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Abbreviation Full designation 
°C degree Celsius 
3-83 H2-Kb-specific BCR 
4-OHT 4-hydroxytamoxifen 
7-AAD 7-aminoactinomycin 
ABC activated B-cell-like (subtype) 
ADCC antibody-dependent cellular cytotoxicity 
Ag antigen 
AID activation-induced cytidine deaminase 
Akt/PKB serine/threonine protein kinase B 
ALP alkaline phosphatase 
AmpR ampicillin resistance cassette 
APC allophycocyanin  
APC-Cy7 allophycocyanin-cyanin 7 
APC(s) antigen-presenting cell(s) 
B1-8 4-hydroxy-3-iodo-5-nitrophenylacetyl hapten (NIP)-specific BCR 
B220 protein tyrosine phosphatase receptor type C of 220 kDa = PTPRC = 

CD45R = Ly-5 
Bach2 broad complex-tramtrack-bric a brac and cap'n'collar homology 2 protein 
BASH B-cell adaptor containing Src-homology 2 domain = SLP-65 = BLNK  
BCAP B-cell PI3K adaptor protein 
Bcl2 B-cell lymphoma protein 2 
BCL6 / Bcl6 B-cell lymphoma protein 6 
BCP-ALL B-cell precursor acute lymphoblastic leukemia 
BCR B-cell antigen receptor 
BH3 Bcl2-homology domain 3 
BiFC bimolecular fluorescence complementation 
BLIMP-1 / Blimp-1 B lymphocyte-induced maturation protein-1 
BLNK B-cell linker protein = SLP-65 = BASH 
bp base pair(s) 
BrdU bromodeoxyuridine 
BSA bovine serum albumin 
BTK Bruton’s tyrosine kinase 
Ca2+ calcium 
CD cluster of differentiation 
cDNA complementary desoxyribonucleic acid 
CDR complementarity determining region 
CFP cyan fluorescent protein  
cKit CD117 mast/stem cell growth factor receptor 
CLL chronic lymphocytic leukemia 
CLP(s) common lymphoid progenitor(s) 
cm centimeter 
cre causes recombination/cyclization recombinase 
cre-ERT2 fusion protein of cre and triple-mutated estrogen receptor 
CRISPR/cas clustered regularly interspaced short palindromic repeats/caspase 9 
Cstf64 cleavage stimulating factor 64 
cTEC(s) cortical thymic epithelial cell(s) 
CTL(s) cytotoxic T lymphocyte(s) 
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ctrl control 
CXCR4 C-X-C chemokine receptor 4 
Cy cyanin 
DAG diacyl glycerol 
DAPI 4’,6-diamidine-2’-phenylindole dihydrochloride 
DC(s) dendritic cell(s) 
DKO double-knockout 
DLBCL diffuse large B-cell lymphoma 
DN double-negative 
DNA desoxyribonucleic acid 
DNA-PKcs DNA-dependent protein kinase catalytic subunit 
DP double-positive 
DTT dithiothreitol solution 
EBF early-B cell factor 
EDTA ethylenediaminetetraacetic acid 
Elk-1 ETS domain-containing transcription factor 
Ell2 RNA polymerase II elongation factor 
ER endoplasmic reticulum 
ER estrogen receptor 
ERK extracellular signal-regulated kinase 
Ets protein C-ets-1 transcription factor 
ETS E26 transformation-specific or E-twenty-six family 
EV empty vector 
FACS fluorescence-activated cell sorting 
Fc fragment crystallizable region 
Fcer2 high affinity Fc e receptor II = CD23 
FCS fetal calf serum 
FITC fluorescein isocyanate  
floxed flanked by loxP sites 
FMO fluorescence minus one 
Fo.B cell(s) follicular B cell(s) 
FoxO1 forkhead box transcription factor O1 
FoxP1 forkhead box transcription factor P1 
FoxP3 forkhead box transcription factor P3 
FR framework region 
FSC forward scatter 
g gram 
g gravitational acceleration 
G2 gap 2 phase of the cell cycle 
GALT gut-associated lymphatic tissue  
Gapdh glyceraldehyde 3-phosphate dehydrogenase 
GATA3 GATA-binding protein 3 
GCN4 leucine zipper 
gDNA genomic desoxyribonucleic acid 
GEF guanine nucleotide exchange factor 
GPCR G protein-coupled receptor 
Grb2 growth factor receptor-bound protein 2 
GSK3b glycogen synthase kinase-3b 
GTPase enzyme hydrolyzing guanosine triphosphate 
h hour(s) 
HC heavy chain 
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HEK293T cell(s) human embryonic kidney cell(s) 
HEL hen-egg lysozyme 
HH10 HyHEL10 BCR, specific for hen-egg lysozyme with high affinity 
hi high 
HRP horseradish peroxidase 
Hsp(s) heatshock protein(s) 
IFN interferon(s) 
Ig immunoglobulin(s) 
Ig-α B-cell antigen receptor complex-associated protein a-chain = mb1 = 

CD79a 
Ig-β B-cell antigen receptor complex-associated protein b-chain = CD79b 
IgH immunoglobulin heavy chain gene locus 
IgL immunoglobulin light chain gene locus 
IHC immunohistochemistry 
IKK IkB kinase complex 
IL interleukin 
IRES internal ribosome entry site 
ITAM immunoreceptor tyrosine-based activation motif 
iTreg(s) induced regulatory T cells 
IkBa inhibitor a of NF-kB 
JAK janus kinase 
k kilo 
kb kilo base pair 
kDa kilo Dalton 
ki knock-in 
l liter 
L leader 
LC light chain 
lo low 
loxP locus of X-over P1 
LPS lipopolysaccharide(s) 
LTR long terminal repeat 
M molar 
M phase mitotic phase of the cell cycle 
MAC membrane-attack complex 
MACS magnet-activated cell sorting 
MAPK mitogen-activated protein kinase 
MCS multiple cloning site 
MD4 transgenic hen-egg lysozyme-specific BCR (HH10) 
MEK MAPK/ERK kinase 
mg milligram 
MHC major histocompatibility complex 
min minute 
ml milliliter 
ML5 transgenic hen-egg lysozyme (soluble) 
mM millimolar 
mm millimeter 
mRNA messenger ribonucleic acid 
MSCV murine stem cell virus 
mTEC(s) medullary thymic epithelial cell(s) 
mTOR / mTor mammalian target of rapamycin 
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MZ.B cell(s) marginal zone B cell(s) 
n. s. not significant 
n. t. non-treated 
NF-kB nuclear factor k light chain enhancer of activated B cells 
NFAT nuclear factor of activated T cells 
ng nanogram 
NH4Cl ammonium chloride 
NHEJ non-homologous end joining 
NHL non-Hodgkin’s lymphoma 
NIP 4-hydroxy-3-iodo-5-nitrophenylacetyl hapten 
NK cell(s) natural killer cell(s) 
NLR nucleotide-binding oligomerization domain-like receptor 
nm nanometer 
nTreg(s) natural regulatory T cell(s) 
pA polyadenylation site 
PAMP pathogen associated molecular pattern(s) 
Pax5 paired box gene 5 transcription factor 
PBMC(s) peripheral blood mononuclear cell(s) 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PDK1 3-phosphoinositide-dependent protein kinase 1 
PE phycoerythrin 
PE-Cy7 phycoerythrin-cyanin 7 
PerCP peridinin-chlorophyll-protein 
PH  pleckstrin-homology (domains) 
PHLPP PH domain leucine-rich repeat protein phosphatase 
PI3K phosphoinositide 3-kinase 
PIP2 phosphatidylinositol (4,5)- or (3,4)-bisphosphate 
PIP3 phosphatidylinositol (3,4,5)-trisphosphate 
PLC-g2 phospholipase C-g2 
pMI plasmid MSCV-IRES 
pMIB pMI-berry 
pMIG pMI-GFP 
pMIZCC pMI-GCN4-carboxy-terminal part of cyan fluorescent protein 
pMIZYN pMI-GCN4-amino-terminal part of yellow fluorescence protein 
pNPP 4-nitrophenyl phosphate 
Prdm1 PR domain zinc finger protein 1 
PRR pattern recognition receptor 
pS6 phosphorylated ribosomal protein S6 
PtC phosphatidylcholine 
PTEN / Pten phosphatase and tensin homolog 
PTPN6 protein tyrosine phosphatase non-receptor type 6 = SHP-1 
PTPRC protein tyrosine phosphatase receptor type C 
PVDF polyvinylidene fluoride 
RA rheumatoid arthritis 
Raf rapidly accelerated fibrosarcoma, a serine/threonine kinase 
Rag recombination-activating gene 
Ras rat sarcoma small GTPase 
RNA ribonucleic acid 
RORgt thymus-related RAR-related orphan receptor g 
ROS reactive oxygen species 
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rpm revolutions per minute 
RPMI (medium) Roswell Park Memorial Institute (medium) 
RSS recombination signal sequence(s) 
RT reverse transcriptase 
RU relative unit(s) 
S phase synthesis phase of the cell cycle 
SC secretion-coding 
SD standard deviation 
SEM standard error of the mean 
SFK Src-family (tyrosine) kinase 
SH Src-homology (domain) 
SHIP-1 / Ship-1  Src-homology region 2 (SH2) domain-containing inositol phosphatase 1  
SHP-1 / Shp-1 Src-homology region 2 (SH2) domain-containing phosphatase 1 = PTPN6 
SIGLEC sialic acid-binding immunoglobulin-like lectin 
SLC surrogate light chain 
SLE systemic lupus erytematosus 
SLP-65 Src-homology region 2 (SH2) domain-containing leuckocyte protein of 65 

kDa = BLNK = BASH 
SOS son of sevenless 
SP single positive 
SRBC(s) sheep red blood cell(s) 
Src sarcoma 
SRp20 serine- and arginine-rich splicing factor 3 (SRSF3) 
SSC sideward scatter 
STAT signal transducer and activator of transcription 
Syk spleen tyrosine kinase 
T-bet T-box transcription factor expressed in T cells 
TCR T-cell antigen receptor 
TdT terminal desoxynucleotidyl transferase 
Tfh cell(s) follicular T helper cell(s) 
tg transgenic 
TGF-b tumor growth factor b 
Th cell(s) T helper cell(s) 
TKO triple knock-out 
TLR toll-like receptor 
TNF-a tumor necrosis factor a 
TNP-Ova 2,4,6-trinitrophenyl hapten conjugated to ovalbumin 
V(D)J variable, diverse, joining (gene segments) 
Vav a guanine nucleotide exchange factor 
WT wild type 
XRCC x-ray repair cross complementing 
YFP yellow fluorescent protein 
Zfp318 zinc finger protein 318 
µg microgram 
µl microliter 
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1. Introduction 

1.1 The immune system 
 
Coevolution with the permanent risk of infection and damage led to the development of 
complex defense mechanisms that protect the human body from infectious agents such as 
viruses, bacteria, fungi or parasites (Boehm, 2012). The immune system comprises a 
complex and dynamic network of several organs, multiple specialized effector cells and an 
arsenal of bioactive molecules to ensure integrity and protection of the organism. Thereby, 
the immune system can be classified in two distinct branches, the innate and adaptive 
immunity (Dempsey et al., 2003; Vivier and Malissen, 2005; Travis, 2009). 
The innate branch of the immune system forms the first line of defense against various 
infectious and harmful agents. Innate defense mechanisms are from birth on permanently 
available but do not provide a long-lasting and pathogen-specific protection. The adaptive 
immune system, however, evolves with age depending on pathogen encounter and 
establishes a persistent and specific immune response. By maintaining extensive crosstalk, 
innate and adaptive immune system complement each other to provide effective immune 
surveillance and clearance of pathogens. 
 
 

1.1.1 The innate immune system 

Forming the first line of defense against an extensive variety of infectious agents, the innate 
immune system, consists of both cellular and humoral components (Figure 1, page 2). 
Skin and mucosa represent mechanical epithelial barriers, which are reinforced by chemical 
defense mechanisms, such as low pH values or antibacterial substances. Professional 
phagocytes comprising monocytes, macrophages, dendritic cells, neutrophils and mast 
cells engulf pathogens or cellular debris in a receptor-dependent manner (Indik et al., 1995; 
Nagarajan et al., 1995; Caron and Hall, 1998) and degrade them by producing reactive 
oxygen species (ROS). By secretion of perforin and granzymes, natural killer (NK) cells 
eliminate cells that escape immune surveillance by low surface expression of major 
histocompatibility complex (MHC) class I molecules (Lanier et al., 1997). Microbes, which 
are too large to be phagocytosed are attacked by mast cells, basophils and eosinophils, 
which produce histamine, tumor necrosis factor a (TNF-a) and lipid mediators. Moreover, 
commensal bacteria, which colonize the body, protect from potential pathogens in a 
competitive manner. 
Several effector cells express invariant germline-encoded pattern recognition receptors 
(PRRs) on the cell surface, in endosomes, lysosomes or even in the cytoplasm (Barton and 
Kagan, 2009), such as Toll-like receptors (TLRs), nucleotide-binding oligomerization 
domain-like receptors (NLRs), cytosolic nucleic acid sensors (Rathinam and Fitzgerald, 
2011; Gurtler and Bowie, 2013; Yoneyama et al., 2015) and scavenger receptors. Those 
receptors enable the cells to sense recurring pathogen-associated molecular patterns 
(PAMPs) (Creagh and O'Neill, 2006; Meylan et al., 2006; O'Neill and Bowie, 2007). Thereby 
PRRs recognize a multitude of conserved pathogenic structures that range from 
polysaccharides over glycolipids to lipoproteins and nucleic acids. Components of bacterial 
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or fungal cell walls such as lipopolysaccharides (LPS), bacterial lipopeptides, lipoteichoic 
acids, flagellin, glycosylations on lipids and proteins as well as nucleic acids (Iwasaki and 
Medzhitov, 2015) induce secretion of pro-inflammatory cytokines (interleukin (IL)-1, IL-6, 
TNF-a or the chemokine IL-8) (Ito et al., 2005). Increasing levels of cytokines stimulate the 
production of acute phase proteins that induce activation of the complement system. 
Complement factors, which are permanently produced by the liver, opsonize pathogens 
following activation and cleavage (Vignesh et al., 2017). Recognition of double-stranded 
ribonucleic acids (RNA) in the cytoplasm leads to production and release of type I 
interferons (a- and b-IFN) by infected cells (Garcia-Sastre, 2017), which induce RNA 
degradation, increased antigen presentation by upregulation of MHC class I surface 
expression and decelerated cell division. 
Together, the innate immune system comprises a huge arsenal of potent defense 
mechanisms that control invasion and damage by an infectious agent until a specific 
immune response is established by the adaptive immune system. 
 

 
 
Figure 1 | Overview of the innate and adaptive immunity  
Schematic representation of cellular and humoral effector components of the innate and adaptive 
immune system: Innate immunity comprises mechanical epithelial barriers, professional phagocytes 
(monocytes, macrophages, dendritic cells, neutrophils and mast cells), NK cells and the complement 
system, which are constitutively available from birth. The adaptive immune system consists of B 
lymphocytes that can differentiate into antibody-secreting cells and T cells that recognize epitopes 
presented by antigen-presenting cells and fulfill effector functions as T helper cells (Th cells) or 
cytolytic T cells (CTLs). In contrast to the innate immune system, adaptive immunity requires several 
days to mount a pathogen-specific immune response, which, however, confers long-lasting 
protection.  
Figure generated based on information from (Kumar and Robbins, 2007). 
Abbreviations: NK cell(s), natural killer cell(s); Ig, immunoglobulin; TCR, T cell receptor; MHC, 
major histocompatibility complex; CD, cluster of differentiation; CD4, co-receptor of the TCR 
expressed by Th cells; Th cell(s), T helper cell(s); CD8, co-receptor of the TCR expressed by CTLs; 
CTL(s), cytolytic/cytotoxic T lymphocyte(s). 
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1.1.2 The adaptive immune system 

In contrast to the innate immunity, the adaptive branch of the immune system has the 
capacity to mount highly specific and sustained responses to virtually every existing antigen 
(Ag). It is estimated that the adaptive immune system can cover recognition of more than 
1014 epitopes (Schroeder and Cavacini, 2010; Jackson et al., 2013). T and B lymphocytes, 
the main cellular constitutents of adaptive immunity (Bonilla and Oettgen, 2010) (Figure 1, 
page 2), arise from common lymphoid progenitors (CLPs) in primary lymphatic organs. 
Those cells circulate through blood and lymphatic vessels and accumulate in secondary 
lymphatic organs such as lymph nodes, spleen, Peyer’s patches of the gut-associated 
lymphatic tissue (GALT) and tonsils (von Andrian and Mempel, 2003; Harwood and Batista, 
2010), which act as sites of antigen concentration and presentation. Other than the PRRs 
of innate cells, T and B lymphocytes express high-affinity antigen receptors of one unique 
specificity per cell (Bonilla and Oettgen, 2010), which are not germline-encoded but 
generated by random recombination of variable (V), diversity (D) and joining (J) gene 
segments (chapters 1.1.2 The adaptive immune system - T lymphocytes, page 4 and 1.2.1 
Central B cell development, page 9). Following antigen encounter, lymphocytes with 
matching antigen receptor specificity are selected and differentiate into effector cells. CD4+ 
T cells activate other immune cells by cytokine secretion and provide help to B cells, 
whereas CD8+ cytotoxic/cytolytic T lymphocytes (CTLs) recognize and destroy infected 
cells. While T lymphocytes participate in cell-mediated immunity, B cells develop into short-
lived antibody-secreting cells and are involved in the humoral immune response, either in T 
cell-dependent or -independent manner (McHeyzer-Williams, 2003). B cells can further 
undergo affinity maturation by somatic hypermutation (SHM) (Gitlin et al., 2014; De Silva 
and Klein, 2015; Mesin et al., 2016; Dufaud et al., 2017; Tarlinton and Victora, 2017) and 
class switch recombination (CSR) in germinal centers (GC) (Torres et al., 2005; Chen et 
al., 2009; Casadevall and Janda, 2012) of secondary lymphoid organs, allowing the 
production of high-affinity antibodies of different isotypes (IgG, IgA and IgE), various effector 
functions (McHeyzer-Williams, 2003; Shapiro-Shelef and Calame, 2005; McHeyzer-
Williams et al., 2006). Antibodies opsonize soluble pathogenic structures, thus facilitating 
phagocytosis and complement activation, which leads to clearance of the pathogen from 
the system. Both types of lymphocytes show the capacity to differentiate into long-lived 
memory cells that ensure persistent immune protection and allow for rapid and efficient 
reaction upon re-encounter of the cognate pathogen (Ahmed and Gray, 1996). 
Due to the complexity of the immune system, absence or defects in immune cells or their 
signaling machinery can result in compromised immune protection ranging from increased 
susceptibility via recurrent infections to immunodeficiency. Other defects may even lead to 
the development of autoimmune disorders or malignant transformation. 
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T lymphocytes 
 
T lymphocytes originate from pluripotent hematopoietic stem cells in the bone marrow, 
whereas later stages of T cell development occur in the thymus (Figure 2, page 5). During 
the double-negative (DN) phases of T cell development the progenitors lack expression of 
CD4 and CD8, which represent important co-receptors and later determine the 
developmental fate and effector functions of the cell. At this stage early T cells undergo 
random rearrangement of the gene segments forming the T-cell antigen receptor (TCR) 
(Schatz et al., 1992; Lauritsen et al., 2006). In a minor subset of T cells functional 
rearrangement of the TCR g- and TCR d-chains leads to formation of the g/d-heterodimeric 
TCR (Lauritsen et al., 2006). g/d T cells reside in epithel and mucosa of multiple organs and 
show characteristcs that highly resemble innate cells (Ferreira, 2013; Chien et al., 2014).  
Productive rearrangement of the TCR b-chain, however, results in the assembly of a 
precursor (pre-)TCR, consisting of an invariant TCR a (pTa)-chain, the CD3 complex 
(comprising one g-, one d- and two e-chains) and two z-chains. This CD3/zz complex 
mediates signal transduction and is common to all T cell subpopulations (von Boehmer, 
2005). Autonomous activity by a functional pre-TCR is a prerequisite for the development 
of T cells expressing an a/b-TCR. Following this checkpoint of b-selection, T cells rearrange 
the TCR-a chain and proceed to the double-positive (DP) developmental stage by 
upregulating the expression of both, CD4 and CD8 (Porritt et al., 2003). Those DP T cells 
undergo positive selection based on the capacity of their T cell receptor (TCR) to bind to 
self-peptides complexed with MHC class I or II molecules (Klein et al., 2009), presented by 
cortical thymic epithelial cells (cTECs), dendritic cells or fibroblasts. T cells expressing a 
TCR that does not interact with either MHC molecule undergo death by neglect, as the cells 
do not receive pro-survival signals (Szondy et al., 2012). Depending on multiple factors 
such as the TCR signal strength upon interaction with MHC molecules, the presence of 
cytokines or the capacity to interact either with MHC class I or II, T cells (Singer et al., 2008) 
commit to either the CD4 or the CD8 single positive (SP) lineage and lose surface 
expression of the other co-stimulatory molecule (Koch and Radtke, 2011). In the medulla of 
the thymus, T cells continue to screen MHC molecules complexed with self-antigens, which 
are presented by medullary thymic epithelial cells (mTECs). Interactions between self-
peptide MHC complexes and TCR exceeding a certain signaling threshold lead to negative 
selection of the respective cells, while T cells with weak and intermediate TCR signaling 
exit the thymus and circulate in the periphery (Perry and Hsieh, 2016). 
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Figure 2 | Schematic overview of T cell development in the thymus 
Early thymic progenitors show germline configuration of the TCR-b, -a/d and -g loci and lack CD4 
and CD8 surface expression. Random rearrangement of V(D)J gene elements at the TCR b, -d and 
-g loci leads to development of either g/d T cells or T cells, committed to the a/b T cell lineage that 
first express a pre-TCR complex (TCR-b and pTa-chain together with CD3). Autonomous pre-TCR 
signaling induces rearrangement of the TCR a-chain, thereby deleting the TCR d-locus. Cells 
expressing a functional conventional a/b TCR and proceed to the double-positive (DP) 
developmental stage by upregulating the expression of both, CD4 and CD8. DP T cells are positively 
selected dependent on the ability of their TCR to recognize self-peptides complexed with MHC class 
I or II molecules. T cells commit either to the CD4 or the CD8 single positive (SP) lineage and lose 
surface expression of the other co-stimulatory molecule. Mature naïve T cells exit the thymus for the 
periphery, where they undergo further differentiation into different effector cells. 
(Legend continued on next page.) 
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Figure generated based on information from (Rothenberg et al., 2008; Nurieva and Chung, 2010; 
O'Shea and Paul, 2010; Zhu et al., 2010; Koch and Radtke, 2011; Goswami et al., 2012; Murphy and 
Weaver, 2017).  
Abbreviations: DN, double-negative; DP, double-positive; SP, single-positive; TCR, T cell receptor; 
L, leader; V(D)J, variable, diverse and joining (gene segments); MHC, major histocompatibility 
complex; CD, cluster of differentiation; CD4, co-receptor of the TCR expressed by Th cells; Th cell(s), 
T helper cell(s); CD8, co-receptor of the TCR expressed by CTLs; CTL(s), cytolytic/cytotoxic T 
lymphocyte(s); nTreg(s), natural regulatory T cells; iTreg(s), induced regulatory T cells; Tfh, follicular T 
helper cell(s); IL, interleukin; STAT, signal transducer and activator of transcription; T-bet, T-box 
transcription factor expressed in T cells; GATA3, GATA-binding protein 3; RORgt, thymus-related 
retinoic-acid receptor-related orphan receptor g; BCL6, B-cell lymphoma protein 6; TGF-b, tumor 
growth factor b; TNF-a, tumor necrosis factor a; FoxP3, Forkhead box transcription factor P3. 
 
 
Antigen recognition by T cells via the TCR requires processing of pathogenic structures by 
antigen-presenting cells (APCs) and association of linear peptides with MHC molecules. 
Besides the specific interaction between TCR and peptide-MHC complexes on the surface 
of antigen-presenting cells, proper activation and proliferation of T lymphocytes further 
requires engagement of the CD28 co-receptor by co-stimulatory B7 molecules (CD80 and 
CD86 expressed by APCs) and presence of IL-2. Recognition of the cognate antigen by 
naïve T cells induces proliferation and differentiation either into effector cells with a short 
life span or long-lived memory T cells. High affinity to MHC molecules combined with self-
peptides and co-stimulation via CD28 and IL-2 induces expression of the transcription factor 
FoxP3 and leads to the development of natural regulatory T cells (nTregs) (Starr et al., 2003; 
Josefowicz and Rudensky, 2009; Moran and Hogquist, 2012). 
Depending on the composition of the cytokine milieu, which leads to expression of specific 
sets of transcription factors, CD4+ T cells differentiate into various types of T helper (Th) 
cells (Nurieva and Chung, 2010; O'Shea and Paul, 2010; Zhu et al., 2010; Goswami et al., 
2012) (Figure 2, page 5). CD4+ Th1 cells activate innate effector cells such as macrophages 
and NK cells and stimulate CSR in B cells, in this way supporting humoral immunity. The 
secretion of the cytokines IL-4, IL-5 and the chemokine IL-10 by Th2 cells drives activation 
of mast cells and eosinophils and promotes production of immunoglobulin E (IgE). 
Therefore, Th2 have been implicated in allergic reactions but also in defense against 
parasites. Th9 cells contribute to the intestinal response to helminthes whereas Th17 cells 
participate in the immune responses against extracellular pathogens but also have been 
shown to be involved in the pathogenesis of certain autoimmune conditions. Similar to Th1 
and Th2 cells, follicular helper T cells (Tfh) play crucial roles during the GC reaction in 
promoting the generation of high-affinity antibodies and memory B cells. Induced regulatory 
T cells (iTregs) regulate immune homeostasis and tolerance by suppressing activation of 
immune cells (Wan and Flavell, 2009). 
Cytotoxic/cytolytic CD8+ T lymphocytes (CTLs) produce IFN-g and TNF-a and lyse infected 
cells in an antigen-specific manner by inducing apoptosis or releasing cytolytic granules 
filled with perforin and granzymes (Belz and Kallies, 2010). 
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B lymphocytes 
 
B lymphocytes, which develop in the bone marrow give rise to antibody-secreting cells and 
thus represent the key effector cells of the adaptive humoral immunity. Analogous to the 
TCR, also the B-cell antigen receptor (BCR) is generated by somatic recombination of 
immunoglobulin (Ig) V (D) and J gene segments.  
Unlike T cells, which recognize antigens only as processed peptides mounted on MHC 
molecules, B cells have multiple possibilities of recognizing even native antigens. Besides 
the BCR, which not only mediates interaction with antigens but also regulates B cell 
development, fate and effector functions (Figure 3, page 7), B cells also express a variety 
of PRRs, providing them with the capacity to sense and respond to a huge variety of 
conserved pathogenic structures (Buchta and Bishop, 2014). 
Moreover, B cells can act as professional APCs by processing internalized antigenic 
peptides and presenting them to Th cells in association with MHC class II molecules 
(Rodriguez-Pinto, 2005). Interaction of B and T cells via the cognate antigen on MHC class 
II and co-stimulatory molecules (CD80 and CD86 on B cells interact with CD28 on T cells) 
is essential for B cells to receive additional signals for further differentiation, comprising 
engagement of CD40 by CD40L and signals from T cell-secreted cytokines (Parker, 1993). 
This interaction allows B cells to undergo affinity maturation by SHM and CSR and therefore 
it represents a prerequisite for production of high affinity-antibodies of different isotypes and 
the induction of a persistent humoral response (Shlomchik and Weisel, 2012; Weisel et al., 
2016). 
 

 
 
Figure 3 | Illustration of B cell differentiation and antibody effector functions 
Schematic overview of B-2 B cell differentiation and antibody effector functions during T cell-
dependent humoral immune responses.  
Figure generated based on information from (Kumar and Robbins, 2007). 
Abbreviations: Ig, immunoglobulin; NK cell(s), natural killer cell(s); CSR, class-switch 
recombination; SHM, somatic hypermutation; Fc, fragment crystallizable region. 
 
 
Antibodies directly neutralize infectious agents by opsonization. This further facilitates 
pathogen-recognition by phagocytes via Fc receptors and thereby supports uptake and 
clearance of infectious agents. Also NK cells recognize antibodies by type III Fcg receptors 
and destroy opsonized cells. Finally, antibodies of the IgM and IgG isotype can form 
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complexes with the cognate antigen, which trigger the activation of the complement system 
(Figure 3, page 7). 
By their competence in sensing pathogens, their function as antigen-presenting cells and 
their capacity to differentiate to antibody-secreting cells, B cells combine many functions of 
innate and adaptive immunity and thereby represent one of the most versatile cellular 
components of the immune system. 
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1.2 B cell development and effector functions 
 

1.2.1 Central B cell development 

B cell development is tightly regulated by a network of soluble mediators, multiple signaling 
cascades, and a diverse set of transcription factors (Lee et al., 1989; Ishihara et al., 1991; 
Rolink et al., 1995). Together they control the somatic rearrangement of the Ig V, D and J 
gene segments, as well as differentiation, proliferation and selection events at several B 
cell developmental stages. The BCR regulates B cell development by mediating the 
selection of functional and self-tolerant B cells, thereby ensuring immune protection and 
avoiding autoimmunity (Shlomchik, 2008; Pelanda and Torres, 2012). In this way, B cells 
pass through multiple stages and checkpoints that can be defined by the recombination 
state of Ig genes and differential expression of surface markers (Figure 4, page 10) (Rolink 
et al., 1999; Hardy and Hayakawa, 2001; Allman and Pillai, 2008). Early B cell development 
occurs in the bone marrow, whereas the final maturation processes take place in peripheral 
lymphoid tissues upon antigen encounter.  
B cell development in the mouse critically depends on IL-7 and its receptor (IL-7R) and later 
also on the pre-BCR (Milne et al., 2004; Milne and Paige, 2006). Interactions between the 
signaling pathways of both receptors control survival and proliferation of early B cells 
(Fleming and Paige, 2002; Milne and Paige, 2006). The IL-7R complex that consists of the 
IL-7Ra-chain (CD127) and the common g-chain (CD132) (which is shared by the interleukin 
receptors 2, 4, 7, 9, 15 and 21) (Milne and Paige, 2006) is expressed from the CLP stage 
to the pre-B cell stage. Binding of IL-7 to the IL-7R complex induces signaling via the 
receptor-associated janus kinases (JAKs) 1 and 3, which phosphorylate tyrosine residues 
in the cytoplasmic parts of the IL-7R chains and thereby lead to recruitment of STAT5 (signal 
transducers and activators of transcription). IL-7R signaling supports B cell commitment by 
inducing expression of B-cell specific transcription factors such as early-B cell factor (EBF) 
or Pax5 (Carvalho et al., 2001; Cobaleda et al., 2007). Moreover, IL-7R signaling promotes 
survival for example by regulating the expression of the anti-apoptotic factor Bcl-xL and the 
cell cycle regulators c-myc and cyclins of type D (Dumon et al., 1999; Barata et al., 2001; 
Yao et al., 2006). As IL-7R signaling further regulates the recombination processes at the 
heavy chain (HC) gene locus it is also a prerequisite for the generation of a functional pre-
BCR (Milne and Paige, 2006; Werner et al., 2010).  
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Figure 4 | Schematic overview of the different stages of B cell development  
Schematic overview of the different stages of B cell development, the recombination state of the Ig 
genes at the IgH and IgL gene loci and the expression of surface markers.  
(Legend continued on next page.) 
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Figure generated based on information from (Benschop and Cambier, 1999; Hardy and Hayakawa, 
2001).  
Abbreviations: Ig, immunoglobulin; IgH, immunoglobulin HC gene locus; IgL, immunoglobulin LC 
gene locus; HC, heavy chain; LC, light chain; BCR, B-cell antigen receptor; SLC, surrogate light 
chain; TdT, terminal desoxynucleotidyl transferase; L, leader; V, variable gene segment(s); D, 
diversity gene segment(s); J, joining gene segment(s); Cµ, µ heavy chain exons encoding the 
constant region; Cd, d heavy chain exons encoding the constant region; Ck or Cl, k- or l light chain 
exons encoding the constant region; AAA, polyadenylation; B220, protein tyrosine phosphatase 
receptor type C of 220 kDa; CD, cluster of differentiation; CD43, leukosialin/sialophorin; CD25, 
interleukin-2 receptor a-chain; cKit, CD117 mast/stem cell growth factor receptor; CD21, 
complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII. 
 
 
In CLPs, recombination of the Ig genes encoding the HC of the BCR BCR is initiated  by 
rearrangement of a DH to one of the JH gene segments (DHJH). At the pro-B cell stage, one 
of the VH elements is joined to the DHJH gene segment, which later on encodes the variable 
region of the BCR HC (Figure 4, page 10 and Figure 5, page 11) (Borghesi et al., 2004; 
Chowdhury and Sen, 2004; Jung and Alt, 2004).  
 

 
 
Figure 5 | Schematic overview of V(D)J recombination in B cells 
The BCR consists of two identical HCs and LCs (either k or l), which are encoded by somatically 
rearranged Ig V(D) and J gene segments.  
Figure generated based on information from (Murphy and Weaver, 2017). 
Abbreviations: Ig, immunoglobulin; IgH, immunoglobulin heavy chain gene locus; IgL, 
immunoglobulin light chain gene loci; DNA, desoxyribonucleic acid; RNA, ribonucleic acid; L, leader; 
VH, heavy chain variable gene segment(s); DH, heavy chain diversity gene segment(s); JH, heavy 
chain joining gene segment(s); Cµ, µ heavy chain exons encoding the constant region; Cd, d heavy 
chain exons encoding the constant region; Vk or Vl, k- or l light chain variable gene segment(s); Jk 
or Jl, k- or l light chain joining gene segment(s); Ck or Cl, k- or l light chain exons encoding the 
constant region; AAA, polyadenylation. 
 
 
The somatic rearrangement of gene segments requires expression of the recombination-
activating genes Rag1 and Rag2 (Ji et al., 2010). Rag1 and Rag2 gene products recognize 
recombination signal sequences (RSS) flanking the Ig gene segments. RSS contain spacer 
sequences of 12 or 23 bp that are flanked by a palindromic heptamer sequence adjacent to 
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the V, D or J gene segments and a conserved nonameric sequence (Figure 6, page 12). In 
cooperation with enzymes of the non-homologous end joining (NHEJ) DNA repair 
machinery (including Ku70, Ku80, DNA-PKcs, Artemis, XRCC4, and ligase) (Lieber et al., 
2003; Smith et al., 2004) the products of the Rag genes form a complex and delete DNA 
sequences between the Ig gene segments and rejoin them to generate a fully rearranged 
V(D)J gene cassette (Figure 5, page 11) (Oettinger et al., 1990). Gene segments flanked 
by RSS with a 12 bp spacer are joined to gene segments flanked by a 23 bp spacer RSS 
(Figure 6, page 12). As VH and JH elements at the immunoglobulin heavy chain gene (IgH) 
locus are equipped with 23 bp spacer RSS they can only be joined by interconnecting a DH 
segment, flanked on both sides by 12 bp spacer RSS. At the immunoglobulin light chain 
gene (IgL) locus VL segments are directly linked to JL elements as they are either flanked 
by a 23 bp- or a 12 bp spacer RSS. 
 

 
 

Figure 6 | Recombination signal sequences (RSS) flanking the Ig gene segments 
Schematic illustration of recombination signal sequences (RSS). RSS comprise a heptameric 
sequence adjacent to the respective V(D) or J gene segment, a spacer of either 23 or 12 bp and a 
nonameric sequence. Gene segments flanked by RSS with a 12 bp spacer are joined to gene 
segments with a 23 bp spacer RSS. During recombination, sequences between both gene segments 
are deleted together with both RSS.  
Figure generated based on information from (Murphy and Weaver, 2017). 
Abbreviations: RSS, recombination signal sequence(s); Ig, immunoglobulin; IgH, immunoglobulin 
heavy chain gene locus; IgL, immunoglobulin light chain gene loci; VH, heavy chain variable gene 
segment(s); DH, heavy chain diversity gene segment(s); JH, heavy chain joining gene segment(s); 
Vk or Vl, k- or l light chain variable gene segment(s); Jk or Jl, k- or l light chain joining gene 
segment(s); bp, base pair(s). 
 
 
This random recombination of V, D and J gene segments represents the first mechanism 
that contributes to the huge diversity of antigen specificities later present in the B cell 
repertoire. The enzyme terminal desoxynucleotidyl transferase (TdT) further supports this 
diversity by introducing non-templated nucleotides at the joining regions of the single gene 
fragments (Li et al., 1993; Blunt et al., 1995; Benedict et al., 2000). Thereby TdT promotes 
the variability in the third complementarity determining region 3 (CDR3), which is part of the 
antigen-binding site (Clark, 1988; Komori et al., 1993). Productive VDJ gene rearrangement 
of the µHC results in assembly of the pre-BCR complex, comprising two µHCs, two germline 
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encoded invariant surrogate light chains (SLCs), each consisting of VpreB and lambda 5 
(l5) (Melchers, 2005; Bankovich et al., 2007) and the heterodimeric signal transduction 
units Ig-a and Ig-b. Expression of a functional pre-BCR complex marks the first major 
checkpoint in B cell development (Figure 7, page 13) (Karasuyama et al., 1990; Tsubata 
and Reth, 1990; Rajewsky, 1996; Burrows et al., 2002; Melchers, 2005). 
Interestingly, during fetal development and in early pro-B cells VH segments of the VH7183 
and VHQ52 families proximal to the DH are preferentially used for VDJ recombination 
(Johnston et al., 2006), whereas in mature follicular B cells (Fo.B) VH segments of the distal 
VHJ558 or VH3609 families are most prevalent. This shift in the usage of VH gene segments 
has been attributed to selection by the pre-BCR as many proximal VH gene segments fail 
to pair with the SLC (ten Boekel et al., 1997). 
 

 
 

Figure 7 | Structures of the pre-BCR and conventional IgM-BCR 
Schematic illustration of the pre-BCR (left) and the conventional IgM-BCR (right) structure. The pre-
BCR complex comprises two identical Ig-µHCs each linked to a SLC (consisting of the non-covalently 
associated VpreB and l5 subunits) and the heterodimeric signal transduction subunit Ig-a/Ig-b. In 
the conventional BCR complex, the SLCs are replaced by conventional LCs (either k or l).  
Figure generated based on information from (Surova and Jumaa, 2014). 
Abbreviations: BCR, B-cell antigen receptor; Ig, immunoglobulin; HC, heavy chain; LC, light chain; 
SLC, surrogate light chain; VpreB, CD179a, Ig-i chain; l5, CD179b; VH, heavy chain variable region; 
VL, light chain variable region; CH, heavy chain constant domain(s); CL, light chain constant domain; 
Ig-a, B-cell antigen receptor complex-associated protein a-chain; Ig-b, B-cell antigen receptor 
complex-associated protein b-chain; ITAM(s), immunoreceptor tyrosine-based activation motif(s). 
 
 
Similar to the pre-TCR, also the pre-BCR shows autonomous signaling activity, which 
mediates positive selection of large pre-B cells with successful VDJ recombination at the 
HC gene locus by driving extensive proliferation (Hess et al., 2001; Ohnishi and Melchers, 
2003; Kohler et al., 2008). Autonomous pre-BCR activity during the large pre-B cell stage 
regulates itself by activating downstream signaling cascades, which terminate expression 
of Rag genes (Grawunder et al., 1995), expression of the TdT (Wasserman et al., 1997), 
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VpreB and l5 (Parker et al., 2005). Thereby pre-BCR signaling inhibits further 
recombination processes at the HC gene loci and upregulates expression of the signaling 
adaptor molecule SLP-65 (Src-homology region 2 (SH2) domain-containing leukocyte 
protein of 65 kDa) (Jumaa et al., 1999; Schebesta et al., 2002; Herzog et al., 2008). SLP-
65-mediated pre-BCR signaling reactivates expression of Rag genes, required for 
recombination at the Ig light chain (LC) gene locus (Figure 4, page 10 and Figure 5, page 
11) (Reth et al., 1987; Burrows et al., 2002; Parker et al., 2005; Geier and Schlissel, 2006; 
Thompson et al., 2007; Herzog et al., 2008; Herzog et al., 2009). SLP-65 expression thereby 
marks the transition from the stage of large pre-B cells, which is characterized by several 
rounds of cell division, to the non-proliferative small pre-B cell stage, at which cells activate 
the program of differentiation. 
In B cells, which have accomplished successful and in-frame recombination of either the k- 
or lLC gene locus, the SLC of the pre-BCR is replaced by a conventional LC (Figure 7, 
page 13) (Jung and Alt, 2004; Herzog et al., 2009). Allelic exclusion ensures expression of 
only one HC and LC allele per cell, and thereby restricts B cells from expressing more than 
one BCR specificity. However, the underlying molecular mechanisms of this phenomenon 
are still not completely understood (Vettermann and Schlissel, 2010). 
Finally, B cells of the immature stage, that now express a conventional BCR with a certain 
specificity, exit the bone marrow to continue their development in the spleen. 
 
