TECHNISCHE UNIVERSITAT MUNCHEN

Fakultit fiir Medizin

Lehrstuhl fiir klinische Chemie und Pathobiochemie
am Klinikum rechts der Isar

Consequences of CARD11(L225LI) expression

in murine B lymphocytes in vivo

Nathalie Knies

Vollstandiger Abdruck der von der Fakultdt fiir Medizin der Technischen Universitit
Miinchen zur Erlangung des akademischen Grades eines Doktors der

Naturwissenschaften genehmigten Dissertation.

Vorsitzender: Univ.-Prof. Dr. Christian Peschel
Priifer der Dissertation:
1. Univ.-Prof. Dr. Jiirgen Ruland
2. Univ.-Prof. Dr. Bernhard Kiister

Die Dissertation wurde am 12.02.2014 bei der Technischen Universitit Miinchen

eingereicht und durch die Fakultat fiir Medizin am 07.05.2014 angenommen.



Eidesstattliche Erklarung

Ich erkldre an Eides statt, dass ich die bei der promotionsfithrenden Fakultat fiir Medizin
der TUM zur Promotionspriifung vorgelegte Arbeit mit dem Titel:

“Consequences of CARD11(L225LI) expression in murine B lymphocytes in vivo”

in dem Institut fiir klinische Chemie und Pathobiochemie unter der Anleitung und
Betreuung durch Prof. Dr. Jirgen Ruland ohne sonstige Hilfe erstellt und bei der
Abfassung nur die gemaf3 § 6 Abs. 6 und 7 Satz 2 angegebenen Hilfsmittel benutzt habe.

(x) Ich habe keine Organisation eingeschaltet, die gegen Entgelt Betreuerinnen und
Betreuer flir die Anfertigung von Dissertationen sucht, oder die mir obliegenden
Pflichten hinsichtlich der Priifungsleistungen fiir mich ganz oder teilweise erledigt.

(x) Ich habe die Dissertation in dieser oder ahnlicher Form in keinem anderen
Prifungsverfahren als Priifungsleistung vorgelegt.

() Die vollstindige Dissertation wWurde N . ————————
veroffentlicht. Die promotionsfilhrende Einrichtung.......n hat der
Vorveroéffentlichung zugestimmt.

(x) Ich habe den angestrebten Doktorgrad noch nicht erworben und bin nicht in einem
fritheren Promotionsverfahren fiir den angestrebten Doktorgrad endgtiltig gescheitert.

() Ich habe DEreits QI ...t seesessessse s seessee s sesssssssssneas bei der Fakultat fiir
...................................................................................................................................................... der Hochschule
.................................................................................. unter Vorlage einer Dissertation mit dem Thema
.......................................................................................... die Zulassung zur Promotion beantragt mit
dem ErGEDNIS: ... eeeeceereeretreereeeesssssessessessesssesssssessessesssesssssssssssssens

Die offentlich zugdngliche Promotionsordnung der TUM ist mir bekannt, insbesondere
habe ich die Bedeutung von § 28 (Nichtigkeit der Promotion) und § 29 (Entzug des
Doktorgrades) zur Kenntnis genommen. Ich bin mir der Konsequenzen einer falschen
Eidesstattlichen Erklarung bewusst.

Mit der Aufnahme meiner personenbezogenen Daten in die Alumni-Datei bei der TUM
bin ich

(x) einverstanden

() nicht einverstanden

/Vo flalrt  lawe)

