

disorder characterized by the accumulation of mature B cells in the BM, PB and lymphoid tissues. 

4.3.2. Loss of A20 expression in B cells accelerates CD5+ B cell expansion 

CD5 is not only a marker of B1a cells, but also expressed by B cell lymphoma and leukemia, such as in 

B cell chronic lymphocytic leukemia (BCLL) cells (234). Since sCYLD overexpression in B cells failed 

to progress to overt CLL, we reinforced NFκB signaling, by crossing sCYLDBOE mice to mice with B cell

specific A20 deficiency (A20BKOsCYLDBOE mice). We used A20BKO mice as a tool to achieve sustained 

activation of canonical NFκB signaling that in CLL patients occurs through other mechanisms, including 

B cell receptor (BCR) or microenvironmental activation (146, 235). In addition, these mice on their own 

harbor a dramatic decrease of CD5+ B1a cells in the peritoneal cavity and spleen (225). 

Additional deletion of A20 in B cells doubled the percentage of CD5+ B cells in the blood as evident in 

A20BKOsCYLDBOE mice at 3 months of age (Figure 17A). Importantly, this accumulation was also evident  
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in mice with heterozygous sCYLD expression (A20BKOsCYLDBOE/WT mice) (Figures 17A lower panel 

and 17B) demonstrating a role of sCYLD in regulating the pool of CD5+ B cells. CD5+ lymphocytes were 

not increased in the blood of A20BKO mice and mice lacking both, A20 in B cells, and all variants of CYLD 

Figure 16 sCYLD expression leads to the expansion of CD5+ B cells. (A) Representative flow cytometry of 
B220lowCD5+ cells among CD19+ B cells in blood and right graph percentage of B220lowCD5+ B cells from mice with 
the indicated genotypes. sCYLDBOE mice display a distinct CD5+ B cell population that is absent in the controls. (B) 
Representative flow cytometry of B cell subpopulations in the peritoneal cavity (PerC) of sCYLDBOE mice and age
matched CD19Cre controls. Numbers in the plots indicate the proportion of CD5+ (B1a), CD5 (B1b) and CD5

CD23+ (B2) B cells. Right panel: Total cell counts of PerC lymphocytes and percentages of B1a, B1b and B2 B cells 
in PerC of sCYLDBOE mice compared to CD19Cre controls. Data are shown as actual values (filled symbols) and 
as mean and standard deviation (± SEM). (C) Representative flow cytometry of B220lowCD5+ cells among CD19+ B 
cells in peripheral blood (PB, upper panel), lymph node (LN, middle panel), and spleen (lower panel). Numbers in 
the plots represent percentage (± SEM). Right graphs show percentages of CD5+ B cells from sCYLDBOE, CYLDfull

KO and the appropriate agematched wild type (WT) and CD19Cre controls. Data are represented as mean and 
standard deviation (± SD). Statistical significance was calculated using ttest. P values are indicated, * p < 0.05; ** 
p < 0.005; *** p < 0.001. 



63 
 

protein (A20BKOCYLDfullKO) (Figure 17A, B). CD5+ B cells steadily increased with age in 

A20BKOsCYLDBOE/WT and A20BKOsCYLDBOE mice reaching up to 80% in PB at the age of 12 months 

(Figure 17B). CD5+ B cells accumulated also in the BM, LN and spleen reaching up to 60% of all B cells 

in A20BKOsCYLDBOE mice (Figure 17C).  

 

While the number of CD5+ B1a cells in the peritoneal cavity was not increased in sCYLD mice at 3 

months of age (Figure 16B) and virtually absent in A20BKO mice (Figures 18A) this population was 

dramatically expanded at the age of 16 months in sCYLD mice as well as in A20BKOsCYLDBOE mice 

(97% in A20BKOsCYLDBOE mice compared to maximal 60% in the controls, see Figure 18A). At this age 

the total cell count of the peritoneal cavity was 1020fold increased in A20BKOsCYLDBOE compared to 

Figure 17 Accumulation of CD5+ B cells in A20BKOsCYLDBOE mice. (A) Representative flow cytometry of 
B220lowCD5+ B cells among CD19+ B cells in peripheral blood of the indicated mouse strains. Numbers in the plots 
indicate the proportion of CD5 expressing B cells ± SD. Right graph: Percentage of B220lowCD5+ B cells among 
CD19+ B cells in PB of the indicated mice represented as dots analyzed by flow cytometry; red line marks the upper 
threshold for normal percentages of B220lowCD5+ B cells in PB of control mice; n, number of mice analyzed; “>4%” 
shows the percent of tested mice that are considered positive for a beginning CD5+ lymphocytosis. Data are shown 
both as actual values (filled symbols) and as mean standard deviation (± SD). (B) Percentage of B220lowCD5+ B 
cells in PB analyzed by flow cytometry over time up to 12 months of age. Data of each mouse is shown as the 
actual value with the indicated dots representing the genotype. (C) Representative flow cytometry of B220lowCD5+

B cells in bone marrow (BM), lymph node (LN) and spleen of mice with the indicated genotypes at the age of 12 
months. Numbers indicate the proportion of B220lowCD5+ B cells ± SD. Right graphs represent percentage of 
B220lowCD5+ B cells among the CD19+ B cells in lymphatic organs of the indicated mouse strains. Data are shown 
as bar graphs with mean ± SD. Statistical significance was calculated using ttest. P values are indicated, * p < 
0.05; ** p < 0.005; *** p < 0.001. 
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controls (Figure 18A). sCYLD expression compensates for the decrease of B1a cells in A20BKO mice. 

Thus, sCYLD expression but not FLCYLD or A20 deletion drives the expansion of CD5+ B cells.  

Next, we tested whether the cells of the expanded B cell population also expressed other markers typical 

for tumor cells found in CLL patients. Indeed, we found increased expression of ZAP70, Bcl2 and 

Figure 18 Dramatic expansion of CD5+ B cells in the peritoneal cavity of aged mice expressing sCYLD. (A, 
B) Representative flow cytometry of CD19+ B cell subpopulations in the peritoneal cavity (PerC) of the indicated 
mouse strains (A, upper panel) 3monthold, and (B, lower panel) 16monthold. Numbers in the plots indicate the 
percentage of B1a, B1b and B2 B cells. Graphs represent total cell number of PerC from mice with the indicated 
genotypes and percentage of B1a B cells (A) Representative flow cytometry of (top) CD19+ B cells and (bottom) 
CD19+CD5+ B cells for the expression level of the surface marker genes Zap70, Bcl2, CD20 and CD22. Numbers 
represent the mean percentage of the high expressing cell fraction with standard deviation (± SD) from 2 mice, 3 
independent experiments. (C) Representative flow cytometry analysis of CD19+ B cells from blood of 16monthold 
mice with the indicated genotypes for the expression of adhesion molecules using antibodies against ICAM1 and 
β1integrin. Red numbers in the quadrants represent the mean percentage of the high expressing cells ± SD. Right 
graph represents percentage of ICAM1 and β1integrin high expressing cells. Statistical significance was 
calculated using student´s t test. P values are indicated, * p < 0.05. Data are shown both as actual values (filled 
symbols) and as mean standard deviation (± SD). 
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CD20 in CD19+ B cells as well as in CD19+CD5+ splenic B cells of aged A20BKOsCYLDBOE mice 

compared to control cells (Figure 18B). Moreover, expression of the BCRinhibitory molecule CD22 was 

reduced, as previously reported for malignant cells of CLL patients (Figure 18B) (236). Homing to 

secondary lymphoid organs and to the BM is a central aspect of leukemic pathophysiology. Increased 

expression of adhesion molecules by malignant cells has been associated with their emigration and 

invasiveness into different tissues (237). Analysis of B cells isolated from blood of aged 

A20BKOsCYLDBOE mice showed increased expression of CD54 (ICAM1) (Figure 18C). Thus, 

upregulation of CLL markers presumably leads to the evasiveness of these cells. 

4.3.3. Extensive cell infiltration into non-lymphoid organs in mice with sCYLD	
expression 

The LNs and spleens of A20BKOsCYLDBOE mice increased with age (Figure 19A). Moreover, we found 

that the splenic architecture of mice overexpressing sCYLD was disorganized and revealed a distorted 

white and red pulp with irregular lymphoid follicles (Figure 19B). Importantly, also nonimmune organs, 

including the lung and liver were enlarged, recapitulating hallmarks of human CLL (Figure 19B). 

Furthermore, lung and liver were massively infiltrated by lymphocytes in both strains of mice 

overexpressing sCYLD but not in control animals (Figure 19B). PB and BM smears displayed increased 

Figure 19 Infiltration of cells into non-lymphoid organs. (A) Comparison of lymph nodes (LNs), kidney, lung, 
liver and spleen (Spl) dissected from (top) aged CD19Cre and (bottom) aged matched A20BKOsCYLDBOE mice (18
22monthold). Ruler indicates the size of the organs (centimeters). Pictures shown are from one representative 
experiment out of 6. (B) Representative H&E staining of liver, lung, spleen sections and blood smears of 1822
monthold A20BKOsCYLDBOE mice and age matched controls. Sections are shown at 10x (upper right corner) and 
40x magnification, showing infiltrating cells. (C) Bone marrow (BM) smears of 12 months old A20BKOsCYLDBOE mice 
and age matched controls stained with MayGrünwaldGiemsa staining (x40 magnification) Lower right corner: Mott 
cell appearing in the BM of aged A20BKOsCYLDBOE mice. 
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abundance of mature lymphocytes and occasionally Mott cells which are associated with various 

pathological conditions, such as lymphoma and multiple myeloma (Figure 19B, C). Overall, 100% of 

the analyzed aged A20BKOsCYLDBOE mice developed B celllymphoproliferation. Collectively, we 

demonstrate that sCYLD overexpression combined with B cellspecific A20 deletion leads to a dramatic 

accumulation of CD5+ B cells and cell infiltration into nonlymphoid tissues similar to what has been 

observed in human CLL. 

4.3.4. Clonal B cell expansion in A20BKOsCYLDBOE mice 

The increase in CD5+ B cell numbers seen in A20BKOsCYLDBOE mice could result from either the 

outgrowth of neoplastic B cell clones or a gradual accumulation of clonal B cells. To examine clonality 

we performed PCR from sorted peritoneal cavity and splenic CD5+ B cells of aged (12 and 22 months) 

A20BKOsCYLDBOE and control mice. This analysis showed an impaired IGHV gene usage and a reduced 

diversity of IGH VDJ rearrangements (Figure 20A, B, C). 

For a more detailed analysis, we sequenced the splenic IGHV repertoire of young (3 months) and aged 

(22 months) A20BKOsCYLDBOE mice along with the corresponding controls. We used EµTCL1 mice, 

which express a transgene for human Tcell leukemia 1 (TCL1) under the control of the IGHV promoter 

and the Eµ enhancer as a positive control for murine CLL (238). 

Skewing of the IGHV repertoires can be characterized by their Gini coefficient (239). Coefficients were 

determined for the cluster size distribution (cluster Gini coefficient) and the vertex size distribution (vertex 

Gini coefficient) of each sample. Large cluster Gini coefficients indicate ongoing clonal expansion with 

somatic mutations, whereas large vertex Gini coefficients indicate large expansion of a single clone. All 

young animals, including CD19Cre control mice exhibited normal Gini coefficients (Figure 21, box c) 

and similar networks of expanding clones (Figure 21, upper panel). In contrast, aged mice separated 

into two distinct groups. One group (Figure 21, box b) consisted of all CD19Cre control mice and one 

sCYLDBOE mouse, all of which exhibited skewed repertoires characterized by elevated vertex Gini 

coefficients and limited clonal expansion (Figure 21, lower panel). This clearly shows that these mice 

have large numbers of similar or identical B cells indicating extensive proliferation. IGHV sequences that 

are less than 98% homologous to germline are considered to have undergone somatic hypermutation, 

therefore a mutated status is assigned to CLL clones when it displays more than 2% deviation from the 

germline IGHV sequence (240). Indepth sequence analyses revealed elevated mutation rates in the 
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IGHV regions of B cells from CD19Cre mice (Figure 21C) probably emanating from germinal center 

reactions. Hence, we conclude that the mutations in the CD19Cre B cells are attributed to normal 

antigen responses. All old A20BKOsCYLDBOE animals clustered in the second group (Figure 21, box a) 

exhibiting highly skewed IGHV repertoires, with vertex Gini coefficients ranging from 0.85 to 1 and 

resulting from large vertices with only few direct relatives to the main vertex (Figure 21, lower panel). 