 

1.2.2 Peripheral B cell development 

Immature B cells that leave the bone marrow are called “new emigrants” and accumulate in 
the spleen where they pass through at least three transitional B cell stages: T1, T2 and T3 
(Allman et al., 2001). During the transitional stages of development B cells start to co-
express the two BCR isotypes, IgM and IgD, which, however, share the same antigen-
specificity (Carsetti et al., 1995; Hardy and Hayakawa, 2001). Moreover, the cells initiate 
expression of B cell activating factor receptor (BAFF-R), which is involved in maintaining 
survival and inducing maturation of the cells (Thompson et al., 2000). In the follicles of the 
spleen, transitional B cells finally develop into naïve mature follicular B cells (Fo.B), which 
constitute the majority of B cells in the periphery. These cells can be identified by high CD23 
and intermediate CD21 expression and acquire a characteristic IgMlo/IgDhi BCR expression 
profile (Figure 8, page 15), most likely due to interaction with soluble autoantigen of low-
valences during recirculation in the periphery (Zikherman et al., 2012). Mature Fo.B cells 
that participate in T cell-dependent immune responses undergo GC reactions and 
differentiate into plasmablasts or plasma cells that secrete class-switched antibodies of high 
affinity or into memory B cells with extended half-life (Lam et al., 1997; Martin et al., 2001; 
Rolink et al., 2004; Srinivasan et al., 2009; Tong et al., 2017).  
Transitional B cells that exhibit high expression of the antigen-presenting glycoprotein 
CD1d, however, differentiate into marginal zone B cells (MZ.B) (Pillai et al., 2004), which 
remain in the marginal sinus of the spleen. The decision of B cells to differentiate either into 
Fo.B or MZ.B cells is thought to depend on the BCR signal strength. According to this model, 
weak signaling favors the development of Fo.B cells, whereas persistent BCR activation, 
due to encounter with autoantigen drives differentiation into MZ.B cells (Figure 8, page 15) 
(Casola et al., 2004; Wen et al., 2005; Casola, 2007; Pillai and Cariappa, 2009). MZ.B are 
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further characterized by high expression of CD21 but compared to Fo.B cells show only low 
levels of CD23, if any at all. Moreover, MZ.B cells maintain higher IgM surface expression 
as compared to Fo.B cells. By their ability to rapidly respond to soluble antigens by 
differentiating into IgM-secreting plasmablasts in a T cell-independent manner MZ.B cells 
contribute to the content of mainly autoreactive “natural” IgM antibodies in the serum 
(Murakami et al., 1992; Martin et al., 2001; Berland and Wortis, 2002; Martin and Kearney, 
2002; Pillai et al., 2005; Hardy, 2006). The localization of MZ.B in the marginal sinus of the 
spleen facilitates surveillance of blood-borne antigens. Their increased capacity to respond 
preferentially to recognition of carbohydrates and -lipids, as they occur in encapsulated 
bacteria, also supports mechanisms of the innate immune system in controlling infections 
and bridging the time period until Fo.B cells can mount a specific adaptive immune response 
(Fagarasan and Honjo, 2000; Viau and Zouali, 2005). 
 

 
 
Figure 8 | Model of peripheral B cell maturation 
Schematic overview of how B cells differentiate into follicular B cells (Fo.B), marginal zone B cells 
(MZ.B) and B-1 lineage cells, depending on the BCR signal strength.  
Figure generated based on information from (Casola, 2007). 
Abbreviations: Ig, immunoglobulin; BCR, B-cell antigen receptor; Fo.B, follicular B cell(s); MZ.B, 
marginal zone B cell(s); B220, protein tyrosine phosphatase receptor type C of 220 kDa; CD, cluster 
of differentiation; CD5, T-cell surface glycoprotein; CD19, B-lymphocyte antigen CD19; CD21, 
complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII; CD43, 
leukosialin/sialophorin. 
 
 
The majority of mature B cells that circulate between the secondary lymphoid organs belong 
to the conventional B-2 B cell compartment such as the follicular (Fo.B) and marginal zone 
(MZ.B) B cells found in the spleen. Besides those two subpopulations innate-like B-1 B cells 
can be detected in the periphery as a third population of mature B cells. B-1 B cells share 
numerous characteristics with MZ.B cells: Both subpopulations maintain high IgM 
expression, whereas they express only low levels of IgD and CD23. B-1 B cells mainly 
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reside in the peritoneal and pleural cavities, but are also detectable in the murine spleen 
and can be further divided into B-1a and B-1b cells by the surface expression of CD5 
(Figure 8, page 15). Like MZ.B cells, also B-1 B cells respond quickly to common viruses 
and bacteria in a T cell-independent manner and are involved in the earliest antibody 
responses by spontaneously secreting predominantly autoreactive natural IgM antibodies 
(Murakami et al., 1992; Martin et al., 2001; Berland and Wortis, 2002; Martin and Kearney, 
2002; Pillai et al., 2005; Hardy, 2006). It is thought that the majority of IgM and IgA 
antibodies in the serum originates from B-1 B cells which are spontaneously secreted 
without previous infection or immunization (Forster and Rajewsky, 1987; Kroese et al., 
1993).  
In contrast to the antibodies secreted by B cells originating from the B-2 compartment, B-1 
B cells show characteristic usage of a limited set of VH gene segments located proximal to 
the DH segments associated with a small number of LCs. These antibodies usually lack 
somatic mutations. As B-1 B cells are further characterized by low TdT expression, natural 
antibodies exhibit only few N-nucleotide insertions (Pennell et al., 1989; Carmack et al., 
1990; Hayakawa et al., 1990). Thereby, natural antibodies maintain similarity to the 
restricted set of germline gene segments and show polyreactive potential with specificities 
of low affinity for common bacterial carbohydrates and autoantigens, such as 
phosphatidylcholine (PtC), DNA or other antibodies (Casali et al., 1987; Hardy et al., 1987; 
Pennell et al., 1989; Tornberg and Holmberg, 1995; Martin and Kearney, 2002; Hayakawa 
et al., 2003; Pillai et al., 2005; Wen et al., 2005; Hardy, 2006). 
B-1 B cells have been reported to be mainly generated in the fetal liver, whereas the 
compartment of MZ.B cells is constantly replenished by transitional B cells (Pillai et al., 
2005; Hardy, 2006). However, similar to the development of MZ.B cells, elevated BCR 
signal strength, most likely due to recognition of self-antigens is considered to be essential 
for commitment to the B-1 B cell fate (Figure 8, page 15) (Hardy and Hayakawa, 2001; 
Casola et al., 2004). 
 
 

1.2.3 B cell tolerance mechanisms 

Random V(D)J gene recombination represents the main mechanism to establish a broad 
diversity of BCR specificities. However, the stochastic nature of this processes harbors the 
inherent risk of generating B cells with a self-reactive BCR and the production of 
autoreactive antibodies.  
Autonomous pre-BCR signaling drives positive selection of B cells that productively 
rearranged the µHC by inducing several rounds of proliferation (Burrows et al., 2002; 
Hendriks and Middendorp, 2004; Herzog et al., 2009). The autonomous signaling activity of 
the pre-BCR has been attributed to mutual recognition of neighboring pre-BCR complexes 
(Meixlsperger et al., 2007), which represents the most extreme form of autoreactivity and 
thus previously generated the impression that the pre-BCR signals in a ligand-independent 
manner (Rolink et al., 2000). It has, however, also been shown that in a secreted form the 
pre-BCR recognizes numerous self-antigens and that its function can even be replaced by 
a conventional BCR with autoreactive specificity (Kohler et al., 2008; Eschbach et al., 2011). 
This suggests that autoreactivity is essential during early stages of B cell development.  
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B cells that successfully passed the pre-BCR checkpoint and productively recombined both 
HC and LC genes express a conventional BCR of the IgM isotype. Interestingly, it was 
reported that a considerable amount of those immature B cells (approximately 75%) 
express BCR specificities that show polyreactivity to common autoantigens encompassing 
DNA, insulin, LPS or anti-nuclear antibodies (Wardemann et al., 2003) and that only very 
few cells are eventually selected into the mature B cell pool (Melchers, 2006). These 
polyreactive BCRs frequently show a long CDR3 region of the HC, encoding numerous 
positively charged amino acids (Ichiyoshi and Casali, 1994; Klonowski et al., 1999). 
As activation and maturation of such self-reactive B cell clones may give rise to autoimmune 
diseases such as systemic lupus erytematosus (SLE) or rheumatoid arthritis (RA) 
(Wardemann and Nussenzweig, 2007), several mechanisms have evolved to avoid their 
selection into the mature B cell pool. Central (primary) tolerance mechanisms act in the 
bone marrow during early stages of B cell development, whereas peripheral (secondary) 
tolerance mechanisms avoid self-antigen-mediated activation of recirculating B cells that 
disseminated from the bone marrow. 
The assembly of the pre-BCR not only represents the first major checkpoint during B cell 
development but also the first mechanism of B cell selection. Only µHCs with appropriate 
structure, allowing successful pairing with the SLC, can form a functional pre-BCR complex 
(Keyna et al., 1995; Martin et al., 2003). Accordingly, µHCs that exhibit extended CDR3 
regions with a high content of positively charged amino acids, a property that has been 
linked to recognition of DNA (Radic and Weigert, 1994), are likely to be less efficient in 
pairing with the SLC. Thereby the respective cells fail to form a functional pre-BCR complex 
and do not receive the signals for their positive selection (Karasuyama et al., 1990; Kitamura 
et al., 1992; Keenan et al., 2008). However, this represents merely a crude first mechanism 
to counterselect B cells expressing potentially autoreactive µHCs. Since random pairing 
with a conventional LC also alters the BCR specificity, the majority of immature B cells 
shows considerable polyreactivity to various self-antigens (Grandien et al., 1994; 
Wardemann et al., 2003). As BCR activity induced by recognition of autoantigens, is very 
similar to autonomous activity of the pre-BCR, also immature B cells undergo some 
proliferative steps and re-upregulate expression of the Rag genes (Hertz and Nemazee, 
1997; Pelanda et al., 1997; Herzog et al., 2008). This allows for secondary rearrangements 
mainly at the IgL locus, called „receptor editing“. These secondary rearrangements proceed 
until a LC is generated that results in assembly of a non-autoreactive conventional BCR 
and the signaling by permanent autoantigen recognition is terminated (Figure 9, page 18) 
(Gay et al., 1993; Tiegs et al., 1993; Chen et al., 1997; Pelanda et al., 1997; Nemazee and 
Weigert, 2000; Li et al., 2001; Halverson et al., 2004). Based on experiments with mice 
expressing transgenic BCRs with autoreactive specificities, early studies suggested that 
clonal deletion represents the main mechanism for removal of autoreactive B cells 
(Nemazee and Burki, 1989; Erikson et al., 1991; Hartley et al., 1991). Later on, it was 
recognized that receptor editing is the predominant mechanism of central tolerance, which 
allows for removal of autoreactive BCR idiotypes without massive loss of cells. Only B cells 
that fail to edit an autoreactive specificity die by clonal deletion (Pelanda et al., 1997; 
Novobrantseva et al., 1999; Casellas et al., 2001; Halverson et al., 2004), whereas cells 
that successfully down-modulate BCR signaling due to editing of the autoreactive BCR 
specificity, exit the bone marrow into the periphery for further development (Casellas et al., 
2001; Wardemann et al., 2004; Kohler et al., 2008). 
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As the pool of mature recirculating B cells in the periphery still contains a substantial amount 
of autoreactive B cells despite selection via the central tolerance mechanisms (Wardemann 
et al., 2003) alternative peripheral tolerance mechanisms have to interfere with the 
activation of such cells. In particular immature B cells have been shown to be sensitive to 
apoptosis upon crosslinking of the BCR (King and Monroe, 2000).  
 

 
 
Figure 9 | Schematic illustration of receptor editing at the Ig-kLC gene locus 
If primary rearrangement of VJ gene segments leads to generation of an autoreactive BCR, 
expression of Rag genes is maintained, thereby allowing for secondary gene rearrangements. If 
secondary recombination leads to expression of a BCR with non-autoreactive specificity, Rag gene 
expression is downregulated and the cell proceeds in its development. If also secondary 
rearrangement results in expression of an autoreactive BCR specificity, the recombination processes 
are maintained until either a non-autoreactive BCR can be generated or the possibilities for 
recombination are exhausted and the cell undergoes apoptosis. 
Figure generated based on information from (Murphy and Weaver, 2017). 
Abbreviations: Ig, immunoglobulin; DNA, desoxyribonucleic acid; L, leader; Vk, k light chain 
variable gene segment(s); Jk, k light chain joining gene segment(s); Ck, k light chain exons encoding 
the constant region; Rag, recombination-activating gene(s). 
 
 
The so-called „anergy“ is currently widely recognized to be the most prominent peripheral 
tolerance mechanism (Goodnow et al., 1988). It suggests that autoreactive B cells are 
rendered functionally unresponsive by selective downregulation of surface IgM expression, 
most likely upon exposure to soluble antigens of low avidity, while expression of IgD BCR 
remains unaffected (Goodnow et al., 1988; Wardemann et al., 2003; Gauld et al., 2005; 
Merrell et al., 2006; Zikherman et al., 2012). It has been described that such anergic cells 
fail to induce signaling upon antigen recognition via the BCR. In addition, they lack the 
capacity to present antigens and thus to interact with T cells. Moreover, the inability to 
produce antibodies, impaired migration and a shortened life span have been described to 
be hallmarks of anergic B cells (Goodnow et al., 1988; Cooke et al., 1994; Lesley et al., 
2004). Although double-transgenic mice expressing both the hen-egg lysozyme (HEL)-
specific BCR and its cognate antigen (MD4 x ML5 mouse model) did not reveal a 
developmental defect (Goodnow et al., 1988). However, it was recognized, that such 
anergic MD4 x ML5 B cells re-express IgM and induce strong antibody responses upon 
transfer into recipient mice that do not express soluble HEL (Goodnow et al., 1991). As IgM 
and IgD expression seemed to be involved in tolerance induction, a mouse model was 
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generated for separately testing the function of either HEL-specific IgM or IgD in presence 
of the cognate antigen. Interestingly, encounter with soluble HEL as autoantigen resulted in 
induction of a so-called anergic phenotype independent of the isotype and thus the study 
failed to establish a mechanistic link between either IgM or IgD BCR expression and 
tolerance induction (Brink et al., 1992).  
To date, this view on peripheral tolerance induction still leaves numerous questions 
unanswered and harbors several logical inconsistencies. For instance, it does not provide 
an explanation as to how the distinction between self and non-self-antigens is 
accomplished. As the majority of mature peripheral B cells exhibit high IgD combined with 
reduced IgM expression this implies that almost all mature recirculating are anergic and 
thus functionally unresponsive “gaps in the repertoire” (Sabouri et al., 2016). This appears 
to be in sharp contrast to the observation, that the so-called anergic B cells yield the most 
efficient GC responses (Sabouri et al., 2014; Sabouri et al., 2016). Therefore, it is not clear 
how mature Fo.B cells recognize foreign antigens and subsequently re-acquire 
responsiveness. Finally it has been shown that anergic B cells from the MD4 x ML5 
transgenic model are far from being “functionally unresponsive”, as they readily induce 
signaling to stimulation with anti-BCR antibodies (Cooke et al., 1994) and respond to 
cognate antigen in complexed form (Ubelhart et al., 2015). In line with this, B cells from both 
MD4 single- and MD4 x ML5 double-transgenic mice have also been shown to secrete 
comparable amounts of HEL-specific IgM antibodies upon stimulation with the TLR9 ligand 
CpG (Rui et al., 2003). 
Even though several aspects of anergy still remain elusive, the differential IgM/IgD ratio on 
mature follicular B cells appears to be involved in an important peripheral tolerance 
mechanism, which together with editing and clonal deletion prevents participation of self-
reactive B cells in immune responses, thus enabling the establishment of a self-tolerant B 
cell repertoire.  
 
 

1.2.4 B cell antigen receptors  

Antigen receptors are multi-protein complexes, which are essential for proper development 
of B lymphocytes as well as for their activation, differentiation and survival (Lam et al., 1997; 
Pelanda et al., 2002; Srinivasan et al., 2009). Antigen receptor complexes are composed 
of membrane-bound molecules, generated by somatic recombination, and signaling 
subunits, which transmit the signals into the cell. In this way, various downstream pathways 
are activated leading to diverse cellular responses (chapter 1.3 BCR signaling, page 27). In 
B cells the individual stages of development, subpopulations, and their respective effector 
functions can be characterized by surface expression of the different BCR isotypes. 
The pre-BCR complex, which is assembled upon productive rearrangement of the HC 
during B cell development and expressed at the cell surface, consists of two identical Ig-
µHCs, which are each covalently connected with a single SLC, formed by non-covalent 
association of the invariant proteins VpreB and l5 (Melchers, 2005; Bankovich et al., 2007), 
and the signal transduction subunits Ig-a and Ig-b (Papavasiliou et al., 1995). Every µHC 
consists of one variable (VH), four constant domains (CH1-4), a hydrophobic transmembrane 
domain and a short intracellular tail. Upon successful LC gene recombination, the SLCs are 
replaced by two identical conventional LCs, that consist each of one variable (VL) and one 
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constant domain (CL either k or l). Both HCs are covalently linked via disulphide bonds, 
which also attach each LC to a single HC (Figure 7, page 13). While the VH comprises a 
rearranged VDJ gene cassette, the VL domain is expressed by a rearranged VJ gene 
segment, lacking D elements (Figure 4, page 10 and Figure 5, page 11). Together, the VH 
and VL domains, that are located at the N-terminal part of the protein, form the antigen-
binding sites of the BCR (Davies et al., 1990). Each of the HC and the LC variable domains 
contains three hypervariable CDRs that form loops and define the specificity of a BCR, 
whereas interspersed framework regions (FR) act as scaffold for folding of the variable 
domains (Davies et al., 1990). While the CDRs 1 and 2 are encoded by the V gene 
segments and maintain germline configuration, the CDR3 of the HC is formed by amino 
acids encoded by the VH, the DH and JH gene segments, whose junctions have been 
modified by the TdT, and thereby exhibits the highest variability (Xu and Davis, 2000). The 
variability in the CDRs 1 and 2 can be, however, further increased when the cell undergoes 
SHM during GC reactions (Neuberger and Milstein, 1995). 
Mature follicular B cells co-express IgM and IgD BCRs that share the same VH domain and 
are generated by alternative splicing of a single heterogeneous pre-mRNA transcript 
comprising VDJ-Cµ-Cd (Maki et al., 1981; Tisch et al., 1990; Enders et al., 2014) (Figure 
10, page 20). 
 

 
 
Figure 10 | IgM and IgD are produced by alternative splicing and polyadenylation 
IgM and IgD BCR are expressed from a single primary transcript by alternative usage of 
polyadenylation sites (pA) and splicing.  
Figure generated based on information from (Murphy and Weaver, 2017; Gutzeit et al., 2018). 
Abbreviations: Ig, immunoglobulin; BCR, B-cell antigen receptor; HC, heavy chain; DNA, 
desoxyribonucleic acid; RNA, ribonucleic acid; L, leader; VH, heavy chain variable gene segment(s); 
DH, heavy chain diversity gene segment(s); JH, heavy chain joining gene segment(s); VDJH, 
recombined VDJ gene cassette of the heavy chain gene locus; pA, polyadenylation site(s); Cµ, µ 
heavy chain exons encoding the constant region; Cd, d heavy chain exons encoding the constant 
region; AAA, polyadenylation. 
 
 
Antigen-experienced B cells undergo GC reactions, during which the constant regions of 
the µHC are replaced by either a g-, a- or e-constant region resulting in either IgG, IgA or 
IgE expression. The individual isotypes can be distinguished by number and arrangements 



1. Introduction 
1.2 B cell development and effector functions 

 21 

of the CH domains, which also differ between mice and humans (Figure 11, page 21) (Reth, 
1992). Moreover, d-, g- and aHCs are characterized by hinge regions, located between the 
CH1 and CH2 domains, conferring flexibitity by allowing the bending of antigen-binding parts, 
whereas µ- and eHCs instead possess an additional CH domain and therefore exhibit a more 
rigid structure. 
 

 
 
Figure 11 | Immunoglobulins in mouse and man 
Schematic overview about the structures of the different BCR isotypes in mouse (top) and man 
(bottom). N-linked glycosylations are depicted as empty hexagons, O-linked glycosylations as filled 
gray hexagons.  
Figure generated based on information from (Arnold et al., 2007; Surova and Jumaa, 2014; Shade 
et al., 2015; Murphy and Weaver, 2017). 
Abbreviations: BCR, B-cell antigen receptor; Ig, immunoglobulin; HC, heavy chain; LC, light chain; 
VH, heavy chain variable region; VL, light chain variable region; CH, heavy chain constant domain(s); 
CL, light chain constant domain; Ig-a, B-cell antigen receptor complex-associated protein a-chain; 
Ig-b, B-cell antigen receptor complex-associated protein b-chain; ITAM(s), immunoreceptor tyrosine-
based activation motif(s). 
 
 
A hydrophobic transmembrane domain anchors the BCR to the plasma membrane. The 
intracellular part of the µ- and dHCs is relatively short, whereas it is extended in other 
isotypes. Recently it has been suggested that the immunoglobulin tail tyrosine motif (ITT), 
which is located specifically in the cytoplasmic tail of memory-type BCRs amplifies signaling 
and renders memory B cells more sensitive to antigen stimulation (Engels et al., 2014).  
Expressed as a membrane-bound BCR, IgG has been found to induce enhanced signaling 
(Engels et al., 2009) and plasma cell differentiation upon antigen stimulation (Martin and 
Goodnow, 2002; Horikawa et al., 2007), that does not result in the high amount of cell loss 
among the population of extensively proliferating antigen-specific B cells (Martin and 
Goodnow, 2002). Moreover, in contrast to IgM, engagement  of IgG BCR induces higher 
intracellular calcium (Ca2+) concentrations, although this has not been found to modulate 
expression of Ca2+-dependent genes or activation of Erk or Akt (Horikawa et al., 2007; 
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Waisman et al., 2007). However, many functions of the different BCR isotypes as 
membrane-bound signaling molecules and their utilization by B cells have not been 
completely elucidated. 
BCR complexes are further associated with signal transducing units Ig-a (CD79a) and Ig-b 
(CD79b), transmembrane proteins that form a covalently connected heterodimer (Reth, 
1992; Melchers, 2005) with immunoreceptor tyrosine-based activation motifs (ITAMs) 
located at the intracellular residues (Reth, 1989). In case of the dHC the Ig-a/Ig-b signal 
transduction subunits can be also replaced by a glycosylphosphatidylinositol (GPI) anchor 
(Wienands and Reth, 1992; Preud'homme et al., 2000; Chen and Cerutti, 2011). Signaling 
independent from the Ig-a/Ig-b heterodimer has been reported to enhance the generation 
of B cells with elevated GC seeding capacity (Chaturvedi et al., 2002). Anchored to the cell 
surface, BCRs are localized in mono- and oligomeric clusters that undergo specific 
arrangements upon BCR-engagement (Schamel and Reth, 2000; Herzog et al., 2009; Yang 
and Reth, 2010).  
In their secreted forms, immunoglobulins fulfill various effector functions. The usage of 
alternative polyadenylation sites by antibody-secreting cells leads to expression of secreted 
IgM (Figure 12, page 23) that forms a pentameric structure (Figure 13, page 24) (Takagaki 
et al., 1996; Martincic et al., 2009). IgM can be secreted in both T cell-dependent and -
independent manner and is characterized by high antigen avidity. 
 



1. Introduction 
1.2 B cell development and effector functions 

 23 

 
 
Figure 12 | Expression of membrane-bound and secreted IgM 
The membrane-bound and secreted forms of IgM are expressed from a primary transcript by 
alternative usage of polyadenylation sites (pA) and splicing. Thereby, secretion-coding (SC) exons 
encode the carboxyterminus of the secreted form, whereas M1 and M2 encode the transmembrane 
region and intracellular tail of IgM, when expressed as a membrane-bound BCR.  
Figure generated based on information from (Murphy and Weaver, 2017). 
Abbreviations: Ig, immunoglobulin; BCR, B-cell antigen receptor; HC, heavy chain; DNA, 
desoxyribonucleic acid; RNA, ribonucleic acid; L, leader; VH, heavy chain variable gene segment(s); 
DH, heavy chain diversity gene segment(s); JH, heavy chain joining gene segment(s); VDJH, 
recombined VDJ gene cassette of the heavy chain gene locus; pAs, polyadenylation site used for 
generation of secreted IgM; pAm, polyadenylation site used for generation of membrane-bound IgM; 
Cµ, µ heavy chain exons encoding the constant region; SC, secretion-coding exons; M, exons 
encoding transmembrane region and intracellular tail; AAA, polyadenylation. 
 
 
IgG antibodies, represented by four different subclasses in humans (IgG1, 2, 3 and 4) (Schur, 
1988) and five in mice (IgG1, 2a, 2b, 2c and 3) (Collins, 2016), are most abundant in the blood. 
The various IgG subclasses are highly conserved but differ structurally in their constant 
regions (Vidarsson et al., 2014). Antibodies of the IgG isotype neutralize and opsonize 
pathogens, thereby facilitating their uptake by professional phagocytes. Besides the 
capacity to activate the complement system or to mediate antibody-dependent cellular 
cytotoxicity (ADCC) (Vidarsson et al., 2014), some secreted IgG subclasses can pass the 
the placenta barrier, thereby conferring immune protection to the unborn child (Kapur et al., 
2014). 
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Figure 13 | Secreted IgM and IgA form polymeric structures 
Schematic illustration of pentameric IgM (left) and dimeric IgA (right) molecules. The Fc-regions of µ- 
or aHCs are connected via disulphide bonds by the joining (J)-chain (marked in yellow). 
Figure generated based on information from (Arnold et al., 2007; Berg et al., 2012; Murphy and 
Weaver, 2017). 
Abbreviations: Ig, immunoglobulin; Fc, fragment crystallizable region; HC, heavy chain; J, joining 
(chain). 
 
 
Dimeric IgA antibodies (Figure 13, page 24) are the predominant isotype found in external 
body secretions comprising tears, saliva, sweat, colostrum and milk, in this way providing 
immune protection to mucous membranes (Macpherson et al., 2012). In serum, however, 
IgA can be detected mainly in a monomeric configuration (Woof and Kerr, 2006). 
Antibodies of the IgE isotype participate in immune responses against parasites (Duarte et 
al., 2007) and helminths (Erb, 2007). However, when IgE antibodies are bound to the 
surface of mast cells via FceRI, they can induce mast cell degranulation upon antigen 
recognition and thereby induce type I allergies (Amin, 2012).  
Similar to many other proteins, immunoglobulins are glycosyslated, which represents a 
common post-translational modification. Thereby the number and localization of 
glycosylation sites and also structure and composition of the glycans that are attached to 
immunoglobulins differs amongst the individual isotypes (Figure 11, page 21) (Anderson et 
al., 1985; Hounsell and Davies, 1993; Lund et al., 1993; Rudd et al., 2001; Arnold et al., 
2005; Arnold et al., 2007; Marth and Grewal, 2008). 
During N-linked glycosylation, which occurs at the lumen of the endoplasmic reticulum (ER) 
or the Golgi apparatus, pre-systhesized oligosaccharides, so called glycans, are 
enzymatically added to nascent polypeptide chains via asparagine residues and can be 
further modified by glycosidases and glycosyltransferases (Kornfeld and Kornfeld, 1985). 
The process of O-linked glycosylation occurs at the Golgi apparatus in proteins that are fully 
synthesized and folded. Thereby glycans such as N-acetylglucosamine, galactose, fucose, 
xylose or mannose are attached to the carboxyl groups of serine or threonine residues. 
Subsequently, such modifications can be further extended by other monosaccharides such 
as galactose, N-acetylglucosamine and sialic acid, thereby forming a heterogeneous group 
(Hounsell and Davies, 1993). 
The differential glycosylation patterns present in immunoglobulins determine the effector 
functions such as the capacity of binding to bacteria or Fc receptors (Malhotra et al., 1995; 
Mimura et al., 2001). Glycosylations further affect protein conformation and stability (Mimura 
et al., 2000) and have been reported to protect the hinge regions from degradation by 
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proteases (Reinholdt et al., 1990; Arnold et al., 2007). Moreover, glycosylation has been 
shown to affect immunoglobulin assembly, secretion, function and finally also their removal 
from the system (Gala and Morrison, 2002). 
 
 

1.2.5 Structural and functional differences between IgM and IgD 

Early B cell developmental stages almost exclusively show IgM BCR expression, whereas 
later in development IgM and IgD BCR are co-expressed (Geisberger et al., 2006; Chen 
and Cerutti, 2011; Gutzeit et al., 2018). In Fo.B cells IgD BCR even represents the 
predominant isotype, whereas IgM surface expression becomes downregulated. T2 
transitional, MZ.B and B-1 B cells also co-express IgD, although they maintain increased 
surface expression of IgM (Avrameas et al., 1979; Kerr et al., 1991). 
To date, regulation and function of IgD still remain poorly understood (Gutzeit et al., 2018). 
The fact that IgD expression has been conserved in the course of evolution (Flajnik, 2002; 
Gutzeit et al., 2018) together with its tightly regulated expression profile indicate, however, 
that IgD expression provides a survival advantage to the organism (Gutzeit et al., 2018). In 
humans, IgD can be encountered in a secreted form but is much less abundant than IgM, 
IgG and IgA and exhibits a shorter half-life (Vladutiu, 2000). Secreted IgD is mainly 
produced by plasma cells that have undergone “abnormal” CSR to express only IgD (Arpin 
et al., 1998; Chen et al., 2009). These cells develop in secondary lymphoid organs 
associated with the aerodigestive tract, such as pharyngeal tonsils (Johansen et al., 2005; 
Chen et al., 2009). By entering the circulation, such IgM-/IgD+ plasma cells disseminate to 
distal mucosal areas comprising the middle ear, larychmal, salivary and mammary glands 
(Chen et al., 2009; Chen and Cerutti, 2010, 2011). Similar to IgA, secreted IgD has been 
implicated in contributing to mucosal immunity, particularly in the upper respiratory tract and 
the middle ear (Chen et al., 2009; Gutzeit et al., 2018). As the concentrations of secreted 
IgD are extremely low and IgD is almost exclusively expressed as a cell surface antigen 
receptor this points toward a function in signal transduction.  
Early studies suggested that both isotypes, IgM and IgD, share redundant functions, as 
mice deficient for either isotype showed only mild defects in B cell development or functions 
(Brink et al., 1992; Nitschke et al., 1993; Roes and Rajewsky, 1993; Lutz et al., 1998). Mice 
in which the gene encoding the constant region of the µHC was deleted express the dHC 
instead. This revealed that surface IgD expression drives differentiation of B-2 B cells but 
only partially supports development of B-1 B cells (Lutz et al., 1998). Furthermore, it was 
observed that IgD-knock-out mice show delayed GC reponses upon primary immunization 
(Roes and Rajewsky, 1993), and that IgM engagement resulted in reduced activation-
induced cytidine deaminase (AID) expression (Hauser et al., 2008), which is required for 
CSR and SHM. Recent findings by our group revealed that in vitro the dHC fails to form a 
functional pre-BCR and therefore cannot replace the µHC during early B cell development 
(Ubelhart et al., 2010). In contrast to engagement of IgD, stimulation of IgM in mature 
splenic B cells or various lymphoma cells readily induced apoptosis (Ales-Martinez et al., 
1988; Tisch et al., 1988; Kim et al., 1992; Norvell and Monroe, 1996; Peckham et al., 2001). 
Moreover, it was reported that IgD exhibits a more intense and sustained phosphorylation 
of intracellular signaling molecules following stimulation with antigen as compared with IgM 
(Kim and Reth, 1995).  
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On resting B cells IgM and IgD are arranged as oligomers, residing in special lipid 
microdomains and protein islands, where upon antigenic stimulation, they undergo specific 
rearrangements (Klasener et al., 2014; Maity et al., 2015). In this context, it was observed 
that in contrast to IgM, IgD resides in close proximity to distinct surface molecules such as 
CD19 or C-X-C chemokine receptor 4 (CXCR4) and that CXCR4 signaling was impaired in 
the absence of IgD (Becker et al., 2017). Moreover, the glycosylation pattern of Ig-a has 
been reported to differ upon pairing with either IgM or IgD, respectively (Pogue and 
Goodnow, 1994). In addition, IgD has been found to exhibit a lower turnover rate compared 
to IgM. It was also reported to show a higher efficiency in trafficking through the Golgi 
apparatus and to outcompete IgM concerning display at the cell surface and interaction with 
Ig-a. Together, this indicates differences in BCR structure, signaling modes and activation 
beween IgM and IgD (Yuan, 1984; Wienands et al., 1990; Wienands and Reth, 1991; Bell 
and Goodnow, 1994; Gutzeit et al., 2018). 
High surface expression of IgD combined with reduced levels of surface IgM has moreover 
been described to be a hallmark of anergic B cells in humans and mice (Goodnow et al., 
1988; Goodnow et al., 1989; Duty et al., 2009; Quach et al., 2011; Zikherman et al., 2012) 
which consequently „accumulate in a state of functional unresponsiveness“ (Sabouri et al., 
2016). The selective downregulation of IgM surface expression by anergic cells has been 
attributed to the permanent encounter with endogenous self-antigens during recirculation in 
the periphery (Brink et al., 1992; Carsetti et al., 1993; Zikherman et al., 2012). Recent 
findings by our group revealed, that due to its extended hinge region (Chen and Cerutti, 
2011; Hobeika et al., 2016), IgD is selectively responsive to complex antigen and that the 
presence of monovalent antigen can even inhibit IgD signaling, while IgM responds to its 
cognate antigen in every configuration (Ubelhart et al., 2015). The major findings in this 
study were obtained by using a triple knock-out (TKO) pro-B cell line (deficient in Rag2, l5 
and the signaling adaptor SLP-65, thus lacking endogenous BCR expression), which was 
reconstituted with expression vectors encoding either IgM or IgD BCR and an inducible form 
of SLP-65. Although the selective responsiveness of IgD to complex antigen has been also 
demonstrated by using B cells from mice that predominantly express either IgM or IgD 
together with their endogenous signaling machinery (Ubelhart et al., 2015), other studies 
claimed that this observation was merely an artifact, caused by the inducible SLP-65 used 
in the TKO cell line (Sabouri et al., 2016). As pro-B cells do not express IgD under 
physiological conditions either, it was suggested to test this concept in mature B cells 
expressing their endogenous signaling machinery (Sabouri et al., 2016; Gutzeit et al., 
2018). Furthermore, it remains essential to determine if this phenomenon is conserved also 
in human B cells. 
Taken together, while IgD differs from IgM in antigen-sensing, signal commitment, structural 
flexibility and organization in nanoclusters on the plasma membrane (Maity et al., 2018), its 
specific functions remain not fully understood (Ubelhart et al., 2015; Sabouri et al., 2016; 
Gutzeit et al., 2018; Noviski et al., 2018). 
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1.3 BCR signaling 
 
Signaling via the pre-BCR or conventional BCR leads to activation of multiple key signaling 
pathways, which together control the cellular gene expression patterns and B cell functions 
(Figure 14, page 28). Upon initiation of BCR signaling by antigen engagement (Harwood 
and Batista, 2008; Depoil et al., 2009) or due to cell-autonomous activity (Ohnishi and 
Melchers, 2003; Meixlsperger et al., 2007) the Src-family kinases (SFKs) Lyn, Fyn and Blk 
(Saijo et al., 2003) phosphorylate tyrosine residues in the ITAMs located in the cytoplasmic 
domains of the signal transducing subunits Ig-a and Ig-b of the BCR (Reth and Wienands, 
1997). The spleen tyrosine kinase Syk is among the proteins containing Src-homology 
region 2 (SH2) domains, which are recruited to the phosphorylated ITAMs (Sanchez et al., 
1993; Flaswinkel and Reth, 1994), and is crucial for activation of various downstream 
signaling pathways (Dal Porto et al., 2004). Syk is activated by autophosphorylation and 
additional phosphorylation by SFKs and acts as a signal enhancer by phosphorylating 
ITAMs of other BCRs in the proximity (Kurosaki et al., 1995; Rowley et al., 1995; Futterer 
et al., 1998; Rolli et al., 2002). By substrate phosphorylation Syk and SFKs have been 
shown to directly contribute to activation of transcription factors, including the signal 
transducer and activator of transcription 3 (STAT3), which has been reported to induce 
expression of the terminal differentiation factor B-lymphocyte induced maturation protein 1 
(Blimp-1) (Turkson et al., 1998; Diehl et al., 2008; Kwon et al., 2009; Uckun et al., 2010). 
SLP-65, also known as BLNK or BASH, represents another crucial component of the  
(pre-)BCR downstream signaling cascade (Koretzky et al., 2006). SLP-65 deficiency causes 
a partial block at the pre-B cell stage, at which cells show an enhanced proliferative capacity 
and the pre-BCR complex is maintained at the cell surface (Jumaa et al., 1999; Pappu et 
al., 1999; Flemming et al., 2003). As SLP-65-deficient mice are prone to develop pre-B cell 
leukemias, this suggests a role of SLP-65 as tumor suppressor (Flemming et al., 2003). 
Activity of phosphoinositide 3-kinase (PI3K) promotes recruitment of various signaling 
molecules to the plasma membrane, where Syk-mediated SLP-65 phosphorylation induces 
assembly of a signalosomal complex, that consists of Vav, Grb2, Bruton’s tyrosine kinase 
(BTK) and phospholipase C-g2 (PLC-g2) (Wienands et al., 1998; Chiu et al., 2002). In this 
complex BTK activates PLC-g2 by phosphorylation, which in turn processes 
phosphatidylinositol (4,5)-bisphosphate (PIP2) into the second messengers inositol (1,4,5)-
trisphosphate (IP3) and diacyl glycerol (DAG). By binding to its receptor, IP3 induces a rapid 
release of Ca2+ ions from intracellular stores such as the ER or the extracellular environment 
into the cytoplasm, whereas DAG formation leads to recruitment and activation of protein 
kinase C (PKC) and finally to activation of the transcription factors NF-kB and NFAT 
(Dolmetsch et al., 1997; Watanabe et al., 2001; Dal Porto et al., 2004; Feske, 2007). 
Intracellular Ca2+ influx, activation of Erk1/2, JNK p38 together with PI3K activity controls 
phosphorylation and activation of diverse transcription factors, comprising NF-kB, Ets, Elk-
1, c-Jun and c-myc, which cooperate in regulating growth, survival, proliferation or 
differentiation of B cells (Okkenhaug and Vanhaesebroeck, 2003; Dal Porto et al., 2004).  
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Figure 14 | Schematic overview of BCR signaling 
Following BCR engagement, SFKs phosphorylate ITAMs (phosphate groups are highlighted by red 
circles) in the BCR-signal transduction subunits Ig-a and Ig-b, thereby activating the tyrosine kinase 
Syk, which is a key activator of several downstream signaling cascades. Interactions between 
various signaling pathways lead to activation of multiple sets of transcription factors that regulate the 
overall cellular response to the preceding BCR-activation.  
Figure generated based on information from (Niiro and Clark, 2002; Dal Porto et al., 2004; Herzog 
et al., 2009; Werner et al., 2010). 
Abbreviations: BCR, B-cell antigen receptor; SFK(s), Src-family (tyrosine) kinase(s); Ig-a, B-cell 
antigen receptor complex-associated protein a-chain; Ig-b, B-cell antigen receptor complex-
associated protein b-chain; Lyn, a Src-family (tyrosine) kinase; Syk, spleen tyrosine kinase; PIP3, 
phosphatidylinositol (3,4,5)-trisphosphate; PIP2, phosphatidylinositol (4,5)-bisphosphate; IP3, inositol 
(1,4,5)-trisphosphate; DAG, diacyl glycerol; CD, cluster of differentiation; CD19, B-lymphocyte 
antigen CD19; CD22, sialic acid-binding immunoglobulin-like lectin (SIGLEC)-2; SHP-1, Src-
homology region 2 domain-containing phosphatase-1; PKC, protein kinase C; BCAP, B-cell PI3K 
adaptor protein; PI3K, phosphoinositide 3-kinase; PDK1, 3-phosphoinositide-dependent protein 
kinase 1; Akt/PKB, protein kinase B; IKK, IkB kinase complex; IkBa, inhibitor a of NF-kB; NF-kB, 
nuclear factor k light chain enhancer of activated B cells; STAT, signal transducer and activator of 
transcription; SLP-65, Src-homology region 2 domain-containing leuckocyte protein of 65 kDa; SH, 
Src-homology (domain); BTK, Bruton’s tyrosine kinase; PLC-g2, phospholipase C-g2; Grb2, growth 
factor receptor-bound protein 2; GEF, guanine nucleotide exchange factor; Vav, a guanine nucleotide 
exchange factor; SOS, son of sevenless; Ras, rat sarcoma small GTPase; Raf, rapidly accelerated 
fibrosarcoma serine/threonine kinase; MEK, mitogen-activated protein kinase (MAPK)/extracellular 
signal-regulated kinase (ERK); Ets, protein C-ets-1 transcription factor; Elk-1, ETS domain-
containing transcription factor; ETS, E26 transformation-specific or E-twenty-six family; NFAT, 
nuclear factor of activated T cells; Ca2+, calcium; BLIMP-1, B-lymphocyte induced maturation protein 
1; FoxO, forkhead box transcription factor O. 
 