Miinchen, den Unterschrift



TABLE OF CONTENTS

TABLE OF CONTENTS

1. INTRODUCTION ..coiiisismsmmmsmssmmssssssssssssssssssssssssssssss s s s 1
1.1, IINIITIUIIE SYSTOIMN.ccoreuerrieerereeaserseeasessseasesssessesssessssasessssasessssasessssasessssssessssssessssssesssessssssessssasessssasesssasessssasessssasessssaness 1
1.1.1.  Early B Cell dEVEIOPIMENT «...urerieeeereeeeteeeseeeseetseeseesseessessseesssessssssbssssessess e sssssssssse s sssse s sesaes 2
1.1.2.  Mature B Cell SUDSELS ...eremeeeeereer e sssesssessssssessssess s sssssssssssssssesssssssssssssessanens 4
0 S 7/ 2 2o | OO 4
0 & o U 2 1= PPN 5
1.1.3.  The germinal CENTET TEACTIOMN ..o ceeeeereceeet e eseeeseeseesseessessse s bssssessess s sssss s s ssssssse s nebaes 6
1.1.3.1.  Germinal Center B CellS....mmsssss s s 7
1.1.3.2. Biological mechanisms within the germinal CENtET.......oenreennreneeenneesneeseee e seeesseesssesseeens 8
1.1.4. Terminal differentiation into a plasma Cell.......ccnnineneec e 9
O T 21 00 OO 11
1.2.1.  Structure of the BCRu . ssssssssesssssssssssssessssssssssssssssssssssssssssess 11
1.2.2.  BCR SINALINE ccereiereereereeeererserseessessesseessessessesssessessesssessessesssssessesssssssssessessss s sessssssssseessssesssssssssessssans 12
1.2.2.1.  ProxXimal BCR SIZNAlINE ...ciieurirreeureerrerseeseesssesssesssesssessssssssesssessssssssesssassssssssassssssssesssassssssssasssassssssssassanes 12
1.2.2.2.  DiStal BCR SIGNALING .c.iiurieueerreruseesseeisessseesessssesssesssesssessssssssesssessssssssasssas s sssasssss s sssassssssssassssssasssssassanes 13
1.2.3. NF-KB SIZNALINE ccoutiuriereeereereireeseiseeseesesesesssesssessse s s s b st sesss s s ss s st 17
1.2.3.1. NF-kB subunits and their FeGUIATOTS....coeeeeeseerseeseesssessessssss st sssesssesssssssssssssssssssssssanes 17
1.2.3.2.  BCR-mediated NF-KB actiVation......ssssssssssssssssssssssssssssssssssssssenes 19
1.2.3.3.  The CARD11-BCL10-MALTT1 COMPLEX oorrrureurerrrermemseesssesssessssesssessssssssesssessssssssssssssssssssasssssssssssssssanes 21
1.2.4. AP-1 signaling......eneeeneenn.
1.2.4.1. Transcription factor AP-1
1.2.4.2. Ligand-induced AP-1 aCtiVation ... cceeereeenesseesseessesssesssesssesssssssssssssssssssssssssssssssssssssssssssssassanes 24
R T )7 111 1) 1 10 ) 1 e 26
1.3.1. B CEll LyMPROIMA oottt s bbb s s ss s b st 26
1.3.1.1. Primary-mediastinal diffuse large B cell lymphoma.......nensenneenneeesseesseseesseeseeenens 27
1.3.1.2. Germinal center B cell-like diffuse large lymphoma ......ccooenmeeneeneeenneeneeenseeseesseessesssesnens 27
1.3.1.3. Activated B cell-like diffuse large B cell lymphoma......ooenmeneeneeenneeseesseesseseesseesseenens 28
2. PURPOSE OF THIS STUDY ....ooiiimiimmsimssssssssssssssssssssssssss s s ssasssssssssssssssasasssssasssssaas 31
K TR L D] 0 32
3.1. Invitro examination of ymphoma-derived CARD11 MULALIONS ......oveerrerereerrrersmsrrssersserssesinsenes 32
3.2.  Generation of a CARD11(L225L1)stopFL transgenic KNOCK-iN MOUSE.......cvverneerermseeseserseernserineenes 33
3.3.  Effect of CARD11(L225LI) expression in early B cell deVelopmMent .........ceecreeeereroneercnserenssnns 35
3.3.1. CARD11(L225LI) expression rapidly leads to B cell expansion and cytokine
PIOAUCTION w.veteueeaetseeuseesseesseesseessebsseesse b e st sesssess e s s £ E SRR AR AR bbbk e s bR s bas 35
3.3.2. CARD11(L225LI)induces terminal plasma cell differentiation...........coccourereeereereceneenn. 37
3.3.3. Roles of BCL10 and MALT1 in CARD11(L225LI)-mediated lymphomagenesis........ 40

3.3.4. CARD11(L225LI) expression in B cells simultaneously activates NF-kB and AP-1. 44
3.3.5. Constitutive J]NK and IKK activation triggered by CARD11(L225LI) depends on the

presence 0f BCL10 and MALTT . reeereesseesseessessseseesssssesssesssesssssssessssssssssssssssesssssssssssssssasssssssesasesans 47
3.3.6. IKK and JNK control viability of primary CARD11(L225LI)-expressing B cells......... 49
3.4. Effect of CARD11(L225LI) expression in activated B CelIS.........oneronmerosmsrsssersssesssesinssses 55
3.4.1. Absence of germinal center B cells in CARD11(L225LI) Cv1-Cre mice....ccrvemeereeereerecereenne 55
3.4.2. Germinal center-specific expression of CARD11(L225LI) leads to lymphomagenesis
57
3.4.3. CARD11(L225LI)¢vt-Cretumors display AP-1 and NF-kB activation ... 60
3.4.4. Induced expression of CARD11(L225LI) in IgG1-positive B cells in vitro leads to
AP-1 and NF-KB aCtiVatioN. ... eereereeseerseessessssssessssess s sssesssssssssssssessssessssssssessssesssssssssssssssssssssssess 62
3.4.5. Induced CARD11(L225LI) expression promotes cell survival in vitro, which is
controlled by IKK and JINK @CHIVILY ....uceereureeereeneesserserseessessessssessesssssssesssesssssssessssessssssssssssssssesssssssesssssanes 63
R T 0 1 1 0 PN 65
S D ) T O 03 (0 ) 69