B cells from EµTCL1 mice also clustered in this group with vertex plots similarly to aged 

A20BKOsCYLDBOE mice (Figure 21, lower panel). Interestingly, also two out of three sCYLDBOE mice 

clustered in this group indicating that expression of sCYLD drives expansion of unmutated B cell clones. 

Figure 20 IGH VDJ recombination analysis of CD5+B220low and CD5- B2 B cells. (A) Schematic overview of 
the genomic locus for IGHV gene families and IGHD and IGHJ genes. Primer locations for the IGH VDJ 
recombination PCR are indicated. (B) IGH VDJ recombination PCR of FACS sorted splenic CD5+ and CD5 B cells 
isolated from 20 months old A20BKOsCYLDBOE mice. Mouse numbers and used forward primers for the respective 
IGHV gene families are indicated. PCR products with the respective IGHJ gene expression are marked on the left 
side. * indicates unspecific amplified PCR products. (C) IGH VDJ recombination PCR of FACS sorted PerC (left 
side) and splenic (right side) CD5+ and CD5 B cells isolated from 12 and 20 months old A20BKOsCYLDBOE mice 
and age matched controls. Mouse numbers and forward primers used for the respective IGHV gene families are 
indicated. PCR products with the respective IGHJ gene expression are marked on the left side. * indicates 
unspecific amplified PCR products. No PCR products were obtained for CD5+ B cells in the lane of A20BKO sample, 
due to the lack of these cells. A20BKOsCYLDBOE mice lack CD5 B cells. 
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In support of these findings, we found that B cells of all aged A20BKOsCYLDBOE mice had a highly skewed 

IGHV region usage. The large CLLlike clones in these mice were all derived from IGHV 155 or IGHV 

152, which were also detected in expanded clones of aged EµTCL1 mice (data not shown). 

Figure 21 sCYLDBOE cells engraft and outgrow wild type host cells. (A) Schematic overview of the experimental 
setup of the cell transfer experiment. Splenocytes were isolated from 12 months old mice with the indicated 
genotypes and transferred intravenously (i.v.) into mildly irradiated CD45.1+ wild type mice. (B) Percentage of 
expanded CD45.2+/CD19+ B cells in CD45.1+ host mice in blood, bone marrow (BM), peritoneal cavity (PerC) and 
spleen (Spl) 8 months after transfer. Data of each mouse is shown as the actual value with the indicated dots 
depending on the genotype together with mean ± SD of each experimental group. Pvalues are indicated, * p < 
0.05; ** p < 0.005; *** p < 0.001 (2tailed unpaired ttest). (C) Total cell numbers of CD45.1+ and CD45.2+ B cells 
of indicated transferred experimental groups in lymphatic organs of host mice 8 months after transfer. Spleen cells 
isolated from A20BKOsCYLDBOE mice and sCYLDBOE mice replaced CD45.1+ wild type host cells and expanded in 
the PerC and spleen. 
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Furthermore, also one of the sCYLDBOE mice contained a larger B cell clone that utilized the IGHV 152 

dsgment. Thus, sCYLD overexpression drives the expansion of B cells with unmutated IGHV 

gene rearrangements.   

4.3.5. A20BKOsCYLDBOE CD5+ B cells expand in wild type hosts 

Murine CLL cells as well as CD5+ B1a cells were shown to survive and proliferate when transferred to 

another host (241, 242). To test whether sCYLD expressing B cells are transferable and expand in 

healthy wild type recipients, we performed adoptive transfer experiments of splenic cells from the 

different experimental groups into congenic CD45.1 C57BL/6 mice (see scheme Figure 22A).  

Figure 22 HTS IG repertoire analysis of CLL mouse models and controls. (A) Cluster Gini coefficients plotted 
against vertex Gini coefficients of samples from 3 months old (“young”) and 22 months (“old”) CD19Cre (n=3), 
sCYLDBOE (n=3), A20BKOsCYLDBOE (n=3), EµTCL1 (n=2) mice. The 3 dashed boxes group mice with normal 
(diverse) repertoires (a), repertoires with   moderate (B) and repertoires with strong (C) monoclonal expansion 
(single, large vertex clusters). (D) Representative vertexcluster networks (log scale) for CD19Cre, sCYLDBOE, 
A20BKOsCYLDBOE and EµTCL1 mice. The cluster network of the A20BKOsCYLDBOE repertoire shows one large 
clone comprising 88% of the sequences. In the EµTCL1 sample, the largest clone comprises 91% of all sequences. 
In the sCYLDBOE network, several clones have undergone expansion. The networks of CD19Cre mice show 
multiple small clones of similar size. Clusters are colorcoded by their proportion of the total repertoire (<1% = grey; 
>1%  <15% = green; >15  85% = yellow; >85% = red). (C) IGHV region identity of the 3 largest IGH sequence 
clusters of the 22 months old mice expressed in terms of % IGHV region identity compared to germline (as derived 
from IMGT HighV Quest output). Red lines indicate the total range of the mutation rate. 
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Six weeks after transfer, we detected a distinct population of donorderived CD5+ B cells in the blood of 

hosts that received either sCYLDBOE or A20BKOsCYLDBOE cells which significantly increased over time 

(data not shown). Analysis of peripheral organs showed that in the peritoneal cavity, host B cells were 

completely outgrown by sCYLD as well asA20BKOsCYLDBOE donor CD5+ B cells (79%  98%) five months 

post transfer. Eight months post transfer all host mice transplanted with spleen cells from sCYLDBOE or 

A20BKOsCYLDBOE mice showed a dramatic expansion of the CD5+ B cells also in the blood, bone marrow 

(BM), peritoneal cavity (PerC) and spleen (Figure 22B, C). Collectively, these data demonstrate that B 

cells from mice that overexpress sCYLD outcompete B cells of host mice similar to what was shown for 

CLL cells. 

4.3.6. Enhanced NF-κB activation drives clonal CD5+ B cell accumulation 

To understand the molecular mechanism leading to the expansion of CD5+ B cells in A20BKOsCYLDBOE 

mice we performed global gene expression profiling from purified B cells of the indicated genotypes at 

the age of 8 weeks. We found that in B cells from A20BKOsCYLDBOE mice 35 genes involved in the NF

κB pathway were differentially regulated compared to CD19Cre control B cells (Figure 23A). We 

verified that IκBa and RelB were significantly upregulated on RNA level (Figure 23B) whereas on protein 

level IκBα was constantly degraded in unstimulated B cells isolated from A20BKOsCYLDBOE mice 

compared to control B cells. Furthermore, in naive B cells sCYLD expression leads to an increase of 

cytoplasmic and nuclearp100 (NFκB2) and RelB (Figure 23D), both substrates of the alternative NF

κB pathway and transcriptional targets of the canonical NFκB pathway (243, 244). However, in 

agreement with our previous observations (222), the processing of p100 to p52 was not enhanced but 

rather decreased in B cells of mice overexpressing sCYLD (Figure 23C). In addition, naïve B cells 

isolated from these mice showed significantly increased spontaneous translocation of RelA to the 

nucleus probably as a result of constant IκBα degradation (Figure 23C). Taken together, these data 

show that expression of sCYLD results in overactivation of the canonical NFκB pathway in naïve B 

cells. Moreover, sustained canonical NFκB signaling in sCYLD expressing B cells was associated with 

the expression of prosurvival and proliferation genes including XIAP, survivin, cyclin D2 and p53 

(Figure 23B), thereby providing the A20BKOsCYLDBOE B cells excessive prosurvival signals that 

presumably drive the expansion of CD5+ B cells. RelB expression was shown to rescue CLL cells from 

apoptosis (245). Consistently, B cells from sCYLDBOE and A20BKOsCYLDBOE mice that comprise higher 
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RelB levels, exhibited a survival advantage compared to A20BKO and control B cells ex vivo (Figure 

24A). 

 To examine whether the increase of B cells was also due to increased proliferation, we fluorescence 

labeled B cells isolated from the different mice and tested their proliferative capacity. Here, we found 

that B cellspecific deletion of A20 resulted in increased proliferation when stimulated with antiCD40 

(Figure 24B). This proliferative advantage was irrespective of sCYLD expression, which failed to 

contribute to excessive proliferation (Figure 24B). To verify these findings in vivo, we tested B cells for 

Figure 23 Increased canonical NF-κB activation synergizes with sCYLD expression in the development of 
CLL. (A) Heat map of differently expressed NFκB matching transcripts in splenic B cells sorted from 
A20BKOsCYLDBOE and CD19Cre control mice at the age of 8weeks (n=3), assessed with a cutoff of a change in 
expression of 1.5fold change and pvalue = 0.5. (B) Relative expression of NFκB transcription factors and relevant 
NFκB target genes from MACS purified splenic B cells by RTPCR analysis of the indicated genotypes. Gene 
expression levels were normalized to HPRT expression. (C) Western blot analysis of cytoplasmic (left panel) and 
nuclear protein extracts (right panel) of MACS purified naïve B cells of mice with the indicated genotypes using the
indicated antibodies. α/βTubulin and HDAC1 were used as loading controls. Right graphs represent quantification 
of cytoplasmic und nuclear location of NFκB transcription factors from indicated genotypes.  
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incorporation of BrdU. We noted a higher percentage of BrdU positive B cells in the spleens of A20BKO 

and A20BKOsCYLDBOE mice, corroborating the in vitro data (Figure 24C). Interestingly, in peritoneal 

cavity B cells, BrdU incorporation was the highest in A20BKOsCYLDBOE mice, probably representing the 

site of CD5+ B cell expansion (Figure 24C). Together, the increase in canonical NFκB activation, driven 

by A20 deletion, results in higher proliferation while increased survival is due to sCYLD overexpression 

which in combination most likely contributes to a CLLlike disease.  

4.3.7. sCYLD expression in human CLL patients 

We found that complete CYLD deficiency leaves CD5+ B cells unaffected whereas heterozygous 

expression of full length CYLD and sCYLD is sufficient to drive the accumulation of these cells. To 

address whether sCYLD expression is associated with human CLL we performed PCR of cDNA derived 

from CLL patient samples using primers located in the exons adjacent to exons 68, which are absent 

in the murine sCYLD. We detected, in addition to the band resembling FLCYLD a band of 700 bp, 

representing human sCYLD. To verify that, we indeed detected sCYLD, we sequenced the two 

predominant products. Sequence analysis revealed that the 1240bp fragment resembles FLCYLD 

product whereas the shorter band represents CYLD lacking the exons containing the binding sites for 

TRAF2 and NEMO equivalent to mouse sCYLD (Figure 25A). In total 32.7% (17 patients) of 52tested 

CLL samples were positive for sCYLD expression as detected by PCR. Taken together, these results 

demonstrate that aberrant splicing of sCYLD occurs also in human CLL samples. However, the 

molecular mechanism causative for this aberrant splicing still needs to be investigated. Nevertheless, 

Figure 24. Increased proliferation and survival of A20BKOsCYLDBOE B cells. (A) MACS purified B cells of the 
indicated genotypes were cultured without stimulation. Percentage of living cells was determined daily by counting 
and FACS analysis. Each time point represents the mean of 5 different samples per experimental group ± SD. (B) 
Assessment of proliferation by violet cell tracer dilution assay. Histogram shows violet cell tracer dilution in MACS 
purified B cells from LN after 3 days in culture with the indicated stimuli. A20BKOsCYLDBOE B cells display increased 
proliferation rate after antiIgM or antiCD40 stimulation compared to CD19Cre control B cells. Data are 
representatives of at least 3 independent experiments. (C) In vivo BrdU incorporation. Mice of indicated genotypes 
were fed with BrdU drinking water for 12 days. BrdU uptake was measured by flow cytometry. B cells were stained 
with CD19 antibody and an intracellular antiBrdU antibody. Shown are percentages of BrdU+ B cells for each 
mouse in spleen and peritoneal cavity. 
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sCYLD expression inhuman BCLL patient cells implicates an important role for this truncated protein in 

human CLL pathology possibly representing a new risk factor for this disease. Overall, we show that 

alternative splicing of the tumor suppressor CYLD regulates the pool of CD5+ B cells in mice through 

accelerated activation of NFκB signaling. Reinforced activation of this pathway leads to the 

development of B1 cellassociated tumor formation in aging mice. sCYLD expression in human CLL 

samples implicates a role for this truncated protein also in human CLL pathology. 