 
Subsequently this cascade of signal transduction is terminated by negative regulators such 
as CD22 of the sialic acid-binding immunoglobulin-like lectin (SIGLEC) family, which 
recruits the phosphatase SHP-1 that dephosphorylates and thereby inactivates important 
signaling mediators (Nitschke, 2005). 
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1.3.1 PI3K signaling 

Phosphoinositide 3-kinase (PI3K) is a central BCR-associated signaling axis that regulates 
diverse functions in developing B cells (Werner et al., 2010).  
Depending on their structure, regulation and substrate specificity PI3Ks can be assigned to 
three different classes of which class I is best characterized and plays the most important 
role in functions of immune cells (Deane and Fruman, 2004). Based on the mechanism by 
which they are activated, class I PI3Ks are further divided into two subgroups. Class IA 
PI3Ks are activated by tyrosine kinase-associated receptors such as BCRs, while the 
activation of class IB PI3Ks is regulated by G protein-coupled receptors (GPCRs) 
(Okkenhaug and Vanhaesebroeck, 2003). Class IA PI3Ks form a variety of heterodimers 
consisting of one of three catalytic subunits (p110a, p110b or p110d) associated with one 
of five regulatory subunits (p85a, p85b, p55g, p55a or p50a). The combination of the p85a 
regulatory and the p110d catalytic subunit is considered to be the most important for B cell 
activation downstream of the BCR (Suzuki et al., 1999; Clayton et al., 2002; Jou et al., 2002; 
Okkenhaug et al., 2002). P110 catalytic subunits also contain a Ras-binding domain, which 
allows for interaction with Ras-guanosine triphosphate (GTP) (Okkenhaug et al., 2007). In 
contrast, class IB PI3Ks consist only of the catalytic subunit p110g and the regulatory 
subunit p101 and are crucial for development and function of T cells (Sasaki et al., 2000).  
Class IA PI3Ks transduce signals from both the pre-BCR and BCR (Figure 15, page 31) 
(Meixlsperger et al., 2007; Harwood and Batista, 2008; Depoil et al., 2009). BCR signaling 
induces ITAM phosphorylation in Ig-a/Ig-b (Reth and Wienands, 1997) by SFKs (Saijo et 
al., 2003), which leads to recruitment of proteins containing SH2 domains (Sanchez et al., 
1993; Flaswinkel and Reth, 1994), including Syk or SLP-65 (Kurosaki et al., 1995; Rowley 
et al., 1995; Futterer et al., 1998; Rolli et al., 2002). 
Syk-mediated phosphorylation of CD19 and B-cell PI3K adaptor protein (BCAP) provides 
docking sites for interaction with the p85a regulatory subunit (Carter et al., 2002; Wang et 
al., 2002), which results in recruitment of PI3K to the plasma membrane (Okkenhaug and 
Vanhaesebroeck, 2003; Deane and Fruman, 2004; Aiba et al., 2008), where it catalyzes the 
phosphorylation of phosphatidylinositol (4,5)-bisphosphate (PIP2) to the second messenger 
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (Okkenhaug and Vanhaesebroeck, 2003). 
BTK, PDK1 and Akt (PKB) contain pleckstrin-homology (PH) domains, by which they are 
rapidly recruited to the plasma membrane following generation of PIP3 (Anderson et al., 
1998; Deane and Fruman, 2004). BTK also activates PLC-g2, which cleaves PIP2 into IP3 
and DAG, thus linking PI3K signaling to the pathway of Ca2+ mobilization (Fruman et al., 
2000). 
The serine/threonine kinase Akt/PKB is activated by PDK1-mediated phosphorylation at 
threonine 308 (Alessi et al., 1997a; Alessi et al., 1997b; Stokoe et al., 1997). Mammalian 
target of rapamycin (mTOR) represents another PI3K-related serine/threonine kinase, 
which is part of the protein complexes mTORC1 (comprising also Raptor, mLST8, Deptor 
and PRAS40) and mTORC2 (apart from mTOR comprising Rictor, Sin1 and mLST8, Deptor 
and Protor1/2). Thereby mTOR regulates multiple fundamental cellular functions, 
encompassing the metabolism of glucose, lipids, proteins and nucleotides, rearrangement 
of the cytoskeleton and migration, cell growth, cell cycle, apoptosis and autophagy (Saxton 
and Sabatini, 2017). mTORC2 further phosphorylates Akt at serine 473 (Guertin et al., 
2006; Jacinto et al., 2006), which in turn phosphorylates mTORC2 subunit SIN1, thereby 
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establishing a positive feedback loop (Yang et al., 2015), which also results in downstream 
activation of mTORC1 (Saxton and Sabatini, 2017). 
The PI3K/Akt axis regulates activation or inactivation of multiple cytosolic or nuclear 
downstream targets, which control cell cycle, survival and differentiation of B cells (Manning 
and Cantley, 2007; Herzog et al., 2009). 
Activation of the PI3K/Akt axis supports survival of B cells by regulating the ratio of pro- and 
anti-apoptotic factors. By phosphorylating the pro-apoptotic factor Bad from the family Bcl2-
homology domain 3 (BH3)-only proteins Akt releases inhibition of the anti-apoptotic factor 
Bcl2 (Datta et al., 1997; del Peso et al., 1997; Datta et al., 2000).  
Importantly, Akt also regulates activity of the forkhead box class O (FoxO) transcription 
factor family (Coffer and Burgering, 2004; Yusuf et al., 2004; Greer and Brunet, 2005). The 
FoxO isoforms FoxO1, FoxO3a and FoxO4, which are involved in B cell development, are 
phosphorylated at serine/threonine residues and relocalized from the nucleus to the 
cytoplasm, where they are subjected to proteasomal degradation (Brownawell et al., 2001; 
Rena et al., 2001; Burgering and Kops, 2002; Coffer and Burgering, 2004). Thereby Akt 
activation represses transcription of FoxO target genes, which promote apoptosis (Fu and 
Tindall, 2008), such as Bim (Dijkers et al., 2002) or the Fas ligand (Brunet et al., 1999) or 
induce cell cycle arrest, such as glycogen synthase kinase-3b (GSK3b) or the cell cycle 
inhibitor p27Kip1 (Medema et al., 2000; Fujita et al., 2002; Kops et al., 2002b; Vivanco and 
Sawyers, 2002). Moreover, FoxO transcription factors have been shown to modulate 
expression of genes involved in resistance to oxidative stress (Kops et al., 2002a) and 
longevity (Brunet et al., 2004). 
The second messenger PIP3, generated by PI3K, also represents a substrate for lipid 
phosphatases, which thereby counteract and regulate PI3K activity. The phosphatase and 
tensin homolog (Pten) dephosphorylates PIP3 to PIP2 by removing the phosphate from 
position 3, thereby generating phosphatidylinositol (4,5)-bisphosphate. Conversely the SH2 
domain-containing inositol phosphatase 1 (Ship-1), dephosphorylates position 5, thus 
generating phosphatidylinositol (3,4)-bisphosphate (Maehama and Dixon, 1998; Leslie and 
Downes, 2002; Okkenhaug and Vanhaesebroeck, 2003). Inhibition of Akt activity by the 
phosphatase PHLPP (PH domain leucine-rich repeat protein phosphatase) (Gao et al., 
2005) or the signaling adaptor protein SLP-65 (Herzog et al., 2008) represents another level 
of regulating PI3K signaling. As SLP-65-mediated inhibition of PI3K signaling leads to 
accumulation of FoxO1, which is required for expression of Rag genes, SLP-65 also 
represents a main regulator of B cell differentiation (Herzog et al., 2008). Recently, we 
elucidated that PI3K regulates expression of Pax5 (Abdelrasoul et al., 2018), which in turn 
controls expression of SLP-65 (Schebesta et al., 2002). In this way PI3K signaling in B cells 
sequentially activates two opposing cellular programs, namely proliferation and 
differentiation. 
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Figure 15 | Schematic overview of PI3K signaling in B cells 
Upon BCR triggering, Src-family kinases phosphorylate ITAMs (phosphate groups are labeled in red 
circles) in the BCR-signal transduction subunits Ig-a and Ig-b, thereby activating the tyrosine kinase 
Syk, which in turn phosphorylates CD19, BCAP and the signaling adaptor SLP-65. Upon recruitment 
to the plasma membrane, PI3K converts PI(4,5)P2 into the second messenger PI(3,4,5)P3. 
PI(3,4,5)P3 is a substrate for phosphatases Pten (dephosphorylation to PI(4,5)P2) and Ship-1 
(dephosphorylation to PI(3,4)P2) whereas PI(4,5)P2 is hydrolyzed by PLC-g2 (to DAG and IP(1,4,5)3, 
leading to the Ca2+ pathway). PI(3,4,5)P3 recruits proteins equipped with PH-domains such as BTK, 
PDK1, and the serine/threonine kinase Akt/PKB. Upon phosphorylation Akt controls key functions 
during B cell development, encompassing survival, proliferation and differentiation. Figure generated 
based on information from (Herzog et al., 2009; Werner et al., 2010).  
Abbreviations: BCR, B-cell antigen receptor; Ig-a, B-cell antigen receptor complex-associated 
protein a-chain; Ig-b, B-cell antigen receptor complex-associated protein b-chain; Lyn, a Src-family 
(tyrosine) kinase; Syk, spleen tyrosine kinase; PI(3,4,5)P3, phosphatidylinositol (3,4,5)-
trisphosphate; PI(4,5)P2, phosphatidylinositol (4,5)-bisphosphate; PI(3,4)P2, phosphatidylinositol 
(3,4)-bisphosphate; IP(1,4,5)3, inositol (1,4,5)-trisphosphate; DAG, diacyl glycerol; CD, cluster of 
differentiation; CD19, B-lymphocyte antigen CD19; BCAP, B-cell PI3K adaptor protein; PI3K, 
phosphoinositide 3-kinase; PDK1, 3-phosphoinositide-dependent protein kinase 1; Akt/PKB, protein 
kinase B; FoxO1, forkhead box transcription factor O1; PTEN, phosphatase and tensin homolog; 
SHIP-1, Src-homology region 2 domain-containing inositol phosphatase; SLP-65, Src-homology 
region 2 domain-containing leuckocyte protein of 65 kDa; SH, Src-homology (domain); PH, 
pleckstrin-homology (domain); BTK, Bruton’s tyrosine kinase; PLC-g2, phospholipase C-g2. 
 
 
In early B cells, PI3K controls IgH and IgL gene recombination by regulating FoxO1 
expression, which is required for the induction of Rag1 and 2 (Amin and Schlissel, 2008; 
Dengler et al., 2008; Herzog et al., 2008; Herzog et al., 2009). Later in development, PI3K 
signaling regulates the survival of mature cells and their fate upon activation by influencing 
their program of differentiation (Omori et al., 2006; Srinivasan et al., 2009). Since FoxO1 
activity depends on Pten, the catalytic PI3K antagonist, which dephosphorylates PIP3 to 
PIP2 (Maehama and Dixon, 1998; Leslie and Downes, 2002), inactivation of Pten or FoxO1 
at an early stage of B cell development leads to a largely identical block in B cell 
development (Dengler et al., 2008; Alkhatib et al., 2012; Setz et al., 2018). 
At later stages of development, PI3K regulates the GC reaction in the secondary lymphoid 
organs where B cells undergo SHM and CSR (Victora and Nussenzweig, 2012; Dominguez-
Sola et al., 2015; Sander et al., 2015). These processes, which are prerequisite for the 
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production of high-affinity antibodies of the IgG, IgA or IgE isotype, critically depend on AID 
(Stavnezer and Schrader, 2014), which is also regulated by FoxO1 (Omori et al., 2006; 
Dengler et al., 2008). Furthermore, FoxO1 has been shown to be essential for the 
transcription factor network that directs activated B cells into GC reactions by inducing the 
expression of chemokine receptors that regulate B cell localization in GCs (Allen et al., 
2004; Dengler et al., 2008; Dominguez-Sola et al., 2015; Sander et al., 2015; Inoue et al., 
2017). Accordingly, enhanced PI3K activity blocks the ability of B cells to undergo CSR and 
SHM and activates the formation of plasma cells (Suzuki et al., 2003; Omori et al., 2006). 
Since plasma cell differentiation is mediated by the transcriptional suppressor Blimp-1 
(Shaffer et al., 2002; Shapiro-Shelef et al., 2003), these data suggest that deregulated PI3K 
activity results in Blimp-1 activation and subsequent differentiation into plasma cells. In fact, 
Pten-deficient B cells are prone to undergo differentiation into plasma cells that secrete 
antibodies of the IgM isotype, as shown by highly elevated serum concentrations of IgM 
and reduced levels of IgA and IgG (Suzuki et al., 2003; Omori et al., 2006).  
BCR activation is considered to be important for the development and maintenance of 
several non-Hodgkin’s lymphomas (NHL) including chronic lymphocytic leukemia (CLL) 
(Stevenson and Caligaris-Cappio, 2004; Chiorazzi et al., 2005; Seifert et al., 2012). Surface 
expression of a functional BCR complex has been shown to be essential for survival of 
mature peripheral B cells (Kraus et al., 2004). Interestingly, various B cell lymphomas 
maintain expression of functional BCRs (Kuppers, 2005; Nambiar et al., 2008). Thus, BCR 
signaling either activates pathways that support cellular expansion and survival or 
suppresses inhibitory factors, which results in development and maintenance of numerous 
malignancies. In fact, constitutive activity of the PI3K-Akt signaling (Kanie et al., 2004; 
Grandage et al., 2005) and inactivation of FoxO transcription factors (Medema et al., 2000; 
Komatsu et al., 2003; Birkenkamp et al., 2007; Paik et al., 2007) have been shown to be 
involved in their pathogenesis and maintenance. The importance of BCR activation and the 
downstream PI3K pathway for the malignant transformation of B cells is supported by the 
fact that inhibitors of BTK or PI3K show effective therapeutic responses (Chang and Kahl, 
2014; Spaargaren et al., 2015).  
However, mice with B cell-specific inactivation of Pten show no development of B cell 
lymphomas unless an additional phosphatase, Ship-1, is inactivated (Miletic et al., 2010). 
Thus, an important question is why Pten-deficiency as such is not sufficient for the 
development of lymphoproliferative disease despite the presence of B cells expressing 
autoreactive BCRs and possessing deregulated PI3K activity. 
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1.4 Aims of the project 
 
B cell development represents a complex process, which is tightly controlled by multiple 
interacting signaling cascades and a diverse set of transcription factors. Extensive interplay 
of those pathways and differential gene expression regulates the somatic rearrangement of 
the immunoglobulin (Ig) genes as well as differentiation, proliferation and selection events 
at several developmental stages. B cell antigen receptors (BCRs) regulate B cell 
development by mediating the selection of functional and self-tolerant B cells, thereby 
ensuring immune protection and avoiding autoimmunity.  
The overall rationale of this project is to achieve a molecular characterization of how 
phosphoinositide 3-kinase (PI3K), one of the major signaling axes downstream of the BCR, 
controls survival, selection and differentiation of B cells at different stages of development.  
In this study, we addressed the question how PI3K activity affects B cell development. To 
this end we used mice lacking phosphatase and tensin homolog (Pten), the lipid 
phosphatase that counteracts PI3K function, to analyze the role of PI3K in the process of 
receptor editing and the generation of diverse self-tolerant mature B cells that can establish 
a long-term, protective humoral immunity.  
Furthermore, we tested the hypothesis that increased PI3K activity induces Blimp-1-
mediated terminal differentiation at all stages of B cell development. According to this 
hypothesis, premature terminal differentiation prevents the development of autoreactive 
cells as well as the uncontrolled expansion of activated B cells at all developmental stages.  
Moreover, we investigated whether PI3K regulates the ratio of IgM/IgD BCR surface 
expression in a direct manner. Such regulation may affect the phenotype, fate and the 
responsiveness of developing B cells. A PI3K-regulated ratio of IgM/IgD BCR may explain 
the abnormal responsiveness observed in transgenic mice lacking Pten. 
A better understanding of the role of PI3K in B cell biology will improve our view on normal 
B cell development in general and might, in particular, lead to the elucidation of the 
molecular mechanisms that underlie malignant transformation, immunodeficiency or 
autoimmunity.  
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2. Materials and methods 

2.1 Equipment 
 
Equipment Model Company 
Thermocyclers C1000 Touch TM Bio-Rad Laboratories 
 PeqSTAR 2x Gradient PEQLAB Biotechnologie 

GmbH 
 StepOnePlus Real-Time  Applied Biosystems  
 T3 Thermocycler Biometra GmbH 
Gel-documentation system Herolab Easy RH Thermo Fisher Scientific  
Power supplies Powerpac 300 & 3000 Bio-Rad Laboratories 
Nanophotometer Nanodrop P-class Implen 
Western blot imaging  Fusion SL Vilber 
Cell separator AutoMACS Pro Separator Miltenyi Biotec 
Flow cytometers FACS Canto II BD Biosciences 
 FACS LSR Fortessa BD Biosciences 
 FACS Aria IIu BD Biosciences 
Cryobox  Qualilab Nalgene Labware 
Cryo-microtome  2800 Frigocut Reichert-Jung 
S35 knife   Feather 
Fluorescence microscope DMi8  Leica 
 Axioskop2  Zeiss 
ELISA plate reader Multiskan FC  Thermo Fisher Scientific 
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2.2 Disposables 
 

Materials Company 
2 ml pipettes Sarstedt AG & Co 
5 ml pipettes  Greiner Bio-One GmbH 
10 ml pipettes Greiner Bio-One GmbH 
25 ml pipettes Greiner Bio-One GmbH 
Filter tips 20 µl, Biosphere Sarstedt AG & Co 
Filter tips 20 µl Greiner Bio-One GmbH 
Filter tips 200 µl Greiner Bio-One GmbH 
Filter tips 1000 µl Greiner Bio-One GmbH 
Pipet tips 0.5-20 µl  Eppendorf  
Pipet tips 2-200 µl  Eppendorf 
Pipet tips 20-300 µl  Eppendorf 
15 ml blue-cap tubes Greiner Bio-One GmbH 
50 ml blue-cap tubes Greiner Bio-One GmbH 
5 ml round-bottom FACS tubes (75 x 12 mm) Sarstedt AG & Co 
5 ml round-bottom FACS tubes with cell-strainer cap  
(12 x 75 mm) 

Corning Falcon 

6-well plates Greiner Bio-One GmbH 
24-well plates Greiner Bio-One GmbH 
6-well plates for tissue culture Costar Schubert+Weiss OMNILAB 
96-well plates with V-bottom Nunc 
96-well plates for tissue culture with U-bottom Nunc 
Falcon tissue culture-dish with 20 mm grid 
(150 x 25 mm) 

Corning Falcon 

Falcon tissue culture-dish (100 x 20 mm) Corning Falcon 
5 ml syringes Luer Lock BD Biosciences 
10 ml syringes Luer Lock BD Biosciences 
60 ml syringes Luer Lock BD Biosciences 
Whatman FP30/0.2 Filter GE Healthcare 
Whatman FP30/0.45 Filter GE Healthcare 
Cell-Strainer 100 µm BD Biosciences 
Cell-Strainer 40 µm BD Biosciences 
CryoTubes 2 ml, round bottom Greiner Bio-One GmbH 
KOVA® System counting chamber (GLASSTIC SLIDE-10) Hycor Biomedical 
Micro tubes 1.5 ml SafeSeal Sarstedt AG & Co 
Micro tubes 2 ml SafeSeal Sarstedt AG & Co 
PCR strips of 8 tubes BRAND 
PCR lids of 8 tubes BRAND 
96 Fast PCR-Plate half skirt Sarstedt AG & Co 
Adhesive qPCR seal Sarstedt AG & Co 
Microtainer BD Biosciences 
Kima µ test micro blood collection sytem Vacutest Kima  
Single-use syringes 2 ml Braun 
Disposable insulin needle 100 Sterican  
26 G x ½’’ 0.45 x 12 mm 

Braun 

Disposable hypodermic needle 100 Sterican  
22 G x 1 ¼’’ 0.70 x 30 mm 

Braun 
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96-well Maxisorp ELISA plates Nunc  
Microscope slides with frosted end ISO 8037/I,  
76 x 26 x 1 mm 

Menzel 

Superfrost Plus microscope slides with frosted end, ISO 
8037/I, 75 x 25 x 1 mm 

Menzel  

Cover Glasses 24 x 50 mm, thickness no.1 VWR 
Immobilon-P Membrane, PVD Merck Millipore 
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2.3 Media and cell culture reagents 
 
Chemicals and media Company 
FCS PAN Biotech or Sigma-Aldrich 
L-glutamine 200 mM (100 x) Gibco life technologies  
Penicillin/Streptomycin (10,000 U/ml) Gibco life technologies  
Insulin Sigma-Aldrich 
Peptone from animal tissue Sigma-Aldrich 
Dulbecco’s phosphate buffered saline (PBS) Gibco life technologies  
Trypan blue solution 4% Sigma-Aldrich 
Trypsin-EDTA (0.5%) solution Gibco life technologies  
b-mercaptoethanol (50 mM) Gibco life technologies  
Polybrene transfection reagent Merck Millipore 
GeneJuiceTM transfection reagent Merck Millipore 
HEPES Buffer solution (1 M) Gibco life technologies  
4-hydroxytamoxifen (4-OHT) Sigma-Aldrich 
Ficoll-Paque PLUS, density 1.077 g/ml GE Healthcare 
Iscove’s Basal Medium w/o L-glutamine Biochrom (Merck) 
RPMI media 1640 Gibco life technologies  
Lipopolysaccharides 
from Escherichia coli O111:B4 

Sigma-Aldrich 

Murine recombinant IL-4 Immunotools 
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2.4 Antibodies 
 

2.4.1 Antibodies for flow cytometry 

Antigen Conjugate Clone Company 
Annexin V Alexa Fluor 647 - BioLegend 
B220/CD45R Biotin RA3-6B2 Southern Biotech 
B220/CD45R PE-Cy7 or PerCP-eFluor RA3-6B2 eBioscience 
Bcl-6 Alexa Fluor 647 K112-91 BD Biosciences 
Bcl-2 PE Bcl-2/100 BD Biosciences 
Blimp -1 Alexa Fluor 647 or PE 5E7 BioLegend 
CD5 eFluor 450 or PE 53-7.3 eBioscience  
CD19 PerCP-Cy5.5 1D3 BD Biosciences 
CD21/CD35 APC or PE-Cy7 7E9 BioLegend 
CD23 PE or Biotin B3B4 BD Biosciences 
CD25 APC PC61 BD Biosciences 
CD43 FITC S7 BD Biosciences 
CD90.2 PE 53-2,1 BD Biosciences 
CD138 PE DL-101 eBioscience  
CD138 Brilliant Violet 421 281-2 BioLegend 
FoxO1 unlabeled C29H4 Cell Signaling 
IgD FITC, PE or Biotin 11-26 SouthernBiotech 
IgD APC 11-26 eBioscience  
IgD (human) APC IA6-2 BioLegend 
IgM FITC polyclonal SouthernBiotech 
IgM eFluor 450 eB121-15-F9 eBioscience  
IgM Cy5 polyclonal Jackson 

Immunoresearch 
IgM PE-Cy7 2/41 eBioscience 
IgM (human) Alexa Fluor 647 polyclonal Jackson 

Immunoresearch 
Irf4 eFluor 660 3E4 eBioscience  
Isotype ctrl. Alexa Fluor 647 or PE MOPC-21 BioLegend 
Isotype ctrl. Alexa Fluor 647  MOPC-173 BioLegend 
Isotype ctrl. eFluor 660 eB149/10H5 eBioscience  
pS6 PE or PerCP-eFluor 710 cupk43k eBioscience  
Pten unlabeled 138G6 Cell Signaling 
kLC APC-Cy7 187.1 BD 
kLC PE or unlabeled polyclonal SouthernBiotech 
kLC (human) Biotin polyclonal SouthernBiotech 
lLC  PE polyclonal SouthernBiotech 
lLC (human) Biotin or unlabeled polyclonal SouthernBiotech 
µHC (human) unlabeled polyclonal SouthernBiotech 
Phosphatidylcholine FITC - FormuMax Scientific 
Fixable Viability Dye eFluor 450 or eFluor 780 - eBioscience  
CD16/CD32 (Fc block) - 2,4G2 BD Biosciences 
Streptavidin  Qdot605 - invitrogen  
rabbit Alexa Fluor 647 polyclonal Cell Signaling 
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2.4.2 Antibodies for immunoblotting 

Antigen Origin Clone Company 
Bach2 rabbit polyclonal Rockland 
Blimp-1 rabbit C14A1 Cell Signaling 
FoxO1 rabbit C29H4 Cell Signaling 
Gapdh rabbit D16H11 Cell Signaling 
Irf4 rabbit polyclonal abcam 
Irf8 rabbit D20D8 Cell Signaling 
pS6 rabbit D57.2.2E Cell Signaling 
Pten rabbit 138G6 Cell Signaling 

 
 

2.4.3 Antibodies for immunohistochemistry 

Antigen Conjugate Clone Company 
CD169 FITC MOMA-1 AbD serotec 
CD5 PE 53-7.3 eBioscience  
CD90.2 PE 53-2.1 BD Biosciences 
IgM Cy5 polyclonal Jackson Immunoresearch 

 
 

2.4.4 Reagents and antibodies for enzyme-linked immunosorbent assay (ELISA) 

 Concentration Clone Company 
Coating    
α-IgM 10 µg/ml polyclonal SouthernBiotech 
α-IgG 10 µg/ml polyclonal SouthernBiotech 
Calf thymus dsDNA 10 µg/ml - Rockland 
HEL 10 µg/ml - Sigma-Aldrich 
Standards    
Mouse IgM 5 µg/ml polyclonal SouthernBiotech 
Mouse IgG 1 µg/ml polyclonal SouthernBiotech 
Detection    
Goat α-mouse IgM - polyclonal SouthernBiotech 
Goat α-mouse IgG - polyclonal SouthernBiotech 
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2.5 Molecular biology 
 

2.5.1 Reagents for molecular biology 

Reagents Company 
Restriction endonucleases* New England Biolabs  
Dream Taq DNA-Polymerase* Thermo Fisher Scientific 
PfuUltra II High-Fidelity DNA-Polymerase Stratagene  
Q5 High-Fidelity DNA Polymerase* New England Biolabs  
T4 DNA Ligase * Fermentas  
DNAse I, RNAse free* Fermentas  
Oligo d(T)18 primer Fermentas  
dNTPs Sets (25 mM) Genaxxon bioscience 
MgCl2 (25 mM) Genaxxon bioscience 
Dithiothreitol solution (DTT) Sigma-Aldrich 
RevertAid Reverse Transcriptase* Fermentas  
Calf Intestinal Phosphatase (CIP)* Roche Diagnostics 
TaqMan-Gene Expression Master Mix Applied Biosystems  
GeneRuler 100 bp Plus DNA Ladder Invitrogen  
GeneRuler 1 kb DNA Ladder Invitrogen  
Rediload Invitrogen  

* all enzymatic reactions were performed in buffers supplied by the manufacturer 
 
 

2.5.2 TaqMan-Probe mixes 

TaqMan-Probe mixes Applied Biosystems  
Prdm1 Mm00476128_m1 
Bcl2 Mm00477631_m1 
Gapdh Mm99999915_g1 
Ighm Mm01718957_g1 
Ighd Mm03979980_s1 
Cstf64 Mm00500041_m1 
Ell2 Mm00507237_m1 
Zfp318 Mm01273666_m1 
Fcer2 Mm00442792_m1 
CD79b Mm00434143_m1 
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2.6 Kits 
 
Kit Company 
QIAquick Gel Extraction kit Qiagen  
QIAquick PCR Purification kit Qiagen  
Plasmid Mini and Midi kits Qiagen  
CloneJET PCR Cloning Kit Thermo Fisher Scientific 
ReliaPrep™ RNA Miniprep Systems Promega 
Fix&Perm Fixation and Permeabilization Kit Nordic-MUbio ADG Bio Research GmbH 
Foxp3 Staining Buffer Set BioLegend 
Pan B Cell Isolation Kit II, mouse Miltenyi Biotech 
CD19 MicroBeads, mouse Miltenyi Biotech 
B Cell Isolation Kit II, mouse Miltenyi Biotech 
True-Nuclear Transcription Buffer Staining Set BioLegend 
APC-Annexin V Apoptosis Detection Kit BD Pharmingen 
PE Hamster Anti-Mouse Bcl-2 Set BD Pharmingen 
APC BrdU Flow Kit  BD Pharmingen 
LYNX Rapid APC Antibody Conjugation Kit AbD Serotec 
Mouse IgM ELISpot Basic (ALP) Mabtech 
Mouse IgG ELISpot Basic (ALP) Mabtech 
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2.7 Other reagents 
 
Reagent Company 
O.C.T. Compound Tissue Tec Sakura 
Acetic acid Prolabo 
Agarose Lonza 
Ammonium peroxodisulfate (APS) Sigma-Aldrich 
Ampicillin Andreae-Noris-Zahn AG 
b-mercaptoethanol Gibco life technologies  
BSA (fraction V) Serva 
Bradford Protein Assay Solution BioRad Laboratories 
Bromophenol blue Merck KGaA 
Dimethylsulfoxid (DMSO) Sigma-Aldrich 
Ethanol J.T. Baker 
Ethidium bromide (EtBr) 10 mg/ml Sigma-Aldrich 
Glycerol J.T. Baker 
Glycine J.T. Baker 
Hydrochloric acid (HCl), fuming 37% Merck 
Isopropanol (2-Propanol) Sigma-Aldrich 
Methanol J.T. Baker 
Milk powder Carl Roth GmbH 
Nonidet P-40 (NP-40)/Igepal CA-630 Sigma-Aldrich 
Protein ladder   Fermentas  
Protease Inhibitor Cocktail Sigma-Aldrich 
Rotiphorese Gel 30 Acrylamid-BisAcrylamid Carl Roth GmbH 
Saponin Carl Roth GmbH 
Sodium azide (NaN3) Sigma-Aldrich 
Potassium bicarbonate (KHCO3) Sigma-Aldrich 
Sodium edetate (EDTA-Na2+) Applichem 
Fluoromount G Southern Biotech 
Tris-Base Sigma-Aldrich 
Sodiumdodecylsulfate (SDS) Serva 
Sodium hydroxide (NaOH) 1 M Fluka 
Glycine BioRad Laboratories 
Ethylenediaminetetraacetic acid (EDTA) Applichem 
Glycerol Fluka 
Tween 20 Sigma-Aldrich 
Triton X-100 Merck 
Sodim chloride (NaCl) Fluka 
Sodium flouride (NaF) VWR Chemicals 
b-glycerophosphate disodium salt hydrate Sigma-Aldrich 
Sodium orthovanadate (Na3NO4) AppliChem 
Tetramethylethylendiamine (Temed) Carl Roth GmbH 
Ammonium chloride (NH4Cl) Carl Roth GmbH 
Stripping Buffer Thermo Fisher Scientific 
ECL-Ultra Lumigen 
Heparin-sodium 25 000 solution for injections ratiopharm 
Indo-1, AM invitrogen 
Pluronic F-127 invitrogen 
HEL (Lysozyme from chicken egg white) Sigma-Aldrich 
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NIP(7)-BSA Biosearch Technologies Inc. 
Diethanolamine solution Merck 
MgCl2 x 6 H2O VWR chemicals 
pNPP tablets – 20 mg Genaxxon bioscience 
Proteinase K invitrogen 
4’,6-diamidine-2’-phenylindole dihydrochloride 
(DAPI) 

Roche 

 
 

2.8 Software 
 
Software Company 
Adobe Illustrator CC2018 Adobe Systems 
EndNote X7 Thomson Reuters 
FACSDiva BD Biosciences 
FusionCapt Advance Vilber 
LAS-X Leica 
MS Office for OSX Microsoft 
Prism 6 GraphPad 
SnapGene 2.6.2 GSL Biotech 
SkanIt Software v.3.1 Thermo Fisher Scientific 
StepOne Software v.2.3 Thermo Fisher Scientific 
AxioVision Rel4.8 Zeiss 
FlowJo v. 9 – 10 TreeStar 
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2.9 Mice 
 
The cre-loxP system is used to conditionally inactivate genes of interest in specific tissues 
or cell types in the mouse (Rajewsky et al., 1996). Therefore, mice are generated which 
carry so-called “floxed” alleles of target genes in which one or several exons are flanked by 
loxP sites (locus of X-over P1, originating from the bacteriophage P1). These loxP sites can 
be recognized and bound by the cre recombinase (cre; causes recombination or cyclization 
recombinase). If both loxP sites show the same orientation the flanked DNA sequence is 
deleted causing a frame-shift mutation that abrogates expression of the target gene. Cre 
can be expressed in mice under the promoters of tissue-specific factors such as mb1 (Ig-a) 
or CD19 (both used in this study) so that genes can be inactivated in a specific tissue, a 
certain cell type or at a peculiar developmental stage, while other cells in the organism 
remain unaffected. Since in many cases homozygous expression of constitutive knock-out 
(KO) alleles is lethal already during early embryogenesis, this recombination system yet 
allows the study of functions of such genes in mouse models. Mice used in this study are 
enlisted in Table 1 (page 44). 
 
Table 1 | Mouse strains used in this study 
Mouse strains Reference  
3-83ki (Pelanda et al., 1997) 
Bcl2tg  (Strasser et al., 1991) 
CD19-cre (Rickert et al., 1997) 
FoxO1f/f  (Tothova et al., 2007) 
mb1-cre  (Hobeika et al., 2006) 
mb1-cre-ERT2 (Hobeika et al., 2015)  
MD4tg x ML5tg (Goodnow et al., 1988) 
Prdm1f/f (Shapiro-Shelef et al., 2003) 
Ptenf/f  (Suzuki et al., 2001) 

 
 
To enable cre activation at a specific time point in an adult organism, cre was fused to the 
ligand-binding domain of the human estrogen receptor (ER), carrying the 
G400V/M543A/L544A triple mutation, thus generating cre-ERT2 (Feil et al., 1997). This 
mutation renders the fusion protein of cre and ERT2 inducible by stimulation with the 
estrogen analog 4-hydroxytamoxifen (4-OHT) but not by treatment with estrogen (Brocard 
et al., 1998; Indra et al., 1999). In the absence of 4-OHT, cre-ERT2 is maintained in an 
inactive state by binding of heatshock proteins (Hsps). 4-OHT administration releases the 
Hsps and leads to activation of the fusion protein. Expression of cre-ERT2 under control of 
the mb1 promoter thus enables B cell-specific inducible gene-inactivation (Hobeika et al., 
2015). 
Ptenf/f (kindly provided by T. Mak (Suzuki et al., 2003), Campbell Family Institute for Breast 
Cancer Research at Princess Margaret Hospital, Toronto, ON, Canada) and Prdm1f/f 

(Shapiro-Shelef et al., 2003) were crossed to mb1-cre (CD79a-cre) (Hobeika et al., 2006) 
to achieve B cell-specific cre-mediated gene inactivation prior to V(D)J gene recombination. 
Ptenf/f x mb1-cre mice were bred to 3-83 knock-in mice (3-83ki), either on H2-Kb or H2-Kd 
background, (Pelanda et al., 1997) or MD4 transgenic mice (MD4tg); MD4 x ML5 (ML5tg: 
hen-egg lysozyme (HEL)) (Goodnow et al., 1988). Ptenf/f mice were further intercrossed 
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with CD19-cre (Rickert et al., 1997) transgenic mice for conditional Pten deletion at later 
stages of B cell development. Ptenf/f x CD19-cre mice were then either bred to Prdm1f/f 
(Shapiro-Shelef et al., 2003) or Bcl2-transgenic mice (Strasser et al., 1991) in order to 
generate Ptenf/f x Prdm1f/f x CD19-cre or Ptenf/f x CD19-cre x Bcl2tg mice, respectively. 
Prdm1f/f (Shapiro-Shelef et al., 2003) were further bred to cre-ERT2 mice (Feil et al., 1997) 
to enable inducible Prdm1 inactivation. FoxO1f/f mice (Tothova et al., 2007) were described 
earlier. Mouse strains generated in this study are enlisted in Table 2 (page 45). 
 
Table 2 | Mouse strains created in this study 
Floxed allele(s) Cre Knock-in or transgene 
Prdm1f/f mb1-cre - 
Prdm1f/f cre-ERT2  
Ptenf/f  CD19-cre Bcl2tg 
Ptenf/f  CD19-cre - 
Ptenf/f   mb1-cre - 
Ptenf/f  mb1-cre 3-83ki on H2-Kb or H2-Kd background 
Ptenf/f  mb1-cre MD4tg x ML5tg 
Ptenf/f x Prdm-1f/f  CD19-cre - 
FoxO1f/f  - - 

 
 
Male or female mice analyzed in this study were sacrifized at the age of 6 to 60 weeks. Mice 
with wild type (WT), homo- or heterozygous floxed alleles for Pten or Prdm1 were used as 
controls (ctrl). Mice were bred and housed under specific pathogen-free conditions in the 
animal facility of Ulm University. All animal experiments were done in compliance with the 
guidelines of the German law and were approved by the Animal Care and Use Committees 
of Ulm University and the local government. 
 
 

2.9.1 Mouse Analysis 

Table 3 | PBS +5% FCS 
PBS +5% FCS  
FCS 25 ml 
Fill up to 500 ml with PBS 

 
Table 4 | Erythrocyte lysis buffer 
Erythrocyte lysis buffer  
NH4Cl  8,29 g 
KHCO3 1 g 
EDTA-Na2 37,2 mg 
Fill up to 1,000 ml with H2O, adjust pH to 7.2 – 7.4 

 
 
Mice were sacrifized by carbon dioxide inhalation and blood was collected either in 
microtainer tubes for obtaining serum, or in tubes prepared with EDTA or heparin for 
preventing coagulation, to purify cells from peripheral blood. Microtainer tubes were 
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centrifuged for 5 min at 10,000 g and the clear phase containing the serum was transferred 
into a fresh tube and stored at -80°C. 
Total blood was mixed at a 1 : 1 ratio with PBS and subjected to density gradient 
centrifugation by carefully layering Ficoll beneath the mixture and spinning the sample for 
30 min at 635 g and 20°C without brake. The layer between the phases of plasma and 
Ficoll, which contains the peripheral blood mononuclear cells (PBMCs), was transferred to 
a fresh tube and washed with PBS +5% FCS (Table 3, page 45). 
Spleen and lymph nodes were harvested, and single cell suspensions were prepared by 
carefully grinding the organs between the frosted ends of two microscope slides. Peritoneal 
cavity lavages were obtained by flushing the peritoneal cavity with PBS +5% FCS and 
recollecting the liquid. Femurs and tibia were resected and also flushed with PBS +5% FCS 
to prepare single cell suspensions from the bone marrow.  
Splenocytes and bone marrow cells were subjected to erythrocyte lysis by resuspending 
the respective pellets in 500 µl erythrocyte lysis buffer (Table 4, page 45), incubating for 5 
min at room temperature and washing the cells. 
The cell numbers of the single cell suspensions from individual organs were determined 
and the cells were prepared for analysis at the flow cytometer. Tail tips were kept to verify 
the genotype of the analyzed mice. 
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2.10 Cell culture 
 

2.10.1 Solutions and media 

Table 5 | Iscove’s medium +5% FCS +IL-7 for primary cells 
Iscove’s medium +5% FCS +IL-7 for primary cells 
FCS 25 ml 
L-glutamine (200 mM) 5 ml 
Penicillin/streptomycin (10,000 U/ml) 5 ml 
b-mercaptoethanol (50 mM) 0.5 ml 
IL-7 supernatant 5 ml 
Insulin (10 mg/ml) 0.25 ml 
Peptone 10% in H2O 1.5 ml 
Fill up to 500 ml with Iscove’s medium 

 
Table 6 | Iscove’s medium +5% FCS +IL-7 
Iscove’s medium +5% FCS +IL-7   
FCS 25 ml 
L-glutamine (200 mM) 5 ml 
Penicillin/streptomycin (10,000 U/ml) 5 ml 
b-mercaptoethanol (50 mM) 0.5 ml 
IL-7 supernatant 5 ml 
Fill up to 500 ml with Iscove’s medium 

 
Table 7 | Iscove’s medium +5% FCS -IL-7 
Iscove’s medium +5% FCS +IL-7  
FCS 25 ml 
L-glutamine (200 mM) 5 ml 
Penicillin/streptomycin (10,000 U/ml) 5 ml 
b-mercaptoethanol (50 mM) 0.5 ml 
Fill up to 500 ml with Iscove’s medium 

 
Table 8 | RPMI +5% FCS 
RPMI +5% FCS  
FCS 25 ml 
L-glutamine (200 mM) 5 ml 
Penicillin/streptomycin (10,000 U/ml) 5 ml 
HEPES Buffer solution (1 M)  5 ml 
b-mercaptoethanol (50 mM) 0.5 ml 
Fill up to 500 ml with Iscove’s medium 
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2.10.2 Production of IL-7-containing supernatant 

IL-7 was produced in-house as a sterile-filtered supernatant of J558L plasmacytoma cells, 
stably transfected with a vector encoding murine IL-7. The minimum volume of IL-7-
supernatant, which is required for culturing freshly isolated murine bone marrow cells or an 
established IL-7-dependent culture of B cell progenitors to survive in vitro, was added to the 
culture medium.  
 
 

2.10.3 Establishment of IL-7-dependent cell cultures 

For generation of pro-/pre-B cell cultures, freshly isolated murine bone marrow cells were 
cultured in Iscove’s medium +5% FCS +IL-7 supplemented with insulin and peptone (Table 
5, page 47), which results in rapid enrichment of early B cells. B cells were cultured under 
these conditions for at least 3 weeks until the cells grow stably in vitro (Abdelrasoul et al., 
2018). Then the culture can be maintained in Iscove’s medium +5% FCS +IL-7 (Table 6, 
page 47) and be propagated independent from feeder cell lines. Unlike conventional cell 
lines, cultures of B cell progenitors are not maintained by transformation but by presence of 
IL-7 in the culture medium. As IL-7 withdrawal leads to rapid cell death (Figure 16, page 
48), the medium was exchanged every two days. 
 

 
 

Figure 16 | IL-7 withrawal from pro-/pre-B cell cultures results in cell death 
Freshly isolated murine bone marrow cells were cultured for one week in Iscove’s medium +5% FCS 
+IL-7. Half of the culture was maintained in medium supplemented with IL-7, the other half was 
subjected to IL-7 withdrawal. The percentages of viable cells were assessed in the following days by 
flow cytometry.  
Abbreviations: IL, interleukin; FCS, fetal calf serum; FSC, forward scatter. 
 
 
Pro-/pre-B cells from Rag2 x l5 double-deficient mice (Meixlsperger et al., 2007; Storch et 
al., 2007) lacking endogenous BCR and pre-BCR expression were established for 
application as a reconstitution system. 
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2.10.4 Purification of B cells 

B cells were purified by using the AutoMACS Pro separator together with the kits enlisted 
in Table 9 (page 49) according to the instructions given by the manufacturer. Mature splenic 
B cells from Pten-deficient mice were isolated by using the Pan B cell isolation kit II since 
the antibody cocktail used for labeling and depletion of non-B cells does not contain anti-
CD43 antibodies.  
 
Table 9 | Kits used for B cell isolation 
Kits for B cell isolation Company Selection method 
Pan B Cell Isolation Kit II, mouse Miltenyi Biotech negative 
CD19 MicroBeads, mouse Miltenyi Biotech positive 
B Cell Isolation Kit II, mouse Miltenyi Biotech negative 

 
 

2.10.5 Cultivation of mature splenic B cells  

Mature splenic B cells were cultured in Iscove’s medium +5% FCS -IL-7 (Table 7, page 47). 
For assessing the survival capacity of anergic B cells 2.5 µg/ml LPS and/or 10 ng/ml murine 
IL-4 were added to the medium. 
For transduction, cells were pre-treated with 2.5 µg LPS for 1.5 days. 
 
 

2.10.6 Cultivation of Phoenix cells 

Ecotropic phoenix cells were cultured in Iscove’s medium +5% FCS -IL-7 (Table 7, page 
47). Cells were detached with PBS-Trypsin (Table 10, page 49) and splitted at a ratio of 1 
: 10 when they reached 60 to 70% confluence.  
 