TABLE OF CONTENTS

4.1. Implications of CARD11 AYST@GUIALION ....cuueeeeerresereseerssesissssessssisssessssesessesissssssssessssessssssasssssssssssssesssnes 69
4.2. CARD11(L225LI) expression in early B cell development results in plasma cell hyperplasia
AN CYEOKINEG DUTSE c..eoreerereereeresseassesssesaessassesssesssessssssssssssesssesssssssssessesssesssesssssassssssesssesssssassssssesssssasssssssssessssesssesasssassssss 70
4.2.1. The role of antigen in CARD11(L225LI)-driven lymphoma......oncnenneeneenseennes 71
4.2.2. Oncogenic potential of CARD11(L225LI) relies on functional CBM complex
(0 40 =10 (0 o 00T 72
4.2.3. CARD11(L225LI) expression leads to cooperate activation of NF-kB and AP-1......73
4.2.4. CARD11(L225LI)-expressing B cells show nuclear translocation of 3-catenin......... 75
4.3.  Germinal center-specific CARD11(L225LI) expression leads to ymphomagenesis................ 76
4.3.1. Limitations of CARD11(L225LI)CY1-Cre MiCE...ccumerrmermeereersemssesseesmseessesssessssessssesssssssssssssessans 77
4.3.2. Lymphoma cells resemble GCBs and Trus and display cooperate NF-kB and AP-1
L0 A U5 (0 ) 4 P 78
4.4, ClINICAL POTSPOCTIVES...eurreereeureersserissrarsesssesseesssssassssssesseesssssassssssssssesssssssssassssssssssesssssssssssssssesssssssssassssssssssesssssanes 79
T 00 o Ly o 1 OO 82
5. SUMMARY ..tuttttstsstsissssssssssssssssssssss st ssssss st ssssss s s st s sass s s s s s AR AR A R AR AR AR AR AR AR AR AR R R AR AR AR 84
6. MATERIAL ...t s s s s A A AR AR AR AR R 85
6.1, PLASINICUS. ...crvorrereoererisseesisesessasesessssesesesssessasesessasesessosssssassesssnesessssssssessssssssssessssesssssssssasssessanesesssesssssssssssessssssssses 85
6.2, GOl LIN@S..oevrorreriorererisseesisesersasesessssssesssssessaesessasesessossessasesessasesesssssssses s ssss s8R SRR SR SRR 08500 85
6.3, MOUSE SETAINS covvorvererreesesesersaesessssesesssssessasesessasesessosssssasesesssnesesssssssssssssssssssessssesssssessssssessanesesssssesssssssssessssssssses 85
6.4, OlLGONUCICOTIACS. c...eereeeeeerecrreereserirseesecsssesssessssassesssessessasssassesssesssssssssassesssesssesasssasssssesssesassssssssssesssesssssassssssesasess 87
6.5, PTODES cccoovrerroreriosescrisssesisesessasesesssssssstsessssasesessas s ssas s 558358588810 88
6.6.  WESLEIT DIOE ANEIDOTIES ..co.everreiriirrseirsscrssirississsssvsserssesssisisssssssisssesissesassssasssssssesassssassssasssssassssassssans 88
6.7, FACS ANEIDOTICS..couiroirirevrsiriseirssirisssstsssirsscsssisissssisssssssesassisissssasssssssssassesassisassssasssssassssasssssssssasssssassssassssans 88
7 0 0 5 0. 89
7.1.  Cell culture teCANIQUES fOT COIL IINES....uuuererrreererseerseersesrisesessssesssesissssissssssssessssessssssasssssssssssssssassssasssses 89
7% 0t R o oo =) 01 4 PP 89
2% 0 2 - Y L PP 89
7.1.3. Human lymphoma Cell lINES ..ottt st sesssssssesans 90
7.1.4.  Cell viability aSSay DLBCL ....ocoicereereeeseeseiseese s sessssssesssssssesssssssesssessss s ssssssssssssssesssasssasans 90
7.2, PTIIMQATY IMUEINE CEIS.cueuiirirerereriersserserissrisscussessesasssassesssesssssassssssssssesssssassssssesssessssssssssssesssssssessssssssessssssssanes 91
7.2.1. B CEll PUTIICAION ettt ee e e bbb sss s s s bbb 91
7.2.2. B Cell StMUIATION cvvvreeeereer e reessses s sesss e ssessss s ses s s sssess s sssssssssssans 91
7.2.3. Invitro-class switch recOmMbINatioN .....ooccerereeeeereerre s sssesans 91
7.2.4. Inhibitor treatment primary lymphoma Cells......onenienreseeseseeseeesseeeee e 92
A T U (01T Y= =1 Lo Lo K
7.3.1. Immunizations
7.3.2.  Serum cytokines and immunoglobulin leVels........nenneeeneseeneessesseee s 92
7.3.3.  HISEOIOZY oeuueereeuceereeeeenseisets ettt staest s s s bbb R bbbt 92
T4 MOICCUIAT DIOIOGY ..cruieereerreereerererussesssesseesasssissesssessssssssssssesssessssssssssssssssessssssssssssesssesssssssssassessssssssssnssssssssesssssanes 93
0 T =TS o o) (o PP 93
7.4.2. RNA and Real time PCR ... ssessssssssssssesssssssssssssessssessssssssssssssssans 95
7.4.3. Genomic DNA and Southern blot...... s sseesnns 95
744, FIOW CYLOMELTY wooreuieurieneenseesseseessssssesssesssesssesssesssessse s st s b s s bbbt s bt 95
7.5, SUAUEISTICS cvorvereereeeriseeerisssessasesessoesesassssssasssessanesessssessssssesssanssessasesessssssessssssssas s essssssssssssssnssssssssnesesssesesssssssasssssssnenes 96
8. ABBREVIATIONS ...t ssssss s s s s s s s s s s 97
9. REFERENCES.... .ot 101
10. DANKSAGUNG. ..o s ssssss s s s s s s s s s s 122
11. CURRICULUM VITAE......coimmmmsssssssssssssssss s s ssasss s ssassssssasassssasas 123