 

3.5. Discussion 

Accumulating evidence shows the importance of canonical NFκB pathway activity in chronic 

lymphocytic leukemia (CLL). However, the underlying mechanisms were largely unknown (216, 246). 

Here we demonstrate that mice overexpressing a naturally occurring splice variant of the tumor 

suppressor CYLD (sCYLD) develop CD5+ B cell lymphoproliferative disease. Heterozygous sCYLD 

expression but not FLCYLD deletion is sufficient to drive the B cell expansion by modulating their 

survival rather than by affecting their proliferative capacity. We further show that the development of a 

fullblown CLLlike phenotype in sCYLD mice requires additional alteration such as enforced canonical 

NFκB activation, which we achieved by inactivating A20 specifically in B cells. Although A20 was 

reported not to be involved in human CLL pathogenesis (227, 228), we used these mice as a tool to 

accelerate canonical NFκB activation, mimicking activation of this pathway, which is normally driven by 

sustained BCR activation or the microenvironment (235, 247, 248). This enforced canonical NFκB 

activation drives the progression to an indolent late onset CLLlike disease due to acquired proliferative 

skills of the CD5+ B cell clones. These data are consistent with the TRAF2DN/Bcl2 CLL mouse model 

demonstrating that overcoming a certain threshold of NF B activation resulted in a B cell leukemia 

Figure 25. sCYLD expression in human CLL patient samples. (A) Representative PCR analysis of 
cDNA from BCLL patients. PCR sizes of FLCYLD and sCYLD are indicated. 
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resembling CLL (249). It has been shown that aging of C57BL/6 mice can result in B1 cell neoplasia. 

Agerelated B1 cell neoplasia in mice has been compared to human BCLL, as both diseases develop 

as a result of slowly expanding CD5+ B cell populations. Indeed, several mouse models for BCLL show 

B1 cell expansion as a result of a survival benefit (250). A20BKOsCYLDBOE mice show a gradual increase 

in CD5+ B cell population in all lymphoid organs, which at final stages are also spreading to nonlymphoid 

organs owing to a survival as well as a proliferative advantage.  

The biological factors that contribute to the development of CLL are not completely understood, but 

decreased susceptibility to apoptosis and deregulated proliferation driven by NFκB was shown to play 

an important role in disease pathogenesis. For example, the transgenic expression of APRIL, a protein 

involved in NFκB activation, resulted in expansion of CD5+ B1 cells (251) and EµTCL1 overexpression 

directly enhances NFκB activity resulting in CLL pathogenesis (252). These observations underline a 

critical role for hyperactivated NFκB signaling in CLL. A heterogeneous set of genetic lesions 

associated with CLL seems to constantly activate positive regulators or disrupt negative regulators of 

numerous signaling pathways converging in the activation of the NFκB transcription complex (253–

257). In particular, Akt activation, B cell receptor (BCR) signaling, CD40 ligation and Bcell activating 

factor of the TNF family (BAFF) and APRIL increase NFκB activity and thereby enhance CLL cell 

survival (258–260). A20BKOsCYLDBOE B cells showed increased levels of p100, a wellknown NFκB 

target. Interestingly it was shown that high protein levels of p100 protected CLL cells from apoptosis due 

to an elevated expression of the antiapoptotic protein Bcl2 (261). Another study using CLL patient 

samples showed that RelB activity together with RelA was associated with increased CLL cell survival 

in such a way that the strength of RelB activity correlated with the prognosis of the CLL patients (262). 

RelA was further shown to be an independent biomarker of clinical outcome in CLL (263). Thus, the 

survival advantage of B cells expressing sCYLD is at least partially driven by canonical NFκB activation 

presumably via upregulation of antiapoptotic proteins. Moreover, the canonical NFκB pathway also 

regulates expression of endogenous inhibitors of apoptosis (IAPs) such as survivin (264), which was 

also significantly increased in B cells of A20BKOsCYLDBOE mice. 

The processing of p100 to its active form p52 was not changed in naïve B cells from mice expressing 

sCYLD indicating that the noncanonical NFκB pathway, which regulates p100 processing via 

NIK/IKK1, does not contribute to the accumulation of CD5+ B cells. Thus, sCYLD expression regulates 

the number of CD5+ B cells most likely due to an oncogenic function accelerating canonical NFκB 

signaling. Deregulation of CYLD expression was previously shown to be involved in the development of 
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human BCLL, since a fraction of CLL cases overexpressed the CYLD repressor lymphoid enhancer

binding factor 1 (LEF1), decreasing CYLD levels. Consequently, the cell death program of the malignant 

cells in the CLL patients was impaired due to a constitutive ubiquitination of RIP1 (215). RIP1 is a target 

protein of CYLD and has been shown to act as a scaffold to either activate NFκB or to initiate 

programmed cell death, depending on its ubiquitination status (265). Moreover, CYLD was shown to be 

considerably down regulated in human BCLL cells compared to normal B cells (223). In our CLLlike 

model, CD5+ B cell accumulation also occurs in the presence of FLCYLD, suggesting that sCYLD 

mediates a dominant effect over FLCYLD in CLL disease pathogenesis. Nevertheless, sCYLD 

expression in CD5+ tumor formation in humans is persuasively supported by the detection of sCYLD 

message in a large fraction of CLL patients. Further analysis will be needed to unravel the molecular 

mechanism of sCYLD function in human and mouse CLL pathology. 

Together, we show that sCYLD expression regulates the pool of CD5+ B cells by hyper activation of the 

canonical NFκB pathway. Reinforced NFκB signaling leads to a late onset CLLlike disease in mice. 

We propose that our new CLL mouse model represents a remarkable model for human CLL to study 

NFκB driven disease progression and as a preclinical model for testing new therapeutics for this 

disease. 
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4.1. Summary 

With the advent of highthroughput sequencing (HTS), profiling immunoglobulin (IG) repertoires has 

become an essential part of immunological research. Advances in sequencing technology now also 

allow the use of the Ion Torrent Personal Genome Machine (PGM) to cover the full length of IG mRNA 

transcripts. Nucleotide insertions and deletions (indels) are the dominant errors of the PGM sequencing 

platform and can critically falsify IG repertoire assessments. Here we use a set of artificially falsified 

murine IG heavy chain (IGH) sequences to benchmark the indel detection and correction measures of 

ImMunoGeneTics (IMGT) database, the most commonly used sequence alignment database for IG 

sequences. We could show that IMGT efficiently detects 98% of the artificially introduced indels through 

genesegment frameshifts. The remaining undetected indels are either located at the beginning and end 

of the sequences or produce frameshifts that cancel each other out, e.g. with an insertion and deletion 

in close proximity. IMGTs indel correction algorithm corrects up to 87% of the tested insertions. Deletions 

and mixed indels result in mostly false sequences, as deleted nucleotides are not inferred by IMGT. The 

most important part of the IGH sequence, the complementary determining region 3 (CDR3) is covered 

by a conservative detection and culling algorithm of IMGT, returning 100% correct CDR3s for up to 3 

insertions or 3 deletions. We further show that HTS datasets from a PGM sequencer can be highly 

accurate if combined with a tailored single side unique molecular identifiers (ssUID) library preparation 

and the appropriate data processing steps. In this regard, considering consensus sequences with at 

least two copies from datasets with UID families of minimum 3 reads results in correct IGH nucleotide 

and amino acid sequences with over 99% confidence and correct CDR3 amino acid sequences with 

over 99.9% confidence. The protocol and sample processing strategies described in this study will help 

to establish benchtopscale sequencing of IG heavy chain transcripts in the field of IG repertoire 

research.  
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4.2. Introduction 

The diversity of the immunoglobulin (IG) repertoire is the key feature of the adaptive immune system, 

enabling it to theoretically combat every possible antigen encountered during an individual’s lifetime (1). 

With the development of highthroughput sequencing (HTS) it became possible to analyze the IG 

repertoire at high depth (64, 77, 156, 266–268). Studies, almost a decade ago, established Roche’s 454 

sequencer as the first tool of choice for exhaustive characterization of IG repertoires due to its superior 

readlength (269). More recently, Illumina’s MiSeq and HiSeq sequencers as well as the Ion Torrent 

Personal Genome Machine (PGM, Thermo Fisher Scientific) provided an improved sequencing 

technologies which can reach across the full V(D)J nucleotide sequence span (68). The different 

technologies of the sequencers result each in their specific errorrates and types (57, 269–275). 

Illumina’s optical sequencing produces mostly nucleotide (nt) transversions and transitions, which can 

be corrected by building consensus sequences (56). The 454’s pyrosequencing chemistry and the 

PGMs semiconductor technique mainly introduce homopolymer repeats resulting in insertions and 

deletions of bases, which can be corrected by gene segmentwise reference alignment (88). 

Most sequencing approaches use IG isotype specific constant (C) region primers to translate IG heavy

chain (IGH) (m)RNA into cDNA, which are subsequently amplified using a set of IGHV region specific 

primers in a multiplex PCR approach. However, this can result in skewed repertoire readouts due to 

biased PCR efficacy (57, 68, 276). In addition, sequencing errors can falsify somatic hypermutation 

profiles, IGH VDJ germline gene assignment and clonal grouping (68, 76). Unique identifiers (UID) which 

tag individual RNA molecules at cDNA transcription level have been used to obtain an unbiased view 

on the IG repertoire (277–280). This method also allows thorough errorcorrection by building consensus 

sequences, albeit at the cost of sequencing depth. In all cases, complex bioinformatic approaches are 

necessary to perform rawread processing (281). Subsequent alignments to germline genes to assign 

IGH VDJ genes are usually conducted using the ImMunoGeneTics (IMGT) database, which applies an 

error correction algorithm for insertions and deletions in the process (187, 282). 

After the initial proofofconcept studies, the use of animal models to study the IG repertoire dynamics 

has been largely ignored (77, 268). One major factor being the lack of a suitable IGHV region primer set 

comparable to BIOMED2, developed for the human IG repertoire (59). Yet, animal models offer 

advantages over human studies, as they are not limited to peripheral blood and have a lower B cell 



79 
 

diversity (283–286). As IMGT provides repertoires for various species, we chose to develop a method 

to profile the IG repertoire of Balb/C mice, one of the most commonly used animal models.  

In the present study, the performance of the PGM sequencing platform together with the IMGT database 

for the assessment of murine IGH repertoires is evaluated. In this context, several novel aspects are 

examined: first, the IMGT database’s indel detection and correction algorithm is benchmarked with a set 

of artificially falsified sequences. Second, a 16nucleotide single side UID (ssUID) barcoding technique 

tailored to the PGM sequencing chemistry is provided together with a swift 1day library preparation 

protocol. Third, the PGM’s errorrate for sequencing murine IG transcripts with our barcoding strategy 

and customized data processing is determined. 

 

4.3. Materials and Methods 

4.3.1. RNA extraction 

RNA was extracted with Trizol LS/chloroform (Thermo Fisher Scientific, Waltham, USA) method from 

seven monoclonal hybridoma cell lines (produced in house) with 106 cells each. DNA was digested using 

the DNAfree kit (Thermo Fisher Scientific), RNA was further purified using Agencourt® RNAclean XP 

beads (Analis, Suarlée, BE) and quantified on a NanoDrop® Spectrophotometer (ND1000, Isogen Life 

Science, De Meern, NL). RNA was either directly used for library preparation or stored at 80°C.  

4.3.2. Reference sequences 

Hybridoma cDNA transcripts were obtained using mouse constant region IgG primer (Table 11) in a 

Superscript III (Thermo Fisher Scientific) reverse transcription following the manufacturer’s instructions 

for templates with high GC content. Transcripts were Sangersequenced (3100 Avant, Thermo Fisher 

Scientific) using constant region IgG and IGHV region primers (Table 11). Forward and reverse 

sequences were aligned and submitted to IMGT VQUEST (http://www.imgt.org, (287)) to verify the 

nucleotide sequence and to translate into amino acids. These sequences were subsequently used as 

reference sequences in alignments and artificial error insertion experiments. 
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4.3.3. Datasets with artificial insertions and deletions 

Artificial datasets were generated using the Biopieces indel_seq package (http://www.biopieces.org). 