Table 10 | PBS-Trypsin (0.05%) 
PBS-Trypsin (0.05%)  
Trypsin-EDTA 0.5% (10x) 50 ml 
Fill up to 500 ml with PBS 

 
 

2.10.7 Cultivation of Ramos cells 

Ramos cells were cultivated in RPMI +5% FCS (Table 8, page 47). 
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2.11 Plasmids and retroviral transduction 
 

2.11.1 Plasmids 

Full-length cDNA encoding murine Blimp-1 or Bcl2, respectively, was amplified by a Taq-
polymerase with proofreading activity and then subcloned into the vector pJET by using the 
CloneJET PCR Cloning Kit according to instructions provided by the manufacturer. Using 
pJET as an intermediate vector allows for amplification of plasmid DNA in bacteria and 
provides cutting sites for restriction endonucleases, which flank the insert. The restriction 
sites and be used for subcloning into the retroviral expression vector backbone pMIG and 
pMIB (Figure 17, page 50) to generate Blimp-1-IRES-Berry (pMIB-Blimp-1), Blimp-1-IRES-
GFP (pMIG-Blimp-1) and Bcl2-IRES-GFP (pMIG-Bcl2) expression vectors, respectively. 
The retroviral expression vectors encoding the constitutively active FoxO1 (FoxO1-A3, 
harboring the point mutations T24A, S254A, and S319A at the Akt phosphorylation sites) 
(Alkhatib et al., 2012) and cre (Abdelrasoul et al., 2018) were generated as previously 
described. Plasmid identities were verified by sequencing and regular test digestions with 
restriction endonucleases. 
 

      
 

Figure 17 | Schematic overviews of the retroviral expression vectors pMIG and pMIB 
The retroviral expression vector pMI was used to introduce genes of interest into target cells. pMIG 
encodes a green fluorescent protein, pMIB a DSRed-Express2 Berry fluorescent protein. The 
multiple cloning sites (MCS) contain restriction sites for multiple restriction endonucleases enlisted 
in the figure.  
Abbreviations: pMI, plasmid MSCV-IRES; MSCV, murine stem cell virus; IRES, internal ribosomal 
entry site; LTR, long terminal repeat; AmpR, ampicillin resistance cassette; Y, retroviral Y packaging 
element; GFP, green fluorescent protein; Ds, Discosoma; MCS, multiple cloning site; bp, base 
pair(s). 
 
 
For expression of Ig HCs and LCs two vectors are required: The pMIZCC vector, encoding 
the HC, contains sequences encoding the carboxy (C)-terminal fragment of a cyan 
fluorescent protein (CFP) instead of the cassette encoding the fluorescent protein. The 
pMIZYN vector encodes the LC and the amino (N)-terminal part of a fluorescent protein 
(YFP). While single transduction with either plasmid does not result in a reporter signal, 
coexpression of both vectors leads to bimolecular fluorescence complementation (BiFC) via 
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the leucin zippers of GCN4, which are fused to the fragments of the fluorescent proteins 
(Kohler et al., 2008). Retroviral expression vectors used in this study are enlisted in Table 
11 (page 51). 
 
Table 11 | Retroviral expression vectors 
Vector Reporter Reference 
pMIB-Blimp-1 IRES-Berry (Setz et al., 2018) 
pMIG-Blimp-1 IRES-GFP (Setz et al., 2018) 
pMIG-Bcl2 IRES-GFP (Setz et al., 2018) 
pMIG-FoxO1-A3 IRES-GFP (Alkhatib et al., 2012) 
pMIG-Kozak-Cre IRES-GFP (Abdelrasoul et al., 2018) 
pMIZCC-B1-8µ HC IRES-GCN4-CC (Kohler et al., 2008) 
pMIZYN-B1-8λ LC IRES-GCN4-YN (Kohler et al., 2008) 
pMIZCC-HH10µ HC IRES-GCN4-CC (Ubelhart et al., 2015) 
pMIZYN-HH10κ LC IRES-GCN4-YN (Ubelhart et al., 2015) 

 
 

2.11.2 Transfection 

Viral supernatants were generated using the Phoenix-Eco retroviral producer cell line. 
Phoenix cells are human embryonic kidney (HEK293T) cells, which stably express the 
retroviral packaging proteins gag, pol, and env. Phoenix cells were cultured in Iscove’s 
medium +5% FCS -IL-7 (Table 7, page 47). 24 h prior to transfection 0.25 x 106 cells were 
plated per well of a 6-well plate. Shortly before transfection, the medium was removed and 
replaced by 1 ml/well of fresh medium. For transfection 3 µl of the non-lipid based 
transfection reagent GeneJuice were mixed with 100 µl of pure Iscove’s medium per well 
and incubated for 5 min at room temperature. Subsequently, 1 µg of plasmid DNA was 
added, the mixture was vortexed for 10 s, incubated for further 15 min and then added 
dropwise to the Phoenix cells (Table 12, page 51). 
 
Table 12 | Mastermix for transfection 
Mastermix for transfection (per 6-well)  1x 
Pure Iscove’s medium 100 µl 
GeneJuice 3 µl 
Mix and incubate for 5 min at room temperature 
Plasmid DNA  1 µg 
Vortex for 10 s and incubate for 15 min at room temperature 

 
 
Retroviral supernatants were harvested after 48 h and the supernatants were filtered by 
using a 0.45 µm filter in order to remove floating cells and cellular debris. Supernatants 
were then used for retroviral transduction of target cells. 
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2.11.3 Retroviral transduction  

The retrovirus in freshly generated supernatants can be used to infect murine cells by entry 
via the Eco-receptor. Retroviral proteins integrate the gene of interest at random sites in the 
genome of the host cell. 
The filtered supernatants containing retroviral particles were mixed with 1 µl polybrene per 
ml of supernatant. Polybrene increases the interaction of cells and virus by reducing the 
charge repulsion between the virus particles and sialic acid on the surface of the cells. For 
transduction 0.25 x 106 B cells (0.5 x 106 in the case of mature splenic B cells) were mixed 
with 0.5 – 1 ml of retroviral supernatants and centrifuged at 300 g and 37°C for 3 h. 
Instead, Ramos cells were cultured over night in retroviral supernatants for transduction. 
Transduced cells were returned to culture for at least 1 – 2 days before analysis. 
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2.12 Flow cytometry 
 

2.12.1 Solutions and buffers 

Table 13 | Iscove’s medium +1% FCS for Ca2+ measurement  
Iscove’s medium +1% +IL-7 for Ca2+ measurement 
5 ml FCS 
Fill up to 500 ml with Iscove’s medium 

 
 

2.12.2 Surface and intracellular staining 

For flow cytometric analysis, cell suspensions were pretreated with a-CD16/CD32 
antibodies to block Fc receptors on the cell surface and stained for 20 min on ice protected 
from light. Dead cells were excluded by staining with Fixable Viability Dye. Appropriate 
antibody dilutions were determined by titrating the antibody and selecting the dilution 
yielding the best stain index (Figure 18, page 53). 
 

!"#$%	$%'() =	+,-	(/01) −+,-	(%(4)2	 × 	!7	(%(4)  

 
Figure 18 | Formula for calculation of the stain index 
The stain index is used to determine appropriate antibody dilutions. It is calculated by dividing the 
difference of the mean fluorescence intensity (MFI) of a positive and negative population by the two-
fold standard deviation (SD) of the fluorescence intensity given by the negative population. 
Abbreviations: MFI, mean fluorescence intensity; pos, positive population; neg, negative 
population; SD, standard deviation. 
 
 
Cells were then surface stained with antibodies used in pre-determined concentrations 
(section 2.4.1 Antibodies for flow cytometry, page 38). Excess antibody was removed by 
washing with PBS +5% FCS (Table 3, page 45). In case of staining with biotin-labeled 
antibodies, biotin was detected by using fluorescently-labeled streptavidin. 
a-Pten- and a-FoxO1 antibodies were detected by using fluorescently-labeled secondary 
antibodies. Individual staining steps were performed by incubation on ice for 20 min, 
protected from light. 
Intracellular staining for flow cytometry was performed after surface staining by using the 
fixation and permeabilization kits listed in Table 14 (page 54) according to the 
manufacturer’s instructions.  
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Table 14 | Fixation and permeabilization kits used for intracellular flow cytometry 
Antigen Kit Company 
Bcl-2, FoxO1, 
Pten and BCRs 

Fix and perm cell permeabilization kit Nordic Mubio ADG 

Bcl6 Foxp3 Staining Buffer Set eBioscience  
Blimp-1 and Irf4 True-Nuclear Transcription Buffer Staining Set BioLegend 
pS6 Cytofix/Cytoperm Kit BD Biosciences 

 
 
After removing excess antibody by washing with PBS +5% FCS, cells were acquired either 
by using a FACS Canto II, FACS LSR Fortessa or FACS Aria IIu flow cytometer. 
If not indicated otherwise, numbers in the dot plots indicate the percentages of cells in the 
respective gates, while numbers in the histogram plots state the mean fluorescence 
intensity (MFI).  
 
 

2.12.3 Cell cycle analysis 

For analysis of the cell cycle, 2 x 106 cells were pulsed for 30 min with 32.5 µM 
bromodeoxyuridine (BrdU) while incubating at 37°C. Cells were collected, washed in PBS 
5% FCS and stained with a-CD16/CD32 antibodies and Fixable Viability Dye for 20 min. 
Fixation, permeabilization and staining for BrdU were performed by using the APC BrdU 
Flow Kit according to manufacturer’s instructions. 
 
 

2.12.4 Apoptosis analysis 

For detection of apoptosis, cells were stained with Annexin V-Alexa Fluor 647 and PI in 
Annexin V binding buffer of the APC-Annexin V Apoptosis Detection Kit for 15 min at room 
temperature in the dark. Cells were acquired at the flow cytometer within 1 h after staining. 
 
 

2.12.5 Calcium measurement  

For analysis of Ca2+ mobilization in splenic B cells, total splenic B cells were pre-enriched 
by using the B cell isolation kit mouse or the Pan-B cell isolation kit II for Pten-deficient cells 
according to the manufacturer’s instructions. To exclude residual non-B cells, cells were 
stained with a-CD90.2-PE. Subsequently, 1 – 2 x 106 cells per sample were loaded with the 
Ca2+-sensitive dye, Indo-1 acetoxylmethyl ester (Indo-1 AM). Due to the hydrophobic 
properties of the AM residue, the dye enters viable cells by diffusion through the cellular 
membrane. Inside the cells the AM residues are cleaved by esterases, leaving Indo-1 
captured intracellularly, where it can bind to Ca2+ ions. Excitation of Indo-1 at approximately 
350 nm requires a flow cytometer equipped with an UV-laser. Upon binding of Ca2+, Indo-1 
changes its optical properties by shifting its emission wavelength from 485 to 410 nm. The 
ratio of the emissions from Indo-1 bound to Ca2+ and free Indo-1 can thus be used to detect 
changes in intracellular Ca2+ concentrations. 
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For loading of the cells with Indo-1, 50 µg Indo-1 AM were mixed with 25 µl DMSO, 25 µl 
Pluronic F-127 and 113 µl FCS and incubated for 5 min at room temperature protected from 
light. 
 
Table 15 | Mastermix for Indo-1 loading 
Mastermix for Indo-1 loading  
Indo-1 AM 50 µg 
DMSO  25 µl 
FCS  113 µl 
Pluronic F-127 25 µl 
Mix and incubate for 5 min at room temperature protected from light 

 
 
Cells were resuspended in 1 ml of Iscove’s medium containing 1% FCS (Table 13, page 
53) and 15 µl of the Indo-1 mixture (Table 15, page 55) were added to each sample. 
Subsequently the cells were incubated for 45 min during which the tubes were flicked every 
15 min. Following incubation the cells were washed once and then resuspended in 500 µl 
Iscove’s medium +1% FCS. Indo-1-loaded samples were stored on ice and protected from 
light. Prior to acquisition at the FACS LSR Fortessa, the cell suspensions were pre-warmed 
at 37°C for 8 to 10 min. After measuring the Indo-1 baseline for 1 – 2 min, stimuli such as 
cognate antigens (1 µg/ml) or a-BCR antibodies (10 µg/ml) were added, the tubes were 
vortexed and the Indo-1 signal was measured for further 4 – 5 min (Storch et al., 2007; 
Ubelhart et al., 2015). 
 
 

2.12.6 Antigen complexation  

Multivalent complex HEL (cHEL) was generated as previously described by biotinylation of 
soluble HEL (sHEL) (Ubelhart et al., 2015) and crosslinking with unconjugated streptavidin 
at a ratio of 1 : 2. The mixture was incubated for 20 min on ice before stimulation. Cells 
were treated with HEL at the indicated concentrations, while the amount of HEL was 
constant in both HEL antigen configurations.  
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2.13 Immunoblotting 
 

2.13.1 Solutions and buffers 

Table 16 | Separation buffer 
Separation buffer  
Tris-Base  181.7 g 
SDS 4 g 
Fill up to 950 ml with H2O, adjust pH to 8.8 and fill up to 1,000 ml with H2O 

 
Table 17 | Stacking buffer 
Stacking buffer  
Tris-Base  60.6 g 
SDS  4 g 
Fill up to 950 ml with H2O, adjust pH to 6.8 and fill up to 1,000 ml with H2O 

 
Table 18 | 10x running buffer 
10x running buffer  
Tris-Base  30.3 g 
Glycine  141.1 g 
SDS 10 g 
Fill up to 800 ml with H2O, adjust pH to 8.6 and fill up to 1,000 ml with H2O 

 
Table 19 | 10x transfer buffer 
10x transfer buffer  
Tris-Base  30.3 g 
Glycine  141.1 g 
Fill up to 800 ml with H2O, adjust pH to 8.6 and fill up to 1,000 ml with H2O 

 
Table 20 | 1 M Tris solution (pH 7.4) 
1 M Tris solution  
Tris-Base  121.1 g 
Fill up to 800 ml with H2O, adjust pH to 7.4 and fill up to 1,000 ml with H2O 

 
Table 21 | 10x TBS buffer 
10x TBS buffer  
Tris solution (1 M, pH 7.4)  500 ml 
NaCl  90 g 
Fill up to 1,000 ml with H2O 

 
Table 22 | 10% SDS solution 
10% SDS solution  
SDS  10 g 
Fill up to 100 ml with H2O 
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Table 23 | 0.5 M EDTA solution 
0.5 M EDTA solution  
EDTA  186.1 g 
Fill up to 800 ml with H2O, adjust pH to 8.0 and fill up to 1,000 ml with H2O 

 
Table 24 | 1% Bromophenolblue solution 
1% Bromophenol blue solution  
Bromophenol blue  100 mg 
Fill up to 10 ml with H2O 

 
Table 25 | 10% Ammoniumpersulfate solution 
10% Ammoniumpersulfate solution  
Ammoniumpersulfate  1 g 
Fill up to 10 ml with H2O 

 
Table 26 | RIPA buffer 
RIPA buffer  
Triton X-100 solution (1%) 2 ml 
SDS solution (10 %) 2 ml 
Tris solution (1 M, pH 6.8) 10 ml 
NaCl  1.64 g 
Fill up to 200 ml with H2O, adjust pH to 8 and filter prior to use 

 
Table 27 | 5 mM NaF solution 
5 mM NaF solution  
NaF  20.5 mg 
Fill up to 100 ml with H2O 

 
Table 28 | 50 mM b-glycerophosphate disodium salt hydrate  
50 mM β-glycerophosphate disodium salt hydrate 
b-glycerophosphate disodium salt hydrate 1.08 g 
Fill up to 100 ml with H2O 

 
Table 29 | RIPA buffer ++ 
RIPA buffer ++  
RIPA-buffer  830 µl 
Protease inhibitor cocktail (10x)  100 µl 
NaF (5 mM)  10 µl 
b-glycerophosphate disodium salt hydrate  
(50 mM) 

50 µl 

Fill up to 200 ml with H2O, adjust pH to 8 and filter prior to use 
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Table 30 | Lilly’s 4x sample buffer 
Lilly’s 4x sample buffer  
SDS solution (10%)  20 ml 
Tris solution (1 M, pH 6.8) 10 ml 
Glycerol  10 ml 
Bromophenol blue solution (1%) 0.25 ml 
Fill up to 50 ml with H2O, add 5% b-mercaptoethanol prior to use 

 
Table 31 | Blocking buffer 
Blocking buffer (5% BSA)  
BSA  10 g 
Fill up to 200 ml with TBS +0.1% Tween 20 

 
Table 32 | TBS +0.1% Tween 20 
TBS +0.1% Tween 20  
10x TBS solution  500 ml 
Tween 20  5 ml 
Fill up to 5,000 ml with H2O 

 
 

2.13.2 Immunoblotting 

10 x 106 splenocytes were seeded per 6-well and either left untreated or stimulated with 
LPS (2.5 µg/ml) for 3 or 5 days. Cells were collected at the indicated time points, washed 
with PBS and approximately 10 x 106 cells were subsequently lysed in 10 – 50 µl RIPA++ 
buffer (Table 29, page 57). Lysates were cleared by centrifugation for 15 min at 16,000 g 
and 4°C. Afterwards the supernatant, which contains the proteins, was transferred to a fresh 
tube. 
The amount of protein in the lysates was assessed by mixing with Bardford-reagent and 
measuring the optical density (OD) at the nanophotometer (extinction 595 nm). The 
concentration was calculated based on a standard curve, prepared by measurung different 
volumes of BSA (1 mg/ml), mixed with Bradford-reagent. 
Lilly’s 4x sample buffer (Table 30, page 58) was added to equal amounts of protein (15 – 
20 µg) and samples were denatured for 5 to 10 min at 95°C before loading and separation 
by SDS-gel electrophoresis on a 10 % gel (Table 33 and Table 34, page 59). 
 
Table 33 | 10% SDS-page 
10% SDS-page 1x 
H2O  3 ml 
Separation buffer  2 ml 
Acrylamide  2.7 ml 
10% APS 75 µl 
TEMED 7.5 µl 
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Table 34 | SDS-page stacking gel 
SDS-page stacking gel 1x 
H2O  1.8 ml 
Stacking buffer  0.9 ml 
Acrylamide  0.4 ml 
10% APS 30 µl 
TEMED 3 µl 

 
 
Following separation, the samples were transferred onto a polyvinylidene fluoride (PVDF) 
membrane. The membrane was blocked for 1 h at room temperature with blocking buffer 
(Table 31, page 58) and was washed before incubating overnight at 4°C with the primary 
antibody (section 2.4.2 Antibodies for immunoblotting, page 39) diluted in blocking buffer. 
After multiple washing steps with TBS +0.1% Tween 20 (Table 32, page 58), the membrane 
was incubated for 1 h at room temperature with horseradish peroxidase (HRP)-coupled 
secondary goat a-rabbit antibodies, diluted in TBS +0.1% Tween 20. 
Antibody in excess was washed off and stained proteins were detected with ECL Ultra 
Solution on a Fusion SL advanced imaging system. 
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2.14 Immunohistochemistry (IHC) 
 

2.14.1 Solutions and buffers 

Table 35 | PBS 2% BSA  
PBS 2% BSA   
BSA  1 g 
10% NaN3 5 µl 
Fill up to 50 ml with PBS 

 
 

2.14.2 Immunohistochemistry (IHC) 

For cryosections spleens were embedded in O.C.T.-compound and frozen at -80°C. 5 µm 
sections were prepared using a cryo-microtome with a S35 knife and fixed on 
SuperfrostPLUS slides by treatment with pure acetone for 8 min at room temperature. Prior 
to staining, the sections were rehydrated for 15 min at room temperature with PBS + 2% 
BSA (Table 35, page 60) and blocked with Fc block (a-CD16/CD32). 
Sections were stained with fluorescently-labeled antibodies (section 2.4.3 Antibodies for 
immunohistochemistry, page 39) for 1 to 2 h at room temperature in a wet dark chamber. 
After staining, the slides were washed with PBS and nuclei were counterstained with 4’,6-
diamidine-2’-phenylindole dihydrochloride (DAPI) by incubating for 10 – 20 min at room 
temperature. Subsequently, the section was mounted with Fluoromount-G and the staining 
was detected using a Zeiss Axioskop2 or a Leica DMi8 fluorescence microscope. 
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2.15 Enzyme-linked immunosorbent assay (ELISA) 
 

2.15.1 Solutions and buffers 

Table 36 | ELISA washing buffer  
ELISA washing buffer   
PBS (10x) 100 ml 
Tween 20 500 µl 
10% NaN3 1 ml 
Fill up to 500 ml with H2O 

 
Table 37 | ELISA blocking buffer  
ELISA blocking buffer   
BSA  5 g 
10% NaN3 500 µl 
Fill up to 500 ml with PBS 

 
Table 38 | 4 mM MgCl2  
4 mM MgCl2  
MgCl2 x 6 H2O  0.8 g 
Fill up to 1,000 ml with H2O 

 
Table 39 | Diethanolamine buffer 
Diethanolamine buffer   
Diethanolamine 97 ml 
MgCl2 (4 mM) 500 µl 
10% NaN3 2 ml 
Adjust pH to 9.8 

 
Table 40 | pNPP substrate solution 
pNPP substrate solution   
Diethanolamine buffer 40 ml 
pNPP 1 tablet 

 
Table 41 | 3 M NaOH solution 
3 M NaOH solution  
NaOH 58,5 g 
Fill up to 500 ml with H2O 1 tablet 
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2.15.2 Measurement of IgM and IgG concentrations in sera 

For determining the concentration of serum IgM or IgG, polyclonal a-IgM or a-IgG 
antibodies were diluted, respectively, in PBS to a final concentration of 10 µg/ml. 96-well 
plates were coated over night with 50 µl/well of the prepared capture antibody solutions. 
After three washing steps with 200 µl ELISA washing buffer (Table 36, page 61), unspecific 
binding sites were blocked for 1 h at 37°C with 100 µl/well ELISA blocking buffer (Table 37, 
page 61).  
After three additional washing steps with 200 µl/well ELISA washing buffer, 100 µl ELISA 
blocking buffer were added to each well. 50 µl of pre-diluted serum was applied in triplicates 
to the first row of the plate. By transferring 50 µl from the first row to the second and so on 
to the eighth row, serial dilutions at a ratio of 1 : 3 were prepared. 3 wells containing only 
blocking buffer served as blank. 5 µg/ml of murine IgM or 1 µg/ml of murine total IgG, 
respectively, were applied in triplicates and diluted in the same manner as the samples, 
serving as standard. For capturing, the plates were incubated for further 2 h at 37°C. 
Unbound antibodies were removed by washing three times with 200 µl/well ELISA washing 
buffer and 50 µl/well secondary goat a-mouse IgM (diluted 1: 1,000 in ELISA blocking 
buffer) or IgG antibody (diluted 1: 2,000 in ELISA blocking buffer) solution were added and 
incubated for 1 h at 37°C. Afterwards, the plates were washed again three times with ELISA 
washing buffer to remove excess antibody. As the secondary antibody is coupled with 
alkaline phosphatase (ALP), 100 µl of the substrate solution (Table 40, page 61) containing 
4-nitrophenyl phosphate (pNPP) in diethanolamine-buffer (Table 39, page 61) were added 
to each well. After 20 to 30 min the reaction was stopped by adding 35 µl of 3 M NaOH 
(Table 41, page 61). ODs were measured at 405 nm using a Multiskan FC ELISA plate 
reader and antibody concentrations were determined.  
 
 

2.15.3 Measurement of a-DNA and a-HEL antibodies in sera 

Mature splenic B cells from Prdm1f/f and Prdm1f/f x mb1-cre mice were cultured in the 
presence of 2.5 µg/ml lipopolysaccharides (LPS) for 1.5 days and subjected to retroviral 
transduction either with pMIG (EV) or pMIG-Blimp-1, respectively. The supernatants were 
collected 5 days post transduction and used for a-IgM and a-DNA-ELISA. 
To determine the titers of autoreactive IgM antibodies, concentration-adjusted sera or cell 
culture supernatants were applied to plates coated with 10 µg/ml calf thymus dsDNA. For 
detection of HEL-specific antibodies, sera were adjusted to an IgM concentration of 500 
µg/ml and applied in dilution steps of 1 : 3 to plates coated with 10 µg/ml HEL. Detection 
and development were performed with secondary a-mouse IgM as described in the 
previous section. 
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2.16 ELISpot assay 
 
CD19+/B220+/IgM-/lo/IgD- were FACS-purified from spleens of Ptenf/f x CD19-cre x Bcl2tg or 
Ptenf/f x Bcl2tg mice, respectively. 5 – 10 x 104 cells/well were plated in triplicates. The assay 
was performed by using mouse ELISpot basic alkaline phosphatase (ALP) kits for detection 
of IgM and IgG according to manufacturer’s instructions.  
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2.17 Analysis of Ig LC gene recombination 
 

2.17.1 Solutions and buffers 

Table 42 | 1 M Tris solution (pH 8.5) 
1 M Tris solution  
Tris-Base  121.1 g 
Fill up to 800 ml with H2O, adjust pH to 8.5 and fill up to 1,000 ml with H2O 

 
Table 43 | 0.5 M EDTA solution 
0.5 M EDTA solution  
EDTA  186.1 g 
Fill up to 800 ml with H2O, adjust pH to 8.0 and fill up to 1,000 ml with H2O 

 
Table 44 | 10% SDS solution 
10% SDS solution  
SDS  10 g 
Adjust to pH 7.2 and fill up to 100 ml with H2O 

 
Table 45 | 5 M NaCl solution 
5 M NaCl solution  
NaCl 29.22 g 
Fill up to 100 ml with H2O 

 
Table 46 | 1 M Tris solution (pH 8.0) 
1 M Tris solution  
Tris-Base  121.1 g 
Fill up to 800 ml with H2O, adjust pH to 8.0 and fill up to 1,000 ml with H2O 

 
Table 47 | Lysis buffer 
Lysis buffer  
Tris solution (1 M, pH 8.5) 50 ml 
EDTA solution (5 mM, pH 8.0) 5 ml 
SDS solution (10%) 10 ml 
NaCl solution (5 M) 20 ml 
Fill up to 500 ml with H2O, autoclave prior to use 

 
Table 48 | TE buffer 
TE buffer  
Tris solution (1 M, pH 8.0) 1 ml 
EDTA solution (5 mM, pH 8.0) 200 µl 
Fill up to 100 ml with H2O, autoclave prior to use 
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Table 49 | Lysis buffer working solution 
Lysis buffer working solution 1x 
Lysis buffer 500 µl 
Proteinase K 2.5 µl 

 
 

2.17.2 Extraction of genomic DNA (gDNA) 

Purified CD43- splenic B cells from Ptenf/f x 3-83ki and Ptenf/f x mb1-cre x 3-83ki mice on the 
indicated backgrounds (H-K2b or H-K2d) were pelleted by centrifugation, resuspended in 
lysis buffer working solution (Table 49, page 65) and incubated for 1 h at 56°C with constant 
agitation. Subsequently, the lysates were cleared by centrifugation for 10 min at 16,000 g 
and the supernatant was mixed with 300 µl isopropanol. If precipitated DNA was visible it 
was transferred to a fresh tube prepared with 50 – 100 µl TE buffer (Table 48, page 64). In 
case that the DNA was not visible, samples were centrifuged again for 10 min at 16,000 g. 
After centrifugation the supernatant was discarded and the pellet was washed in 70% 
ethanol. The samples were centrifuged for further for 10 min at 16,000 g, the supernatant 
was removed and the sample tubes were incubated with opened lid at 37°C so that traces 
of ethanol could evaporate. Finally, pellets were resuspended in 20 µl TE buffer. 
 
 

2.17.3 Analysis of Ig LC gene recombination 

For assessing the LC gene recombination state, PCR mastermixes were prepared (Table 
50, page 65) with primers for 5’ Vk and 3’ of Jk5 (Table 51, page 66) and detection of the 
splicing factor SRp20, which served as loading control. PCRs were run at conditions 
enlisted in Table 52 (page 66) and Table 53 (page 66), respectively. 
 
Table 50 | Mastermix for PCR amplification 
Mastermix for PCR amplification 1x 
Dream Taq Buffer (10x) 2 µl 
dNTPs (2 mM) 2 µl 
Rediload 2 µl 
Primer forward (10 µM) 1 µl 
Primer reverse (10 µM) 1 µl 
Dream Taq Polymerase 0.1 µl 
H2O 10.9 µl 
Template 1 µl 
Total volume 20 µl 
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Table 51 | Primers used for analysis of Ig LC gene recombination 
Primers Sequence 5’ à 3’ 
5’ Vk ggc tgc ags ttc agt ggc agt ggr tcw ggr ac 
3’ of Jk5 atg cga cgt caa ctg ata atg agc cct ct cc 
SRp20-F gat tac cgc agg agg agt 
SRp20-R ag aac gga tga ttg gga a 

 
Table 52 | PCR protocol for analysis of Ig LC recombination 
Step  Temperature Duration 
1 initial denaturation 94°C 2 min 
2 denaturation 94°C 20 s 
3 annealing 70°C 30 s 
4 elongation 72°C 2 min 
5 final elongation 72°C 5 min 
6  4°C ∞ 
Repeat steps 2 – 4 for 35 cycles 

 
Table 53 | PCR protocol for SRp20 
Step  Temperature Duration 
1 initial denaturation 94°C 2 min 
2 denaturation 94°C 10 s 
3 annealing 56°C 20 s 
4 elongation 72°C 30 s 
5 final elongation 72°C 4 min 
6  4°C ∞ 
Repeat steps 2 – 4 for 35 cycles 

 
 

2.17.4 Gel electrophoresis 

PCR fragments were analyzed on a 1% agarose gel with a 1 kb ladder. 
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2.18 Quantitative reverse transcriptase (qRT) PCR 
 

2.18.1 RNA extraction  

RNA was extracted from FACS-sorted cells by using the ReliaPrep RNA Cell Miniprep 
System according to instructions provided by the manufacturer.  
 
 

2.18.2 Removal of genomic DNA 

Residual genomic DNA was digested for 30 min at 37°C using DNase I as recommended 
by the manufacturer (Table 54, page 67).  
 
Table 54 | Mastermix for DNAse I treatment 
Mastermix for DNAse I treatment 1x 
DNAse I buffer (10x) 1 µl 
DNAse I 1 µl 
RNA 8 µl 
Total volume 10 µl 

 
 
DNAse treatment was terminated by adding 1 µl of 50 mM EDTA solution and incubating 
for 10 min at 65°C. The higher temperature also leads to denaturation of secondary 
structures formed by the RNA into single strands.  
 
 

2.18.3 cDNA synthesis 

cDNA synthesis was performed with the RevertAid Reverse Transcriptase (RT) kit as 
indicated by the manufacturer (Table 55, page 67). Oligo (dT)18 primers were used for cDNA 
synthesis, which anneal to the polyA-tail of the mRNA in the sample. 
 
Table 55 | Mastermix for cDNA synthesis 
Mastermix for cDNA synthesis 1x 
Reverse transcriptase buffer (5x) 4 µl 
MgCl2 (25 mM) 2 µl 
RNAse-free H2O 1.6 µl 
Oligo (dT)18 primer 1 µl 
DTT (0.1 M) 0.5 µl 
dNTPs (25 mM) 0.4 µl 
Reverse transcriptase (RT) 0.4 µl 
Total volume 10 µl 
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The mastermix for cDNA synthesis was added to 10 µl of DNAse I-treated RNA, to obtain 
a final total volume of 20 µl, and incubated for 90 min at 42°C. Performing the cDNA 
synthesis reaction without addition of RT was used as a negative control to ensure that 
products obtained in the following PCR were not amplified from residual gDNA. 
 
 

2.18.4 Quantitative (q)PCR analysis 

qPCR analysis was performed by using TaqMan-probe mixes (section 2.5.2 TaqMan-Probe 
mixes, page 40) together with TaqMan-gene expression mastermix (Table 56, page 68). 
TaqMan-probes are oligonucleotides that harbor a fluorophore attached to the 5’-end and 
a quencher at the 3’-end, annealing to a target sequence that is flanked by PCR primers. 
During the elongation phase of the PCR the Taq polymerase degrades the TaqMan-probe 
by its 5’ to 3’ exonuclease activity, which releases the fluorophore from the close proximity 
to the quencher. The fluorescence signal that is not inhibited anymore can be detected by 
the qPCR thermocycler. 
 
Table 56 | Mastermix for qPCR 
Mastermix for qPCR 1x 
TaqMan-gene expression mastermix 7.5 µl 
TaqMan-probe mix 0.75 µl 
Nuclease-free H2O 5.25 µl 
Template (cDNA) 1.5 µl 
Total volume 15 µl 

 
 
qPCR data were acquired in triplicates by using a StepOnePlus Real-Time thermocycler 
and analyzed with the StepOne Software v2.3. Results were calculated by applying the 
DDCT-method. 
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2.19 Statistical analysis 
 
Graphs were created and statistical analysis was performed by using GraphPad Prism 
(Version 6.0h) software. The numbers of individual replicates or mice (n) is stated in the 
figure or figure legends, respectively.  
Distribution of data was analyzed by applying the D'Agostino & Pearson omnibus or 
Shapiro-Wilk normality test. Depending on the structure and distribution of the data, tests 
were used according to Table 57 to Table 59 (page 69). If the normality tests were not 
applicable, due to small sample size, tests were chosen based on the assumption that data 
were not normally distributed. 
P-values were calculated by the tests stated in the respective figure legends. P-values < 
0.05 were considered to be statistically significant (n. s. = not significant; * p ≤ 0.05; ** p ≤ 
0.01; *** p ≤ 0.001; **** p ≤ 0.0001). 
 
Table 57 | Tests used for calculation of p-values, when comparing one data set to a control 
or reference value  
Gaussian normal 
distribution 

Yes 
à parametric test 

No 
à non-parametric test 

Tests One-sample t test Wilcoxon signed rank test 
 
Table 58 | Tests used for calculation of p-values, when comparing two data sets  
Gaussian normal 
distribution 

Yes 
à parametric test 

No 
à non-parametric test 

Matching of samples Yes 
à paired 

No 
à unpaired 

Yes 
à paired 

No 
à unpaired 

Tests Paired 
t test 

Unpaired 
t test 

Wilcoxon 
matched-pairs 

signed rank test 

Unpaired 
Mann-Whitney-

U test 
 
Table 59 | Tests used for calculation of p-values, when simultaneously comparing more than 
two groups  
Gaussian normal 
distribution 

Yes 
à parametric test 

No 
à non-parametric test 

Matching of samples Yes 
à paired 

No 
à unpaired 

Yes 
à paired 

No 
à unpaired 

Tests Repeated 
measurements  

one-way 
ANOVA, with 
Greenhouse-

Geisser 
correction 

One-way 
ANOVA 

 

Friedman test 
 

Kruskal-Wallis 
test 

 

 Holm-Sidak's 
multiple 

comparisons 
test 

Holm-Sidak's 
multiple 

comparisons 
test 

Dunn's multiple 
comparisons 

test 

Dunn's multiple 
comparisons 

test 
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3. Results 

3.1 Reduced BCR expression and altered B cell compartments 
in Pten-deficient mice 

 
To assess the effect of enhanced PI3K signaling on B cell development, we deleted Pten, 
the catalytic antagonist of PI3K in mouse models and characterized the phenotypes. Since 
constitutive inactivation of Pten causes lethality in mice during early embryogenesis we 
applied the cre-loxP recombination system to conditionally inactivate Pten in B cells. 
Therefore, we used mice carrying Pten floxed alleles (Ptenf/f in which the exons 4 and 5 are 
flanked by loxP sites) (Suzuki et al., 2001) and crossed them with mice expressing cre under 
the promoters of mb1 (Hobeika et al., 2006) or CD19 (Rickert et al., 1997), respectively. 
Due to differential gene expression of CD19 and mb1, CD19-cre acts at later stages of B 
cell development as compared to mb1-cre that acts prior to Ig gene recombination.  
Previous experiments by our group showed that inactivating the gene encoding Pten in pro-
B cells using mb1-cre results in defective Ig gene recombination and a severe block at the 
pro-B cell stage (Alkhatib et al., 2012). While spleens from Ptenf/f x mb1-cre mice were very 
small, spleens derived from Ptenf/f x CD19-cre mice were similar or slightly enlarged as 
compared to spleens from control mice. Immunohistochemistry (IHC) on spleen sections 
(Figure 19, page 71) revealed that Ptenf/f x mb1-cre mice exhibit only small follicles framing 
the T cell zone and lacking IgM+ cells. Follicles in the spleens of Ptenf/f x CD19-cre mice 
exhibited a size similar to follicles detected in control mice but showed an abnormal 
distribution of IgM+ cells. 
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Figure 19 | Pten-deficient mice show absence or abnormal distribution of IgM+ B cells 
IHC of spleen sections from control, Ptenf/f x mb1-cre and Ptenf/f x CD19-cre mice for CD169 (green, 
macrophages in the marginal zone), Thy1.2 (red, T cells) and IgM (yellow, B cells) at 10x 
magnification. Shown pictures are representative of 2 mice per genotype. (Setz et al., 2018, Main 
Figure 1A, page 392.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; Ig, immunoglobulin; CD, 
cluster of differentiation; CD19, B-lymphocyte antigen CD19; CD169; sialoadhesin/SIGLEC-1; 
Thy1.2, CD90.2; µm, micrometer.  
 
 
A more detailed analysis of single cell suspenions by flow cytometry revealed that despite 
the block at the pro-B cell stage some peripheral B cells (CD19+) also exist in Ptenf/f x mb1-
cre mice (Figure 20A-B, page 72). Based on staining for markers such as CD21 and CD23, 
B cells corresponding to marginal zone (MZ.B, CD21hi/CD23lo/-) or follicular B cells (Fo.B, 
CD21+/CD23+) could be found in these mice (Figure 20A,C-D, page 72). Thereby the few 
B cells detected in the spleens of Ptenf/f x mb1-cre mice show a distribution among the 
individual B cell compartments, comparable to that in Ptenf/f x CD19-cre mice, with an 
enlarged population of cells resembling MZ.B cells and a decreased proportion of Fo.B 
cells. 
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Figure 20 | Reduced BCR expression and altered B cell compartments in Pten-deficient mice 
A | Representative flow cytometric analysis of splenocytes from control, Ptenf/f x mb1-cre and Ptenf/f 
x CD19-cre mice for expression of the BCR (IgM/IgD), CD23 and CD21. Histograms compare CD5 
(left) and CD43 (right) expression in the different B cell subpopulations (pre-gated on CD19+ cells): 
follicular B cells (Fo.B, CD21+/CD23+, blue), marginal zone B cells (MZ.B, CD21hi/CD23lo/-, red) and 
CD21lo/CD23- B cells (green). Representative data of at least 8 mice per genotype are shown. 
Numbers in dotplots and histograms indicate the percentages of positive cells in the respective gates. 
(Setz et al., 2018, Main Figure 1B, page 392)  
B-F | Absolute cell numbers of total B cells (B), Fo.B (C), MZ.B (D), CD21lo/CD23- (E) and B-1a B 
cells (F) in spleens from control (n = 25), Ptenf/f x mb1-cre (n = 8) and Ptenf/f x CD19-cre mice (n = 
18). Central horizontal line in the box plots represents the median, upper and lower boundaries of 
the box show the respective quartile, whiskers indicate the range of individual data, circles indicate 
data points from individual mice. Statistical significance was calculated by applying the Kruskal-
Wallis test (B-C and E) or the one-way ANOVA (D and F) (Table 60, page 179). (Modified from Setz 
et al., 2018, Main Figure 1C, page 392, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; CD, cluster of 
differentiation; CD5, T-cell surface glycoprotein; CD19, B-lymphocyte antigen CD19; CD21, 
complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII; CD43, 
leukosialin/sialophorin; hi, high; lo, low; Ig, immunoglobulin; Fo.B, follicular B cell(s); MZ.B, marginal 
zone B cell(s); n. s., not significant. 
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Moreover, an increased population of CD21lo/CD23- B cells was also detected in the spleens 
of Ptenf/f-deficient mice  (Figure 20A and E, page 72). This enlarged CD21lo/CD23- 
population contains transitional B cells but also seems to consist of B-1a B cells which are 
further characterized by CD5 and CD43 expression (Figure 20A and F, page 72) (Piatelli 
et al., 2003) and partial reactivity to the common autoantigen phosphatidylcholine (PtC) 
(Figure 21, page 73) (Mercolino et al., 1988; Tsiantoulas et al., 2012). 
 

 

 
 

Figure 21 | B-1a B cells are partially reactive to PtC 
Representative flow cytometric analysis of phosphatidylcholine (PtC)-binding in subpopulations of 
splenic B cells in control mice: Fo.B (CD21+/CD23+), MZ.B, (CD21hi/CD23lo/-) and CD21lo/CD23- B 
cells. (Setz et al., 2018, Supplemental Figure S1A.) 
Abbreviations: CD, cluster of differentiation; CD5, T-cell surface glycoprotein; CD19, B-lymphocyte 
antigen CD19; CD21, complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII; hi, 
high; lo, low; PtC, phosphatidylcholine.  
 
 
This is similar to the phenotype of Ptenf/f x CD19-cre mice, which were previously described 
to possess increased numbers of B-1a B cells (Figure 20A and F, page 72) (Suzuki et al., 
2003). These data suggest that regulation of PI3K activity is required for early stages of B 
cell development and for proper selection of B cells into distinct B cell populations.  
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3.2 Partial rescue of B cell development by introduction of pre-
rearranged Ig genes 

 
To test if the early developmental block upon Pten-deletion via mb1-cre is due to the inability 
of activating Ig gene rearrangement (Amin and Schlissel, 2008; Dengler et al., 2008; Herzog 
et al., 2008; Alkhatib et al., 2012; Setz et al., 2018) (Figure 20, page 72), we conditionally 
inactivated Pten in 3-83ki mice that carry knock-in cassettes for HC and LC of an 
autoreactive BCR that recognizes the MHC class I allele H2-Kb with high affinity as 
compared to the H2-Kd allele (Pelanda et al., 1997). 
Providing pre-rearranged Ig genes by crossing in the 3-83 BCR, we found that these 3-83 
HC and LC knock-ins rescued the block of early B cell development observed in Pten-
deficient B cells in bone marrow and spleen (Figure 22, page 74). Also the number of B 
cells by trend appeared to be increased compared to Pten-deficient mice lacking the 3-83 
knock-in-cassettes (Figure 23, page 75). 
 

 
 
 
 
 
 
 
Figure 22 | Partial rescue of B cell development by 
introduction of pre-rearranged 3-83 Ig genes in 
Pten-deficient mice 
Representative analysis of B220 and IgM surface 
expression in bone marrow (left) and spleen cells 
(right) from mice of the indicated genotypes. Shown 
data are representative of 11 – 35 individual mice per 
genotype. (Setz et al., 2019, Main Figure 1A, page 3 
of 17.) 
Abbreviations: Pten, phosphatase and tensin 
homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; 
cre, recombinase; 3-83, H2-Kb-specific BCR; H2-K, 
MHC class I allele (Kb, high affinity antigen for 3-83 
BCR); MHC, major histocompatibility complex; BCR, 
B-cell antigen receptor; ki, knock-in; B220, protein 
tyrosine phosphatase receptor type C of 220 kDa; Ig, 
immunoglobulin. 
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Figure 23 | Absolute B cell numbers in Ptenf/f x mb1-cre x 3-83ki mice 
Absolute numbers of B cells in bone marrow (A) and spleens (B) from mice of the respective 
genotypes, determined by B220/CD19 surface expression. Mean ±SD, symbols indicate the numbers 
of B cells in individual mice (n). Statistical significance was calculated by using the Kruskal-Wallis 
test (Table 61, page 179). (Modified from Setz et al., 2019, Main Figure 2D and E, page 4 of 17, © 
by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; 3-83, H2-Kb-specific BCR; 
H2-K, MHC class I allele (Kb, high affinity antigen for 3-83 BCR); MHC, major histocompatibility 
complex; BCR, B-cell antigen receptor; ki, knock-in; Ag, antigen; n. s., not significant.  
 
 
Interestingly, unlike the elevated percentages (Figure 22, page 74) and absolute numbers 
(Figure 23, page 75) of B cells, the abnormal expression of CD23 in Pten-deficient cells 
was not rescued by introduction of pre-rearranged Ig genes (Figure 24, page 76). 
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Figure 24 | Pten is required for differentiation of Fo.B cells 
Mice of the indicated genotypes were sacrifized and splenic B cells (pre-gated on CD19+/B220+) 
were analyzed for surface expression of CD21 and CD23. Shown data are representative of 11 – 35 
individual mice per genotype. (Modified from Setz et al., 2019, Expanded View Figure EV1B, © by 
the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; 3-83, H2-Kb-specific BCR; 
BCR, B-cell antigen receptor; H2-K, MHC class I allele (Kb, high affinity antigen for 3-83 BCR); MHC, 
major histocompatibility complex; ki, knock-in; Ag, antigen; CD, cluster of differentiation; CD21, 
complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII. 
 
 
To determine if the development of mature Fo.B cells is disturbed in general or if Pten-
deficiency affects only the regulation of CD23 expression, we analyzed whether follicular 
structures are present in the spleens of the respective mice (Figure 25, page 77). 
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Figure 25 | Pten is required for differentiation of follicular B cells 
IHC of sections from spleens of Ptenf/f, Ptenf/f x mb1-cre and Ptenf/f x mb1-cre x 3-83ki mice for CD169 
(green, sialoadhesin/SIGLEC-1 expressed by macrophages in the marginal zone), CD5 (red, T cells) 
and IgM (cyan, B cells) at 10x magnification. Pictures below the merged overviews show enlarged 
areas indicated by the white squares, respectively. Double-arrows indicate the distance between T 
cell (red) and marginal zone (green). Shown pictures are representative of 2 – 3 mice per genotype. 
(Legend continued on next page.) 
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(Modified from Setz et al., 2019, Main Figure 3E, page 5 of 17 and Appendix Figure S2, © by the 
authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; Ig, immunoglobulin; 3-83, 
H2-Kb-specific BCR; H2-K, MHC class I allele (Kb, high affinity antigen for 3-83 BCR); MHC, major 
histocompatibility complex; BCR, B-cell antigen receptor; CD, cluster of differentiation; CD5, T-cell 
surface glycoprotein; CD169; sialoadhesin/SIGLEC-1; mm, millimeter. 
 
 
As previously observed, in absence of Pten, the spleens contained follicles with strongly 
reduced numbers of IgM-expressing cells. Introduction of pre-rearranged Ig genes restored 
presence of IgM-expressing cells and increased the numbers of splenic B cells in the 
follicles. Still, the areas occupied by follicular B cells between the marginal and T cell zone 
seemed to be smaller in the absence of Pten as compared with controls (Figure 25, page 
77).  
This suggests that the development of Fo.B cells is affected in the absence of Pten/FoxO1 
function in addition to the impaired expression of Fo.B cell markers such as CD23. 
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3.3 Pten is required for receptor editing  
 
The 3-83 knock-in cassettes encode an autoreactive BCR, which recognizes the MHC class 
I allele H2-Kb with high affinity as compared to the H2-Kd allele (Pelanda et al., 1997). In this 
model receptor editing by secondary Ig gene rearrangement can also be observed on the 
H2-Kd background, for reasons, which to date remain elusive, thereby leading to loss of the 
knock-in LC in the 3-83ki mice (Pelanda et al., 1997).  
On the non-autoreactive H2-Kd background, Pten-deficient B cells expressed the 3-83 BCR 
on their surface as measured by staining with the anti-idiotype antibody 54.1 (Figure 26A, 
page 79), whereas on the autoreactive H2-Kb background, no BCR was detectable on the 
cell surface (Figure 22, page 74 and Figure 26A, page 79). However, neither H2-Kd nor 
H2-Kb background showed receptor editing as the 3-83 LC knock-in was readily detected 
in the genomic DNA from splenic B cells of either background (Figure 26B, page 79). 
 

 
 

Figure 26 | Pten is required for receptor editing 
A | Representative flow cytometric analysis of splenocytes from mice of the indicated genotypes (pre-
gated on B cells: B220+/CD19+) for surface expression of IgM and the 3-83 idiotype (54.1). Shown 
data are representative of 11 – 35 individual mice per genotype. (Setz et al., 2019, Main Figure 1B, 
page 3 of 17.) 
B | PCR fragments amplified with specific primers for Vk and Jk5 from genomic DNA of purified 
splenic B cells from Ptenf/f x 3-83ki and Ptenf/f x mb1-cre x 3-83ki mice on the respective backgrounds. 
Genomic tail DNA from a 3-83ki mouse and DNA from purified splenic B cells from a wild type (WT) 
mouse were used as controls. PCR for the splicing factor SRp20 served as a loading control (H2-Kb: 
+Ag). Data generated and kindly provided by Dr. Thomas Wossning. (Setz et al., 2019, Main Figure 
1C, page 3 of 17.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; 3-83, H2-Kb-specific BCR; 
H2-K, MHC class I allele (Kb, high affinity antigen for 3-83 BCR); MHC, major histocompatibility 
complex; BCR, B-cell antigen receptor; Ag, antigen; ki, knock-in; Ig, immunoglobulin; 54.1, anti-3-83 
idiotype antibody; WT, wild type; LC, light chain; Vk, variable gene segment of k; Jk5, joining gene 
segment 5 of k; SRp20, serine- and arginine-rich splicing factor 3. 
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Together, these data suggest that Pten-deficient B cells cannot edit an autoreactive BCR 
specificity (Halverson et al., 2004; Lang et al., 2016). Indeed, the sera of Ptenf/f x mb1-cre 
mice, despite having decreased B cell numbers (Figure 20B, page 72) and a slightly 
reduced concentration of IgM, contained increased amounts of autoreactive IgM (Figure 
27, page 80).  
 

 
 

Figure 27 | Elevated levels of autoreactive IgM in Pten-deficient B cells 
Concentrations of IgM in the sera of Ptenf/f and Ptenf/f x mb1-cre mice were measured by a-IgM 
ELISA, (n = 29, mean ±SD, left). Levels of autoreactive antibodies in the respective sera were 
determined by a-dsDNA ELISA (Ptenf/f n = 21; Ptenf/f x mb1-cre, n = 19; mean ±SD, right). Statistical 
significance was calculated for serum IgM concentrations by using the unpaired two-tailed t test and 
for anti-DNA IgM titers by applying the Mann-Whitney-U test. Data generated and kindly provided by 
Dr. Eva Hug. (Modified from Setz et al., 2018, Main Figure 2E, page 394, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; ki, knock-in; Ig, 
immunoglobulin; µg, milligram; ml, milliliter; OD, optical density; a-, anti-; dsDNA, double-stranded 
desoxyribonucleic acid. 
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3.4 Pten-deficient B cells are capable of acquiring an anergic 
phenotype 

 
Our results show that Pten-deficient 3-83ki B cells lack BCR expression on the H2-Kb 
background despite the defect in receptor editing (Figure 22, page 74 and Figure 26A, 
page 79). To confirm the expression of the knock-in BCR components, we performed 
intracellular IgM staining and found that almost all Pten-deficient 3-83ki B cells show IgM 
expression in bone marrow and spleen, while Pten-deficient B cells lacking the knock-in 
cassettes showed only a minor fraction of IgM expressing cells (Figure 28, page 81).  
 

 
 
 
 
 
Figure 28 | Pten-deficient B cells are capable of 
acquiring an anergic phenotype 
Intracellular expression of IgM (Ig-µHC ic) in bone 
marrow (left) and spleen cells (right) was determined 
by flow cytometry and compared between the 
populations of B cells (green, identified by B220 and 
CD19 expression) and non-B cells (gray). Numbers in 
histograms indicate the percentages of positive 
populations. Figures are representative of 11 – 35 
individual mice per genotype. (Setz et al., 2019, Main 
Figure 2A, page 4 of 17.) 
Abbreviations: Pten, phosphatase and tensin 
homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; 
cre, recombinase; 3-83, H2-Kb-specific BCR; H2-K, 
MHC class I allele (Kb, high affinity antigen for 3-83 
BCR); MHC, major histocompatibility complex; BCR, 
B-cell antigen receptor; Ag, antigen; ki, knock-in; Ig, 
immunoglobulin; HC, heavy chain; ic, intracellular. 
 
 
 
 

 
These data suggest that Pten-deficient 3-83ki B cells internalize or downregulate surface 
BCR on the autoreactive H2-Kb background. Since downregulation of autoreactive BCR 
renders B cells unresponsive and is known as B cell-anergy, this indicates that Pten is not 
required for anergy induction. To test this directly, we treated splenic B cells from Pten-
deficient 3-83ki mice of the different H2-K backgrounds (Figure 29, page 82) with anti-BCR 
(anti-kLC) antibodies and monitored the subsequent calcium (Ca2+) response (Figure 30, 
page 83). 
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Figure 29 | Enrichment of Pten B cells and gating strategy for analysis of Ca2+ mobilization 
Mice of the indicated genotypes were sacrifized and mature splenic B cells were enriched by magnet-
activated cell sorting (MACS). The purification efficiency was determined by flow cytometry 
(CD19/B220). IgM/IgD surface expression was analyzed in the Thy1.2- population, which was used 
for measurement of calcium (Ca2+) mobilization (Figure 30, page 83). (Modified from Setz et al., 
2019, Appendix Figure S1A, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; 3-83, H2-Kb-specific BCR; 
H2-K, MHC class I allele (Kb, high affinity antigen for 3-83 BCR); MHC, major histocompatibility 
complex; BCR, B-cell antigen receptor; ki, knock-in; Ag, antigen; CD, cluster of differentiation; B220, 
protein tyrosine phosphatase receptor type C of 220 kDa; CD19, B-lymphocyte antigen CD19; 
Thy1.2, CD90.2; Ig, immunoglobulin. 
 
 
We observed that, in contrast to the H2-Kd background, Pten-deficient 3-83ki B cells on the 
autoreactive H2-Kb background failed to mount a Ca2+ response, which is in full agreement 
with their lack of surface BCR on this background (Figure 30, page 83). Cells of the 
indicated genotypes that did not induce Ca2+ influx upon treatment with anti-kLC antibodies 
were further stimulated with ionomycin, confirming that loading with the Ca2+-sensitive dye 
Indo-1 was successful (Figure 30, page 83). 
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Figure 30 | Pten-deficient B cells are capable of acquiring an anergic phenotype 
Intracellular Ca2+ influx was measured in CD90.2/Thy1.2- splenocytes derived from mice of the 
indicated genotypes following stimulation with 10 µg/ml a-Ig-kLC antibody. Figures are 
representative of at least 3 individual mice per genotype. Mature splenic B cells that did not show 
Ca2+ mobilization were further stimulated with ionomycin to verify their capacity to induce Ca2+ influx. 
(Modified from Setz et al., 2019, Main Figure 2B, page 4 of 17 and Appendix Figure S1A, © by the 
authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; 3-83, H2-Kb-specific BCR; 
H2-K, MHC class I allele (Kb, high affinity antigen for 3-83 BCR); MHC, major histocompatibility 
complex; BCR, B-cell antigen receptor; ki, knock-in; Ca2+, calcium; a-, anti-; LC, light chain; s, 
seconds; K, kilo. 
 
 
Moreover, serum antibody concentrations were markedly reduced in Pten-deficient 3-83ki 
mice on the autoreactive H2-Kb background (Figure 31, page 84), although the total number 
of B cells appears to be increased compared to Pten-deficient mice lacking the 3-83 knock-
in-cassettes (Figure 23, page 75). 
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Figure 31 | Serum IgM in Ptenf/f x mb1-cre x 3-83ki 
mice 
Serum IgM concentrations measured in mice of the 
indicated genotypes. Mean ±SD, symbols represent 
individual mice (n). Statistical significance was 
calculated by using the Kruskal-Wallis test, (Table 62, 
page 180). (Modified from Setz et al., 2019, Main 
Figure 2C, page 4 of 17, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin 
homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; 
cre, recombinase; ki, knock-in; 3-83, H2-Kb-specific 
BCR; H2-K, MHC class I allele (Kb, high affinity antigen 
for 3-83 BCR); MHC, major histocompatibility complex; 
BCR, B-cell antigen receptor; Ag, antigen; Ig, 
immunoglobulin; µg, microgram; ml, milliliter; n. s., not 
significant. 

 
 
Interestingly, anergic Pten-deficient 3-83ki B cells on the autoreactive H2-Kb background did 
not show a shortened life span upon in vitro culture as compared to their counterparts on 
the non-autoreactive H2-Kd background (Figure 32, page 84). 
 

 
 
Figure 32 | Survival of anergic B cells 
Splenic B cells from Ptenf/f x mb1-cre x 3-83ki mice on the respective background (H2-Kd: without Ag, 
n = 4; H2-Kb: +Ag, n = 5) were purified and cultured for 7 days in presence of either IL-4 (10 ng/ml), 
LPS (2.5 µg/ml), the combination of both substances, or were left untreated (n. t. = non-treated). 
Percentages of viable B cells, determined at days 2, 3, 5 and 7 by flow cytometry, were normalized 
to those measured at day 1, (RU = relative units, mean ±SEM). Statistical significance was calculated 
by applying the Mann-Whitney-U test (Table 63, page 180). (Setz et al., 2019, Appendix Figure S1B.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; 3-83, H2-Kb-specific BCR; 
H2-K, MHC class I allele (Kb, high affinity antigen for 3-83 BCR); MHC, major histocompatibility 
complex; BCR, B-cell antigen receptor; ki, knock-in; Ag, antigen; LPS, lipopolysachharide(s); IL, 
interleukin; n. t., non-treated; RU, relative units; n. s., not significant.  
 
 
These data suggest that Pten-deficient B cells expressing an autoreactive BCR 
downregulate surface BCR expression and become unresponsive to stimulation by anti-
BCR antibodies indicating that induction of anergy does not require Pten. 
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3.5 IgD BCR expression requires Pten 
 
As compared to Ptenf/f x CD19-cre mice, the majority of peripheral B cells in Ptenf/f x mb1-
cre mice showed reduced IgM expression and no IgD (Figure 20A, page 72 and Figure 33, 
page 85), whereas IgD positive cells were detected in Ptenf/f x CD19-cre mice (Figure 20A, 
page 72). 
 

 
 

Figure 33 | Reduced BCR expression in Pten-deficient mice 
Quantification of IgM (A) and IgD (B) mean fluorescence intensity (MFI) in splenic fractions of B cells 
and non-B cells from Ptenf/f (n = 12) and Ptenf/f x mb1-cre mice (n = 8), mean ±SD. Average MFIs 
from 3 individual stainings per mouse were calculated. Statistical significance was calculated by 
using the tests enlisted in Table 64 (page 180). (Modified from Setz et al., 2018, Supplemental Figure 
S1B, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; Ig, immunoglobulin; MFI, 
mean fluorescence intensity; n. s., not significant. 
 
 
Surprisingly, we found that Pten-deficient B cells, expressing the knock-in cassettes for the 
3-83 BCR, were unable to upregulate IgD BCR expression (Figure 34, page 86) despite 
the normal IgM BCR expression on the H2-Kd background (Figure 22, page 74 and Figure 
26A, page 79).  
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Figure 34 | IgD BCR expression requires Pten 
Splenocytes from Ptenf/f, Ptenf/f x mb1-cre and Ptenf/f x mb1-cre 3-83ki mice on the respective 
backgrounds were analyzed by flow cytometry. B cells were pre-gated by B220 and CD19 expression 
and the IgM/IgD surface expression (dot plots, left) was determined. Histograms (right) show a 
comparison of intracellular IgD expression (Ig-dHC ic) between the splenic populations of B cells 
(orange, identified by B220 and CD19 expression) and non-B cells (gray). Numbers in histograms 
indicate percentages of positive populations. Data are representative of 11 – 35 individual mice per 
genotype. (Modified from Setz et al., 2019, Main Figure 3A, page 5 of 17, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; 3-83, H2-Kb-specific BCR; 
BCR, B-cell antigen receptor; H2-K, MHC class I allele (Kb, high affinity antigen for 3-83 BCR); MHC, 
major histocompatibility complex; ki, knock-in; Ag, antigen; CD, cluster of differentiation; Ig, 
immunoglobulin; HC, heavy chain; ic, intracellular. 
 
 
To investigate whether Pten is required for the activation of IgD expression independent of 
the BCR specificity, we conditionally inactivated Pten in B cells from MD4 transgenic (MD4tg) 
mice expressing transgenes for HC and LC of a hen-egg lysozyme (HEL)-specific BCR. 
This mouse model allows the generation of HEL-specific IgM and IgD BCR. In the presence 
of Pten and the cognate antigen HEL (MD4 x ML5 double-transgenic mice), IgM is largely 
downregulated while IgD surface expression is maintained (Figure 35A, page 87) 
(Goodnow et al., 1988).  
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Figure 35 | IgD BCR expression is reduced in B cells from MD4tg mice in absence of Pten 
A | Splenocytes from Ptenf/f x MD4tg and Ptenf/f x mb1-cre x MD4tg mice in presence and absence of 
the cognate antigen (ML5tg) were analyzed by flow cytometry. B cells were pre-gated by B220 and 
CD19 expression and the IgM/IgD surface expression (dot plots, left) was determined. Histograms 
(right) show a comparison of intracellular IgD expression (Ig-dHC ic) between the splenic populations 
of B cells (orange, identified by B220 and CD19 expression) and non-B cells (gray). Data are 
representative of 11 – 22 individual mice per genotype. (Modified from Setz et al., 2019, Main Figure 
3B, page 5 of 17, © by the authors.) 
B | Quantification of surface IgD MFI in Ptenf/f x MD4-trangenic mice in presence (mb1-cre +/+) and 
absence (mb1-cre +/ki) of Pten. Single dots represent the average MFI of 4 independent 
measurements per mouse (n), mean ±SD. Statistical significance was calculated by using an 
unpaired two-tailed t-test. (Modified from Setz et al., 2019, Main Figure 3C, page 5 of 17, © by the 
authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; MD4, transgenic hen-egg 
lysozyme (HEL)-specific BCR (HH10); ML5, transgenic hen-egg lysozyme (soluble); BCR, B-cell 
antigen receptor; tg, transgenic; ki, knock-in; Ag, antigen; MFI, mean fluorescence intensity; Ig, 
immunoglobulin; HC, heavy chain; ic, intracellular. 
 
 
In agreement with the proposed role of Pten for IgD expression, MD4tg B cells showed 
significant reduction of IgD expression in the absence of Pten as compared with control B 
cells (Figure 35, page 87). 
Moreover, introducing the antigen by further crossing the Ptenf/f x mb1-cre x MD4tg mice 
with the ML5-transgenic (ML5tg) mice, failed to upregulate IgD expression (Figure 35A, 
page 87).  
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Interestingly, the amounts of serum IgM were similar in MD4 single- and MD4 x ML5 double-
transgenic mice (Figure 36A, page 88), while the amounts of HEL-specific antibody were 
reduced in sera from MD4 x ML5 double-transgenic mice (Figure 36B, page 88). 

 

 
 
Figure 36 | Anti-HEL IgM titers in Ptenf/f x mb1-cre x MD4tg x ML5tg mice 
A | Serum IgM levels in Pten-deficient MD4tg mice, compared to the data from Ptenf/f and Ptenf/f x 
mb1-cre mice, already shown in Figure 31 (page 84). Horizontal lines represent the mean ±SD, 
symbols indicate serum IgM concentrations from individual mice (n). Statistical significance was 
calculated by using the Kruskal-Wallis test (Table 65, page 181). (Setz et al., 2019, Expanded View 
Figure EV1A.) 
B | Serum anti-HEL titers. Sera from MD4tg mice of the indicated genotypes were adjusted to an IgM 
concentration of 500 µg/ml and applied in triplicates to HEL-coated plates in dilution steps of 1 : 3, 
mean ±SEM. Statistical significance was calculated by using the Kruskal-Wallis test (Table 66, page 
181). Statements of significance in the figure refer to comparison between Ptenf/f x MD4tg (filled red 
squares) and Ptenf/f x MD4tg x ML5tg sera (filled orange triangles). (Modified from Setz et al., 2019, 
Main Figure 3D, page 5 of 17, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; MD4, transgenic hen-egg 
lysozyme (HEL)-specific BCR (HH10); ML5, transgenic hen-egg lysozyme (soluble); BCR, B-cell 
antigen receptor; ki, knock-in; tg, transgenic; Ag, antigen; Ig, immunoglobulin; µg; microgram; ml, 
milliliter. 



3. Results 
3.6 Pten-induced IgD activates follicular B cell development 

 89 

3.6 Pten-induced IgD activates follicular B cell development 
 
Since IgD and CD23 mark the development of Fo.B cells, the inability of splenic B cells to 
upregulate IgD or CD23 in Pten-deficient mice suggests that Pten regulates the generation 
of Fo.B cells. Therefore, we tested whether conserved Pten downstream elements such as 
the transcription factor FoxO1 can restore the developmental block observed in Pten-
deficient splenic B cells. As constant PI3K signaling leads to elimination of FoxO1 
phosphorylation and its degradation, we used a constitutively active form of FoxO1 to 
transduce Pten-deficient splenic B cells from MD4tg mice. FoxO1-A3 lacks the Akt-
phosphorylation sites and thus accumulates in the cells, as it is not subjected to proteasomal 
degradation (Alkhatib et al., 2012). Following transduction, we monitored IgD and CD23 
expression (Figure 37, page 89). 
 

 
 

Figure 37 | Overexpression of FoxO1-A3 in Ptenf/f x mb1-cre x MD4tg mature splenic B cells 
Schematic overview of the transduction procedure: Purified Ptenf/f x mb1-cre x MD4tg-derived mature 
splenic B cells were cultured in presence of LPS 2.5 µg/ml for 1.5 days and subjected to retroviral 
transduction with expression vectors encoding the constitutively active FoxO1 (FoxO1-A3) or the 
empty vector (EV), respectively. (Setz et al., 2019, Main Figure 4A, page 7 of 17.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; MD4, transgenic hen-egg 
lysozyme (HEL)-specific BCR (HH10); BCR, B-cell antigen receptor; tg, transgenic; LPS, 
lipopolysachharide(s); FoxO1-A3, constitutively active form of forkhead-box transcription factor O1; 
GFP, green fluorescent protein; Ig, immunoglobulin. 
 
 
We found that Pten-deficient MD4tg B cells transduced with FoxO1-A3 showed upregulation 
of both IgD and CD23 expression (Figure 38, page 90). 
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Figure 38 | FoxO1 activates IgD expression and development of Fo.B cells 
Purified Ptenf/f x mb1-cre x MD4tg-derived splenic B cells were subjected to retroviral transduction 
with expression vectors encoding the constitutively active FoxO1 (FoxO1-A3) or EV, respectively (as 
depicted in Figure 37, page 89).  
A, B | 2 days post transduction, surface expression of IgM/IgD (A), IgD and CD23 (B) (numbers 
represent the MFI) was measured by flow cytometry and compared between EV- and FoxO1-A3-
transduced cells. Fluorescence minus one (FMO) stainings, lacking a-IgD or a-CD23 antibodies 
respectively, served as controls (ctrl). (Modified from Setz et al., 2019, Main Figure 4B, page 7 of 17, 
© by the authors.) 
C | Quantified percentages of IgD+ cells (n = 12; left) and MFI of CD23 (as relative units, RU), 
normalized to the MFI measured in the respective EV-transduced cells (n = 12; right). Statistical 
significance of IgD expression was determined by applying the Wilcoxon matched-pairs signed rank 
test, and by applying the two-tailed one-sample t test for CD23. (Modified from Setz et al., 2019, 
Main Figure 4B, page 7 of 17, © by the authors.) 
Abbreviations: MD4, transgenic hen-egg lysozyme (HEL)-specific BCR (HH10); tg, transgenic; Ig, 
immunoglobulin; CD, cluster of differentiation; CD23, high affinity-IgE receptor FceRII; ctrl, control; 
EV, empty vector; FoxO1-A3, constitutively active form of forkhead-box transcription factor O1; MFI, 
mean fluorscence intensity; RU, relative units.  
 
 
In addition, we purified splenic Pten-deficient IgMhi/IgD- B cells expressing endogenous 
BCR (Figure 39, page 91) and transduced them with FoxO1-A3.  
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Figure 39 | Purification of splenic B-1 B cells 
Splenic B-1 B cells were isolated and IgD- cells were purified by MACS-based negative selection. 
The enrichment efficiency was assessed by flow cytometric analysis of IgM/IgD surface expression 
(pre-gated on B cells by CD19 and B220). (Modified from Setz et al., 2019, Expanded View Figure 
EV2A, © by the authors.) 
Abbreviations: Ig, immunoglobulin; MACS, magnet-activated cell sorting. 
 
 
The results show that FoxO1-A3 led to increased IgD and CD23 expression on the surface 
of the transduced splenic B cells (Figure 40, page 91). 
 

 
 
 
Figure 40 | Overexpression of FoxO1-A3 in B-
1 B cells 
Enriched B-1 B cells (as shown in Figure 39, 
page 91) were cultured in presence of 2.5 µg/ml 
LPS for 1.5 days and subjected to retroviral 
transduction with expression vectors encoding 
the constitutively active FoxO1 (FoxO1-A3) or 
EV, respectively.  
A, B | 3 days following transduction the surface 
expression of IgM/IgD (A), IgD and CD23 (B) 
(numbers represent the MFI) was measured by 
flow cytometry and compared between EV- and 
FoxO1-A3-transduced cells. (Modified from Setz 
et al., 2019, Expanded View Figure EV2C, © by 
the authors.) 
C | Quantified percentages of IgD+ cells (n = 7; 
left) and MFI of CD23 (n = 6; right), mean ±SD. 
Symbols indicate data from individual mice. 
Statistical significance was calculated by using 
the Wilcoxon matched-pairs signed rank test. 
(Modified from Setz et al., 2019, Expanded View 
Figure EV2D, © by the authors.)   
Abbreviations: EV, empty vector; FoxO1-A3, 
constitutively active form of forkhead-box 
transcription factor O1; Ig, immunoglobulin; 
CD23, high affinity-IgE receptor FceRII; MFI, 
mean fluorescence intensity. 
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To test whether this increase was the result of transcriptional activation, we analyzed Ig-
dHC transcripts (Ighd) in the transduced B cells. We found that by trend, the FoxO1-A3-
transduced cells show increased amounts of Ighd transcripts as compared with empty 
vector (EV)-transduced cells (Figure 41, page 92). 
 

 
 

Figure 41 | Overexpression of FoxO1-A3 in B-1 B cells 
A | Gating strategy for FACS-purification of transduced B cells (as described in Figure 37, page 89). 
(Setz et al., 2019, Expanded View Figure EV2B, © by the authors.) 
B | Ighd (Ig-dHC) expression in cells from Figure 40 (page 91) measured by qRT-PCR, mean ±SD. 
Symbols indicate expression in individual mice (n = 4). Statistical significance was determined by 
applying the Wilcoxon matched rank test. (Modified from Setz et al., 2019, Expanded View Figure 
EV2E, © by the authors.) 
Abbreviations: FSC, forward scatter; SSC, sideward scatter; -H, height; -W, width; K, kilo; CD, 
cluster of differentiation; B220, protein tyrosine phosphatase receptor type C of 220 kDa; CD19, B-
lymphocyte antigen CD19; EV, empty vector; FoxO1-A3, constitutively active form of forkhead-box 
transcription factor O1; GFP, green fluorescent protein; Ighd, gene encoding immunoglobulin-d 
heavy chain (Ig-dHC); Gapdh, gene encoding glyceraldehyde 3-phosphate dehydrogenase; RU, 
relative units. 
 
 
In line with this finding, deletion of FoxO1 in splenic B cells derived from FoxO1f/f mice by 
introducing a cre-encoding expression vector (Figure 42A-B, page 93) resulted in reduced 
IgD and in CD23 surface expression (Figure 42C-E, page 93).  
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Figure 42 | Deletion of FoxO1 results in reduced IgD and CD23 expression 
A | Schematic overview of the transduction procedure: Purified FoxO1f/f-derived mature splenic B 
cells were cultured in presence of LPS 2.5 µg/ml for 1.5 days and subjected to retroviral transduction 
with expression vectors encoding either cre or EV, respectively. (Setz et al., 2019, Main Figure 4D, 
page 7 of 17.) 
B | Expression vectors encoding cre or the EV were introduced into FoxO1f/f-derived mature splenic 
B cells, respectively as shown in A. 3 days upon transduction, intracellular FoxO1 expression was 
measured by flow cytometry and compared between EV- and cre-transduced cells. Staining only with 
the secondary antibody served as control (ctrl). (Setz et al., 2019, Expanded View Figure EV2F.) 
C, D | 2 days post transduction the surface expression of IgM/IgD (C), IgD and CD23 (D) (numbers 
represent the MFI) was measured by flow cytometry and compared between EV- and cre-transduced 
cells. FMO stainings, lacking a-IgD or a-CD23 antibodies respectively, served as controls (ctrl). 
(Modified from Setz et al., 2019, Main Figure 4E, page 7 of 17, © by the authors.) 
(Legend continued on next page.) 
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E | Quantified percentages of IgD+ cells (n = 6; left) and MFI of CD23 (as relative units, RU), 
normalized to the MFI measured in the respective EV-transduced cells (n = 4; right). Statistical 
significance of IgD expression was determined for IgD expression by applying the Wilcoxon matched-
pairs signed rank test and by using the Wilcoxon signed rank test for CD23 expression. (Modified 
from Setz et al., 2019, Main Figure 4E, page 7 of 17, © by the authors.) 
Abbreviations: FoxO1, forkhead-box transcription factor O1; f/f, homozygous floxed allele; Ig, 
immunoglobulin; cre, recombinase; GFP, green fluorescent protein; CD, cluster of differentiation; 
CD23, high affinity-IgE receptor FceRII; Fo.B, follicular B cell(s); ctrl, control; EV, empty vector; MFI, 
mean fluorscence intensity; RU, relative units.  
 
 
As FoxO1-deletion also seemed to affect IgM surface expression (Figure 43A, page 94), 
we analyzed mRNA levels of Ighm (Ig-µHC) and Cd79b (Ig-b) (Figure 43B, page 94). 
 

 
 

Figure 43 | Reduced surface IgM expression upon deletion of FoxO1 
A | Quantified MFI of IgM (n = 6) in cells from Figure 42 (page 93), mean ±SD. Symbols indicate 
data from individual mice. Statistical significance was calculated by using the Wilcoxon matched-
pairs signed rank test. (Setz et al., 2019, Expanded View Figure EV2G.) 
B | Ighm (Ig-µHC) and Cd79b (Ig-b) expression levels measured at 3 days post transduction by qRT-
PCR in cre- and EV-transduced FoxO1f/f-derived mature splenic B cells, mean ±SD. Symbols indicate 
the expression in individual mice (n = 4). Statistical significance was calculated by using the Wilcoxon 
signed rank test. (Modified from Setz et al., 2019, Expanded View Figure EV2H, © by the authors.) 
Abbreviations: Ig, immunoglobulin; EV, empty vector; cre, recombinase; MFI, mean fluorscence 
intensity; Ighm, gene encoding immunoglobulin-mu heavy chain (Ig-µHC); CD, cluster of 
differentiation; CD79b, gene encoding B-cell antigen receptor complex-associated protein b-chain; 
Gapdh, gene encoding glyceraldehyde 3-phosphate dehydrogenase; RU, relative units. 
 
 
In line with previous studies (Dengler et al., 2008) we detected reduced Cd79b (Ig-b) 
expression in the absence of FoxO1, which may also account for the reduced surface IgM 
expression, as Ighm transcripts were not downregulated (Figure 43B, page 94). The slight 
changes observed in CD23 expression (Figure 38B, page 90 and Figure 42D, page 93) 
upon overexpression/deletion of FoxO1 were further confirmed by analyzing the transcripts 
of Fcer2, the gene encoding CD23 (Figure 44, page 95).  
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Figure 44 | FoxO1 regulates development of Fo.B cells 
Fcer2 transcript levels were measured by qRT-PCR upon FoxO1-A3 overexpression (A) (Figure 38, 
page 90) or FoxO1-deletion (B) (Figure 42, page 93), n = 4, mean ±SD, symbols indicate data from 
individual mice. Statistical significance was calculated by using the Wilcoxon signed rank test. 
(Modified from Setz et al., 2019, Main Figure 4B and E, page 7 of 17, © by the authors.) 
Abbreviations: Gapdh, gene encoding glyceraldehyde 3-phosphate dehydrogenase; RU, relative 
units EV, empty vector; FoxO1-A3, constitutively active form of forkhead-box transcription factor O1; 
cre, recombinase. 
 
 
We further analyzed the expression of the polyadenylation factors, cleavage stimulating 
factor 64 (Cstf64) and RNA polymerase II elongation factor (Ell2), which have been 
proposed to regulate the expression of the membrane-bound and the soluble form of IgM 
(Figure 12, page 23) (Takagaki et al., 1996; Martincic et al., 2009). In addition, we 
investigated the zinc-finger protein Zfp318, which has been reported to regulate IgH pre-
mRNA splicing towards the expression of IgD (Figure 10, page 20) (Enders et al., 2014; 
Pioli et al., 2014). It has been shown that presence of Ell2 promotes utilization of the weaker 
proximal polyadenylation site, used for example in plasma cells to generate soluble IgM 
(pAs in Figure 12, page 23). Thus, for generation of IgM BCR (equipped with the 
transmembrane domain), reduced levels of Ell2 are required. Thereby, reduction of Ell2 
enables read-through to the non-consensus 5′ splicing site in the secretory-terminal exon 
and downstream membrane exons, enabling usage of the strong promoter-distal HC 
membrane polyadenylation site (pAm in Figure 12, page 23). Since the polyadenylation site 
used for production of IgD is located even further downstream, we propose that Ell2 levels 
also have to be decreased to achieve read-through to its localization. 
In fact, upon ectopic overexpression of FoxO1-A3 in Pten-deficient IgMhi/IgD- splenic B cells 
(Figure 37, page 89 and Figure 38, page 90), we detected reduced transcript levels of Ell2 
and elevated mRNA expression of Zfp318 (Figure 45A, page 96).  
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Figure 45 | FoxO1 regulates development of Fo.B cells via Ell2 and Zfp318 
A | Ptenf/f x mb1-cre x MD4tg-derived splenic B cells were subjected to retroviral transduction with 
expression vectors encoding the constitutively active FoxO1 (FoxO1-A3) or EV, respectively, as 
shown in Figure 37 (page 89) and Figure 38 (page 90). Cells were FACS-purified according to the 
gating strategy shown in Figure 41 (page 92) and Cstf64 (n = 8), Ell2 (n = 8) and Zfp318 (n = 11) 
expression levels were measured at 3 days post transduction by qRT-PCR. Mean ±SD, symbols 
indicate the expression in individual mice. Statistical significance was calculated by using the 
Wilcoxon signed rank test. 
B | FoxO1f/f -derived mature splenic B cells were subjected to retroviral transduction with expression 
vectors encoding cre or EV, respectively, as shown in Figure 42 (page 93). Cells were FACS-purified 
according to the gating strategy shown in Figure 41 (page 92) and Cstf64, Ell2 and Zfp318 (n = 4) 
expression levels were measured at 3 days post transduction by qRT-PCR. Mean ±SD, symbols 
indicate the expression in individual mice. Statistical significance was calculated by using the two-
tailed t-test. 
(Modified from Setz et al., 2019, Main Figure 4C and F, page 7 of 17, © by the authors.) 
Abbreviations: Cstf64, gene encoding cleavage stimulating factor 64; Ell2, gene encoding RNA 
polymerase II elongation factor; Zfp318, gene encoding zinc finger protein 318; Gapdh, gene 
encoding glyceraldehyde 3-phosphate dehydrogenase; RU, relative units; EV, empty vector; FoxO1-
A3, constitutively active form of forkhead-box transcription factor O1; cre, recombinase. 
 
 
Notably, deletion of FoxO1 (Figure 42, page 93) led to increased Ell2 transcript levels, 
whereas expression of Zfp318 was significantly reduced (Figure 45B, page 96). However, 
transcript levels of Cstf64 were not significantly changed in both experimental setups 
(Figure 45, page 96). This reciprocal regulation of Ell2 and Zfp318 following constitutive 
activation or deletion of FoxO1, respectively, suggests that FoxO1 controls IgD expression 
via regulating transcription of Ell2 and Zfp318. To test whether FoxO1 directly binds to 
regulatory elements in the gene loci of Zfp318, Ell2 or Fcer2, we analyzed available data 
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on genome-wide FoxO1 occupancy in B cells. Analysis of chromatin immunoprecipitation 
combined with deep DNA sequencing (ChIP-Seq) data, showed no FoxO1-binding within 
the genes of interest. (Lin et al., 2010).  
Together, these data suggest that a Pten-regulated program controls FoxO1 activity and 
activates the expression of IgD and CD23 by an indirect mechanism, thereby enabling the 
development of mature Fo.B cells. 
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3.7 Monovalent antigen controls IgD BCR activation 
 
Together with previous data (Ubelhart et al., 2015), our results suggest that Pten controls 
the responsiveness of B cells by regulating the IgD/IgM BCR ratio.  
To confirm that this central role of IgD is independent of the cell line and its origin, in 
collaboration with the groups of M. Reth and J. Wienands, the HC and LC genes were 
knocked out by the CRISPR/Cas technique in the human Burkitt lymphoma B cell line 
Ramos (He et al., 2018) (Figure 46, page 98). 
 

 
 
Figure 46 | Establishment of BCR-deficient Ramos cells  
A | Establishment of BCR-deficient Ramos cells: Schematic overview of BCR heavy chain (HC) and 
light chain (LC) gene-deletion in Ramos cells by CRISPR/Cas (left). Flow cytometric analysis of BCR 
surface expression in WT and HC/LC-deficient (HL-KO) Ramos cells, (right). (Setz et al., 2019, 
Expanded View Figure 3A.) 
B | Comparison of intracellular Ca2+ influx, measured in WT and HL-KO Ramos cells upon stimulation 
with 10 µg/ml of a-human µHC (top) or lLC (bottom) antibody, respectively. (Modified from Setz et 
al., 2019, Expanded View Figure 3A, © by the authors.) 
Data generated and kindly provided by Ahmad Khadour and Valerio Renna. 
Abbreviations: Ig, immunoglobulin; WT, wild type; CRISPR, clustered regularly interspaced short 
palindromic repeats; Cas, caspase 9; HL-KO, heavy and light chain knock-out Ramos cells; Ca2+, 
calcium; a-, anti; hu, human; HC, heavy chain; LC, light chain; K, kilo; s, seconds. 
 
 
The resulting HC and LC knockout (HL-KO) Ramos cells lack BCR surface expression 
(Figure 46A, page 98) and exhibit abrogated Ca2+ mobilization in response to stimulation 
with anti-BCR antibodies (Figure 46B, page 98). Similar to the TKO system (Meixlsperger 
et al., 2007; Ubelhart et al., 2015) HL-KO Ramos cells were reconstituted with retroviral 
expression vectors (Figure 47A, page 99) encoding murine anti-HEL IgM (HH10-mu IgM) 
or IgD (HH10-mu IgD), respectively. Both BCR isotypes were similarly expressed (Figure 
47B, page 99) and showed comparable HEL-binding (Figure 47C, page 99). Consistent 
with our previous results, HH10-mu IgD remained unresponsive to monovalent soluble HEL 
(sHEL) in contrast to multivalent complex HEL (cHEL), whereas HH10-mu IgM was equally 
responsive to both sHEL and cHEL (Figure 47D, page 99).  
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Figure 47 | Monovalent antigen controls murine IgD BCR activation in human mature B cells 
A | Schematic overview of reconstitution of BCR-deficient Ramos (HL-KO) cells with murine HEL-
specific BCR of IgM (HH10-mu IgM) and IgD (HH10-mu IgD) isotype, respectively. (Setz et al., 2019, 
Main Figure 5A, page 9 of 17.) 
B | Representative flow cytometric analysis measured in Ramos cells, reconstituted with HH10-mu 
IgM or HH10-mu IgD, respectively. Cells were stained with a-murine Ig-µHC-, Ig-dHC- and Ig-kLC-
antibodies, respectively. EV-transduced HL-KO cells, expressing GFP only, were used as negative 
control (gray). (Setz et al., 2019, Main Figure 5B, page 9 of 17.) 
C | Representative flow cytometric analysis of HEL-binding in reconstituted Ramos cells after staining 
with fluorescently-labeled HEL. EV-transduced HL-KO cells, expressing GFP only, were used as 
negative control and are depicted in gray. (Setz et al., 2019, Main Figure 5C, page 9 of 17.)   
D | Representative intracellular Ca2+ influx in HH10-mu IgM and HH10-mu IgD upon stimulation with 
multivalent HEL (complex cHEL), monovalent (soluble sHEL) (both at a concentration of 1 µg/ml), or 
10 µg/ml a-mouse Ig-kLC antibody, respectively. (Modified from Setz et al., 2019, Main Figure 5D, 
page 9 of 17, © by the authors.) 
Data in collected and kindly provided by Ahmad Khadour and Valerio Renna. 
(Legend continued on next page.) 
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Abbreviations: HL-KO, heavy and light chain knock-out Ramos cells; HH10, hen-egg lysozyme 
(HEL)-specific BCR; BCR, B-cell antigen receptor; mu, murine; VH, sequences encoding the variable 
region of the heavy chain; VL, sequences encoding the variable region of the light chain; CH, 
sequences encoding the constant region of the heavy chain; CL, sequences encoding the constant 
region of the light chain; CC, cassette encoding the carboxy-terminal part of cyan fluorescent protein; 
YN, cassette encoding the amino-terminal part of yellow fluorescent protein; Ig, immunoglobulin; HC, 
heavy chain; LC, light chain; Ca2+, calcium; sHEL, soluble (monovalent) hen-egg lysozyme; cHEL, 
complex (multivalent) hen-egg lysozyme; a-, anti; K, kilo; s, seconds.  
 