For each of the original 7 hybridoma sequences, 2500 errorcontaining sequences were generated by 

combining 03 insertions and 03 deletions, obtaining a total of 37500 artificial sequences per hybridoma. 

For every set, indeltype and position were determined by alignment to the original sequence to ensure 

homogenous error distributions. All artificial datasets were uploaded to IMGT HighVQUEST and sorted 

by annotation: IMGT annotates correct sequences as productive. Sequences with a detected indel 

(frameshift, stop codon) are marked as “productive (see comment)” if the error can be corrected (referred 

to as “productive with detected errors”). Sequences with uncorrectable errors are classified as 

“unproductive”. If no fitting germline can be found sequences are marked as “unknown” or “no result” 

(referred to as “unknown/else”). The remaining indels on nucleotide level and amino acid changes were 

determined using the SeqAn library (288) in a custommade C++ reference alignment program. For 

datasets with one insertion and one deletion (i1d1) the positions of the indels were determined by 

positionwise mismatch detection using a custom made Biopython (289) script. Upon detection, the 

nucleotide positions were returned and the process repeated with reverse complement sequences.  

4.3.4. Library preparation and HTS 

Approximately 100ng (as determined by Nanodrop) of total RNA per hybridoma was used for library 

preparation. We adapted the UID labeling method developed by Vollmers and colleagues (71) to the 

PGM sequencing platform (Figure 26). RNA was reverse transcribed using Superscript III reverse 

transcriptase, according to the manufacturer’s instructions, using multiplex identifiers (MID) and UID 

tagged mouse constant region (IGHγ) primers elongated by partial PGM sequencing adapter pA (Table 

11). The MID tag allowed multiplexing of several samples on one sequencing chip. The UID tag consists 

of two times 8 random nucleotides separated by a “GATC” spacer (N8GATCN8). With this UID tag 

each RNA molecule targeted by the primer is uniquely labeled (see (71, 73) for detailed theoretical 

descriptions). The RT reaction mixtures were split into two equal second strand synthesis reactions 

using Phusion HighFidelity DNA polymerase (NEB, Massachusetts, USA) with a mouse IGHV region 

primer mix (Table 11). The reaction conditions were as follows: 98°C 2min, 50°C 2min, 72°C 10 min in 

a single cycle reaction. Both reaction aliquots were combined and purified twice using Agencourt 

AMPure XP beads (Analis) in a 1:1 (v/v) ratio to remove primer traces. Libraries were subsequently 

amplified with a Q5 Hot Start HighFidelity DNA polymerase (NEB) using the fulllength Ion Torrent PGM 
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sequencing adapters A and P1 as primers (Table 11) with the following conditions: 98°C for 1min, 20 

cycles of 98°C for 10s, 65°C for 20s, 72°C for 30 seconds. Final elongation was done at 72°C for 2 min. 

Amplified libraries were purified twice using equal volumes of AMPure XP beads. Quality of the libraries 

as well as size of the amplicon and concentrations were determined using Agilent 2100 Bioanalyzer 

(Agilent Technologies, Diegem, BE) with the High Sensitivity DNA Kit (Agilent Technologies). 10 libraries 

were pooled equimolar on an Ion 316TM Chip (Thermo Fisher Scientific) and sequenced on a PGM 

sequencer, with all quality trimming options disabled on the Torrent SuiteTM v4.0.2 

4.3.5. Data processing pipeline for the HTS datasets 

Untrimmed raw reads were demultiplexed by their MIDs, retaining only sequences containing the full 

UID primer sequence for further analysis, with no mismatches allowed. The UID sequence was extracted 

in relation to the starting position of the detected primer including the ‘GATC’ spacer and stored in the 

Figure 26 3-step PGM ssUID sequencing library preparation. (A) In a first step, purified mRNA is used in a 
Superscript III reverse transcription. The Primer for the reverse transcription is specific for the murine IGH C region 
and elongated by an MID for sample multiplexing as well as a UID consisting of 2 x 8 random nucleotides (N8) 
separated by a 4nucleotide spacer (‘GATC’). The primer ends with the partial PGM sequencing adapter pA. (B) In 
the second step a mix of 26 IGHV region targeting primers (elongated by the partial PGM sequencing adapter pP1) 
is used in a single cycle PCR reaction to avoid amplification. The product of this reaction is purified twice with 
Agencourt AMPureXP beads to remove the IGHV primers from the reaction mixture. (C) In the final step, the purified 
reaction mixture is amplified using the fulllength P1 and A adapters as primers in a 20 cycle PCR reaction. The 
product is as well purified twice to obtain the ssUIDtagged sequencing library. 
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sequence identifier. After clipping the MID, UID and constant region primer, the trimmed reads were 

quality controlled (80% of the bases Phredlike quality score above 20) and grouped into UID families. 

Using paganmsa (230), a consensus sequence was generated for each UIDfamily containing more 

than 2 members. Subsequently, sequences were collapsed to unique reads, storing counts in the read 

identifier, and uploaded to IMGT for error detection, correction, annotation and translation into amino 

acids. PostIMGT datasets were separated into four categories (“productive”, “productive with detected 

errors”, “unproductive” and “unknown/else”) and processed separately. Data processing was performed 

using custommade Python scripts (Python v2.7) employed in a parallelizing bash wrapper script using 

gnuparallel (290) and the Biopieces framework (http://www.biopieces.org/). 

4.3.6. Graphs and statistics 

All graphs and statistical analyses were performed using R base packages or GraphPad Prism 6. 

Average numbers are reported as mean ± standard deviation (SD) unless specified otherwise.  
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Table 11 Primer sequences for ssUID N8-GATC-N8 layout murine HTS library preparation 

Vprimer Sequence 

IGHV1a AGRTYCAGCTGCARCAGTCT 

IGHV1b AGGTCCAACTGCAGCAGCC 

IGHV1c TCAGTGAAGATGTCCTGCAAG 

IGHV1d AACTGGGTGAAGCAGAGGCCT 

IGHV1e AAGTTGTCCTGCACAGCTTCT 

IGHV1f AAGCTCAGCTGCAAGGCTTCT 

IGHV2a CCTCACAGAGCCTGTCCA 

IGHV2b CAGCCATCACAGACTCTGTCTC 

IGHV3 GTGCAGCTTCAGGAGTCAG 

IGHV4 GGAGGTGGCCTGGTGCAG 

IGHV5a AGCCTGGAGGGTCCCTGAA 

IGHV5b GCTTAGTGCAGCCTGGA 

IGHV6 GAGGAGTCTGGAGGAGGCTT 

IGHV7 TCTGGAGGAGGCTTGGTACA 

IGHV8 CTGGGATATTGCAGCCCTCC 

IGHV9 CAGTCTGGACCTGAGCTGAAG 

IGHV10 GTGAGGTGCAGCTTGTTGAG 

IGHV11 GAAGTGCAGCTGTTGGAGAC 

IGHV12a CCTGGTGAAACCCTCACAG 

IGHV12b GCTGTCATCAAGCCATCACAG 

IGHV13 AGGCTTGGTGAGGCCTGGA 

IGHV14 GAGGTTCAGCTGCAGCAGT 

IGHV15 CAGGTTCACCTACAACAGTCTG 

IGHV16 GTGCAGCTGGTGGAATCT 

IGHCγ GGCCAGTGGATAGACHGATG 

A CCATCTCATCCCTGCGTGTCTCCGACTCAG 

P1 CCTCTCTATGGGCAGTCGGTGAT   

Example Layout: 

pP1IGHV4 GCGTGTCTCCGACTCAGGGAGGTGGCCTGGTGCAG 

pAN8GATC
N8IGHCγ 

CTATGGGCAGTCGGTGATNNNNNNNNGATCNNNNNNNNAGACATTTGGGAAGGACTGAC 
 

bold= partial A/P1 adapter  
italic=16N ssUID 
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Figure 27 Study design and data processing sheet. RNA was extracted from 7 monoclonal hybridoma cell lines 
and reverse transcribed into cDNA. cDNA sequences were determined by Sanger sequencing and submitted to 
IMGT to determine reference sequences. Reference sequences were artificially falsified using the indel_seq 
program, introducing up to 3 insertions and 3 deletions. 2500 artificial sequences were generated for each 
permutation and hybridoma and processed by IMGT. PostIMGT sequences were aligned to the references to 
determine error detection and correction. RNA was also used to generate highthroughput sequencing (HTS) 
libraries in a threestep library preparation protocol. Single side unique identifiers (ssUID) were introduced during 
reverse transcription to tag each RNA molecule individually. Libraries were sequenced on an Ion Torrent PGM 
sequencer with all quality trimming options disabled in the Torrent Suite software. Untrimmed raw sequences were 
processed with a custommade bioinformatics pipeline generating consensus sequences per UID family. Collapsed 
consensus sequences were submitted to IMGT and postIMGT sequences aligned to the reference sequences to 
determine error detection and correction.  
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4.4. Results 

4.4.1. Reference Sequences 

A set of 7 monoclonal mouse hybridoma cell lines was used to investigate the distribution and influence 

of insertions and deletions (indels) produced by the Ion Torrent PGM sequencing technology on murine 

IGH repertoire sequencing (Figure 27). Reference sequences were obtained from Sanger sequenced 

cDNA transcripts of hybridoma RNA subsequently annotated and translated into amino acids by IMGT 

VQUEST.  

4.4.2. Distribution of artificial insertions and deletions 

To investigate the influence of indels on IMGT processing at all possible positions of an IGH sequence, 

we generated a benchmark dataset from the reference sequences that contained artificially introduced 

indels at random positions. To cover each position within a 300 nt sequence with minimum 90% 

certainty, at least 2398 erroneous variants are required (291). Thus, we generated 2500 artificial, 

randomly flawed sequences for each permutation of 03 insertions and/or deletions (indels, annotated 

as i1d0, i0d1, i1d1 … i3d3), resulting in a total of 37500 artificial sequences per hybridoma with indels 

ranging from 1 to 6 events. Indels were homogenously present as determined by graphical reference 

alignment (Figure 28A). Uncovered positions resulted from indels within homopolymer stretches which 

were always assigned to the beginning of such a nucleotide repeat region (Figure 28B). 

4.4.3. IGHVDJ nt error detection 

As each sequence of the benchmark system contained indel errors, all sequences marked by IMGT as 

productive were falsely categorized as error free. In general, IMGT correctly recognized 97.9% (± 2.9%) 

of the introduced indels over all datasets and categorized the sequences then either as productive with 

detected indels, unproductive or unknown (Figure 28C). Interestingly, only the sets with one insertion 

and/or deletion (i1d0, i0d1 and i1d1) exhibited elevated numbers of unrecognized indels. For these 

IMGT falsely returned 8% (±1.8%) of the sequences as productive, whereas for all other datasets it was 

only 0.7% (± 0.4%). Such undetected indels were found at the beginning and the end of the sequence 

or across the whole sequence for i1d1 datasets due to indels in close proximity to each other masking 

the frameshifts (Figure 28D, E and Figure 29). The number of unproductive sequences increased with 

the number of indel events, regardless of their composition. Accordingly, the number of productive 
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sequences with detected indels decreased. Less than 50% of sequences with more than 3 indels, were 

retained. Indels were homogenously distributed in the uncorrected productive sequences with detected 

errors until about 4/5th of the sequence lengths while the opposite is true for the uncorrected 

unproductive sequences (Figure 28D, E, Figure 29). This section of the sequence coincides with the 

IMGT IGH junction which encodes for the CDR3 (292). Accordingly, upon detecting an indel in the IGH 

junction, IMGT categorized the sequence as unproductive and no corrective attempts were made. 

E 

Figure 28 Indels in the artificial dataset. (A) Insertion and deletion events displayed as determined by graphical 
alignments of the reference sequence to the i1d0 and i0d1 dataset of hybridoma 1. Grey bars represent the actual 
detected indel and the black line presents the moving average over 4 neighbors. The dotted lines vertical present 
the segment that is magnified in (B) to visualize the problem of determining the position of indels in homopolymer 
repeats. (C) Indel detection rates by IMGT processing shown as bar chart with error bars indicating the SD over all 
7 datasets (D) Visualization of indel proximity. The distances between the first and second indel before correction 
in the i1d1 dataset of Hybridoma 1 are shown as scatterplot. Dotted lines indicate the position of the IMGT junction
(i.e. the nt encoding for the CDR3). Productive sequences with detected indels are shown in light grey, unproductive 
sequences are shown in dark grey. Sequences without detected errors are shown in black. (E) Like (D) but for 
Hybridomas 27. 



87 
 

 

Figure 29 Selected alignments of artificially falsified datasets from Hybridoma 2. Indel positions are shown 
before and after IMGT error correction for hybridoma 1 separated by productivity. (A) The indels for the i1d0 dataset 
are shown per nucleotide position as line plot (smoothened over 4 neighbors). The grey area marks the IGH VDJ 
junction.  (BE) like (A) but with different, indicated permutations. 
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4.4.4. Nucleotide error correction 

Upon detection of an indel, IMGT tried to correct it by alignment to its closest germline. The efficacy of 

this process was investigated by aligning the sequences with detected indels to determine the number 

of correct sequences (Figure 29 and Figure 30). A thorough error reduction was observed for up to 

three insertion errors in datasets without deletions, returning 87% ± 3.2% (i1d0), 72% ± 5.5% (i2d0) and 

56% ± 7.0% (i3d0) of productive sequences (including productive with detected errors) as correct 

(Figure 30). Within these sequences indels that were not corrected by the IMGT were mainly found at 

the beginning and end of the sequence (Figure 29). In the case of deletions, the IMGT correction 

introduced a gap for the missing nucleotide as the original nucleotide was unknown. Consequently, the 

number of correct sequences found in mixed datasets is very low (i1d1: 1% ± 0.3%, i2d1: 2% ± 0.3%, 

i3d1: 2% ± 0.6%, i2d2 and i3d2 <1%). In datasets with insertions and deletions, the number of insertions 

within the sequences was always reduced (Figure 29C). No correct sequence could be identified in 

deletiononly datasets (Figure 30).  

4.4.5. Amino acid error correction 

Theoretically, translated amino acids are less influenced by sequencing errors because of the 

redundancy of the genetic code. Thus, most amino acid translations were returned correctly in the case 

of insertiononly datasets and with slightly higher numbers compared to the nucleotide datasets (mean 

correct amino acid sequences for i1d0: 89% ± 2.9%, i2d0: 76% ± 4.7%, i3d0: 61% ± 6.5%, Figure 30). 

Although also very low, higher numbers of correct translations were observed in mixed indel datasets 

than for the corresponding nucleotide datasets (i1d1: 3% ± 0.7%, i2d1: 4% ± 0.6%, i3d1: 4% ± 0.8%, 

i2d2 and i3d2 <1%, Figure 30). Interestingly, some amino acid translations were found to be correct for 

the i0d1 datasets (1% ± 0.5%, Figure 30). Deletionaffected datasets were usually returned with the 

Figure 30 Indel correction by IMGT. The fraction of correct sequences shown as bar charts of nucleotide (nt), 
amino acid (aa) and CDR3 amino acid sequences. Error bars indicate SD over all 7 datasets.  
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wrong amino acid sequence by the IMGT algorithm. During IMGT processing, nucleotide deletions 

rendered the whole codon triplet elusive and were translated as gaps in the amino acid sequence. 

Remarkably, the CDR3 proved to be protected chiefly from insertions and deletions through a more 

conservative correction approach of the IMGT algorithm for this part of the sequence. As mentioned 

above, detected indels within the IGH junction, and thus the CDR3, corrupted the entire sequence as 

unproductive (Figure 29). Correction and culling attempts by IMGT turned out to be largely successful 

(100% correct CDR3s for up to 3 insertions or deletions). Even for the i3d3 indel permutation, IMGT 

returned 78% ± 4.3% correct CDR3s (Figure 30). Datasets with simultaneous insertions and deletions 

showed in general lower numbers of correct CDR3 sequences (range 7897%). This resulted from 

sequences where indels were introduced in close proximity of each other, producing no detectable 

frameshift within the IGH junction (Fig 28D, E). While invisible for the IMGT algorithm, they were 

observed as variants of the correct CDR3 amino acid sequence. 

Taken together the above data show, that IMGT processing exhibits adequate detection of indels 

through frameshifts in mouse IGH nt sequences. Consequently, frameshift masking errors cannot be 

detected and result in amino acid changes in the translations. IMGTs indel correction proved to be 

reliable for single insertions. However, the impossibility to correct for deletions and larger indel 

permutations makes consideration of sequences categorized as “productive with detected indels” 

unfavorable.  

4.4.6. HTS of hybridoma ssUID libraries 

Next, the IMGT database and a PGMtailored data processing pipeline developed by our group were 

tested using real HTS datasets derived from 7 monoclonal hybridomas (Figure 26, Figure 27). The HTS 

libraries were prepared using an Ion Torrent PGM tailored singleside UID approach (Figure 26) 

allowing for error correction through building consensus sequences from all reads within a UID family. 

The ssUID barcodes together with the Cregion primer and appropriate ‘GATC’ spacer were correctly 

identified at the sequencing start site of 99.12% ± 0.56% of the usable reads containing a sample specific 

MID (Table 12). Between 146,010 and 739,854 reads were obtained per sample, with varying UID family 

size distributions (Figure 31A). After raw data processing, 1,431 to 47,169 consensus sequences   were 

retained per hybridoma (Table 12) and uploaded to IMGT HighVQUEST.  
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Table 12 HTS datasets of monoclonal hybridomas, pre-IMGT. 

Set CDR3 Chip reads with MID 
reads with primer & 

UID 
consensus 
sequences 

HYB1 SRWDYRYVYYPLDY A 207,753 206,929 4,159 

HYB2 ARTYYGSYGFDY A 147,634 146,010 7,760 

HYB3 ARQWLILWLGFAY A 222,929 222,100 1,431 

HYB4 ARWDYRYVYYPLDY A 882,242 877,823 16,643 

HYB5 TRGYYRYDGGFY B 747,827 733,258 7,319 

HYB6 APKGLAY B 743,465 739,854 47,169 

HYB7 ASRTTATGY B 204,348 201,619 5,426 

 

4.4.7. IMGT processing of HTS datasets 

The majority of the postIMGT sequences were categorized as productive (75.8% ± 22.6%) and 10.9% 

(± 9.6%) were categorized as productive with detected indels (Table 13). The remaining sequences 

were either categorized as unproductive or unknown/else. To investigate the undetected or uncorrected 

errors within the two productive categories, sequences were aligned to their corresponding references. 

For Hybridoma 3, which had the poorest UID distribution (Figure 31A), only 26.8% of the sequences 

were classified as productive and 68.8% unproductive (Table 13). This hybridoma was therefore 

excluded from further analysis.  

In the group of productive sequences with detected errors, IMGT’s indel correction algorithm improved 

the number of correct sequences by 54.1% to on average 55.3% (32.2%, Figure 31B). As expected, 

IMGT corrected most sequences that contained single insertions efficiently, reducing these errors from 

average 25.2% (± 24.3%) to 0.48% (± 0.72%, pvalue = 0.0027, twotailed ttest in Graphpad Prism, 

using HolmSidak’s method (293) to account for multiple testing with alpha = 5%). Single deletions were 

found in 29.9% of the sequences (± 24.3%). They increased slightly after IMGT error correction (31.6% 

± 24.1%), as insertions of higher indel permutations were corrected, leaving only deletions in the 

sequences. Accordingly, such higher permutations were found in 33.8% (± 23.8%) of the sequences 

before errorcorrection and in 8.8% (± 6.3%) afterwards. Accordingly, these were found in 33.8% (± 

23.8%) of the sequences before and in 8.8% (± 6.3%) after error correction. While the detection of indel 

errors in the sequences by IMGT was efficient, the remaining errors after correction affected 44.7% ± 

32.2% of the sequences and, as described for the benchmarking sequences above, makes further 

consideration of sequences marked as “productive with detected indels” inadvisable.  
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Table 13 HTS datasets of monoclonal hybridomas post-IMGT 

Set prod. seq % 
prod. w. 

det. indel 
% unprod % 

unknown/ 
else 

% 

HYB1 3,328 79.6% 622 14.9% 127 3.0% 102 2.4% 

HYB2 4,866 62.7% 2,449 31.6% 250 3.2% 195 2.5% 

HYB3* 381 26.6% 62 4.3% 984 68.8% 4 0.3% 

HYB4 13,515 81.2% 2,215 13.3% 329 2.0% 584 3.5% 

HYB5 6,697 91.5% 281 3.8% 51 0.7% 290 4.0% 

HYB6 43,767 92.8% 3,009 6.4% 287 0.6% 106 0.2% 

HYB7 5,216 96.1% 111 2.0% 15 0.3% 84 1.5% 

Mean 11,110 75.8% 1,250 10.9% 292 11.2% 195 2.1% 

SD 13,842 22.6% 1,165 9.6% 303 23.5% 180 1.4% 

 

Sequences marked as productive without detected indels are not modified by IMGT but can nonetheless 

contain indel and nucleotide substitution errors. IMGT does not detect ambiguous nucleotides as errors 

but marks them as silent mutations. On average 2.2% (± 1.6%) of the consensus sequences in the 

productive dataset without detected indels contained ambiguous nucleotides (Table 14), which were 

discarded from the datasets.  

Table 14 Ambiguous nucleotides in productive sequences without detected indels. * Indicates that 
Hybridoma 3 was excluded from the calculation of mean and SD. 

 HYB1 HYB2 HYB3* HYB4 HYB5 HYB6 HYB7 Mean* SD* 

Amb nt 26 135 46 97 90 2289 148 464 817 

% 0.8 2.6 12.0 0.7 1.3 5.2 2.8 2.2 1.6 

 

Most of the remaining sequences were indeed errorfree (98.8% ± 0.5%, Fig. 31C). The other 1.2% 

contained on average, 0.2% (± 0.1%) i1d1 in close proximity to each other, masking frameshifts. Some 

sequences showed single insertions (0.1% ±0.2%) and deletions (0.15% ± 0.13%), found at the 
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beginning or the end and therefore not causing a detectable frameshift. The remaining false sequences 

contained mainly nucleotide substitutions, with the majority being transversions (0.5% ± 0.3%) and very 

few transitions (< 0.1%). As described by Shugay and coworkers, such substitutions originate from 

Figure 31 HTS data on monoclonal hybridomas. (A) UID family size distributions per sample. The number of 
UID families (log transformed) is plotted by the number of reads assigned to a ssUID per hybridoma. The amount 
of UID families containing a minimum of 3 reads are indicated as percentage value. (B) Indel distributions on 
productive sequences with detected errors. The amount of indelfree (i0d0), single insertions (i1d0), single deletions 
(i0d1), one single insertion and deletion (i1d1) and higher permutations are shown as fraction of productive reads 
with detected indels before (circles) and after (squares) IMGT errorcorrection. P values are indicated **** p < 
0.0001, * p < 0.05, multiple twotailed ttest with HolmSidak’s method to account for multiple testing. All other 
differences were not statistically significant. (C) The number of errorfree sequences in the productive dataset 
without detected indels are shown as scatterplot with mean and ± SD. Data are shown for all nucleotide sequences 
(nt), amino acid sequences (aa) and CDR3s for all sequences and data without singleton sequences. For CDR3s 
singleton exclusion was performed on the basis of fulllength amino acid sequences. P values are indicated *** p < 
0.001, * < 0.05, Oneway ANOVA with Sidak’s posthoc test. All other differences were not statistically significant. 
(D) Influence of UID family size on amount of correct sequences. The number of correct sequences are shown as 
line per minimum UID family size (left yaxis). The number of consensus sequences are shown as dotted line per 
minimum family size (right yaxis). 
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dominating polymerase errors occurring early during the amplification (73). As polymerase errors are 

occurring at relatively random positions, it is stochastically unlikely, that the same errors are found 

repeatedly within a dataset and can thus be accounted for by considering only consensus sequences 

that appear more than once in the final dataset (72, 73). Following this approach, the data was 

reassessed, excluding singleton consensus sequences which reduced the number of sequences by 

0.8% (± 0.4%). The number of transversions was reduced significantly by 0.3% to 0.16% (± 0.19%, p

value = 0.008, twotailed ttest in Graphpad Prism, using HolmSidak’s method to account for multiple 

testing with alpha = 5%, data not shown). Consequently, the amount of errorfree sequences improved 

significantly by 0.7% to 99.5% (±0.3%, pvalue < 0.0001, twotailed ttest, using HolmSidak’s method 

to account for multiple testing with alpha = 5%).  