 
As observed in our previous experimental system (Ubelhart et al., 2015), sHEL interfered 
with cHEL-induced signaling of HH10-mu IgD, while HH10-mu IgM signaling remained 
unaffected (Figure 48, page 100). Thus, the ratio of monovalent to complex antigen 
determines the threshold of IgD activation. 
 

 
 
Figure 48 | Monovalent antigen inhibits murine IgD BCR activation in human mature B cells 
Representative intracellular Ca2+ influx of HH10-mu IgM- (top) and HH10-mu IgD- (bottom) 
expressing HL-KO Ramos cells upon stimulation with indicated ratios of 1 µg/ml cHEL and sHEL, 
and a 1 : 25 mixture of cHEL with bovine serum albumin (BSA), where 1 = 1 µg/ml. 
Data collected and kindly provided by Valerio Renna. 
Abbreviations: HH10, hen-egg lysozyme (HEL)-specific BCR; BCR, B-cell antigen receptor; mu, 
murine; Ca2+, calcium; sHEL, soluble (monovalent) hen-egg lysozyme; cHEL, complex (multivalent) 
hen-egg lysozyme; BSA, bovine serum albumin; K, kilo; s, seconds. 
 
 
Furthermore, we assessed whether human IgM and IgD isotypes recapitulate the difference 
towards monovalent antigen similar to their murine BCR counterparts. Therefore, we 
replaced the constant regions of the HCs by the matching parts of human origin and 
generated human IgM (HH10-hu IgM) or IgD (HH10-hu IgD) BCRs (Figure 49A-C, page 
101), respectively. Indeed, also the HL-KO cells expressing HH10-hu IgD required cHEL 
for Ca2+ mobilization, whereas HH10-hu IgM expressing cells were equally responsive to 
both sHEL and cHEL (Figure 49C-D, page 101). 



3. Results 
3.7 Monovalent antigen controls IgD BCR activation 

 101 

 
 
Figure 49 | Monovalent antigen controls human IgD BCR activation in human mature B cells 
A | Schematic overview of reconstitution of BCR-deficient Ramos (HL-KO) cells with human HEL-
specific BCR of IgM (HH10-mu IgM) and IgD (HH10-mu IgD) isotype, respectively. (Setz et al., 2019, 
Main Figure 5F, page 9 of 17.) 
B | Representative flow cytometric analysis of Ramos cells reconstituted with HH10-hu IgM, HH10-
hu IgD, respectively. Cells were stained with a-human Ig-µHC-, Ig-dHC- and a-mouse-Ig-kLC-
antibodies, respectively. EV-transduced HL-KO cells, expressing GFP only, were used as negative 
control (gray). (Setz et al., 2019, Main Figure 5G, page 9 of 17.) 
C | Representative flow cytometric analysis of HEL-binding in reconstituted Ramos cells after staining 
with fluorescently-labeled HEL. EV-transduced HL-KO cells, expressing GFP only, were used as 
negative control and are depicted in gray. (Setz et al., 2019, Main Figure 5H, page 9 of 17.) 
D | Representative intracellular Ca2+ influx in HH10-mu IgM and HH10-mu IgD upon stimulation with 
multivalent HEL (complex cHEL), monovalent (soluble sHEL) (both at a concentration of 1 µg/ml), or 
10 µg/ml a-mouse Ig-kLC antibody, respectively. (Modified from Setz et al., 2019, Main Figure 5I, 
page 9 of 17, © by the authors.) 
Data in figures B and C collected and kindly provided by Ahmad Khadour and Valerio Renna. 
(Legend continued on next page.) 
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Abbreviations: HL-KO, heavy and light chain knock-out Ramos cells; HH10, hen-egg lysozyme 
(HEL)-specific BCR; BCR, B-cell antigen receptor; hu, human; mu, murine; VH, sequences encoding 
the variable region of the heavy chain; VL, sequences encoding the variable region of the light chain; 
CH, sequences encoding the constant region of the heavy chain; CL, sequences encoding the 
constant region of the light chain; CC, cassette encoding the carboxy-terminal part of cyan 
fluorescent protein; YN, cassette encoding the amino-terminal part of yellow fluorescent protein; Ig, 
immunoglobulin; HC, heavy chain; LC, light chain; Ca2+, calcium; sHEL, soluble (monovalent) hen-
egg lysozyme; cHEL, complex (multivalent) hen-egg lysozyme; a-, anti; K, kilo; s, seconds.  
 
 
Moreover, the interference of sHEL with cHEL-induced HH10-hu IgD signaling remained 
conserved (Figure 50, page 102). 
 

 
 
Figure 50 | Monovalent antigen inhibits human IgD BCR activation in human mature B cells 
Representative intracellular Ca2+ influx of HH10-hu IgM- (top) and HH10-hu IgD- (bottom) expressing 
HL-KO Ramos cells upon stimulation with indicated ratios of 1 µg/ml cHEL and sHEL, and a 1 : 25 
mixture of cHEL with bovine serum albumin (BSA), where 1 = 1 µg/ml. (Setz et al., 2019, Main Figure 
5J, page 9 of 17.)   
Data collected and kindly provided by Valerio Renna. 
Abbreviations: HH10, hen-egg lysozyme (HEL)-specific BCR; BCR, B-cell antigen receptor; hu, 
human; Ca2+, calcium; sHEL, soluble (monovalent) hen-egg lysozyme; cHEL, complex (multivalent) 
hen-egg lysozyme; BSA, bovine serum albumin; K, kilo; s, seconds. 
 
 
Taken together, these data demonstrate that differential responsiveness of IgM and IgD 
towards monovalent antigen is an inherent isotype-specific feature that is independent of 
cell lines, inducible signaling machinery or BCR constant regions from either mouse or 
human. 
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3.8 IgD expression modulates B cell responsiveness 
 
Since B cell responsiveness is determined by both the ratio of IgM/IgD surface expression 
and the ratio of mono- to multivalent antigen, we tested whether the defective upregulation 
of IgD in MD4 x ML5 double-transgenic B cells in absence of Pten was accompanied by an 
increased response of the corresponding B cells to sHEL as compared with multivalent 
cHEL. Comparison of surface BCR expression revealed that, in the absence of Pten, both 
MD4 single-transgenic and MD4 x ML5 double-transgenic B cells show equally high IgM 
expression and strongly reduced IgD expression as compared with Pten-sufficient 
counterparts (Figure 51, page 103). 
 

 
 
Figure 51 | Surface IgM and IgD expression in MD4tg B cells 
Quantification of surface IgM (A) and IgD (B) MFI in B cells from mice of the indicated genotypes. 
Single dots represent the average MFI of 4 independent measurements per mouse (n), mean ±SD. 
IgD expression of Ptenf/f x MD4tg and Ptenf/f x mb1-cre x MD4tg B cells already shown in Figure 35B 
(page 87). Statistical significance was calculated by using the Kruskal-Wallis test (Table 67, page 
182). (Modified from Setz et al., 2019, Main Figure 6A, page 11 of 17, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
transgenic antigen receptor complex-associated protein a-chain; cre, recombinase; ki, knock-in; 
MD4, hen-egg lysozyme (HEL)-specific BCR (HH10); BCR, B-cell antigen receptor; ML5, transgenic 
hen-egg lysozyme (soluble); tg, transgenic; Ag, antigen; Ig, immunoglobulin; MFI, mean fluorescence 
intensity; n. s., not significant. 
 
 
As expected, B cells expressing an increased amount of IgM BCR show strong Ca2+ influx 
in response to sHEL treatment while B cells expressing IgD BCR respond only to cHEL 
(Figure 52, page 104). This is in agreement with the proposed essential role of Pten in the 
activation of IgD expression and with the selective responsiveness of IgD towards complex 
antigen. 
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Figure 52 | IgD expression modulates B cell responsiveness 
A | Representative intracellular Ca2+ influx measured in Thy1.2- splenocytes, derived from mice of 
the indicated genotypes, upon stimulation with multivalent cHEL, monovalent sHEL (both at a con-
centration of 1 µg/ml) or 10 µg/ml a-mouse Ig-kLC antibody, respectively. (Modified from Setz et al., 
2019, Main Figure 6B, page 11 of 17, © by the authors.) 
(Legend continued on next page.) 
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B | Overlayed MFI of the Ca2+ influx kinetics displayed in the plots from A. (Modified from Setz et al., 
2019, Main Figure 6B, page 11 of 17, © by the authors.) 
C | Quantification of intracellular Ca2+ influx from A. The median area under the curves of the Ca2+ 
influx kinetics was calculated by Palash C. Maity. Single dots represent data from individual mice, 
mean ±SD. Statistical significance was calculated by applying the Mann-Whitney-U-test (Table 68, 
page 182). (Modified from Setz et al., 2019, Main Figure 6C, page 11 of 17, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; ki, knock-in; MD4, 
transgenic hen-egg lysozyme (HEL)-specific BCR (HH10); BCR, B-cell antigen receptor; ML5, 
transgenic hen-egg lysozyme (soluble); tg, transgenic; Ag, antigen; sHEL, soluble (monovalent) hen-
egg lysozyme; cHEL, complex (multivalent) hen-egg lysozyme; a-, anti; LC, light chain; Ca2+, 
calcium; K, kilo; MFI, mean fluorescence intensity; n. s., not significant.  
 
 
Interestingly, Pten-inactivation in B cells results in increased compartments of MZ.B and 
CD21lo B cells (Figure 20A and F, page 72), which show lower IgD expression as compared 
with Fo.B cells (Figure 53A, page 106). Although splenic Fo.B and MZ.B cells also differ in 
other properties such as CD21 and CD23 expression, MZ.B cells showed a stronger Ca2+ 
influx upon stimulation (Figure 53B-C, page 106). 
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Figure 53 | Ca2+ response in Fo.B & MZ.B cells  
A | Representative surface expression of IgM, IgD, Ig-kLC and HEL-binding in splenic CD21lo/CD23+ 
(Fo.B, blue) and CD21hi/CD23lo/- (MZ.B, red) B cells from MD4tg mice as compared to non-B cells 
(gray). (Modified from Setz et al., 2019, Expanded View Figure EV3C, © by the authors.) 
B | Representative intracellular Ca2+ influx measured in CD21lo/CD23+ (Fo.B, blue) and 
CD21hi/CD23lo/- (MZ.B, red) B cells. Cells were purified by MACS (negative selection), then stained 
for CD21 and CD23 and subjected to Ca2+ measurement upon stimulation with either multivalent 
HEL (complex cHEL), monovalent (soluble sHEL) (both at a concentration of 1 µg/ml), or 10 µg/ml 
a-mouse Ig-kLC antibody, respectively. n. t. = non-treated. Data are representative of 3 individual 
mice. (Modified from Setz et al., 2019, Expanded View Figure EV3D, © by the authors.) 
C | Overlayed MFI of the Ca2+ influx kinetics displayed in the plots from B: blue Fo.B; red MZ.B. 
(Modified from Setz et al., 2019, Expanded View Figure EV3E, © by the authors.) 
Abbreviations: MD4, transgenic hen-egg lysozyme (HEL)-specific BCR (HH10); BCR, B-cell 
antigen receptor; tg, transgenic; CD, cluster of differentiation; CD21, complement receptor type 2 
(CR2); CD23, high affinity-IgE receptor FceRII; Fo.B, follicular B cell(s); MZ.B, marginal zone B cell(s); 
Ig, immunoglobulin; LC, light chain; Ca2+, calcium; n. t., non-treated; HEL; sHEL, soluble 
(monovalent) hen-egg lysozyme; cHEL, complex (multivalent) hen-egg lysozyme; a-, anti; K, kilo; s, 
seconds. 
 
 
Together, these data suggest that Pten modulates B cell responsiveness and B cell 
development by activation of IgD expression and thereby altering the IgD/IgM ratio. 
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3.9 B cells from Pten-deficient mice are committed to terminal 
differentiation 

 
In agreement with previous reports (Suzuki et al., 2003; Omori et al., 2006), we found that 
loss of Pten function in B cells, and thus increased PI3K activity, promotes plasma cell 
differentiation. As shown in Figure 54 (page 107), treatment of Pten-deficient splenocytes 
with LPS resulted in increased percentages of B220lo/CD138+ plasma cells as compared to 
cells from control mice. 
 

 
 
Figure 54 | B cells from Pten-deficient mice are committed to terminal differentiation 
Splenocytes from control, Ptenf/f x mb1-cre and Ptenf/f x CD19-cre mice were either left untreated (n. 
t. = non-treated) or stimulated with 2.5 µg/ml LPS and after 3 and 5 days analyzed for B220 and 
CD138 expression by flow cytometry (pre-gated on CD19+ cells). Bar diagrams besides the 
representative flow cytometry plots show quantification of CD138+ B cells in LPS- and non-treated 
splenocytes at day 3 (top) and 5 (bottom) post stimulation. Ptenf/f (n = 7), Ptenf/f x mb1-cre (n = 6) 
and Ptenf/f x CD19-cre mice (n = 5), mean ±SD. Statistical significance was calculated by using the 
Wilcoxon matched-pairs signed rank test (n. t. vs. LPS) and otherwise the Mann-Whitney-U test 
(Table 69, page 183). (Modified from Setz et al., 2018, Main Figure 2A, page 394, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; CD, cluster of 
differentiation; CD19, B-lymphocyte antigen CD19; B220, protein tyrosine phosphatase receptor type 
C of 220 kDa; CD138, syndecan-1; n. t., non-treated; LPS, lipopolysaccharide(s); n. s., not 
significant. 
 
 
To investigate the underlying molecular mechanism behind the observed predisposition 
towards plasma cell differentiation, we determined whether PI3K activates downstream 
pathways that drive the program of terminal differentiation, or whether this is rather a result 
of PI3K-mediated inactivation of inhibitory factors. Moreover, we examined whether mTor 
also participates in this process. Although prior to stimulation the percentage of plasma cells 
was low, B cells from Pten-deficient mice exhibited an enhanced basal activity of mTor as 
measured by phosphorylation of the ribosomal protein S6, and elevated levels of the 



3. Results 
3.9 B cells from Pten-deficient mice are committed to terminal differentiation 

 108 

transcription factors interferon-regulatory factor 4 (Irf4) and Blimp-1 as compared to WT 
cells (Figure 55, page 108 and Figure 56, page 109). 
 

 
 
Figure 55 | B cells from Pten-deficient mice show enhanced basal Blimp-1 expression 
Representative intracellular flow cytometric analysis of pS6 (A), Irf4 (B), Blimp-1 (C) and Bcl6 (D) 
expression in CD138+ and CD138- B cells from Figure 54 (page 107) at day 3. Numbers in plots A 
– C indicate the percentages of positive cells, numbers in D indicate the MFI. Data are representative 
of at least 2 mice per genotype. (Modified from Setz et al., 2018, Main Figure 2B, page 394, and 
Supplemental Figure S1C, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; CD, cluster of 
differentiation; CD19, B-lymphocyte antigen CD19; CD138, syndecan-1; ctrl, control; LPS, 
lipopolysaccharide(s); pS6, phosphorylated ribosomal protein S6; Irf4, interferon-regulatory factor 4; 
Blimp-1, B lymphocyte-induced maturation protein 1; Bcl6, B-cell lymphoma protein 6. 
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Three days upon stimulation with LPS, these factors were further elevated, while inhibitory 
factors of plasma cell differentiation such as B-cell lymphoma protein 6 (Bcl6) (Figure 55, 
page 108), interferon-regulatory factor 8 (Irf8), and broad complex-tramtrack-bric a brac and 
Cap'n'collar homology 2 protein (Bach2) (Figure 56, page 109) showed only slight changes. 

 
 
Figure 56 | B cells from Pten-deficient mice show enhanced 
basal Blimp-1 expression 
Immunoblot analysis of Blimp-1, Irf4, pS6, Irf8 and Bach2 
expression in splenocytes from Figure 54 (page 107) at day 3. 
Gapdh served as loading control. Data are representative of at 
least 2 mice per genotype. (Setz et al., 2018, Main Figure 2C, page 
394.)  
Abbreviations: Pten, phosphatase and tensin homolog; f/f, 
homozygous floxed allele; cre, recombinase; CD, cluster of 
differentiation; CD19, B-lymphocyte antigen CD19; n. t., non-
treated; LPS, lipopolysaccharide(s); Blimp-1, B lymphocyte-
induced maturation protein 1; Gapdh, glyceraldehyde 3-phosphate 
dehydrogenase; Irf4, interferon-regulatory factor 4; pS6, 
phosphorylated ribosomal protein 6; Irf8, interferon-regulatory 
factor 8; Bach2, broad complex-tramtrack-bric a brac and 
Cap'n'collar homology 2 protein. 
 

 
These findings indicate that elevated PI3K activity leads to basal activation of mTor, Irf4 
and Blimp-1, which initiates terminal differentiation of B cells. 
In fact, we detected an increased population of CD138+/B220lo plasma cells specifically 
within the population of CD21lo/CD23- B cells in the spleens of Ptenf/f x mb1-cre mice 
(Figure 57, page 110), suggesting that CD21lo/CD23- cells are particularly prone to undergo 
terminal differentiation. 
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Figure 57 | The population of CD21lo/CD23- B cells from Ptenf/f x mb1-cre mice contains 
increased amounts of plasma cells 
Representative flow cytometric analysis of CD19+/B220lo/CD138+ plasma cells in freshly isolated 
Fo.B (CD21+/CD23+), MZ.B (CD21hi/CD23lo/-) and CD21lo/CD23- splenic B cell subpopulations from 
Ptenf/f and Ptenf/f x mb1-cre mice. CD19+/B220lo/CD138+ cells in CD21lo/CD23- B cells were further 
analyzed for surface IgM expression. Data are representative of at minimum 2 mice per genotype. 
(Setz et al., 2018, Supplemental Figure S2A.)  
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; mb1, B-cell 
antigen receptor complex-associated protein a-chain; cre, recombinase; CD, cluster of 
differentiation; B220, protein tyrosine phosphatase receptor type C of 220 kDa; CD19, B-lymphocyte 
antigen CD19; CD21 complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII; 
CD138, syndecan-1; hi, high; lo, low; Ig, immunoglobulin; Fo.B, follicular B cell(s); MZ.B, marginal 
zone B cell(s).  
 
 
To further investigate this, we stimulated sorted B cells from all three compartments (Fo.B 
CD21+/CD23+, MZ.B CD21hi/CD23lo/-, and CD21lo/CD23- B cells) with LPS (Figure 58, page 
111) and observed that B cells originating from the CD21lo/CD23- population readily 
differentiated into plasma cells. This behavior was most evident in B cells from Ptenf/f x 
CD19-cre mice. Interestingly, also cells from the other fractions showed a certain, albeit, 
lower capacity for plasma cell differentiation. 
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Figure 58 | CD21lo/CD23- splenic B cells are committed to terminal differentiation 
Fo.B (CD21+/CD23+), MZ.B (CD21hi/CD23lo/-) and CD21lo/CD23- splenic B cell populations were 
FACS-purified from spleens of Ptenf/f and Ptenf/f x CD19-cre mice. Cells were either left untreated or 
cultured in presence of LPS (2.5 µg/ml) for 5 days and surface expression of CD138 and B220 was 
assessed at the indicated time points. Data are representative of at least 3 mice per genotype. 
(Modified from Setz et al., 2018, Supplemental Figure S2B, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; cre, 
recombinase; CD, cluster of differentiation; B220, protein tyrosine phosphatase receptor type C of 
220 kDa; CD19, B-lymphocyte antigen CD19; CD21, complement receptor type 2 (CR2); CD23, high 
affinity-IgE receptor FceRII; CD138, syndecan-1; hi, high; lo, low; LPS, lipopolysaccharide(s). 
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Since Blimp-1 controls plasma cell differentiation in B cells (Turner et al., 1994; Shapiro-
Shelef et al., 2005; Nutt et al., 2007), we analyzed the transcript levels of PR domain zinc 
finger protein 1 (Prdm1), the gene encoding Blimp-1, in Fo.B, MZ.B and CD21lo/CD23- 
splenic B cells. Therefore, we purified cells from the different B cell compartments in the 
spleens of control and Pten-deficient mice (Figure 59, page 112), isolated RNA and 
performed qRT-PCR. 
 

 
 
Figure 59 | Gating strategy for purification of splenic Fo.B, MZ.B, CD21lo/CD23- and B-1a B 
cells 
A | Fo.B (CD21+/CD23+, blue), MZ.B (CD21hi/CD23lo/-, red) and CD21lo/CD23- (green) B cells, from 
spleens of control, Ptenf/f x mb1-cre, Ptenf/f x CD19-cre and Ptenf/f x Prdm1f/f x CD19-cre mice were 
FACS-purified as illustrated by the gating strategy. (Setz et al., 2018, Supplemental Figure S3A.) 
B | Representative re-analysis of splenic B cell populations from the control mouse, purified 
according to the gating strategy shown in A to determine the purity of the sorted populations. (Setz 
et al., 2018, Supplemental Figure S3B.) 
C | Splenic B-1a B cells from wild type mice (pre-gated on CD19+ cells) were FACS-purified (top) 
and re-analyzed subsequently to assess the purity (bottom).  
Dead cells and doublets were removed also during purification of the population in C as shown in A. 
(Setz et al., 2018, Supplemental Figure S3F.) 
Abbreviations: Pten, phosphatase and tensin homolog; Prdm1, PR domain zinc finger protein 1, 
gene encoding Blimp-1; Blimp-1, B lymphocyte-induced maturation protein 1; f/f, homozygous floxed 
allele; cre, recombinase; mb1, B-cell antigen receptor complex-associated protein a-chain; FSC, 
forward scatter, SSC, sideward scatter; -H, height; -W, width; CD, cluster of differentiation; B220, 
protein tyrosine phosphatase receptor type C of 220 kDa; CD5, T-cell surface glycoprotein; CD19, 
B-lymphocyte antigen CD19; CD21, complement receptor type 2 (CR2); CD23, high affinity-IgE 
receptor FceRII; hi, high; lo, low. 
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This analysis revealed that, the CD21lo/CD23- B cells, which are increased in Ptenf/f x mb1-
cre as well as in Ptenf/f x CD19-cre mice, express the highest levels of Prdm1 among the B 
cell populations (Figure 60, page 113). However, Prdm1 expression seemed to be 
comparable between B cells from control and Pten-deficient mice, suggesting that the 
enhanced capacity of Pten-deficient B cells to undergo plasma cell differentiation is due to 
an accelerated terminal differentiation process in the expanded CD21lo/CD23- B cell 
population. 
 

 
 

Figure 60 | Increased Blimp-1 expression in Pten-deficient splenic B cells 
Fo.B (CD21+/CD23+, blue), MZ.B (CD21hi/CD23lo/-, red) and CD21lo/CD23- B cells (green), from 
control (n = 11), Ptenf/f x mb1-cre (n = 5) and Ptenf/f x CD19-cre mice (n = 4) were FACS-purified and 
expression levels of Prdm1 in the respective B cell populations were determined by qRT-PCR. 
Results are shown as relative units (RU) normalized to levels measured in bone marrow-derived pro-
B cells (CD19+/B220+/IgM-/IgD-/CD25-), mean +SD. Statistical significance was determined by 
applying the one sample two-tailed test and the Kruskal-Wallis test (Table 70, page 183). (Modified 
from Setz et al., 2018, Main Figure 2D, page 394, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; cre, 
recombinase; mb1, B-cell antigen receptor complex-associated protein a-chain; Prdm1, PR domain 
zinc finger protein 1, gene encoding Blimp-1; Blimp-1, B lymphocyte-induced maturation protein 1; 
Gapdh, gene encoding glyceraldehyde 3-phosphate dehydrogenase; RU, relative units; BM, bone 
marrow; Ig, immunoglobulin; CD, cluster of differentiation; CD19, B-lymphocyte antigen CD19; CD21, 
complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII; hi, high; lo, low; n. s., not 
significant. 
 
 
The increased Prdm1 expression suggested that B cells with increased PI3K activity 
develop into a specific compartment that is committed to terminal differentiation under 
normal conditions.  
Accordingly, developing B cells that interact with autoantigen (Figure 27, page 80) may 
induce BCR-dependent PI3K signaling and become selected into this compartment.  
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3.10 Increased autoreactivity in Blimp-1-deficient B cells 
 
To directly test if Blimp-1 plays a role in early B cell selection, we performed a 
comprehensive analysis of B cell development in Prdm1f/f x mb1-cre mice. In Prdm1f/f mice, 
the exons which encode the zinc finger region are flanked by loxP sites (Shapiro-Shelef et 
al., 2003). The early expression of mb1 in pro-B cells ensures efficient deletion of Prdm1 at 
the earliest stages prior to V(D)J recombination. 
 

 
 
Figure 61 | Blimp-1-deficient mice show an increased compartment of B-1a B cells in the 
spleen 
A | Splenocytes from Prdm1f/f and Prdm1f/f x mb1-cre mice were analyzed by flow cytometry for 
surface expression of the indicated markers and reactivity to PtC. (Setz et al., 2018, Main Figure 3A, 
page 396.)  
B | Absolute numbers of total B cells (CD19+ cells) and B-1a B cells in spleens from Prdm1f/f x mb1-
cre mice compared to controls (n = 14, median ±quartile and range). Statistical significance was 
calculated by using the two-tailed unpaired t test (total B cells) and the Mann-Whitney-U test (B-1a 
B cells). (Modified from Setz et al., 2018, Main Figure 3B, page 396, © by the authors.) 
C | Cell numbers of splenic Fo.B (blue), MZ.B (red) and CD21lo/CD23- (green) B cells from Prdm1f/f 
and Prdm1f/f x mb1-cre mice (n = 14, median ±quartile and range). Statistical significance was 
calculated by applying the two-tailed unpaired t test (Fo.B and MZ.B cells) and the Mann-Whitney-U 
test (CD21lo/CD23- B cells). (Modified from Setz et al., 2018, Supplemental Figure S4A, © by the 
authors.) 
Abbreviations: Prdm1, PR domain zinc finger protein 1, gene encoding Blimp-1; Blimp-1, B 
lymphocyte-induced maturation protein 1; f/f, homozygous floxed allele; mb1, B-cell antigen receptor 
complex-associated protein a-chain; cre, recombinase; ki, knock-in; CD, cluster of differentiation; 
B220, protein tyrosine phosphatase receptor type C of 220 kDa; CD5, T-cell surface glycoprotein; 
CD19, B-lymphocyte antigen CD19; CD21, complement receptor type 2 (CR2); CD23, high affinity-
IgE receptor FceRII; hi, high; lo, low; Ig, immunoglobulin; PtC, phosphatidylcholine; n. s., not 
significant. 
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However, the compartment of CD21lo/CD23- B cells was significantly increased (Figure 
61C, page 114) and a distinct CD23- population with intermediate CD21 expression (Figure 
61A, page 114) was detected. Such a population has previously been shown to contain 
CD5+ B cells and to correlate with the production of autoantibodies (Nguyen and Baumgarth, 
2016). In fact, the ratio and total cell numbers of B-1a B cells were increased in the absence 
of Blimp-1 (Figure 61A-B, page 114 and Figure 62A-B, page 116).  
As Blimp-1 is the key regulator of plasma cell differentiation, sera of Prdm1f/f x mb1-cre mice 
are devoid of antibodies (Shapiro-Shelef et al., 2003). To test, if the observed phenotype 
could be due to the lack of serum antibodies, we inducibly deleted Prdm1 in vivo by 
administration of 4-OHT. Our findings show, that the increased CD5+ B cell population can 
also be observed after inducible deletion of Prdm1, suggesting that the absence of 
antibodies in sera of Prdm1f/f x mb1-cre mice is unlikely the main reason for the expansion 
of B-1 cells in these mice (Figure 62C, page 116). This finding indicates that Blimp-1 
deficiency is associated with defects in B cell selection, thereby leading to increased 
numbers of potentially autoreactive B cells, as B-1a B cells often express autoreactive 
BCRs. 
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Figure 62 | Blimp-1-deficient mice show an increased compartment of B-1a B cells in the 
peritoneal cavity 
A | Representative flow cytometric analyses of peritoneal cavity lavages from Prdm1f/f and Prdm1f/f 
x mb1-cre mice for surface expression of the indicated markers and binding of PtC. (Setz et al., 2018, 
Supplemental Figure S4C.) 
B | Absolute numbers of total B cells and B-1a B cells in peritoneal cavities from Prdm1f/f and Prdm1f/f 
x mb1-cre mice (n = 8, median ±quartile and range). Statistical significance was calculated by using 
the two-tailed unpaired t test. Data generated and kindly provided by Dr. Eva Hug. (Modified from 
Setz et al., 2018, Supplemental Figure S4B, © by the authors). 
C | Representative flow cytometric analysis of peripheral blood cells from mice of the indicated 
genotypes 6 months after inducible deletion of Prdm1 by + 4-OHT administration (right). Mice 
expressing mb1-cre-ERT2 in absence of floxed alleles (left) treated with tamoxifen served as control. 
Shown data are representative for at least 2 individual mice per genotype. Data generated and kindly 
provided by Dr. Elias Hobeika. (Modified from Setz et al., 2018, Supplemental Figure S4D, © by the 
authors). 
Abbreviations: Prdm1, PR domain zinc finger protein 1, gene encoding Blimp-1; Blimp-1, B 
lymphocyte-induced maturation protein 1; f/f, homozygous floxed allele; mb1, B-cell antigen receptor 
complex-associated protein a-chain; cre, recombinase; ki, knock-in; B220, protein tyrosine 
phosphatase receptor type C of 220 kDa; CD, cluster of differentiation; CD5, T-cell surface 
glycoprotein; CD19, B-lymphocyte antigen CD19; Ig, immunoglobulin; PtC, phosphatidylcholine; 
ERT2, mutated ligand-binding domain of estrogen receptor; 4-OHT, 4-hydroxytamoxifen. 
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To further test this, we determined the fraction of PtC-reactive B cells in Prdm1f/f x mb1-cre 
mice, since PtC is a common autoantigen recognized by B-1a BCRs (Figure 61A, page 
114) (Mercolino et al., 1988; Tsiantoulas et al., 2012). PtC-reactive B cells were by trend 
increased in Prdm1f/f x mb1-cre mice as compared with control mice (Figure 63, page 117).  
 

 
 

Figure 63 | Elevated amounts of autoreactive B cells in Blimp-1-deficient mice 
Numbers of PtC-reactive B cells in bone marrow, spleens and peritoneal cavities from Prdm1f/f and 
Prdm1f/f x mb1-cre mice (n = 3, mean ±SD). Statistical significance was calculated by applying the 
Mann-Whitney-U test. Data generated and kindly provided by Dr. Eva Hug. (Modified from Setz et 
al., 2018, Supplemental Figure S4E, © by the authors.) 
Abbreviations: Prdm1, PR domain zinc finger protein 1, gene encoding Blimp-1; Blimp-1, B 
lymphocyte-induced maturation protein 1; f/f, homozygous floxed allele; mb1, B-cell antigen receptor 
complex-associated protein a-chain; cre, recombinase; ki, knock-in; PtC, phosphatidylcholine. 
 
 
To confirm that Blimp-1 deficiency leads to the development of autoreactive B cells, we 
tested the antibody that might potentially be secreted by Blimp-1-deficient B cells. To this 
end, we introduced Blimp-1 by retroviral transduction into splenic Prdm1f/f x mb1-cre B cells 
and measured the concentration of secreted anti-dsDNA antibody in the supernatant after 
7 days of stimulation with LPS to induce terminal differentiation (Figure 64A, page 118). 
Our results show that the supernatant of B cells derived from Prdm1f/f x mb1-cre mice 
contains significantly higher anti-dsDNA antibodies than supernatants from cells of control 
mice (Figure 64B, page 118). 
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Figure 64 | Increased autoreactivity in Blimp-1-deficient B cells 
A | In vitro antibody secretion by mature splenic B cells from Prdm1f/f and Prdm1f/f x mb1-cre mice 
after retroviral transduction with EV or an expression vector encoding Blimp-1 was measured by a-
IgM ELISA (n = 9, mean ±SD). Statistical significance between EV and Blimp-1 was calculated by 
using the Wilcoxon matched-pairs signed rank test, between Prdm1f/f and Prdm1f/f x mb1-cre by 
using the Mann-Whitney-U test (Table 71, page 184).  
B | The autoreactive capacity of antibody secreted in vitro by splenocytes from mice of the indicated 
genotypes was determined by a-dsDNA ELISA (n = 9, ±SD). IgM concentrations used in the a-
dsDNA ELISA were calculated based on the results shown in A, assuming that Blimp-1-reconstituted 
Prdm1f/f and Prdm1f/f x mb1-cre cells show similar concentrations. Statistical significance was 
calculated by using the two-tailed paired t-test (Table 71, page 184). 
Data generated and kindly provided by Dr. Eva Hug. (Modified from Setz et al., 2018, Main Figure 
3C-D, page 396, © by the authors). 
Abbreviations: Prdm1, PR domain zinc finger protein 1, gene encoding Blimp-1; Blimp-1, B 
lymphocyte-induced maturation protein 1; f/f, homozygous floxed allele; mb1, B-cell antigen receptor 
complex-associated protein a-chain; cre, recombinase; ki, knock-in; µg, microgram; ml, milliliter; EV, 
empty vector; OD, optical density; Ig, immunoglobulin; n. s., not significant. 
 
 
This points toward an unexpected role of Blimp-1 in early B cell development. Accordingly, 
B cells that fail to remove an autoreactive BCR specificity undergo Blimp-1-induced 
premature terminal differentiation. 
To test this directly, we expressed the µHCs and LCs of the HEL-specific BCR (HH10) and 
the NIP-specific B1-8 BCR in Rag2/l5-double knock out (DKO) pro-B cells, respectively 
(Figure 65A, page 119), and tested induction of Blimp-1 expression after incubation with 
the cognate antigen or anti-BCR antibodies. In fact, treatment with the cognate antigen 
(HEL for HH10 and 4-hydroxy-3-iodo-5-nitrophenylacetyl hapten coupled to BSA (NIP(7)-
BSA) for B1-8 BCR, respectively) or anti-LC antibody led to upregulation of Blimp-1 (Figure 
65B-C, page 119) and BCR-expressing cells were lost after incubation with these stimuli 
(Figure 65D-E, page 119).  
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Figure 65 | Stimulation of the BCR results in upregulation of Blimp-1 and loss of the cells 
A | Representative analysis of BCR expression in Rag2/l5-double-knockout (DKO) pro-B cells 
reconstituted with HC and LC of NIP-specific (B1-8, middle) and HEL-specific (HH10, bottom) IgM 
BCR, or EV (top), respectively. (Setz et al., 2018, Main Figure 3E, page 396.)  
B | Rag2/l5-DKO expressing either B1-8 (blue) or HH10 (red) BCR were mixed with untransduced 
(BCR-deficient) Rag2/l5-DKO cells at a 1 : 1 ratio. Intracellular Blimp-1 expression levels were 
measured in BCR+ and BCR- populations (defined by intracellular Ig-µHC staining) following 38 h of 
incubation with anti-BCR antibodies (0.5 µg/ml a-l- or a-kLC, respectively) or the cognate antigen 
(Ag, 50 ng/ml NIP(7)-BSA or soluble HEL, respectively). (Setz et al., 2018, Main Figure 3F, page 
396.) 
C | Quantification of the MFI of Blimp-1 (in the cells from B) normalized to the respective unstimulated 
control (EV, n = 13; B1-8+/-, n = 6; HH10+/-, n = 13; mean ±SD). Statistical significance was calculated 
by using the Wilcoxon matched-pairs signed rank test (Table 72, page 184). (Modified from Setz et 
al., 2018, Main Figure 3G, page 396, © by the authors.) 
D | Percentages of viable Ig-µHC+ (ic, intracellular) cells following 38 h of stimulation with a-LC 
antibody or the cognate antigen (as described in B). (Setz et al., 2018, Main Figure 3H, page 396.) 
E | Quantification of percentages of viable ic Ig-µHC+ cells (cells from D) normalized to the respective 
unstimulated control (EV, n = 13; B1-8+/-, n = 6; HH10+/-, n = 13; mean ±SD). Statistical significance 
was calculated compared to non-treated samples by using the Wilcoxon signed rank test (Table 73, 
page 184). (Modified from Setz et al., 2018, Main Figure 3I, page 396, © by the authors.) 
Abbreviations: EV, empty vector; B1-8, 4-hydroxy-3-iodo-5-nitrophenylacetyl (NIP) hapten-specific 
BCR; BCR, B-cell antigen receptor; HH10, hen-egg lysozyme (HEL)-specific BCR; BSA, bovine 
serum albumin; ic, intracellular; Ig, immunoglobulin; HC, heavy chain; LC, light chain; a-, anti-; Ag, 
antigen; Blimp-1, B lymphocyte-induced maturation protein 1; MFI, mean fluorescence intensity; RU, 
relative units; n. s., not significant. 
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To show that Blimp-1 induction leads to negative selection in vitro, we directly transduced 
the Rag2/l5-DKO with a Blimp-1-IRES-GFP retroviral vector and analyzed cell survival by 
monitoring GFP expression. We found that the majority of Blimp-1-expressing cells were 
lost within 2 days of culture as compared to cells transduced with the empty vector (Figure 
66, page 120).  
 

 
 

Figure 66 | Ectopic overexpression of Blimp-1 leads to loss of cells 
Survival of Rag2/l5 DKO pro-B cells upon ectopic overexpression of Blimp-1 or EV. Percentages of 
viable GFP+ cells measured at days 5 and 7 were normalized to the percentages measured at day 3 
after transduction (n = 6, mean ±SD). Statistical significance was calculated by applying the Wilcoxon 
signed rank test test (Table 74, page 184). (Modified from Setz et al., 2018, Supplemental Figure 
S4F, © by the authors.) 
Abbreviations: GFP, green fluorescent protein; RU, relative units; EV, empty vector; Blimp-1, B 
lymphocyte-induced maturation protein 1.  
 
 
Our data suggest that defective Blimp-1 function leads to the development of autoreactive 
B cells and an increased compartment of B-1a B cells. However, similar to Pten-deletion, 
Blimp-1-deficiency as such is not sufficient to induce uncontrolled proliferation of B cells. 
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3.11 Bcl2 protects from Blimp-1-mediated cell death 
 
Previous findings indicated that anti-apoptotic factors can rescue cells from Blimp-1-
mediated cell death (Knodel et al., 1999; Hug et al., 2014). Since our data suggest a role of 
Blimp-1 in early B cell development, we purified pro-B, small pre-B and immature B cells 
from the bone marrow of control mice (Figure 67, page 121) and analyzed the expression 
levels of Prdm1 and the gene encoding B-cell lymphoma protein 2 (Bcl2) (Figure 68, page 
122). 
 

 
 

Figure 67 | Gating strategy for purification of early B cells and plasma cells  
A | Pro-B cells (CD19+/B220+/IgM-/IgD-/CD25-, orange), small pre-B cells (CD19+/B220+/IgM-/IgD-

/CD25+, blue) and immature B cells (CD19+/B220+/IgM+/IgD-/CD25-, green) from control mice were 
FACS-purified as illustrated by the gating strategy. (Setz et al., 2018, Supplemental Figure S3C.) 
B | Representative re-analysis of B cell populations purified according to the gating strategy shown 
in A to determine the purity of the sorted populations. (Setz et al., 2018, Supplemental Figure S3D.) 
C | Splenocytes from WT mice were stimulated with 2.5 µg/ml LPS for 5 days. B220lo/CD138+ were 
FACS-purified (top) and subsequently re-analyzed to assess the purity (bottom). (Setz et al., 2018, 
Supplemental Figure S3E.) 
Dead cells and doublets were removed also during purification of the population in C as shown in 
Figure 59A (page 112).  
Abbreviations: CD, cluster of differentiation; B220, protein tyrosine phosphatase receptor type C of 
220 kDa; CD19, B-lymphocyte antigen CD19; CD25, interleukin 2 receptor a-chain; CD138, 
syndecan-1; Ig, immunoglobulin. 
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In fact, Prdm1 expression is elevated in small pre-B cells (Figure 68A-B, page 122). This 
finding is further supported by published gene expression data showing that Prdm1 is 
upregulated in the fraction D of non-cycling pre-B cells (Figure 68C-D, page 122) (Heng et 
al., 2008; Painter et al., 2011; Bagger et al., 2016).  
 

 
 
Figure 68 | Prdm1 and Bcl2 expression in early B cells 
A, B | Pro-B cells (CD19+/B220+/IgM-/IgD-/CD25-, orange, n = 6), small pre-B cells 
(CD19+/B220+/IgM-/IgD-/CD25+, blue, n = 6) and immature B cells (CD19+/B220+/IgM+/IgD-/CD25-, 
green, n = 6) from control mice were FACS-purified. Expression levels of Prdm1 (A) and Bcl2 (B) 
measured by qRT-PCR in the respective populations are shown as RU normalized to the levels 
detected in pro-B cells. Expression levels are further shown in comparison to FACS-purified plasma 
cells (gray, n = 7), mean +SD. Statistical significance was calculated by using the Kruskal-Wallis test 
(Table 75, page 185). (Modified from Setz et al., 2018, Main Figure 4A, page 398, © by the authors.) 
C, D | Analysis of published microarray data on gene expression of Prdm1 (C) and Bcl2 (D) in Hardy 
fractions B/C (pro), D (pre), E (newly formed) and F (recirculating B cells) compared to expression in 
Fo.B, MZ.B and B-1a B cells of the murine spleen (n = 3 and for B-1a B cells n = 5; mean ±SD). 
(Modified from Setz et al., 2018, Supplemental Figure S4G, © by the authors.) 
Abbreviations: Prdm1, PR domain zinc finger protein 1, gene encoding Blimp-1; Blimp-1, B 
lymphocyte-induced maturation protein 1; Bcl2, gene encoding B-cell lymphoma protein 2; Gapdh, 
gene encoding glyceraldehyde 3-phosphate dehydrogenase; RU, relative units; Fo.B, follicular B 
cell(s); MZ.B, marginal zone B cell(s); n. s., not significant; B/C, pro-B cells; D, pre-B cells; E, newly 
formed B cells; F, recirculating B cells. 
 