The number of reads per UID family is crucial to obtain reliable consensus sequences Increasing the 

minimum number of required reads per UID family improved the amount of correct sequences, reaching 

100% for all hybridomas, except Hybridoma 5, albeit with different UID family sizes (Figure 31D). 

However, with increasing minimum UID family sizes, the number of sequences decreased exponentially. 

Consequently, at the point of reaching 100% correct sequences, on average only 7.9% (± 7.1%, excl. 

Hybridoma 5) of the sequences remained (Figure 31D). According to our data, keeping a minimum UID 

family size of 3 provided adequate accuracy and throughput when using an Ion Torrent PGM. 

As expected, the amount of correct amino acid sequences was higher (99.3% ± 0.3%) than the amount 

of correct nucleotide sequences (Figure 31C). An average of 0.6% (± 0.4%) of the sequences was 

subject to amino acid changes. Excluding singleton amino acid sequences increased the number of 

correct amino acid sequences to 99.7% (± 0.2%), but this increase was not statistically significant. CDR3 

amino acid sequences were returned almost entirely correct (99.85% ± 0.11%, Figure 31C), increasing 

to 99.91% (± 0.08%) when singleton full length amino acid sequences were excluded.  

In summary, combining the described ssUID library preparation with UID family consensus sequences 

followed by indel detection through IMGT presented a highly reliable IGH repertoire sequencing 

approach on the Ion Torrent PGM.    
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4.1. Discussion 

Investigation of IG repertoires by HTS is challenging both with respect to the library preparation as well 

as sequencing error assessment and data processing. Using artificially falsified sequences, we show 

here that the IMGT indel detection algorithm is efficient while the IMGT indel correction algorithm only 

corrects single insertions efficiently. We confirm the utility of the Ion Torrent PGM to assess murine IGH 

repertoires with high confidence, using a dedicated library preparation protocol with a PGMtailored 16 

nt single side unique identifier (ssUID) barcoding technique. Our data show, that appropriate data 

processing reduced the error rate of PGMsequenced IGH repertoires to less than 0.5% false nucleotide 

and amino acid sequences, and to less than 0.01% false CDR3 sequences per dataset.  

Sequencing of IGH repertoires requires a thorough assessment and correction of platform inherent 

sequencing errors (57, 269, 270, 273–275). Using the IMGT database for reference alignment, the 

typical Ion Torrent PGMs indel errors can theoretically be detected as codon frameshifts (88). The VDJ 

structure of the IGH sequence facilitates indel detection by frameshift, since gene segments can be 

aligned separately. In our study, the IMGT algorithm successfully detects 97.9% of all indels, regardless 

of their composition and only single insertions or deletions at the beginning or the end of the sequences 

(7.9% and 7.5%, respectively), or i1d1 compositions in close proximity to each other could not be 

identified (8.5%). IMGT tries to correct detected insertions subsequently by removing the false 

nucleotide(s) according to the predicted germline sequence. In the artificially falsified datasets of our 

study, insertiononly errors were corrected by the IMGT algorithm with 87% (i1d0), 72% (i2d0) and 56% 

(i3d0) efficiency. Deletions, on the other hand, are more difficult to recover since the missing nucleotide 

cannot necessarily be inferred from the germline sequence with sufficient confidence. Consequently, 

artificially introduced deletions were not corrected by IMGT. Also, for sequences with mixed insertions 

and deletions only the insertions were corrected by IMGT leaving the sequence erroneous. Taken 

together, these data indicate that detection of indels by IMGT is highly efficient and sequences 

categorized as “productive” without detected errors are almost entirely indelfree. The low efficiency of 

the indel correction algorithm makes it inadvisable to take productive sequences with detected indels, 

which in our study correspond to about 10% of the final HTS consensus sequences, into account for 

any downstream analysis.  

Mixed events of adjacent insertions and deletions are the most difficult to detect and can remain 

unnoticed by the IMGT algorithm. The resulting nucleotide substitutions can falsify somatic 
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hypermutation profiles (56, 281). UID barcoded RNA transcripts allow to this problem (68, 71–73). B 

cells contain up to several thousands of identical IG RNA molecules that are individually tagged by a 

UID (71, 294). Therefore, a HTS run provides a snapshot of the relative abundance of RNA transcripts 

(56). As for SNP identification, single occurrences of nucleotide substitutions can be ruled out as artifacts 

and only transcripts above a certain copy threshold should be retained (294). Our data show, that 

considering sequences with at least 2 copies in the final dataset improves the proportion of correct 

sequences by 0.7% to 99.5%. In this regard, as our sampling material are monoclonal hybridomas, all 

derived sequences (between 1,431 and 47,169) represent identical RNAmolecules, making it 

stochastically more likely, that the same indel error appears several times. Thus, it is expectable, that 

the positive influence of excluding singletons would be even higher in bulk B cell derived datasets, where 

less sequences are derived from identical RNA molecule.    

Template amplification with multiple primers during library preparation can significantly bias the 

repertoire composition (57, 76). This bias is essentially removed by UID barcoding but reduces 

sequencing depth at the same time (72, 74, 295, 296). In our study, the raw sequencing depth does not 

influence the relative number of correct sequences while the average UID family size proved to be 

crucial. For instance, Hybridoma 3, although having only the 3rd lowest amount of rawreads, lacked 

eligible UID family sizes (> 2 sequences per UID). For this Hybridoma 3, less than 0.5% of the consensus 

sequences were built from UID families with more than 2 members, resulting in the poorest error 

correction rate during sample processing. Consequently, IMGT returned only 26.6% of the consensus 

sequences as productive. We therefore conclude from our data, that for applying a UID familywise 

consensus building approach, samples with less than 0.5% eligible consensus reads after preIMGT 

processing do not have enough coverage to achieve sufficient confidence and depth for the postIMGT 

sequences and should be discarded from further analysis. 

For grouping reads by UID families, it is essential to identify the UID tags correctly (72, 74). The PGM 

sequencing chemistry is unidirectional, starting with the sequencing adapter A. Comparable protocols 

for the Illumina sequencing platforms usually consist of UID tags at the beginning and the end of the 

amplicon sequence (71). We chose to introduce the 16 random nucleotides of the UID tag at the 

sequencing start site as the PGM semiconductor technology is significantly less accurate towards the 

end of the sequence (80). We included a 4nucleotide spacer as junction into the UID tag resulting in 

the N8GATCN8 ssUID layout of this study. Like this we address that the PGM indel rate increases in 

homopolymer stretches with their length (75), in particular when homopolymers are longer than 8nt (81). 
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While breaking potential homopolymer patterns within the UID, this design also reduces the number of 

mistakes during primer synthesis and allows to generate sets of primers with individual spacers that 

could be used to tag different experiments.  

In conclusion, we have demonstrated that using our ssUID library preparation in combination with the 

IMGT database, the PGM sequencing platform can be efficiently used to assess murine IGH repertoires. 

Considering only consensus sequences with at least two copies improved the sequence quality 

considerably. Taken together, this approach allowed to obtain highly reliable IGH sequences, with more 

than 99% confidence in general and 99.9% confidence for the correct CDR3 sequences. The protocol 

and sample processing strategies described in this study will help to establish the benchtopscale Ion 

Torrent sequencing technology of animal models in the field of immunoglobulin repertoire research. 
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Chapter 5  General Discussion 
 

4.2. IG repertoire convergence 

The IG repertoire of an individual is determined by several factors, including genotype and chromatin 

structure (84, 297), age (85, 111, 298–301) and history of immunogenic events (111). Recent advances 

in highthroughput sequencing have raised the possibility to investigate the modulation and dynamics of 

IGH repertoires after vaccination and infection. Together with lowresolution studies, there is an 

increasing body of information available characterizing the immune response to vaccination against 

influenza (40, 71, 78, 85, 89, 298, 302), tetanus (49, 50, 303), Haemophilus influenza type b (Hib) (53, 

304), Streptococcus pneumoniae (298, 305) and hepatitis B (306), as well as infectious diseases 

including influenza (37, 307–310), rotavirus (311–314), HIV (42, 87, 88, 273, 315–318), hepatitis C 

(319), cytomegalovirus (CMV) (111), EpsteinBarr virus (EBV) (111), Staphylococcus aureus (320) and 

dengue virus (44, 90, 321–323). In the context of this thesis, a similar characterization of IGH repertoire 

responses is provided for the first time, for measles virus (MV) antigens, Modified Vaccina virus Ankara 

(MVA) and tetanus toxoid hapten conjugated with Benzo[a]pyrene (TTBaP).  

Figure 32. Investigation of the antigen-induced repertoire by vaccination. (1) The proportion of the antigen
induced repertoire is enriched by the clonal expansion following vaccination. (2) The ratio between antigeninduced 
repertoire and sampled antigenunrelated repertoire can be physically enriched by isolating plasma cells or sorting 
cells for antigenspecificity prior HTS. (3) Antigeninduced sequences can be identified by stimulating several 
individuals with the same antigen and screening for convergent responses. Reprinted from (48), copyright 2014, 
with permission from Elsevier. 
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Selecting antigeninduced IG sequences from the total repertoire is crucial for investigating the response 

of IG repertoires to antigenic stimuli (48). An a priori method for identifying such sequences, is the 

investigation of the shared fraction of IG repertoires across individuals after recent exposure to a 

common antigen (Figure 6 (48, 56)). This is referred to as a convergent IG response or public IG 

repertoires. They can either be identified by screening datasets for sequences of known specificity and 

with a certain degree of similarity, or by searching for sequences shared across donors (90, 92). In this 

regard, the large variability of the IGH CDR3 sequences can be exploited as barcode for antigen

specificity (3). Low throughput studies revealed that the IG repertoires of 19 individuals, after vaccination 

with small, biochemically defined Hib polysaccharides, induced similar clones using predominantly IGHV 

323 germline genes and IGH CDR3s with a common ‘GYGMD’ amino acid motif (324). For more 

complex antigens, such as TT or influenza, the IG responses differed across individuals (40, 49, 50). 

Even within a single individual, repeated influenza vaccinations only resulted in onethird of the 

sequenced clones being shared between the samples (40). However, these studies were limited to less 

than 500 sequences per individual. The first human HTS based studies showed, that although the usage 

of IGH gene recombinations can follow a similar pattern between individuals, the IGH CDR3 sequence 

is mostly private (85, 158). Nevertheless, the CDR3 ‘ARLDYYYYYGMDL’ was shown to be 

overexpressed across 60 subjects suffering of an acute dengue infection, but remained undetected in 

healthy controls (90). Therefore, it seems plausible, that (certain) antigenic exposure can limit the 

possible CDR3 diversity, facilitating IG repertoire convergence. However, a major concern with such 

studies is the unavailability of cloneable full IG heavy and light chain information to perform subsequent 

verification of the IG specificity. Following the hypothesis of public CDR3 sequences, we investigated 

IGH repertoire convergence in response to several different and overlapping antigens (TT, TTBaP, 

MVA, MVAHF) in the OmniRatTM model. To account for the high variability and private nature of CDR3 

sequences, it is common to allow for some level of similarity when investigating about shared and public 

CDR3 repertoires (90, 92, 306). Most studies arbitrarily defined thresholds of global amino acid 

mismatches (92) or sequence similarity (306), and little is known about the applicability of such 

measures. We present for the first time a thorough investigation of this link, by using a series of moving 

CDR3 sequence similarity thresholds, with subsequent determination of the public repertoire across 4 

vaccination and 2 control groups. Our data show that an 80% sequence similarity linked between 6% 

and 46% of IGH repertoires to the underlying vaccinations. Although we were unable to verify the 

specificity of these identified sequences, due to lacking information on the corresponding IGL 
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sequences, there are two aspects supporting their link to the applied vaccinations. First, all identified 

CDR3 sequences were virtually absent in unrelated vaccination groups or controls, but were shared 

across animals belonging to the same group and even across groups for overlapping antigens (e.g. TT 

and TTBaP or MVA and MVAHF). Second, we identified CDR3s induced by TT and MVAHF that were 

present in humanbased studies after TT vaccination (92, 179, 325, 326), or a study using whole MV 

antigens administered to OmniRatTM through different vaccination routes (177). The latter is particularly 

interesting, as the specific characteristics of the IG response to MV have not yet been investigated using 

HTS. Yet, there is strong evidence of a converging molecular IG response, as 96% of all neutralizing 

serum antibodies can be mapped to two dominant epitopes on the MV hemagglutinin (H) protein (327, 

328). While this might be one of the reasons of the antiMV vaccine’s success, it certainly also warrants 

the study of IG response to this antigen with regard to IG repertoire convergence. However, the high 

vaccination rate of the population might impede the control recruitment in human studies.  

We provided a readytouse bioinformatics pipeline for IG repertoire analysis, utilizing the RNAseq 

framework DESeq2 to identify antigeninduced sequences as overrepresented clusters of 80% similar 

CDR3s. Albeit successfully applied for the OmniratTM model, the identification of similar responses in a 

human vaccination studies, which followed MV vaccination in MV naïve people from the Lao People’s 

Democratic Republic (LAO PDR), or when using published datasets of a hepatitis B vaccination study 

(306), with this data processing approach was not possible (data not shown). In this regard, the use of 

OmniRatTM animal model allowed to sequence a much larger fraction of the IGH repertoire, due to the 

limited amount of circulating B cells compared to humans. In addition, the animals experienced 

considerably less antigenic exposures than human counterparts, reducing the complexity of their pre

shaped IG repertoire. Furthermore, using an animal model allowed access to the bone marrow, where 

antigen specific plasma cells producing the neutralizing serum antibodies reside (28, 286). The human 

studies are limited to PBMCs. The plasma cells must be obtained within a narrow 1d time window in 

which they travel from the GC through the periphery to the bone marrow (329). While most human 

studies focused on sampling on day 7 post vaccination, the plasma cell bursts can be seen on days 4

10 following a challenge, with different kinetics between primary and secondary response (91, 329, 330). 

In addition, little is known about the connection between the transiting plasma cells and the neutralizing 

antibodies in the serum, detectable by ELISA (28). Lee and coworkers developed an elegant approach 

to solve these problems inherent to human studies (202). By combining highresolution proteomics 

analysis of the serum antibodies using LCMS/MS with a database developed from HTS of blood plasma 
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cells B cell receptor transcripts, they were able to link the serum response of individuals to the elicited 

B cells after influenza vaccination. They showed that the antiinfluenza serum repertoire was comprised 

of 40 to 147 clonotypes (i.e. IG molecules of the same origin with different mutation patterns) and that 

~60% of these were elicited from preexisting clones (202). This is in line with the results presented in 

chapter 2, where the applied algorithm selected on average 121 (range 20419) CDR3 clusters (i.e. 

clonotypes) with an 80% similarity from OmniRatTM bone marrow IG transcripts. 

Transgenic human IG loci might limit the variability and affinity maturation processes of the 

OmniRatTM. Wardemann and coworkers showed, that 5575% of the antibodies they cloned from human, 

immature B cells exhibited autoreactivy in vitro (331). While these B cells were subsequently absent in 

the pool of naïve B cells released to the periphery in humans, the pool of naïve B cells in the transgenic 

animals most likely differed in composition. It could potentially contain some of these otherwise deleted 

selfreactive cells, making them available for antigen selection. Therefore, selected IG molecules with 

OmniRatTM origin cannot be transferred to human individuals without careful revision of their specificity 

and reactivity. Yet, in previous studies, the rats expressed a diverse IG repertoire and normal SHM 

profiles (164). Taken together, our data supported the hypothesis of converging CDR3 repertoires and 

warranted the use of animal models for future investigation on IG repertoire conversion (see also section 

4.5).  

4.3. HTS of B cell malignancies 

The diversification and selection processes of IG repertoires in health and disease have important 

clinical implications. For instance, the IG repertoire in B cell malignancies is often dominated by a single, 

clonal IG sequence (63, 332) and intraclonal mutations via SHM have been observed in B cell 

lymphomas (333–335). In addition, the level of mutation in the tumor clone can be linked to the clinical 

outcome of chronic lymphocytic leukemia (CLL) patients, with mutated malignant clones (MCLL) having 

inferior survival rates than those of unmutated malignant clones (UCLL) (142). 

 HTS approaches on B cell malignancies are still at an early stage of development and until now, 

only two thorough studies have been published using network properties to characterize CLL and B Cell 

acute lymphoblastic leukemia (BALL) (336, 337). Nevertheless, these studies already showed several 

advantages for clinical monitoring and diagnosis purposes. Typically, B cell malignancies are detected 

and described using qPCR assays with human IGHV gene specific primers. This setup complicates the 

detecting of multiple disease subclones, or independent B cell malignancies (64, 239). HTS of the same 
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samples, can provide such information, as well as follow the disparate dynamics of cellular clones 

hereby identifying individual responses to therapy. Furthermore, relapse of BALL can be predicted by 

early clonal dynamics and detection of minimal residual disease (MRD) which is often linked to chemo

resistant malignant clones (338, 339). These MRD clones may either be present at low levels at 

diagnosis or acquire the resistance by surviving the initial chemotherapy (340). In both cases, superior 

sensitivity of HTS approaches allows MRD clone detections already at diagnosis and thus much earlier 

than comparable qPCR assays. 

 In chapter 3 we described a similar network property analysis using a mouse model with 

designated CD5+ B cell expansion in the peritoneal cavity. Hereby expanding the usage of Ion Torrent 

PGM sequencing to the development of diseasespecific animal models. Typically, the characterization 

of an animal model with putative malignant B cell expansion would require extensive, timeconsuming 

verification of the underlying malignant mechanisms. HTS on IG repertoires allowed to fully describe the 

clonal relationship, extensive expansion, SHM mutation profiles and interanimal comparison of the B 

cell population in these mice at high depth. Enabling the determination of the CLLlike B cell expansion 

of the A20BKOsCYLDBOE in the mouse model as an unmutated subvariant (UCLLlike) and highlighting 

the expression of short CYLD gene variants as important target for future CLL investigations. 

 

4.4. Technical issues 

4.4.1. Error rates and sample preparation approaches 

HTS sequencing has emerged as revolutionary method to characterize IG repertoires (48, 55–57, 281). 

However, there are several technical limitations of the sequencing technologies that require careful 

assessment. For instance, current sequencing error rates range from ~0.29 errors per 100 sequenced 

bases in Illumina based systems to as high as 0.99 and 1.63 in 454 GLS and Ion Torrent PGM systems, 

respectively (Table 4, as summarized by (83)). These rates were determined with whole genome and 

amplicon approaches on various species’ and templates (75, 80, 81, 341–344). In contrast to the other 

sequencing platforms, the Ion Torrent PGM error rate is relatively high, but varies strongly with the 

different sequencing kits and chips used. For instance, Salipante and coworkers reported 0.015 errors 

per base (as ~1.5 errors per 100 bases) sequencing 16sRNA with an Ion 400bp Sequencing kit and 

Ion 318TM v2 Chips (345). Whereas Ross and colleagues report 0.011 to 0.020 errors per base (~1.1
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2.0 errors per 100 bases) in a whole genome approach, using 200bp Sequencing kits and Ion 318TM v1 

chips (82). In both cases, the majority of errors were insertions and deletions (indels) at homopolymer 

regions of the sequences, with insertions being slightly more abundant. The lack of data combined with 

different sample preparation, sequencing and analysis protocols, impeded a genuine error rate 

determination of the Ion Torrent PGM platform (83). Nevertheless, it can be readily assumed that a 

typical PGM run produces roughly ~1 false basecall per 100 base pairs. To obtain sufficient information 

from IG sequences, an amplicon should consist of 200400 bp, covering IG FR3, FR2 or even FR1 gene 

segments down to into the constant region to determine the IG isotype. Nucleotide substitutions, on the 

other hand, are occurring one order of magnitude less frequently than indels because of the PGM 

sequencing technology (75, 81, 82). Therefore, it can be expected, that every single raw read from a 

PGM sequenced IG transcript contains between one and three indels, with varying permutation. 

A standard approach to account for sequencing errors is to increase the reads per sequence template 

(coverage), at the detriment of sequencing depth (346). Like this, by combining similar reads into a pile

up alignment, most sequencing errors can be ruled out efficiently (346, 347). In the case of IG repertoire 

sequencing, this method cannot be applied without additional preparation steps, as nucleotide 

substitutions may arise from sequencing errors or somatic hypermutation at similar rates (19, 348). 

Several closely related library preparation methods, using single molecule barcoding (referred to here 

as unique identifier, UID) strategies, have been developed to overcome this problem (73, 167, 294, 349–

351). In such approaches, random UIDs of 1016nt are used to label each RNA or DNA molecule in the 

reaction prior to amplification, e.g. during reverse transcription (71–73). Subsequent PCR then amplifies 

the UID, and reads can be grouped into UIDfamilies postsequencing (73). A UID family contains 

multiple copies (i.e. coverage) of the same original molecule, enabling sequencing and PCR error 

corrections by building a consensus sequence (Figure 33) (72). However, recent studies have identified 

several theoretical and practical limitations of these approaches (72, 74).  

First, the reads within one UID family are not independent copies of the original sequence. PCR errors 

occur as branching processes, therefore early mistakes during PCR will be amplified exponentially and 

cannot be corrected through consensus building (73, 352). This is also valid for errors introduced during 

reverse transcription of the RNA molecules, part of most IG repertoire HTS sample preparation 

strategies. However, such errors can be accounted for by only considering consensus sequences that 

appear several times in the final dataset (72). In the PGM data presented in Chapter 4, the number of 

correct sequences increased to over 99.5% by considering only consensus sequences with at least 2 
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copies. With the remaining 0.5% erroneous sequences containing mostly a single mismatch or indel 

over a ~300 bp amplicon, this translated roughly into about 1.6 × 105 errors per base (calculated as 

follows: 0.5% of 77,095 sequences contain 1 error over 300bp, which approximates to 390 total false 

bases divided by 77,095 × 300 bases). This provides a 600fold improvement over the original 0.01 

errors per base. Illumina sequencing of UIDbased samples normally require a consensus sequence to 

be present at least 5 times to be genuine (71), strongly increasing sequencing accuracy with error rates 

as low as 108 errors per base (167). However, this is only feasible with the higher throughput of Illumina 

sequencing platforms. 

Second, while the UID consensus approach allows to retrospectively remove PCR amplification during 

data analysis, it does not remove the actual bias during the reaction. In this regard, templates may be 

amplified with different efficiency due to differences in the UID or target sequences (349). Together with 

sampling variance, this can result in substantial differences in UID family size distribution, strongly 

altering sequencing depth and UID mediated error correction (72). This was also observed for the library 

preparation presented in Chapter 4. Although all samples were processed identically, i.e. 100ng starting 

material and in total 20 cycles of PCR amplification, the UID family size distribution varied significantly. 

Figure 33 HTS sequencing error correction by building UID family consensus sequences. UID families are 
referred to as Molecular Identifier Groups (MIG). The majority of UID families are error free or contain few 
sequencing and/or PCR errors which are corrected through consensus building. Other MIGs contain errors 
occurring during reverse transcription, or so early in the PCR reaction that the subsequent amplification leaves 
them as dominant sequence in the UID family. These sequences can be not corrected through consensus building 
but by excluding consensus sequences with ambiguous nucleotides and considering only consensus sequences 
represented several times. Reprinted by permission from Macmillan Publishers Ltd: Nature Methods  (73), copyright 
2014. 
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For instance, samples from the two Hybridomas 5 and 6 displayed a similar sequencing depth (747,827 

and 743,465 reads respectively). Yet, they presented a more than 6fold difference in the final 

consensus sequence count (7,529 and 48,084, respectively), and a 22fold difference in average UID

family size (78 and 3.5, respectively). Consequently, the number of correct sequences after full 

processing was higher (99.4%) for Hybridoma 6 than in Hybridoma 5 (97.9%). Similar observations have 

been reported for Illuminabased UID sequencing strategies and a UIDfamily size of ~10 has been 

warranted optimal for error correction, sequencing depth and accuracy (72).  