 
At this stage, B cells rearrange the IgL gene and undergo selection for BCR function. 
Although Prdm1 expression is low, compared to plasma cells (Figure 68A, page 122), the 
expression level is comparable to immature or mature Fo.B cells (Figure 68C, page 122). 
Since later stages of development such as Fo.B cells or B-1a cells also express higher 
levels of Bcl2 than early cells or CD21lo/CD23- B cells (Figure 68B and D, page 122 and 
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Figure 69, page 123), it is conceivable that increased Bcl2 expression protects these cells 
from Blimp-1-mediated premature differentiation. Interestingly, the CD21lo/CD23- population 
in Ptenf/f x Prdm1f/f x CD19-cre mice by trend shows higher Bcl2 expression (Figure 69, 
page 123). 
 

 
 

Figure 69 | Bcl2 expression in Pten-deficient splenic B cells 
Fo.B (CD21+/CD23+, blue), MZ.B (CD21hi/CD23lo/-, red) and CD21lo/CD23- B cells (green), from 
control (n = 11), Ptenf/f x mb1-cre (n = 5) and Ptenf/f x CD19-cre mice (n = 4) were FACS-purified and 
expression levels of Bcl2 in the respective B cell populations were determined by qRT-PCR. Results 
are shown as relative units (RU) normalized to levels measured in bone marrow-derived pro-B cells 
(CD19+/B220+/IgM-/IgD-/CD25-), mean +SD. Statistical significance was calculated by applying the 
Kruskal-Wallis test (Table 76, page 185). (Modified from Setz et al., 2018, Main Figure 4B, page 398, 
© by the authors.) 
Abbreviations: Bcl2, gene encoding B-cell lymphoma protein 2; Gapdh, gene encoding 
glyceraldehyde 3-phosphate dehydrogenase; RU, relative units; Pten, phosphatase and tensin 
homolog; Prdm1, PR domain zinc finger protein 1, gene encoding Blimp-1; Blimp-1, B lymphocyte-
induced maturation protein 1; f/f, homozygous floxed allele; mb1, B-cell antigen receptor complex-
associated protein a-chain; cre, recombinase; CD, cluster of differentiation; CD19, B-lymphocyte 
antigen CD19; CD21, complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII; hi, 
high; lo, low; n. s., not significant. 
 
 
To show that Blimp-1 expression leads to cell death in vitro unless cells are protected by 
anti-apoptotic factors, we transduced Rag2/l5-DKO concomitantly with retroviral 
expression vectors encoding Blimp-1 and Bcl2 and analyzed cell survival by monitoring the 
fluorescence of the respective reporter. We found that the majority of Blimp-1-expressing 
cells were lost within a few days of culture as compared to cells transduced with the empty 
vector (Figure 70, page 124). 
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Figure 70 | Bcl2 protects from Blimp-1-mediated cell death 
A | Representative flow cytometric analysis from concomitant expression of Bcl2 and Blimp-1 (top) 
or EV (bottom) in Rag2/l5-DKO pro-B cells, respectively, measured at days 2, 4 and 6 after retroviral 
transduction. (Modified from Setz et al., 2018, Main Figure 4C, page 398, © by the authors.)  
B | Quantified percentages of viable GFP+ and/or Berry+ cells in the respective quadrants from A at 
days 4 and 6 were normalized to the percentages measured at 2 days post transduction (n = 12, 
mean ±SD). Statistical significance was calculated by using the Mann-Whitney-U test. (Setz et al., 
2018, Main Figure 4D, page 398, © by the authors.)  
Abbreviations: Blimp-1, B lymphocyte-induced maturation protein 1; Bcl2, B-cell lymphoma protein 
2; EV, empty vector; RU, relative units.  
 
 
Only cells that were transduced with both Bcl2 and Blimp-1 were protected from Blimp-1-
mediated cell death (Figure 70, page 124). Blimp-1-transduced cells showed reduced mTor 
activity (Figure 71A, page 125), an impaired cell cycle (Figure 71B, page 125) and were 
more prone to apoptosis compared to cells transduced with the empty vector (Figure 71C, 
page 125). In presence of Bcl2, Blimp-1-transduced cells were protected from apoptosis 
induced by premature terminal differentiation (Figure 71C, page 125). 
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Figure 71 | Bcl2 protects from Blimp-1-mediated cell death 
A | Measurement of mTor activity by pS6 content via flow cytometry in Rag2/l5 DKO pro-B cells at 
day 3 upon retroviral transduction with an expression vector encoding Blimp-1 or the EV, respectively 
(Figure 70 (page 124). Untransduced cells unstained for pS6 (FMO) served as control. (Setz et al., 
2018, Supplemental Figure S4H.) 
B | Cell cycle analysis in Blimp-1- and EV-transduced cells from Figure 70 (page 124). (Setz et al., 
2018) (Setz et al., 2018, Main Figure 4E, page 398.) 
C | Measurement of apoptosis by staining for Annexin V in Blimp-1- and EV-transduced cells from 
Figure 70 (page 124) in absence (left) and presence (right) of Bcl2. (Modified from Setz et al., 2018, 
Main Figure 4F, page 398, © by the authors.) 
Abbreviations: pS6, phosphorylated ribosomal protein S6; FMO, fluorescence minus one; EV, 
empty vector; Blimp-1, B lymphocyte-induced maturation protein 1; BrdU, bromodeoxyuridine; 7-
AAD, 7-aminoactinomycin; k, kilo; Bcl2, B-cell lymphoma protein 2. 
 
 
Together, these results suggest that Blimp-1 can be induced already at early stages of B 
cell development, thereby leading to cell death by premature activation of the terminal 
differentiation program, which can be blocked by concomitant expression of anti-apoptotic 
factors. 
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3.12 Premature terminal differentiation prevents uncontrolled 
proliferation 

 
Since increased PI3K activity induces Blimp-1 (Figure 55, page 108, and Figure 56, page 
109) it is conceivable that induction of Blimp-1 may function as a gatekeeper and prevent 
the proliferation or survival of B cells with constitutive BCR signaling. In fact, Pten-deficient 
B cells show a moderate increase of B-1a B cells but even with age progression tumor 
development can normally be not observed despite sustained PI3K activation (Figure 72, 
page 126). 
 

 
 

Figure 72 | No tumor development in Pten-deficient mice despite enhanced PI3K signaling 
Splenic B cell subpopulations from Ptenf/f, Ptenf/f x CD19-cre (both sacrifized at the age of 39 weeks) 
and Ptenf/f x Prdm1f/f x CD19-cre (7 weeks) were compared by flow cytometry. Data generated and 
kindly provided by Ahmad Khadour and Mayas Bilal. (Setz et al., 2018, Supplemental Figure S5A.) 
Abbreviations: Pten, Phosphatase and tensin homolog; Prdm1, PR domain zinc finger protein 1, 
gene encoding Blimp-1; Blimp-1, B lymphocyte-induced maturation protein 1; f/f, homozygous floxed 
allele; cre, recombinase; B220, protein tyrosine phosphatase receptor type C of 220 kDa; CD, cluster 
of differentiation; CD5, T-cell surface glycoprotein; CD19, B-lymphocyte antigen CD19; CD21, 
complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII.  
 
 
To investigate how Blimp-1 induction in Pten-deficient B cells prevents B cell expansion, we 
performed a detailed analysis of the Ptenf/f x Prdm1f/f x CD19-cre mice. These mice show 
an increased B-1a B cell compartment already at 7 (Figure 72, page 126) and 
splenomegaly at 15 weeks of age (Figure 73, page 127). 
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Figure 73 | Premature terminal differentiation prevents uncontrolled proliferation 
A | Macroscopic appearance of spleens from control and Ptenf/f x Prdm1f/f x CD19-cre mice.  
B – E | Freshly isolated cells from spleens (B), bone marrow (C), peripheral blood (D) and peritoneal 
cavities (E) of control and Ptenf/f x Prdm1f/f x CD19-cre mice were analyzed by flow cytometry for 
surface expression of the indicated markers. Representative data are shown from at least 10 
individual mice sacrifized and analyzed at the age of 16 – 20 weeks. Data in A-E generated and 
kindly provided by Ahmad Khadour and Mayas Bilal. 
F | Absolute numbers of CD19+ and B-1a B cells in spleens from Ptenf/f x Prdm1f/f x CD19-cre (median 
±quartile and range) compared to the cell numbers of Ptenf/f x CD19-cre and control mice already 
shown in Figure 20B and F (page 72). Statistical significance was calculated by applying the 
Kruskal-Wallis test (Table 77, page 185). 
(Modified from Setz et al., 2018, Main Figure 5A-F, page 399, © by the authors.) 
(Legend continued on next page.) 
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Abbreviations: Pten, Phosphatase and tensin homolog; Prdm1, PR domain zinc finger protein 1, 
gene encoding Blimp-1; Blimp-1, B lymphocyte-induced maturation protein 1; f/f, homozygous floxed 
allele; cre, recombinase; cm, centimeter; CD, cluster of differentiation; B220, protein tyrosine 
phosphatase receptor type C of 220 kDa; CD5, T-cell surface glycoprotein; CD19, B-lymphocyte 
antigen CD19; CD21, complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII; Ig, 
immunoglobulin; ki, knock-in. 
 
 
Besides the increased population of B-1a cells showing a B220lo/CD5int/+ phenotype, T cells 
(B220-/CD5hi) and conventional B-2 B cells (B220+/CD5-) can be detected in the spleens of 
Ptenf/f x Prdm1f/f x CD19-cre mice (Figure 73B, page 127). The phenotype of B-1a cells 
was confirmed by further analysis of the B220lo/CD5int/+ population revealing that these cells, 
similar to B-1a B cells, are CD19+/B220lo/CD5+/IgM+/IgDlo/CD23-/CD21lo and partially 
reactive to PtC (Figure 74, page 128). 
 

 
 

Figure 74 | B cells from Ptenf/f x Prdm1f/f x CD19-cre mice show reactivity to PtC 
Splenocytes from control and Ptenf/f x Prdm1f/f x CD19-cre mice were analyzed by flow cytometry for 
surface expression of CD19 and reactivity to PtC. (Modified from Setz et al., 2018, Supplemental 
Figure S5B, © by the authors.) 
Abbreviations: Pten, Phosphatase and tensin homolog; Prdm1, PR domain zinc finger protein 1, 
gene encoding Blimp-1; Blimp-1, B lymphocyte-induced maturation protein 1; f/f, homozygous floxed 
allele; cre, recombinase; CD, cluster of differentiation; CD19, B-lymphocyte antigen CD19; PtC, 
phosphatidylcholine. 
 
 
Moreover, their numbers are dramatically increased in different lymphoid organs of the 
Ptenf/f x Prdm1f/f x CD19-cre mice (Figure 73B-F, page 127). Since the CD21lo/CD23- B cell 
population contains the B-1a B cells, which show higher Bcl2 expression and accumulate 
in Ptenf/f x Prdm1f/f x CD19-cre mice, this might also be the reason for the increase of Bcl2 
expression in this population and group of mice (Figure 69, page 123). 
Spleen sections from Ptenf/f x Prdm1f/f x CD19-cre mice showed an increased population of 
B cells with high IgM expression in the follicles (Figure 75, page 129).  
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Figure 75 | Increased IgM+ population in spleens from Ptenf/f x Prdm1f/f x CD19-cre mice 
IHC of spleen sections from Ptenf/f x Prdm1f/f and Ptenf/f x Prdm1f/f x CD19-cre mice for CD169 (green, 
sialoadhesin/siglec-1 expressed by macrophages in the marginal zone), Thy1.2 (red, T cells) and 
IgM (yellow, B cells) at 10x magnification. Shown pictures are representative of 2 mice per genotype. 
(Modified from Setz et al., 2018, Main Figure 5G, page 399, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; Prdm1, PR domain zinc finger protein 1, 
gene encoding Blimp-1; Blimp-1, B lymphocyte-induced maturation protein 1; f/f, homozygous floxed 
allele; cre, recombinase; CD, cluster of differentiation; CD19, B-lymphocyte antigen CD19; CD169, 
sialoadhesin/SIGLEC-1; Thy1.2, CD90.2; Ig, immunoglobulin; µm, micrometer. 
 
 
To assess whether this prominent population of B-1a cells represents a transformed 
population with a clonal BCR, we analyzed the V(D)J usage in the CD19+/CD5+ population 
of the Ptenf/f x Prdm1f/f x CD19-cre splenic B cells. However, we detected merely random 
combinations of gene segments suggesting that this population consists of a multitude of 
individual B cells (Setz et al., 2018). 
Together, our results suggest that the induction of Blimp-1 is an important mechanism for 
the prevention of uncontrolled B cell activation and expansion under conditions of 
constitutive BCR signaling. 
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3.13 Reconstitution of Blimp-1 activates terminal differentiation 
 
To confirm that the increased proliferation of Ptenf/f x Prdm1f/f x CD19-cre B cells is caused 
by defective terminal differentiation of activated B cells, we investigated plasma cell 
differentiation in Ptenf/f x Prdm1f/f x CD19-cre B cells. We found that splenic B cells from 
Ptenf/f x Prdm1f/f x CD19-cre were defective in plasma cell differentiation (Figure 76A-B, 
page 130) and showed an enhanced survival capacity upon stimulation with LPS in vitro 
(Figure 76C, page 130).  

 

 
 
Figure 76 | Defective terminal differentiation in B cells from Ptenf/f x Prdm1f/f x CD19-cre mice 
A | Splenocytes from control, Ptenf/f x CD19-cre and Ptenf/f x Prdm1f/f x CD19-cre mice were 
stimulated with 2.5 µg/ml LPS and after 5 days analyzed for B220 and CD138 expression by flow 
cytometry. (Setz et al., 2018, Main Figure 6A, page 401.) 
B | IgM and total IgG levels measured in sera from control, Ptenf/f x CD19-cre and Ptenf/f x Prdm1f/f x 
CD19-cre mice, mean ±SD. Statistical significance was determined by using the Kruskal-Wallis test 
(Table 78, page 186). (Modified from Setz et al., 2018, Main Figure 6B, page 401, © by the authors.) 
C | Splenocytes from control and Ptenf/f x Prdm1f/f x CD19-cre mice were treated with 2.5 µg/ml LPS. 
The percentages of viable cells were assessed at 7 days post stimulation by morphology and staining 
with viability dye, a-CD19 and a-B220 (n = 4, mean ±SD). Statistical significance was calculated by 
using the Mann-Whitney-U test. (Modified from Setz et al., 2018, Supplemental Figure S6A, © by the 
authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; Prdm1, PR domain zinc finger protein 1, 
gene encoding Blimp-1; Blimp-1, B lymphocyte-induced maturation protein 1; f/f, homozygous floxed 
allele; cre, recombinase; CD, cluster of differentiation; B220, protein tyrosine phosphatase receptor 
type C of 220 kDa; CD138, syndecan-1; ki, knock-in; Ig, immunoglobulin; LPS, lipopolysaccharide(s); 
µg, milligram; ml, milliliter.  
 
 
In line with the in vivo data, Blimp-1 deficiency resulted in extended survival of CD21lo/CD23- 
B cells but not of CD21+/CD23+ Fo.B cells in vitro (Figure 77, page 131). 
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Figure 77 | Extended survival of CD21lo/CD23- B cells in Ptenf/f x Prdm1f/f x CD19-cre mice 
Fo.B (CD21+/CD23+, A), MZ.B cells (CD21hi/CD23lo/-, B) and CD21lo/CD23- (C) splenic B cells from 
control and Ptenf/f x Prdm1f/f x CD19-cre mice were FACS-purified and cultured in vitro. The 
percentages of viable cells were monitored over 3 days, assessed by the morphology and staining 
with viability dye and normalized to the percentage of viable cells at day 0 (n = 4, mean, +SD). 
Statistical significance was calculated by applying the Mann-Whitney-U test (Table 79, page 186). 
(Modified from Setz et al., 2018, Main Figure 6C, page 401 and Supplemental Figure S6B, © by the 
authors.) 
Abbreviations: RU, relative units; CD, cluster of differentiation; CD19, B-lymphocyte antigen CD19; 
CD21, complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII; hi, high; lo, low; 
Pten, phosphatase and tensin homolog; Prdm1, PR domain zinc finger protein 1, gene encoding 
Blimp-1; Blimp-1, B lymphocyte-induced maturation protein 1; f/f, homozygous floxed allele; cre, 
recombinase, n. s., not significant. 
 
 
As expected, when Blimp-1 expression was reconstituted by retroviral transduction, Ptenf/f 
x Prdm1f/f x CD19-cre B cells showed efficient plasma cell differentiation (Figure 78A, page 
132). Interestingly, Blimp-1 expression resulted in downregulation of the pro-survival factor 
Bcl2 (Figure 78B, page 132) and respective cells were rapidly lost in vitro (Figure 78C, 
page 132). 
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Figure 78 | Blimp-1 reconstitution restores plasma cell differentiation in Ptenf/f x Prdm1f/f x 
CD19-cre mice 
A | Analysis of CD138 expression in Ptenf/f x Prdm1f/f x CD19-cre splenocytes at 3 days following 
reconstitution either with EV or Blimp-1 by retroviral transduction. Histograms compare CD138 
expression in GFP+ (Blimp-1-reconstituted) and GFP- bystander cells. Numbers in the histogram 
plots indicate the percentages of CD138+ cells. (Modified from Setz et al., 2018, Main Figure 6D, 
page 401, © by the authors.) 
B | Analysis of Bcl2 expression in cells described in A. Histograms compare Bcl2 expression in GFP+ 
(Blimp-1-reconstituted) and GFP- bystander cells. (Modified from Setz et al., 2018, Main Figure 6E, 
page 401, © by the authors.)  
C | Splenocytes from Ptenf/f x Prdm1f/f x CD19-cre mice were reconstituted either with EV or Blimp-1 
and the percentages of GFP+ cells were measured at 5 days after transduction and normalized to 
the respective percentages measured at 3 days after transduction (n = 4, mean ±SD). Statistical 
significance was calculated by applying the Wilcoxon matched-pairs signed rank test. 
(Modified from Setz et al., 2018, Main Figure 6F, page 401, © by the authors.) 
Abbreviations: EV, empty vector; Blimp-1, B lymphocyte-induced maturation protein 1; CD, cluster 
of differentiation; CD138, syndecan-1; Bcl2, B-cell lymphoma protein 2; GFP, green fluorescent 
protein; RU, relative units. 
 
 
Since in contrast to Ptenf/f x CD19-cre mice, Ptenf/f x mb1-cre mice showed a block at the 
pro-B cell stage (Figure 20A-B, page 72), we addressed whether Blimp-1-deficiency would 
rescue B cell development at those earlier stages. While most B cells were BCR-negative 
in the spleens of Ptenf/f x mb1-cre mice, the block was partially overcome in Ptenf/f x Prdm1f/f 
x mb1-cre mice, resulting in a large fraction of cells expressing IgM BCR (Figure 79, page 
133). Notably, even though Blimp-1 inactivation rescued expression of IgM BCR in Pten-
deficient B cells it did not restore surface IgD expression also in this experimental setup. 
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Figure 79 | Partial rescue of B cell development in Ptenf/f x Prdm1f/f x mb1-cre mice 
Freshly isolated bone marrow (A) and splenocytes (B) from Ptenf/f x Prdm1f/f, Ptenf/f x mb1-cre and 
Ptenf/f x Prdm1f/f x mb1-cre mice were analyzed by flow cytometry for surface expression of the 
indicated markers. Data are representative of 2 individual mice sacrifized and analyzed at the age of 
10 and 17 weeks. (Modified from Setz et al., 2018, Main Figure 6G, page 401 and Supplemental 
Figure S6C-D, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; Prdm1, PR domain zinc finger protein 1, 
gene encoding Blimp-1; Blimp-1, B lymphocyte-induced maturation protein 1; f/f, homozygous floxed 
allele; mb1, B-cell antigen receptor complex-associated protein a-chain; cre, recombinase; CD, 
cluster of differentiation; CD5, T-cell surface glycoprotein; CD19, B-lymphocyte antigen CD19; CD21, 
complement receptor type 2 (CR2); CD23, high affinity-IgE receptor FceRII; CD43, 
leukosialin/sialophorin; Ig, immunoglobulin. 
 
 
This suggests that Blimp-1-mediated premature terminal differentiation results in the 
removal of the vast majority of BCR-expressing Pten-deficient early B cells. Together, these 
data indicate that sustained BCR signaling and deregulated PI3K activity result in Blimp1-
mediated terminal differentiation of B cells, thereby interfering with early B cell selection and 
expansion of peripheral B cells. 
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3.14 Transgenic Bcl2 causes uncontrolled expansion of Pten-
deficient B cells 

 
The previous findings suggest that constitutive BCR activation together with deregulated 
PI3K activity leads to Blimp-1-induced apoptosis, thereby preventing uncontrolled 
expansion of Pten-deficient B cells that express autoreactive BCR. To test whether ectopic 
overexpression of Bcl2 could protect Pten-deficient cells from Blimp-1-mediated cell death, 
we crossed Ptenf/f x CD19-cre mice on a Bcl2-transgenic background. The resulting Ptenf/f 
x CD19-cre x Bcl2tg mice exhibit an extremely enlarged spleen and lymph nodes already at 
the age of 10 weeks as compared with age-matched Ptenf/f x CD19-cre or Bcl2tg controls 
(Figure 80, page 134). 
 

 
 

Figure 80 | Spleens from Ptenf/f x CD19-cre x Bcl2tg mice 
Macroscopic appearance of spleens from Ptenf/f x CD19-cre, Ptenf/f x Bcl2tg and Ptenf/f x CD19-cre x 
Bcl2tg mice sacrifized at the age of 10 weeks. (Setz et al., 2018, Main Figure 7A, page 402.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; Bcl2, B-cell 
lymphoma protein 2; tg, transgenic; CD, cluster of differentiation; CD19, B-lymphocyte antigen CD19; 
cre, recombinase; cm, centimeter.  
 
 
These mice were analyzed before 16 weeks of age, where signs of leukemic disease 
become evident. We observed a dramatically increased compartment of total B cells 
(CD19+/B220+) in bone marrow and spleen (Figure 81, page 135). 
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Figure 81 | Transgenic Bcl2 causes uncontrolled expansion of Pten-deficient B cells 
Cells freshly isolated from bone marrow (A) and spleens (B) of Ptenf/f x CD19-cre, Ptenf/f x Bcl2tg and 
Ptenf/f x CD19-cre x Bcl2tg mice were analyzed by flow cytometry for surface expression of the 
indicated markers. Representative data are shown from at least 5 mice sacrifized and analyzed at 
the age of 10 weeks. (Setz et al., 2018, Main Figure 7C-D, page 402.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; Bcl2, B-cell 
lymphoma protein 2; tg, transgenic; cre, recombinase; B220, protein tyrosine phosphatase receptor 
type C of 220 kDa; CD, cluster of differentiation; CD5, T-cell surface glycoprotein; CD19, B-
lymphocyte antigen CD19; CD21, complement receptor type 2 (CR2); CD23, high affinity-IgE 
receptor FceRII; Ig, immunoglobulin. 
 
 
Although the B-1a compartment was increased by tendency (Figure 82, page 136) the 
majority of expanded B cells did not exhibit a classical B-1a phenotype in the Ptenf/f x CD19-
cre x Bcl2tg mice (Figure 81, page 135). In contrast to spleens from Ptenf/f x Prdm1f/f x 
CD19-cre mice, the majority of B cells in these mice lack CD5 and surface BCR expression 
(Figure 81, page 135). 
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Figure 82 | Transgenic Bcl2 causes uncontrolled expansion of Pten-deficient B cells 
Absolute numbers of CD19+ and B-1a B cells in Ptenf/f x Bcl2tg (n = 5) and Ptenf/f x CD19-cre x Bcl2tg 
(n = 5) compared to the Ptenf/f x CD19-cre and control mice already shown in Figure 20B and F 
(page 72) and Figure 73 (page 127), median ±quartile and range. Statistical significance was 
calculated by using the Kruskal-Wallis test (Table 80, page 186). (Modified from Setz et al., 2018, 
Main Figure 7B, page 402, © by the authors.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; cre, 
recombinase; ki, knock-in; CD, cluster of differentiation; CD19, B-lymphocyte antigen CD19; Bcl2, B-
cell lymphoma protein 2; tg, transgenic; n. s., not significant.  
 
 
We compared the state of Pten-deletion in the IgM-/lo/IgD- and IgM+/IgD+ B cell subsets and 
found that Pten was deleted to comparable extent in both populations (Figure 83A, page 
137). Since all surface IgM-/lo/IgD- B cells showed intracellular Ig-µHC expression (Figure 
83B, page 137), we assume that this population is composed of B cell precursors and 
plasma cells.  
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Figure 83 | Characterization of the BCR-/lo population in Ptenf/f x CD19-cre x Bcl2tg mice 
A | Splenocytes from mice of the indicated genotypes were stained intracellularly for Pten following 
surface staining for CD19, B220, IgM and IgD. Pten-deletion was compared in the populations of 
non-B cells (CD19-/B220-), total B cells (CD19+/B220+), BCR+ (CD19+/B220+/IgM+/IgD+) and BCR-/lo 
(CD19+/B220+/IgM-/lo/IgD-) B cells. (Setz et al., 2018, Supplemental Figure S7A.) 
B | Ptenf/f x CD19-cre x Bcl2tg-derived splenocytes were stained at the surface for expression of 
CD19 and B220, subsequently fixed, permeabilized and stained intracellularly (ic) for Ig-µHC, Ig-
dHC, Ig-kLC and Ig-lLC. Intracellular Ig-µHC expression in the IgM-/lo/IgD- population was compared 
to expression in the non-B cell fraction (CD19-/B220-). Intracellular Ig-k- and Ig-lLC expression in 
the IgM-/lo/IgD- population was compared to the expression in the IgM+/IgD+ B cell and the non-B cell 
fraction (CD19-/B220-). (Setz et al., 2018, Supplemental Figure S7B.) 
Abbreviations: Pten, phosphatase and tensin homolog; f/f, homozygous floxed allele; cre, 
recombinase; CD, cluster of differentiation; CD19, B-lymphocyte antigen CD19; Bcl2, B-cell 
lymphoma protein 2; tg, transgenic; a-, anti-; Ig, immunoglobulin; HC, heavy chain; LC, light chain; 
ic, intracellular. 
 
 
In fact, we detected antibody secreting cells among the IgM-/lo/IgD- population from Ptenf/f x 
CD19-cre x Bcl2tg and Ptenf/f x Bcl2tg mice (Figure 84A, page 138). 
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Figure 84 | The BCR-/lo population in Ptenf/f x CD19-cre x Bcl2tg mice contains plasma cells 
A | ELISpot assay for secretion of IgM and IgG, respectively. IgM-/lo/IgD- splenic B cells derived from 
mice of the indicated genotypes were FACS-purified and their capacity to secrete antibody was 
analyzed in triplicates after 16 to 24 h of incubation (top). Numbers of dots in the triplicates were 
quantified (bottom), mean ±SD. (Modified from Setz et al., 2018, Main Figure 7E, page 402, © by the 
authors.) 
B | IgM levels measured in sera from Ptenf/f x CD19-cre (n = 5), Ptenf/f x Bcl2tg (n = 7), Ptenf/f x CD19-
cre x Bcl2tg (n = 9) and control mice (n = 3), mean ±SD. Statistical significance was calculated by 
applying the Mann-Whitney-U test (Table 81, page 186). (Modified from Setz et al., 2018, Main 
Figure 7F, page 402, © by the authors.) 
C | Splenocytes from Ptenf/f x Bcl2tg and Ptenf/f x CD19-cre x Bcl2tg mice were analyzed by FACS for 
surface expression of CD138 and B220 in the BCR+ (CD19+/B220+/IgM+/IgD+) and BCR-/lo 
(CD19+/B220+/IgM-/lo/IgD-) population of B cells. (Setz et al., 2018, Main Figure 7G, page 402.) 
Abbreviations: Ig, immunoglobulin; Pten, phosphatase and tensin homolog; f/f, homozygous floxed 
allele; cre, recombinase; ki, knock-in; Bcl2, B-cell lymphoma protein 2; tg, transgenic; B220, protein 
tyrosine phosphatase receptor type C of 220 kDa; BCR, B-cell antigen receptor; CD, cluster of 
differentiation; CD19, B-lymphocyte antigen CD19; CD138, syndecan-1; µg, milligram; ml, milliliter; 
n. s., not significant. 
 
 
In full agreement, analysis of serum Ig levels revealed that IgM is strongly elevated in these 
mice (Figure 84B, page 138) and that the population of CD138+/B220lo plasma cells is 
enlarged in the spleens of Ptenf/f x CD19-cre x Bcl2tg mice as compared to Bcl2tg mice 
(Figure 84C, page 138). In addition, a considerable proportion of the IgM-/lo/IgD- population 
lacked Ig-LC expression while expressing Ig-µHC, suggesting that pre-BCR expression is 
involved in the expansion of these cells (Figure 83B, page 137). 
Taken together, our results suggest that deregulated PI3K by Pten-deficiency leads to 
activation-induced cell death at multiple stages of development and that rescuing from 
apoptosis results in abnormal expansion of corresponding cells. Moreover, Blimp-1-
mediated premature terminal differentiation is required to prevent the generation and 
expansion of autoreactive B cells. 
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3.15 Schematic illustration and graphical summary of findings 
 

 
 
Figure 85 | Pten controls B cell responsiveness by regulating expression of IgD BCR  
Schematic model illustrating the function of Pten in B cell maturation: In absence of Pten, 
autoreactive BCR specificities cannot be edited, leading to internalization of the BCR from the cell 
surface. In this model, B cells in which PI3K activity exceeds a certain threshold die due to premature 
terminal differentiation, whereas sufficient PI3K signaling below this threshold may provide rescue 
from clonal deletion in absence of surface BCR expression. Later, Pten regulates expression of IgD 
and CD23 and thereby directly controls the development of mature Fo.B cells, fit for recognition of 
complex antigens and supporting entry into GCs for affinity maturation and CSR. 
(Modified from Setz et al., 2019, Synopsis Picture, © by the authors.) 
Abbreviations: Ig, immunoglobulin; Pten, phosphate and tensin homolog; PI3K, phosphoinositide 
3-kinase; FoxO1, forkhead box transcription factor O1; CD, cluster of differentiation; CD23, high 
affinity-IgE receptor FceRII. 
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Figure 86 | PI3K-mediated Blimp-1 activation controls B cell selection and homeostasis  
Schematic overview of a model, illustrating how Blimp-1 expression leads to cell death by premature 
terminal differentiation, thereby preventing the generation of autoreactive B cells during early 
development, whereas Blimp-1 induction at later stages results in plasma cell differentiation. 
(Modified from Setz et al., 2018, Graphical abstract, © by the authors.) 
Abbreviations: PI3K, phosphoinositide 3-kinase; Ig, immunoglobulin; Irf4, interferon regulatory 
factor 4; Blimp-1, B lymphocyte-induced maturation protein 1; Bcl2, B cell-lymphoma protein 2.  
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4. Discussion 

4.1 Impact of Pten-deficiency on the development of mature 
Fo.B cells  

 

4.1.1 PI3K regulation is required for the development of mature Fo.B cells 

PI3K activity regulates B cell differentiation and the fate of developing B cells (Herzog et al., 
2009; Werner et al., 2010). In fact, chronic PI3K activation by deletion of Pten during early 
stages of B cell development results in a severe block with only very few B cells, which also 
show reduced BCR expression (Figure 20, page 72) (Alkhatib et al., 2012). Introduction of 
pre-rearranged Ig genes, however, partially rescued this block at the pro-B cell stage 
(Figure 22, page 74 and Figure 23, page 75), thereby confirming that Pten-deficient B cells 
show a defect in V(D)J gene recombination.  
Deleting Pten at later stages allowed for the development of numerous B cells expressing 
both IgM and IgD BCR, but led to alterations in the peripheral B cell compartments such as 
increased generation of B-1 B cells, which express autoreactive BCR specificities (Figure 
20, page 72) (Suzuki et al., 2003) and accelerated plasma cell differentiation (Figure 54, 
page 107), already reported in previous studies (Suzuki et al., 2003; Omori et al., 2006). 
Together, these findings suggest that the development of Fo.B cells is suppressed in the 
absence of Pten. 
In contrast, mice with impaired PI3K signaling due to defective p110d, the catalytic PI3K-
subunit specific for hematopoietic cells, show severely reduced B-1 B cell numbers (Clayton 
et al., 2002; Jou et al., 2002; Okkenhaug et al., 2002). Thus, in addition to the crucial role 
of PI3K in the generation and maintenance of B cells, it seems to determine the fate of 
developing B cells (Srinivasan et al., 2009; Ramadani et al., 2010; Abdelrasoul et al., 2018). 
The difference observed between the phenotypes obtained upon Pten inactivation via mb1-
cre or CD19-cre might be caused by the developmental stage at which Pten was deleted in 
the different mouse strains. It is conceivable that, in B cells derived from Ptenf/f x CD19-cre 
mice, Pten gene-inactivation occurred after Ig gene recombination and this might be the 
reason for the increased numbers of B cells in the spleens of Ptenf/f x CD19-cre mice as 
compared with Ptenf/f x mb1-cre mice.  
Irrespective of the developmental stage at which Pten was inactivated, the majority of B 
cells detected in the respective mice showed phenotypes of MZ.B and CD21lo/CD23- B cells 
with an increased proportion of B-1a B cells, whereas the compartment of Fo.B cells was 
underrepresented (Figure 20, page 72). 
In addition, our data show abnormal follicles in the spleens of conditional Pten-deficient 
mice (Figure 19, page 71), lacking organized structures for B cells (Figure 19, page 71 and 
Figure 25, page 77). While introduction of pre-rearranged Ig genes increased the numbers 
of splenic B cells, the population of follicular B cells residing in the area between the 
marginal zone and T cell zone was smaller in the absence of Pten as compared with WT 
controls (Figure 25, page 77). Therefore, we conclude that the development of Fo.B cells 
is affected in the absence of Pten/FoxO1 function in addition to the impaired expression of 
Fo.B cell markers such as IgD and CD23. 
Together, these findings indicate that inhibition of PI3K activity is required for early stages 
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of B cell development and for proper selection of B cells into distinct B cell populations. 
 
 