Third, sequencing and PCR based errors can also affect the UID sequence itself, resulting in an 

overestimation of the original molecule count during the data analysis process (74, 76). Egorov and co

workers explain that for example “[…], if one [UID] of 12 nt length is amplified and sequenced 104 times, 

it may routinely produce ~1020 erroneous [UID] subvariants generated during PCR amplification, which 

may be represented altogether by >100200 sequencing reads […]” (74) based on spikein experiments 

(73, 74, 275). They also note, that such UID subvariants were reproducibly generated, mostly during 

late PCR cycles (cycles 2735) when a large number of molecules was amplified (74). It is therefore 

advisable, to keep the number of amplification cycles during HTS library preparation to an absolute 

minimum, and rather adjust the input material. However, this presents a complex task for bulk B cell 

experiments, as the RNA abundance ratio from peripheral blood B cells typically varies strongly 

[estimated 500:5:2] between plasma cells, memory B cells to naïve B cells (72). Therefore, when 

seeking information about memory or naïve B cells in (m)RNAbased approaches, FACS sorting should 

be applied to separate these cells from the otherwise overrepresented plasma cells.  

Forth, the diversity of UIDs tends to be lower than estimated by theoretical calculations. For instance, a 

12 nt UID should theoretically have a diversity of 1.7×107 unique variants, but the actual observed 

diversity was only 1.4×107 (74), putatively resulting from uneven primer synthesis. PCR and sequencing 

errors in the UID sequence further reduce the actual diversity, resulting in >3×104 natural UID collisions, 

i.e. the same UID for different molecules, in the case of 106 starting molecules (74, 351, 353). In the 

method presented in Chapter 4, a 16nt UID was chosen, resulting in 4.3×109 possible variants to tag 

the RNA molecules of 106 cells, rendering natural collisions unlikely. To reduce the influence of 

sequencing and polymeraseerrors in the UID sequence, the UID was split into two times 8 nt with a 

‘GATC’ spacer. This spacer breaks potential homopolymer patterns within the UID, reducing the amount 

of possible sequencing errors. The utilized Ion Torrent PGM sequencing platform is prone to indels in 
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homopolymer regions with probability correlated to their length, becoming especially pronounced with 

more than 8 repeated nucleotides (75, 80–82). 

4.4.2. Study design and biological constraints 

One of the applications for HTS approaches on IG repertoires is antibody discovery, providing an 

economical advantage over time and costintensive conventional approaches. Within Chapter 2, we 

described a method, that allows selection for antigendriven IGH sequences from the total sequenced 

repertoire of OmniRatTM, using public repertoire analysis. However, due to the lack of information 

concerning the corresponding IGL, the actual specificity of these IGH sequences remains elusive. This 

has been a common problem to most studies aiming on identification of convergent IG repertoires or 

antibody discovery (48, 90).  

The level of somatic hypermutation within the IGHV gene of a sequence can be used ipso facto to 

distinguish between antigenexperienced and naïve B cells (84). However, especially in humanbased 

experiments, these sequences may be elicited by numerous immunological incidents without link to the 

applied vaccination. Furthermore, several studies revealed a high degree of polymorphism in the human 

IG loci (12, 64, 354–356), complicating a correct assessment of somatic hypermutation levels. The 

sequences identified as antigendriven in Chapter 2 showed no difference in SHM profiles compared to 

the unselected sequences (data not shown). However, the library preparation used in our study is based 

on RNA, resulting in a strong overrepresentation of plasma cell transcripts in the dataset (58). In addition 

to that, samples were amplified with a 30 cycle PCR, further increasing the ratio of plasma cell 

sequences compared to those from other B cell subtypes. It can therefore be readily assumed, that the 

majority of sequences in this experiment were derived from antigenexperienced plasma cells, 

explaining the homogenous level of SHM across all sequences.  

Recently, DeKosky and colleagues developed a technology for sequencing paired IGHIGL transcripts, 

using a singlecell emulsion PCR (303). This method achieved a throughput of ~106 B cells per 

experiment, with a pairing precision of 97%. Another interesting approach, published by Howie and 

coworkers, employed combinatorics rather than physical linking of corresponding IGH and IGL 

information (357). Briefly, this “pairSEQ” protocol described the sorting of a fixed number of cells into 

96well plates, and an inwell cell lysis and library preparation with barcodes labeling sequences by their 

well. Postsequencing reads are then demultiplexed to map each sequence back to the original wells. 

Because of the hIGHDiversity of the utilized T cells, it is highly improbable, that two different clones 
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would occupy the exact same set of wells. Consequently, a pair of IGH and IGL sequences found in 

several wells, is highly likely originating from the same original clone. As multiple cells can be sequences 

per well, the throughput of this method is very high, reaching up to 2,000,000 pairs from a single 96well 

plate. So far the pairSEQ technique has only been used for T cell repertoire sequencing (357), which 

exhibits considerably lower diversity than B cell repertoires (55). However, as the method itself stems 

from diversity, it is certainly possible to apply it also for IG repertoire sequencing.  

4.5. Future work 

In the course of this thesis the Ion Torrent PGM was established as HTS platform to assess IGH 

repertoire transcripts of mouse and OmniRatTM. In addition, novel sample and data processing methods 

were developed and applied to characterize the CD5+ B cell expansion of A20BKOsCYLDBOE mouse 

model and to investigate IG repertoire responses to vaccination. While these approaches paved the 

path to analyze and dissect the IG repertoire, further work is required to improve our understanding the 

IG repertoire in health and disease.  

Chapter 2 describes an innovative approach to select antigendriven IGH from bulk sequenced bone 

marrow B cell transcripts. In this regard, antigendriven IGH were identified by their CDR3 amino acids, 

overrepresented in animals of a vaccination group and absent in control and unrelated vaccination 

groups. According to Xu and coworkers, the sequence of a CDR3 is sufficient to describe the specificity 

of an IG molecule (3). Therefore, these antigenlinked CDR3s can be seen as signatures for the 

underlying antigenic exposure. One of these signatures, consisting of 3 highly similar CDR3s varying at 

two positions (‘ARH[M/R]T[F/Y]YYGSGSPNFDY‘) was found in the vaccination group receiving MVA 

expressing measles virus (MV) hemagglutinin (H) and fusion (F) proteins via intra peritoneal (i.p.) 

injection. The same three CDR3s were also found in hybridoma celllines prepared from OmniRatTM 

lymph node B cells after vaccinating them with whole MV antigens via footpad immunization (177). This 

is a strong confirmation, that this CDR3 is specific for measles virus H or F protein, which are the only 

overlapping antigens in both studies. In a recent experiment, our group vaccinated OmniRatTM intra 

muscular (i.m.) with an experimental antiMV vaccine using DNA vaccination carrier ICANtibodiesTM 

(358) causing in vivo transfected cells to express only the MVH proteins (359–362). The study 

contained vaccines prepared from two genetically distant MV clades, the Edmonston strain or clade A, 

also used in the current measles vaccine, and clade D11 which expressed a structurally different H 

protein (363). While the data is still being processed, a first assessment revealed, animals from both 
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MVH vaccination groups but none of the two control groups in this study produced IGH sequences with 

the same CDR3 signature (‘ARH[M/R]T[F/Y]YYGSGSPNFDY‘). It can be therefore concluded, that first, 

the signature is induced by the MVH protein, second, that the expression is clade unspecific, third, the 

signature is expressed in B cells from different lymphatic organs (lymph nodes, bone marrow) and upon 

vaccination through different administration routes (footpad, i.p., i.m.). In addition to that, the neutralizing 

serum response against MV is mainly targeting the MVH protein, with > 96% of all antibodies directed 

against a certain epitope (327, 328). Taken together this strongly underlines the existence of a 

convergent cellular and serum IG response against MVH protein. Future work could determine, if the 

antibodies carrying the determined MVH CDR3 signature (‘ARH[M/R]T[F/Y]YYGSGSPNFDY‘) are 

indeed targeting a dominant epitope on the MVH protein, providing a biological foundation for the IG 

repertoire convergence. Furthermore, the immune reaction against MV is known to be crossprotective 

against all genotypes (364), but sera from vaccines and naturally infected individuals differ in their 

neutralization activity towards wildtype MV strains (365–367). The indepth investigation of IG 

repertoires in response to MV vaccination and infection with HTS could determine, if there are distinct 

IG elicited against specific genotypes causing the different serum reactions of infected and vaccinated 

individuals. Consequently, MV signatures have to be identified in humans. As a first step, it should be 

determined if the OmniRatTM signatures are also present in humans after MV vaccination, which requires 

MVnaïve donors as control. While in the western world, the high rate of MV vaccination makes this task 

unfeasible, our group has recruited a group of LAO PDR individuals, which were determined naive for 

measles virus serum antibody levels. PBMCs were collected before and after administering a standard 

MV vaccine and the IG repertoire determined by HTS on our PGM platform. The samples are currently 

being processed through our bioinformatics pipeline. In this regard, it is of primary interest to first 

determine the full germline repertoire of the Lao PDR study subjects. During IG repertoire data 

processing, the level of SHM, and thus antigenexposure is determined through reference alignment as 

divergence form the germline genes. However, there is increased evidence, that individuals express a 

very private germline repertoire (354–356, 368), which can also be linked to their vaccine and disease 

response, as well as reduced IG clonal diversity, immune senescence and malignant B cell clone 

formation (368–370). For instance, Feeney and coworkers found that the Navajo population is more 

susceptible to Haemophilius influenzae, because of a 4.5fold reduced recombination efficacy of an 

otherwise common IGL κ gene (371). Further studies linked individual IG germline repertoires to vaccine 

and disease response, as well as reduced IG clonal diversity, immune senescence, and malignant B 
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cell clone formation (111, 354, 355, 368, 370). To determine individual germline repertoires during HTS 

data analysis, the Kleinstein Lab recently released a promising bioinformatics “Tool for Ig Genotype 

Elucidation via RepSeq” (TIgGER,  (348)). TIgGER enables to identify new IG germline alleles by 

detecting reoccurring mutation patterns from known germline genes (348). In addition to the LAO PDR 

MV vaccination followup introduced above, a cooperative project was carried out recently by our group 

in Laos: 26 healthcare workers were vaccinated against hepatitis B and their IG repertoire sequenced 

before and after the first, second and third vaccination. Together with the LAO PDR MV study, this offers 

the opportunity to assess whether the germline genes of Laopeople differs from the standard germline 

genes as provided by IMGT, and to discover new human IG germline gene alleles. This requires a 

thorough sample preparation and data analysis method for the utilized Ion Torrent PGM sequencing 

platform. Our group developed a PGMtailored RNA barcoding approach, allowing to retrieve IGH 

sequences with sufficient confidence (Chapter 4). We showed that considering only those sequences 

from datasets with sufficient sequencing depth, adequate ssUID distribution and copy allowed to obtain 

correct IGH sequences with over 99.5% confidence. Our pipeline relies on the error detection and 

correction of IMGT, which was proven to be highly efficient when detecting indels through frameshifts 

compared to germline genes. As TIgGer also employs IMGT reference alignments as input, the data 

produced by out approach is ready to use for identification of possible new IG germline alleles.  

Canonical NFκB activation is one of the hallmarks of the pathogenesis of CLL, promoting excessive 

proliferation of CD5+ B cells via upregulation of antiapoptotic proteins. In Chapter 3 describes our 

network analysis approach on HTS splenocyte RNA transcripts revealed a unmutated CLLlike 

expansion of B cells within the A20BKOsCYLDBOE mouse model. In the context of this project, the 

expression of the short alternative splicing variant of tumor suppressor gene CYLD could be linked to 

the excessive CD5+ B cell expansion within the peritoneal cavity and spleen of mice. The B1 cell

associated tumor formations these mice show high similarity of human CLL and there is evidence, that 

the sCYLD expression also plays a role in human CLL (215, 223, 265). Future research should 

determine the underlying mechanism of sCYLD mediated constitutive NFkappa activation and their role 

in human B cell. In this regard, the A20BKOsCYLDBOE mouse model could provide the means to 

understand the link between RIP1 ubiquination in the context of deregulated CYLD expression and NF

κB activation, which is the proposed mechanism for ubiquitinationrelated CLL (265). Furthermore, the 

mouse model can be used as a preclinical model to test new approaches and therapies for CLL 

treatment and monitoring.  
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