4.1.2 Pten modulates B cell responsiveness by altering the IgM/IgD ratio 

In addition to the effects of Pten-deficiency on the development of Fo.B cells, we observed 
that also the IgM/IgD ratio was skewed towards IgM expression. It was previously reported 
that mice in which Pten was conditionally deleted in B cells by CD19-cre show elevated 
amounts of IgM-expressing B cells in the periphery (Suzuki et al., 2003). We observed that 
introduction of pre-rearranged Ig genes in Ptenf/f x mb1-cre mice partially rescued the block 
in B cell development and restored IgM expression, whereas IgD expression was still 
reduced (Figure 35, page 87) or even absent (Figure 34, page 86). Interestingly, 
concomitant inactivation of both Pten and Prdm1 gene expression by mb1-cre also partially 
restored IgM BCR expression but did not support upregulation of IgD and CD23. 
Reconstitution of Pten function by introducing FoxO1, led to upregulation of IgD (and CD23) 
expression (Figure 37 – Figure 45, pages 89 – 96), suggesting that the development of 
mature follicular B cells is regulated by the PI3K signaling axis. 
In contrast to other BCR isotypes, IgD is expressed by differential polyadenylation followed 
by alternative splicing of a heterogeneous pre-mRNA transcript (Maki et al., 1981; Tisch et 
al., 1990; Enders et al., 2014), only sporadically upon abnormal CSR in humans due to the 
presence of a cryptic switch region. IgD is predominantly encountered as a membrane-
bound form on mature naïve B cells and unlike the other isotypes only rarely secreted, which 
points toward a specific role in signal transduction. The fact that IgD expression is 
conserved during the process of evolution suggests that it provides a survival advantage 
for the organism and thus fulfills a specific function in immune protection (Flajnik, 2002; 
Gutzeit et al., 2018). To date the exact function of IgD, however, remains elusive and is 
subject to controversial discussion (Ubelhart et al., 2015; Sabouri et al., 2016; Gutzeit et al., 
2018; Noviski et al., 2018; Setz et al., 2019). 
The data presented in this study confirm previous results (Ubelhart et al., 2015), providing 
evidence that IgD selectively responds to complex antigens (chapter 3.7 Monovalent 
antigen controls IgD BCR activation, page 98). Accordingly, IgD contributes to B cell 
homeostasis by preventing activation via monovalent soluble antigens, while maintaining 
the capacity to respond to antigen complexes. As the ratio of IgD to IgM surface expression 
is tightly regulated during B cell development, upon maturation B cell responsiveness 
undergoes a shift towards recognition of immune complexes by increasing the amount of 
IgD during maturation.  
By using the human mature Burkitt lymphoma B cell line Ramos as a reconstitution system 
(He et al., 2018), which expresses the endogenous signaling machinery, we demonstrate 
that the requirement of complex antigen for IgD activation is intrinsic, as neither murine pro-
B cells (Ubelhart et al., 2015) nor human mature Ramos cells show a Ca2+ influx when 
treated with monovalent antigen (Figure 47D, page 99 and Figure 49D, page 101). 
Moreover, our experiments show that the responsiveness of IgD to polyvalent antigen is 
inhibited by increasing amounts of monovalent antigen, suggesting a regulatory role for IgD, 
but not for IgM BCR (Figure 48, page 100 and Figure 50, page 102). Furthermore, the 
selective responsiveness has been traced back to the extended hinge region of IgD BCR 
that allows efficient binding of immune complexes (Nezlin, 1990; Ubelhart et al., 2015).  
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Based on these data we propose a dynamic scenario for B cell activation, which is 
determined by the ratio of both IgM to IgD and monovalent to complex antigen. Thus, mature 
B cells, characterized by increased IgD expression, require polyvalent antigens or antigen 
complexes for their efficient stimulation while interference from monovalent antigen elevates 
the activation threshold for antigen complexes. This regulation ensures that activation of 
mature B cells and subsequent immune responses including the production of highly 
specific antibodies are mounted on earlier phases of immune responses during which 
immune complexes are formed and delivered by the complement system and natural IgM 
(Kosco-Vilbois et al., 1993; Rajewsky, 1996; Batista et al., 2001). As mature follicular B cells 
still express low levels of IgM-BCR, which can participate in responses to both mono- and 
multivalent antigen (Zikherman et al., 2012), we suggest that this IgM-mediated response 
to soluble antigen is fine-tuned by the predominant IgD expression in mature B cells. 
In contrast to Fo.B, MZ.B and B1-a B cells show higher surface expression of IgM than IgD, 
which in fact lowers the threshold for activation by low-valent antigen (Figure 53, page 106). 
These cells respond rapidly to activation by differentiation into short-lived plasmablasts and 
plasma cells, which predominantly secrete IgM (Martin and Kearney, 2001; Pillai et al., 
2005). Under physiological conditions, IgM and the complement system thereby contribute 
to formation of immune complexes that, upon accumulation, trigger IgD signaling. Since B-
1 B cells often recognize self-antigens (Mercolino et al., 1988; Tsiantoulas et al., 2012) this 
harbours the risk of initiating autoimmune disorders, although the selective responsiveness 
of IgD may provide an explanation why the presence of self-reactive B cell clones may not 
necessarily lead to an autoimmune phenotype.  
Thus, activation of mature B cells by such antigen-containing immune complexes, either 
alone or presented via Fc-receptors on other cells, not only integrates B cell immune 
responses into a network of ongoing immune reaction but might also prevent unwanted 
activation by monomeric foreign or self-antigen. Thereby the reduced amounts of IgM BCR 
on mature B cells might still be involved in the constant stimulation that has been described 
for mature B cells (Zikherman et al., 2012). In this way, B cell maturation results in cells that 
can rapidly provide efficient antibody responses during infections, while ignoring harmless 
antigen. 
This selective responsiveness of IgD is most likely also the reason why B cells from MD4 x 
ML5 double-transgenic mice, which express increased amounts of anti-HEL IgD as 
compared with IgM, do not respond when stimulated with soluble HEL (Ubelhart et al., 
2015). It is conceivable that cells from mice expressing either IgM or IgD BCR are 
unresponsive following encounter of soluble HEL as autoantigen (Brink et al., 1992), as 
IgM-only B cells downregulate surface BCR expression, similar to the MD4 x ML5 double-
transgenic mouse model (Goodnow et al., 1988), whereas soluble antigen does not trigger 
signaling in IgD-only mice. Notably, transgenic mice expressing only anti-HEL IgD have 
been reported to induce Ca2+ flux upon treatment with monomeric HEL (Sabouri et al., 
2016). However, these results were only generated with mixtures of total splenic cells from 
anti-HEL IgD and anti-HEL IgM transgenic mice and high antigen-concentrations. Thereby 
it cannot be excluded that HEL complexes were present in these experiments. In addition, 
anti-HEL transgenic mice also secrete antibodies from endogenous Ig gene loci that might 
be involved in complex formation (Figure 36, page 88). Together with our results this 
observation further supports the conclusion that referring to these cells as “functionally 
unresponsive” or “anergic” is misleading because these cells are fully responsive to 
treatment with anti-BCR antibodies and even to HEL complexes (Figure 52, page 104) 
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(Goodnow et al., 1988; Goodnow et al., 1991; Ubelhart et al., 2015). Moreover, the majority 
of mature naïve B cells in the periphery exhibits a comparable phenotype of high IgD and 
reduced IgM expression. In line with our findings this is most likely the result of encounter 
with soluble monovalent self-antigen, which selectively triggers IgM signaling, but does not 
affect IgD (Zikherman et al., 2012). Thus, the proposed anergic state of B cells from MD4 x 
ML5 double-transgenic mice is indistinguishable from that of normal mature B cells 
(Zikherman et al., 2012).  
In addition, IgD-deficient B cells, expressing only IgM are expected to receive strong signals 
via the BCR, as this isotype can be engaged by cognate antigen in mono- and multivalent 
configurations. Therefore, IgM-only B cells are most likely more prone to undergo terminal 
differentiation (Noviski et al., 2018; Setz et al., 2018), resulting either in development of 
short-lived plasma cells or immediate cell death. This is in agreement with other studies 
(Carsetti et al., 1993; Enders et al., 2003) showing that particularly new emigrant T1 B cells, 
which do not yet express IgD are sensitive to apoptosis upon recognition of self-antigen. 
Moreover, mutations, which hamper IgD expression, shift the IgD to IgM ratio and are 
expected to alter the responsiveness of B cells. In fact, decreasing IgD expression in these 
mice by inactivation of Pten results in IgM being the predominant BCR isotype expressed 
on the MD4 x ML5 double-transgenic B cells that readily respond to soluble antigen (chapter 
3.8 IgD expression modulates B cell responsiveness, page 103). This suggests that Pten 
inactivation changes the IgD/IgM ratio and that the gain in responsiveness of Pten-deficient 
B cells observed towards soluble antigen is caused by a developmental block affecting IgD 
expression (Browne et al., 2009). This in addition to the fact that Pten-deficient 3-83ki mice 
downregulate IgM BCR expression and do not respond to further stimulation argues against 
an essential role of Pten in anergy (Figure 85, page 139). It is not clear whether Pten-
deficiency may affect the reported anergy in other transgenic systems testing autoreactive 
BCRs. However, it should be considered that these systems use classical transgenes 
interfering with normal IgD expression (Cambier et al., 2007). 
Furthermore, our results suggest that genuine anergic B cells can only be detected in vivo 
when the pathways for receptor editing and clonal deletion of autoreactive B cells are 
blocked. In fact, blocking receptor editing by Rag1-deficiency results in complete loss of 3-
83ki autoreactive B cells (Halverson et al., 2004). Similar to this, loss of Pten abolishes the 
ability of B cells to undergo secondary gene rearrangements at the IgL gene locus (Figure 
26, page 79). However, the elevated PI3K activity caused by Pten deficiency rescues 
autoreactive B cells from clonal deletion and supports their survival as surface BCR-
negative anergic B cells. It is therefore conceivable that these anergic B cells lacking Pten 
have an appropriate strength of PI3K signaling required for B cell survival (Srinivasan et al., 
2009). As our findings also indicate that autoreactive Pten-deficient B cells with strong PI3K 
signaling are removed due to Blimp-1-mediated premature terminal differentiation (Setz et 
al., 2018), we suggest that only anergic cells with intermediate PI3K activity survive and can 
be detected in these mice (Figure 85, page 139). Notably, such anergic surface BCR-
negative cells, that are refractory to further external stimulation can also be detected in 
chronic lymphocytic leukemia (CLL) (Stevenson and Caligaris-Cappio, 2004). 
Recently, another interesting finding by our group pointed toward another potential function 
of IgD: Immunization of IgD-deficient mice with the multivalent antigen 2,4,6-trinitrophenyl 
hapten conjugated to ovalbumin (TNP-Ova) revealed a 3-4 days delay in the production of 
high-affinity antibodies, suggesting that IgD “could confer a critical advantage in the defense 
against pathogens undergoing rapid expansion and mutational drift upon entry into the host” 
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(Nitschke et al., 1993; Roes and Rajewsky, 1993; Setz et al., 2019). The finding that IgM- 
and IgD-deficient mice show comparable capacities to mount GC reactions reported by 
other studies (Nitschke et al., 1993; Noviski et al., 2018) may be attributed to differences in 
the immunization protocols such as the adjuvants used or the complexity of the antigen. 
TNP-Ova is a multivalent antigen consisting of 10 - 20 TNP valences per Ova molecule. In 
contrast to this, sheep red blood cells (SRBCs), used by Noviski et al. (2018), represent 
entire cells endowed with an unlimited number of different antigens and epitopes (sugars, 
lipids, proteins, amino acids and combinations thereof). Moreover, B cell activation by 
SRBCs has been suggested to be mediated via PRRs and thus to be BCR-independent 
(Loetsch et al., 2017). In fact, immunization with SRBCs does not require any additional 
adjuvants while immunization with TNP-Ova does. In full agreement with Noviski et al. 
(2018) we did not detect a significant difference in the development of the GC-response to 
SRBC in absence of IgD IgD (Setz et al., 2019). The finding that IgD-deficient mice show 
normal immune responses after immunization with SRBCs suggests that an immune 
response that is sufficiently boosted by PRR ligands, is capable of activating the 
compromised IgD-deficient B cells thereby masking the actual role of IgD in the immune 
system (DeFranco et al., 2012). Hence, the specific function of IgD in directing B cells into 
GCs and inducing efficient immune responses may become evident especially upon 
encounter with weak immunogens lacking typical PAMPs involved in PRR activation. 
Stimulation via IgM however, primarily leads to plasma cell differentiation and IgM secretion 
(Noviski et al., 2018; Setz et al., 2018). 
Importantly, the delayed GC reaction in IgD-deficient mice suggests that IgD is required for 
efficient initiation of GC formation, which is a prerequisite for affinity maturation (Shlomchik 
and Weisel, 2012; Bannard and Cyster, 2017). 
Interestingly, also experiments investigating antigen presentation revealed that, in contrast 
to polyvalent antigen, mature B cells show impaired presentation of monovalent antigen 
(Kim et al., 2006). Efficient antigen presentation is essential for interaction between T and 
B cells and for subsequent T cell help during the GC reaction where SHM results in affinity 
maturation (Jacob et al., 1991; Kim et al., 2006). In this context, it is conceivable that 
expression of IgD BCR is an important element for the execution of a rapid and efficient 
humoral immune response that provides an evolutionary advantage for the control of an 
acute infection. Thus, it should be no surprise that IgD expression is a conserved feature of 
most vertebrate species (Flajnik, 2002). 
Although IgD is later downregulated in GC B cells (Jacob et al., 1991), the data suggest 
that IgD is optimized for recognition of antigen complexes and for efficient antigen 
presentation to T cells. Thereby IgD facilitates the recruitment of B cells into GCs and thus 
the efficient maturation of antibody responses (Figure 85, page 139). The fact that FoxO1, 
which has recently been shown to be essential for the GC reaction, activates IgD expression 
is in full agreement with this scenario (Dominguez-Sola et al., 2015; Sander et al., 2015). 
Our findings further suggest that FoxO1 controls the expression of Ell2 (Martincic et al., 
2009), which regulates the recognition of the polyadenylation sites upstream of the d exons, 
and of the splicing factor Zfp318 that activates the splicing of the VDJ gene segment to the 
dHC exons in the pre-mRNA (Enders et al., 2014).  
Importantly, our data indicate that IgD is not part of an “anergy response” (Sabouri et al., 
2016) that results in functional silencing of autoreactive B cells. In contrast to the anergic 
autoreactive B cells, reported herein, that lack surface BCR expression, IgD expressing B 
cells respond to antigen complexes and to anti-BCR treatment (Figure 52, page 104 and 
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chapter 3.7 Monovalent antigen controls IgD BCR activation, page 98). Thus, referring to 
IgD expressing B cells as “anergic” confuses B cell anergy with maturation. IgD expression 
marks B cell maturation and collaborative regulation of immune responses. In fact, by 
responding to immune complexes formed by other components of the immune system, IgD 
expressing B cells are optimized for the presentation of antigen to Th cells resulting in 
efficient recruitment of B cells into GCs and subsequent maturation of antibody responses. 
In this scenario, IgD BCR seems to act as a link between innate components of the immune 
system, such as complement factors and natural IgM, and adaptive components 
represented by high-affinity antibodies. 
Thus, elucidating IgD function may not only advance our understanding of mature B cell 
development and function but may also lead to improved vaccination protocols by controlled 
delivery of antigen to IgD-expressing B cells during immunization. Considering that 
triggering IgD signaling may represent the key to long-lasting immune protection it would 
be essential to design vaccines containing antigen complexes to induce robust activation of 
mature B cells. Vaccination cocktails following this strategy may contain complex antigens 
to induce IgD signaling but most likely also need to comprise a specific amount of low-
valence antigens to fine-tune signal strength to a level that is most efficient for recruitment 
into GCs but does not result in activation-induced cell death. This approach could also help 
to improve efficacy when encountering vaccine-related cases of immunization failure 
(Wiedermann et al., 2016), resulting in high percentages of vaccination non-responders. 
Furthermore, this could be of particular importance in cases of certain infectious diseases 
(such as malaria or HIV) where the development of efficient vaccines remains challenging 
(Arama and Troye-Blomberg, 2014; Cohen and Frahm, 2017). 
Together, our data call for a clear discrimination between mature B cells, which express IgD 
and are responsive to polymeric antigen or anti-BCR stimulation, and anergic cells that 
downregulate BCR expression and become unresponsive to BCR stimulation in general. 
According to this discrimination, MD4 x ML5 B cells are not anergic and most likely 
correspond to mature B cells that acquire a selective responsiveness by increased IgD 
expression. B cells that downregulate BCR expression of both IgM and IgD, represent the 
genuine anergic cells as they cannot be triggered by their BCR. 
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4.2 Blimp-1 mediates negative selection of autoreactive B cells 
 
Pten-deficient B cells show an enhanced propensity to differentiate into plasma cells 
(Figure 54, page 107) (Suzuki et al., 2003; Omori et al., 2006). Moreover, we detected an 
increased fraction of plasma cells within the compartment of CD21lo/CD23- B cells, which is 
expanded in Pten-deficient mice. Interestingly, cells originating from this subpopulation 
seem to be more prone to differentiate into plasma cells as compared with MZ.B or Fo.B 
cells (Figure 58, page 111). Together we conclude that Pten-deficient mice show 
spontaneous terminal differentiation, due to a reduced activation threshold by elevated PI3K 
activity, resulting in basal Blimp-1 expression.  
Analysis of B cell development in Prdm1f/f x mb1-cre mice revealed that absolute numbers 
of Fo.B and MZ.B cells were comparable to those in control mice, whereas the compartment 
of CD21lo/CD23- B cells and B-1 B cells was significantly increased (Figure 61B-C, page 
114). Inducible deletion of Prdm1 via 4-OHT administration confirmed that the observed 
phenotype is not merely caused by the absence of antibodies in the sera of Prdm1f/f x mb1-
cre mice (Figure 62C, page 116). 
In agreement with previous studies (Shapiro-Shelef et al., 2003; Shapiro-Shelef et al., 2005; 
Savage et al., 2017), our data show that Blimp-1 deficiency results in changes in the B-1a 
B cell compartment and interestingly, also in increased development of autoreactive B cells. 
In fact, Blimp-1-deficient B cells showed increased reactivity to the common autoantigen 
PtC (Figure 61A, page 114 and Figure 63, page 117) (Mercolino et al., 1988; Tsiantoulas 
et al., 2012) and upon Blimp-1 reconstitution secrete antibody that is reactive to dsDNA 
(Figure 64B, page 118). 
This points toward an unexpected role of Blimp-1 in negative selection during early B cell 
development. Hence, B cells, which fail to edit (Figure 26, page 79) an autoreactive BCR 
specificity most likely undergo Blimp-1-induced premature terminal differentiation, thus 
preventing further development of autoreactive B cells (Figure 86, page 140). Strikingly, a 
recent study revealed that Prdm1 gene expression is already active at the chromatin and 
transcriptional level during early B cell development, thus confirming our findings (Bonelt et 
al., 2019). However, they report that mature Prdm1 mRNA does not accumulate in early B 
cells most likely due to tight posttranslational regulation (Bonelt et al., 2019). As those early 
developmental stages are most likely not sufficiently protected by anti-apoptotic factors 
(such as Bcl2), we propose that the respective cells tolerate only low levels of Prdm1 mRNA 
and consequently protein. By using a mouse model for ectopic overexpression of Blimp-1, 
M. Busslinger and colleagues reported that premature Prdm1 expression interferes with B 
cell development, resulting in reduced absolute cell numbers from the pre-B cell stage on 
to mature recirculating B cells, thereby outlining a scenario similar to our concept. 
Interestingly, M. Busslinger and colleagues observed that with progressing age, mice 
ectopically overexpressing Blimp-1 developed an autoimmune phenotype, which seems to 
be in contrast to our findings (Bonelt et al., 2019). However, according to our results, during 
early developmental stages, B cells are sensitive to Blimp-1-mediated cell death upon 
recognition of autoantigens, while in immature and mature B cells the levels of anti-apoptotic 
factors could be sufficient to allow for differentiation into plasma cells. Since a high 
proportion of immature and even mature B cells have been described to bear autoreactive 
specificities under physiological conditions (Wardemann et al., 2003), ectopic 
overexpression of Blimp-1 is expected to lower the general threshold for plasma cell 
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differentiation, thereby most likely also increasing the amount of autoreactive cells 
undergoing terminal differentiation and their accumulation with age. Thus, this discrepancy 
could be explained by the idea that elevated Blimp-1 levels promote different cellular fates, 
either deletion or plasma cell differentiation, depending on the developmental stage and the 
levels of anti-apoptotic factors. 
The proposed role of Blimp-1 in negative selection during early B cell development results 
in a novel recapitulation of regulatory networks in B cell development. In accordance with 
previous studies (Tellier et al., 2016), LPS-induced plasma cell differentiation led to 
increased Blimp-1 expression and elevated S6 phosphorylation by mTor (Figure 55, page 
108 and Figure 56, page 109). However, overexpression of Blimp-1 by retroviral 
transduction in pro-B cells resulted in reduced pS6 levels, suggesting that the amount of 
Blimp-1 and the stage of development are important for the relationship between Blimp-1 
expression and the regulation of mTor activity. Our data further indicate that it is rather the 
basal activation of mTor, Irf4 and Blimp-1, which drives terminal differentiation, than 
downregulation of inhibitory factors such as Bcl6, Irf8 or Bach2 (Figure 55, page 108 and 
Figure 56, page 109) Importantly, the transcription factor Irf4, which is known to be crucial 
for IgL gene recombination and required for plasma cell differentiation and CSR (Muljo and 
Schlissel, 2003; Klein et al., 2006; Meixlsperger et al., 2007; Johnson et al., 2008), seems 
to be also involved in the Blimp-1-mediated premature terminal differentiation. In analogy 
to available data (Sciammas et al., 2006) showing that high Irf4 amounts induce Blimp-1 
while intermediate levels of Irf4 induce AID, which is required for CSR, it is conceivable that 
intermediate levels of Irf4 at early stages of development activate Rag-mediated IgL gene 
recombination while increased levels activate Blimp-1 that interferes with cell division and 
survival (Figure 86, page 140) (Shaffer et al., 2002). Thus, the induction of Blimp-1 in B 
cells that express autoreactive BCRs or harbor mutations, such as Pten deficiency, 
represents a safeguard mechanism that prevents the development of autoreactive B cells 
and interferes with proliferation (Shaffer et al., 2002).  
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4.3 Blimp-1-induced premature terminal differentiation prevents 
uncontrolled proliferation 

 
Pten-deficient mice show expanded compartments of CD21lo/CD23- B cells, comprising also 
B-1a B cells. Since B-1 B cells require increased signaling for their development, enhanced 
PI3K activity might cause the outgrowth of B cells that are persistently activated by their 
autoreactive BCR specificities and eventually become B-1 B cells (Casola et al., 2004; 
Hoffmann et al., 2007; Jellusova et al., 2010; Nguyen et al., 2017). However, in contrast to 
T cells (Suzuki et al., 2001), constitutive PI3K signaling through Pten-deficiency is not 
sufficient for malignant transformation. Even combining Pten-deficiency with autoreactive 
BCRs for persistent activation did not lead to abnormal expansion of any B cell subset 
(Figure 22, page 74) suggesting that an autoreactive BCR specificity together with 
constitutive activation of PI3K signaling are not sufficient for uncontrolled proliferation of B 
cells.  
Here we show that Pten deficiency interferes with B cell maturation, by promoting the 
program of terminal differentiation by induction of Blimp-1 already at early stages of B cell 
development (Figure 86, page 140). In fact, our data show that Blimp-1 deficiency or 
combined deficiency of Pten and Blimp-1 leads to an increased proportion of autoreactive 
B cells and abnormal expansion of B-1a B cells, respectively respectively (Figure 61, page 
114 and Figure 73, page 127). As CD19 represents an important adaptor for recruitment 
and activation of PI3K, hemizygous CD19 expression in CD19-cre mice used to 
concomitantly inactivate Pten and Prdm1 may result in altered PI3K signal strength and 
thus already affect the development of B-1 B cells. However, since the increased population 
of B-1a B cells could also be detected upon combined inactivation of Pten and Blimp-1 by 
mb1-cre (Figure 79, page 133), this confirms the involvement of deregulated PI3K and 
defective terminal differentiation in B-1 B cell homeostasis. 
Interestingly, as previously mentioned this Blimp-1-mediated terminal differentiation 
program can be counteracted by concomitant expression of anti-apoptotic factors, such as 
Bcl2 (Knodel et al., 1999; Hug et al., 2014; Bonelt et al., 2019), as Blimp-1 has been shown 
to suppress the expression of genes driving proliferation (Shaffer et al., 2002) and to 
interfere with Bcl2 expression (Hug et al., 2014).  
Although we were not able to detect any evidence for a clonal expansion, the phenotype of 
Pten x Blimp-1-double deficient mice is highly reminiscent of chronic lymphocytic leukemia 
(CLL), which is characterized by expansion of CD5+ B cells (Stevenson and Caligaris-
Cappio, 2004; Chiorazzi et al., 2005; Seifert et al., 2012). Similar to the expansion of B-1a 
B cells, BCR activation and the downstream PI3K pathway seem to be of importance for 
malignant transformation of B cells, as inhibitors for BTK or PI3K show effective therapeutic 
responses in CLL (Kipps et al., 2017). Thus, development of CD5+ B cell malignancies such 
as CLL seems to require deregulated PI3K signaling together with constitutive BCR 
signaling and defective Blimp-1-mediated differentiation.  
Importantly, chronic BCR signaling was reported in diffuse large B-cell lymphoma (DLBCL) 
and proposed to be induced by mutations in the signaling transduction subunits of the BCR 
(Davis et al., 2010). In analogy to DLBCL, also CLL B cells show cell-autonomous signaling 
triggered by mutual BCR recognition (Duhren-von Minden et al., 2012) suggesting that 
similar mechanisms for malignant transformation might operate in both neoplasms. 
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The function of Blimp-1 as a tumor-suppressor was supported by independent studies 
revealing that the forkhead transcription factor FoxP1 represses Prdm1 expression, thereby 
promoting the survival of human B cells and acting as oncogene in DLBCL (van Keimpema 
et al., 2014; van Keimpema et al., 2015). Interestingly, mutations resulting in inactivation of 
Prdm1 have been identified in about 25% of the activated B-cell-like (ABC)-subtype of 
DLBCL highlighting the role of defective Blimp-1 function in lymphoma development 
(Pasqualucci et al., 2006; Tam et al., 2006; Calado et al., 2010; Lenz and Staudt, 2010; 
Mandelbaum et al., 2010). Moreover, also the PI3K/Akt signaling axis has been reported to 
be constitutively active in 25 – 50% of DLBCL cases (Uddin et al., 2006; Hasselblom et al., 
2010). Thus, loss of Pten function not only contributes to pathogenesis in solid organ tumors 
but is also associated with a poor prognosis in DLBCL patients (Wang et al., 2018). 
Therefore, it is tempting to speculate that defective terminal differentiation cooperates with 
constitutive BCR signaling and deregulated PI3K activity to enable malignant transformation 
in DLBCL and CLL.  
Moreover, a recent study reported the induction of rapid cell death upon Pten inactivation 
in B-cell precursor acute lymphoblastic leukemia (BCP-ALL) (Shojaee et al., 2016). Thus, it 
would be interesting to address, whether the loss of transformed cells observed in this study 
may be also the result of upregulated Blimp-1 expression.  
In this way, further characterization of the signaling pathways involved in malignant 
transformation and determining new strategies to drive transformed B cells into terminal 
differentiation by activating the Irf4/Blimp-1 axis may provide novel therapeutic approaches 
for targeting B cell malignancies.  
Taken together, our results suggest that the induction of Blimp-1 is an important mechanism 
for the prevention of uncontrolled B cell activation and expansion under conditions of 
constitutive BCR signaling. Thus, Blimp-1 not only acts as tumor suppressor in B cells 
(Calado et al., 2010; Lenz and Staudt, 2010; Mandelbaum et al., 2010) it is also required 
for proper selection of the antibody repertoire. Therefore, elucidating the signaling pathways 
that activate Blimp-1 is not only required for understanding plasma cell differentiation and 
the suppression of malignant transformation but also for understanding the molecular 
mechanisms that regulate the selection of developing B cells. 
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5. Summary 
 
In contrast to other B cell antigen receptor (BCR) classes, the function of IgD BCR on 
mature B cells remains largely a mystery as mature B cells co-express IgM, which is 
sufficient for development, survival and activation of B cells. Here, we show that the 
expression of IgD is regulated by the forkhead box transcription factor FoxO1 and that IgD 
BCR is selectively responsive to multivalent antigen or immune complexes. FoxO1 is 
repressed by phosphoinositide 3-kinase (PI3K) signaling, which plays a central role in 
regulating differentiation, proliferation and survival of B cells. Thus, FoxO1 requires the lipid 
phosphatase Pten, which acts as a negative regulator of PI3K signaling, for its activation. 
Hence, Pten-deficient B cells expressing knock-ins for BCR heavy and light chain genes 
are unable to upregulate IgD. Moreover, we show that in the presence of autoantigen, Pten-
deficient B cells cannot remove the autoreactive BCR specificity by secondary light chain 
gene recombination and are unresponsive to BCR-mediated stimulation. This finding 
suggests that Pten is dispensable for anergy induction in B cells. 
Furthermore, we tested the hypothesis that BCR-mediated activation of PI3K induces the 
terminal differentiation factor Blimp-1 that interferes with proliferation and survival, thereby 
controlling the expansion of activated B cells. In fact, B cell-specific inactivation of Pten 
leads to deregulated PI3K activity and elevated Blimp-1 expression. Combined deficiency 
for Pten and Blimp-1 results in abnormal expansion of B-1 B cells and splenomegaly. 
Interestingly, Blimp-1 also acts at early stages of B cell development to regulate B cell 
selection as Blimp-1 deficiency results in an increased proportion of autoreactive B cells.  
Taken together, our data suggest that the combined requirement of regulated PI3K 
signaling in addition to Blimp-1-induced terminal differentiation represents the basis for 
proper selection and expansion of developing B cells. Moreover, in accordance with 
available data, our results indicate that Pten/FoxO1-mediated activation of IgD expression 
results in mature B cells that are selectively responsive to antigen complexes. 
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Table 60 | Statistical analysis of Figure 20B-F (page 72):  
Absolute cell numbers in Ptenf/f x mb1-cre x 3-83ki mice 
Total B cells (B) 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
Ptenf/f  Ptenf/f x mb1-cre 0.0028 ** 
Ptenf/f Ptenf/f x CD19-cre 0.0208 * 
Ptenf/f x mb1-cre Ptenf/f x CD19-cre < 0.0001 **** 
Fo.B cells (C) 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
Ptenf/f  Ptenf/f x mb1-cre < 0.0001 **** 
Ptenf/f Ptenf/f x CD19-cre 0.0088 ** 
Ptenf/f x mb1-cre Ptenf/f x CD19-cre 0.0164 * 
MZ.B cells (D) 
One-way ANOVA: Holm-Sidak's multiple comparisons test Adjusted p-value 
Ptenf/f  Ptenf/f x mb1-cre 0.4897 n. s. 
Ptenf/f Ptenf/f x CD19-cre < 0.0001 **** 
Ptenf/f x mb1-cre Ptenf/f x CD19-cre < 0.0001 **** 
CD21lo/CD23- B cells (E) 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
Ptenf/f  Ptenf/f x mb1-cre 0.0718 n. s. 
Ptenf/f Ptenf/f x CD19-cre < 0.0001 **** 
Ptenf/f x mb1-cre Ptenf/f x CD19-cre < 0.0001 **** 
B-1a B cells (F) 
One-way ANOVA: Holm-Sidak's multiple comparisons test Adjusted p-value 
Ptenf/f  Ptenf/f x mb1-cre 0.1324 n. s. 
Ptenf/f Ptenf/f x CD19-cre < 0.0001 **** 
Ptenf/f x mb1-cre Ptenf/f x CD19-cre < 0.0001 **** 

 
Table 61 | Statistical analysis of Figure 23 (page 75):  
Absolute cell numbers in Ptenf/f x mb1-cre x 3-83ki mice 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
Bone marrow 
Ptenf/f Ptenf/f x mb1-cre x 3-83ki -Ag 0.0129 * 
Ptenf/f Ptenf/f x mb1-cre x 3-83ki +Ag 0.0288 * 
Ptenf/f x mb1-cre Ptenf/f x mb1-cre x 3-83ki -Ag 0.0723 n. s. 
Ptenf/f x mb1-cre Ptenf/f x mb1-cre x 3-83ki +Ag 0.0003 *** 
Spleen 
Ptenf/f Ptenf/f x mb1-cre x 3-83ki -Ag 0.0720 n. s. 
Ptenf/f Ptenf/f x mb1-cre x 3-83ki +Ag > 0.9999 n. s. 
Ptenf/f x mb1-cre Ptenf/f x mb1-cre x 3-83ki -Ag 0.1240 n. s. 
Ptenf/f x mb1-cre Ptenf/f x mb1-cre x 3-83ki +Ag < 0.0001 **** 
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Table 62 | Statistical analysis of Figure 31 (page 84): 
Serum IgM in Ptenf/f x mb1-cre x 3-83ki mice 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
Ptenf/f Ptenf/f x mb1-cre x 3-83ki -Ag > 0.9999 n. s. 
Ptenf/f Ptenf/f x mb1-cre x 3-83ki +Ag < 0.0001 **** 
Ptenf/f x mb1-cre Ptenf/f x mb1-cre x 3-83ki -Ag > 0.9999 n. s. 
Ptenf/f x mb1-cre Ptenf/f x mb1-cre x 3-83ki +Ag < 0.0001 **** 

 
Table 63 | Statistical analysis of Figure 32 (page 84): 
Survival of anergic B cells 
Mann-Whitney-U test P-value 
n. t. 
day 2  0.0317 * 
day 3  0.4127 n. s. 
day 5  0.1905 n. s. 
day 7  0.0635 n. s. 
+IL-4 
day 2  0.0159 * 
day 3  0.0635 n. s. 
day 5  > 0.9999 n. s. 
day 7  0.7302 n. s. 
+LPS 
day 2  0.2857 n. s. 
day 3  0.7302 n. s. 
day 5  0.5556 n. s. 
day 7  0.9048 n. s. 
+IL-4 +LPS 
day 2  0,0159 * 
day 3  0.0159 * 
day 5  0.0159 * 
day 7  0.4127 n. s. 

 
Table 64 | Statistical analysis of Figure 33 (page 85):  
Quantification of IgM and IgD MFI in Ptenf/f x mb1-cre B cells 
IgM MFI (A) 
Two-tailed paired t test P-value 
Ptenf/f (non-B cells) Ptenf/f (B cells) < 0.0001 **** 
Ptenf/f x mb1-cre (non-B cells) Ptenf/f x mb1-cre (B cells) 0.0043 ** 
Two-tailed unpaired t test P-value 
Ptenf/f (non-B cells) Ptenf/f x mb1-cre (non-B cells) 0.5018 n. s. 
Ptenf/f (B cells) Ptenf/f x mb1-cre (B cells) 0.0003 *** 
IgD MFI (B) 
Wilcoxon matched-pairs signed rank test P-value 
Ptenf/f (non-B cells) Ptenf/f (B cells) 0.0005 *** 
Ptenf/f x mb1-cre (non-B cells) Ptenf/f x mb1-cre (B cells) 0.0078 ** 
Mann-Whitney-U test P-value 
Ptenf/f (non-B cells) Ptenf/f x mb1-cre (non-B cells) 0.0574 n. s. 
Ptenf/f (B cells) Ptenf/f x mb1-cre (B cells) < 0.0001 **** 
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Table 65 | Statistical analysis of Figure 36A (page 88): 
IgM titers in Ptenf/f x mb1-cre x MD4tg x ML5tg mice 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
Ptenf/f Ptenf/f x mb1-cre > 0.9999 n. s. 
Ptenf/f Ptenf/f x MD4tg 0.0169 * 
Ptenf/f x mb1-cre Ptenf/f x mb1-cre x MD4tg > 0.9999 n. s. 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg > 0.9999 n. s. 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg > 0.9999 n. s. 

 
Table 66 | Statistical analysis of Figure 36B (page 88): 
Anti-HEL IgM titers in Ptenf/f x mb1-cre x MD4tg x ML5tg mice 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
5 mg/ml (row 1) 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg 0.0003 *** 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg > 0.9999 n. s. 
Dilution 1:3 (row 2) 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg 0.0003 *** 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg > 0.9999 n. s. 
Dilution 1:9 (row 3) 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg 0.0011 ** 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg > 0.9999 n. s. 
Dilution 1:27 (row 4) 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg 0.0017 ** 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg > 0.9999 n. s. 
Dilution 1:81 (row 5) 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg 0.0024 ** 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg > 0.9999 n. s. 
Dilution 1:243 (row 6) 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg 0.0014 ** 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg > 0.9999 n. s. 
Dilution 1:729 (row 7) 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg 0.0006 *** 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg > 0.9999 n. s. 
Dilution 1:2187 (row 8) 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg 0.0005 *** 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg > 0.9999 n. s. 
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Table 67 | Statistical analysis of Figure 51 (page 103):  
IgM and IgD MFI in Ptenf/f x mb1-cre x MD4tg x ML5tg mice 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
IgM MFI (A) 
Ptenf/f Ptenf/f x MD4tg  0.0002 *** 
Ptenf/f x mb1-cre Ptenf/f x mb1-cre x MD4tg < 0.0001 **** 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg < 0.0001 **** 
Ptenf/f x MD4tg Ptenf/f x mb1-cre x MD4tg 0.0627 n. s. 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg > 0.9999 n. s. 
IgD MFI (B) 
Ptenf/f Ptenf/f x MD4tg  0.1001 n. s. 
Ptenf/f x mb1-cre Ptenf/f x mb1-cre x MD4tg 0.2980 n. s. 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg > 0.9999 n. s. 
Ptenf/f x MD4tg Ptenf/f x mb1-cre x MD4tg 0.0032 ** 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg > 0.9999 n. s. 

 
Table 68 | Statistical analysis of Figure 52 (page 104):  
Ca2+ influx in Ptenf/f x mb1-cre x MD4tg x ML5tg mice 
Mann-Whitney-U-Test P-value 
cHEL 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg 0.2468 n. s. 
Ptenf/f x MD4tg Ptenf/f x mb1-cre x MD4tg 0.5368 n. s. 
Ptenf/f x MD4tg x ML5tg Ptenf/f x mb1-cre x MD4tg x ML5tg 0.9307 n. s. 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg 0.1255 n. s. 
sHEL 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg 0.0043 ** 
Ptenf/f x MD4tg Ptenf/f x mb1-cre x MD4tg 0.0087 ** 
Ptenf/f x MD4tg x ML5tg Ptenf/f x mb1-cre x MD4tg x ML5tg 0.0087 ** 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg 0.2468 n. s. 
α-κLC 
Ptenf/f x MD4tg Ptenf/f x MD4tg x ML5tg 0.2468 n. s. 
Ptenf/f x MD4tg Ptenf/f x mb1-cre x MD4tg 0.5368 n. s. 
Ptenf/f x MD4tg x ML5tg Ptenf/f x mb1-cre x MD4tg x ML5tg 0.6623 n. s. 
Ptenf/f x mb1-cre x MD4tg Ptenf/f x mb1-cre x MD4tg x ML5tg 0.5368 n. s. 
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Table 69 | Statistical analysis of Figure 54 (page 107):  
Plasma cell differentiation of Pten-deficient B cells upon LPS stimulation  
3 days post stimulation 
Wilcoxon matched-pairs signed rank test P-value  
Ptenf/f n. t.  Ptenf/f +LPS 0.0313 * 
Ptenf/f x mb1-cre n. t. Ptenf/f x mb1-cre +LPS 0.0313 * 
Ptenf/f x CD19-cre n. t. Ptenf/f x CD19-cre +LPS 0.0625 n. s. 
Mann-Whitney-U test P-value  
Ptenf/f +LPS Ptenf/f x mb1-cre +LPS 0.0140 * 
Ptenf/f +LPS Ptenf/f x CD19-cre +LPS 0.0025 ** 
Ptenf/f x mb1-cre +LPS Ptenf/f x CD19-cre +LPS 0.6255 n. s. 
5 days post stimulation 
Wilcoxon matched-pairs signed rank test P-value  
Ptenf/f n. t.  Ptenf/f +LPS 0.0156 * 
Ptenf/f x mb1-cre n. t. Ptenf/f x mb1-cre +LPS 0.0313 * 
Ptenf/f x CD19-cre n. t. Ptenf/f x CD19-cre +LPS 0.0625 n. s. 
Mann-Whitney-U test P-value  
Ptenf/f +LPS Ptenf/f x mb1-cre +LPS 0.0012 ** 
Ptenf/f +LPS Ptenf/f x CD19-cre +LPS 0.0025 ** 
Ptenf/f x mb1-cre +LPS Ptenf/f x CD19-cre +LPS 0.6623 n. s. 

 
Table 70 | Statistical analysis of Figure 60 (page 113):  
Prdm1 expression in splenic B cell populations 
control 
One sample t test P-value 
Reference value = 1  CD21+/CD23+ 0.0038 ** 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
CD21lo/CD23- CD21+/CD23+ (Fo.B) < 0.0001 **** 
CD21lo/CD23- CD21hi/CD23lo/- (MZ.B) 0.0047 ** 
CD21lo/CD23- B-1a B cells > 0.9999 n. s. 
Ptenf/f x mb1-cre 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
CD21+/CD23+ (Fo.B) CD21hi/CD23lo/- (MZ.B) 0.1500 n. s. 
CD21+/CD23+ (Fo.B) CD21lo/CD23- 0.0074 ** 
Ptenf/f x CD19-cre 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
CD21+/CD23+ (Fo.B) CD21hi/CD23lo/- (MZ.B) > 0.9999 n. s. 
CD21+/CD23+ (Fo.B) CD21lo/CD23- 0.0146 * 
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Table 71 | Statistical analysis of Figure 64 (page 118):  
In vitro antibody secretion  
IgM-ELISA (A) 
Wilcoxon matched-pairs signed rank test P-value 
Prdm1f/f EV  Prdm1f/f Blimp-1 0.0039 ** 
Prdm1f/f x mb1-cre EV Prdm1f/f x mb1-cre Blimp-1 0.0039 ** 
Mann-Whitney-U test P-value 
Prdm1f/f EV Prdm1f/f x mb1-cre EV < 0.0001 **** 
Prdm1f/f Blimp-1 Prdm1f/f x mb1-cre Blimp-1 0.9314 n. s. 
a-dsDNA IgM-ELISA (B) 
Two-tailed paired T-test P-value 
Prdm1f/f Blimp-1 Prdm1f/f x mb1-cre Blimp-1   
Undiluted (row 1) < 0.0001 **** 
Dilution 1:3 (row 2) < 0.0001 **** 
Dilution 1:9 (row 3) < 0.0001 **** 
Dilution 1:27 (row 4) < 0.0001 **** 
Dilution 1:81 (row 5) < 0.0001 **** 
Dilution 1:243 (row 6) < 0.0001 **** 
Dilution 1:729 (row 7) 0.0005 *** 
Dilution 1:2187 (row 8) 0.0054 ** 

 
Table 72 | Statistical analysis of Figure 65C (page, 119):  
Blimp-1 MFI 
Wilcoxon matched-pairs signed rank test P-value 
α-LC stimulation 
B1-8 µHC+ B1-8 µHC- 0.0313 * 
HH10 µHC+ HH10 µHC- 0.0005 *** 
Ag stimulation 
B1-8 µHC+ B1-8 µHC- 0.0313 * 
HH10 µHC+ HH10 µHC- 0.0012 ** 

 
Table 73 | Statistical analysis of Figure 65E (page, 119):  
Survival upon Blimp-1 induction 
Wilcoxon signed rank test P-value 
B1-8   
n. t. (reference value = 1) + a-LC 0.0313 * 
n. t. (reference value = 1) + Ag 0.0625 n. s. 
HH10   
n. t. (reference value = 1) + a-LC 0.0002 *** 
n. t. (reference value = 1) + Ag 0.0002 *** 

 
Table 74 | Statistical analysis of Figure 66 (page, 120):  
Survival upon Blimp-1 overexpression 
Wilcoxon signed rank test P-value 
EV day 3 Blimp-1 day 3 0.0313 * 
EV day 5 Blimp-1 day 5 0.0313 * 
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Table 75 | Statistical analysis of Figure 68A-B (page 122):  
Prdm1 and Bcl2 expression in early B cells 
Wilcoxon signed rank test P-value 
Prdm1 expression (A) 
Pro-B cells: reference-value = 1 Small pre-B cells 0,0313 * 
Pro-B cells: reference value = 1 Immature B cells 0,2188 n. s. 
Pro-B cells: reference value = 1 Plasma cells 0,0156 * 
Bcl2 expression (B) 
Pro-B cells: reference value = 1 Small pre-B cells 0.6563 n. s. 
Pro-B cells: reference value = 1 Immature B cells 0.0313 * 
Pro-B cells: reference value = 1 Plasma cells 0.0156 * 

 
Table 76 | Statistical analysis of Figure 69 (page 123):  
Bcl2 expression in splenic B cell populations 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
control 
CD21+/CD23+ (Fo.B) CD21hi/CD23lo/- (MZ.B) 0.0007 *** 
CD21+/CD23+ (Fo.B) CD21lo/CD23- < 0.0001 **** 
CD21+/CD23+ (Fo.B) B-1a B cells 0.8144 n. s. 
Ptenf/f x mb1-cre 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
CD21+/CD23+ (Fo.B) CD21hi/CD23lo/- (MZ.B) > 0.9999 n. s. 
CD21+/CD23+ (Fo.B) CD21lo/CD23- > 0.9999 n. s. 
Ptenf/f x CD19-cre 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
CD21+/CD23+ (Fo.B) CD21hi/CD23lo/- (MZ.B) 0.7550 n. s. 
CD21+/CD23+ (Fo.B) CD21lo/CD23- > 0.9999 n. s. 
Ptenf/f x Prdm1f/f x CD19-cre 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
CD21+/CD23+ (Fo.B) CD21hi/CD23lo/- (MZ.B) 0.8655 n. s. 
CD21+/CD23+ (Fo.B) CD21lo/CD23- 0.0997 n. s. 

 
Table 77 | Statistical analysis of Figure 73 (page 127):  
Absolute cell numbers in Ptenf/f x Prdm1f/f x CD19-cre mice  
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
CD19+ cells  
Ptenf/f  Ptenf/f x CD19-cre 0.0299 * 
Ptenf/f Ptenf/f x Prdm1f/f x CD19-cre < 0.0001 **** 
Ptenf/f x CD19-cre Ptenf/f x Prdm1f/f x CD19-cre 0.0300 * 
B-1a B cells  
Ptenf/f  Ptenf/f x CD19-cre 0.0006 *** 
Ptenf/f Ptenf/f x Prdm1f/f x CD19-cre < 0.0001 **** 
Ptenf/f x CD19-cre Ptenf/f x Prdm1f/f x CD19-cre 0.0044 ** 
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Table 78 | Statistical analysis of Figure 76 (page 130):  
Antibodies in sera of Ptenf/f x Prdm1f/f x CD19-cre mice 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
IgM 
control Ptenf/f x CD19-cre 0.5532 n. s. 
control Ptenf/f x Prdm1f/f x CD19-cre 0.0072 ** 
Ptenf/f x CD19-cre Ptenf/f x Prdm1f/f x CD19-cre < 0.0001 **** 
IgG 
control Ptenf/f x CD19-cre > 0.9999 n. s. 
control Ptenf/f x Prdm1f/f x CD19-cre 0.0004 *** 
Ptenf/f x CD19-cre Ptenf/f x Prdm1f/f x CD19-cre 0.0014 ** 

 
Table 79 | Statistical analysis of Figure 77 (page 131):  
Survival of Ptenf/f x Prdm1f/f x CD19-cre B cells 
Mann-Whitney-U test P-value 
CD21+/CD23+ (Fo.B) 
control day 1 Ptenf/f x Prdm1f/f x CD19-cre day 1 0.8857 n. s. 
control day 2 Ptenf/f x Prdm1f/f x CD19-cre day 2 0.7714 n. s. 
control day 3 Ptenf/f x Prdm1f/f x CD19-cre day 3 0.1143 n. s. 
CD21hi/CD23lo/- (MZ.B) 
control day 1 Ptenf/f x Prdm1f/f x CD19-cre day 1 0.3429 n. s. 
control day 2 Ptenf/f x Prdm1f/f x CD19-cre day 2 0.1143 n. s. 
control day 3 Ptenf/f x Prdm1f/f x CD19-cre day 3 0.0571 n. s. 
CD21lo/CD23- B cells 
control day 1 Ptenf/f x Prdm1f/f x CD19-cre day 1 0.0286 * 
control day 2 Ptenf/f x Prdm1f/f x CD19-cre day 2 0.0286 * 
control day 3 Ptenf/f x Prdm1f/f x CD19-cre day 3 0.0286 * 

 
Table 80 | Statistical analysis of Figure 82 (page 136):  
Absolute cell numbers in Ptenf/f x Prdm1f/f x CD19-cre B cells 
Kruskal-Wallis test: Dunn's multiple comparisons test Adjusted p-value 
CD19+ cells 
Ptenf/f x CD19-cre Ptenf/f 0.0147 * 
Ptenf/f x CD19-cre Ptenf/f x Bcl2tg > 0.9999 n. s. 
Ptenf/f x CD19-cre Ptenf/f x CD19-cre x Bcl2tg 0.0294 * 
B-1a B cells 
Ptenf/f x CD19-cre Ptenf/f < 0.0001 **** 
Ptenf/f x CD19-cre Ptenf/f x Bcl2tg 0.6250 n. s. 
Ptenf/f x CD19-cre Ptenf/f x CD19-cre x Bcl2tg 0.3386 n. s. 

 
Table 81 | Statistical analysis of Figure 84B (page 138):  
Serum IgM in Ptenf/f x CD19-cre x Bcl2tg mice 
Mann-Whitney-U test P-value 
Ptenf/f  Ptenf/f x CD19-cre 0.1429 n. s. 
Ptenf/f Ptenf/f x Bcl2tg 0.3833 n. s. 
Ptenf/f Ptenf/f x CD19-cre x Bcl2tg 0.0091 ** 
Ptenf/f x CD19-cre Ptenf/f x Bcl2tg 0.1061 n. s. 
Ptenf/f x CD19-cre Ptenf/f x CD19-cre x Bcl2tg 0.0070 ** 
Ptenf/f x Bcl2tg Ptenf/f x CD19-cre x Bcl2tg 0.0003 *** 
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