ii



INTRODUCTION

1. INTRODUCTION

Our immune system is challenged with infectious microbes every day. Successful
defense against these requires a coordinate and collective interaction of numerous
molecules and diverse cell types. Despite the protective function of the immune system,
various immunological malfunctions exist due in part to lifestyle and genetic
predispositions. Those include immune responses against harmless foreign substances
or defects in self-tolerance, which lead to the attack and destruction of self. Gene
mutations in immune cells leading to abnormal and uncontrolled cell growth potentially
cause lymphoma, which is another immunological disorder. The edge between
protection of the organism against foreign pathogens and the development of immune

diseases is a fine line.

In the first section, a general introduction of the immune system will be given, followed
by the presentation of B lymphocyte development and antigen receptor-mediated
signaling events. On this basis, different lymphoma entities and frequent mutations will
be introduced. According to this background the involvement of a CARD11 mutation
derived from a B cell lymphoma patient is depicted in lymphomagenesis and its

molecular mechanisms will be discussed.

1.1. Immune system

The immune system operates via two branches. An early and rapid immune response is
provided by the innate immune system, whereas antigen-specific long-term protection
is given by the acquired immune system.

Skin and mucosal layers represent the first barrier of the innate immune system against
infection by physically hindering the entry of pathogens into the organism. If these
barriers are broken and the pathogen is able to invade, the second line of innate defense
takes over (reviewed in (Abbas et al., 2011; Janeway, 2001)). Most bacteria that invade
the body are destroyed by the complement system (Sarma and Ward, 2011).

Complement proteins either lyse bacteria by forming pores in their membrane, or they
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opsonize the bacteria, targeting them for phagocytic destruction within myeloid cells at

the site of infection (Sarma and Ward, 2010).

Myeloid cells, such as granulocytes, macrophages, natural killer cells, mast cells and
dendritic cells (DCs) are the cellular component of the innate defense. These express a
repertoire of germline-encoded pattern-recognition-receptors (PRRs), which recognize
evolutionary conserved pathogen-associated molecular patterns (PAMPs) (Janeway,
1989). After PRR engagement, myeloid cells initiate an inflammatory response against
the pathogen by secreting chemokines and cytokines, which recruit and activate other
immune cells. DCs and macrophages engulf pathogens, process them, and after
migrating to secondary lymphoid organs, present parts of the pathogen to T cells, which
then launch a pathogen-specific adaptive immune response (Batista and Harwood,

2009; Galli etal.,, 2011; Kumar etal., 2011).

The adaptive immune system protects the body against pathogens that are not
eliminated by the innate immune system and provides long-term defense against
re-infections termed immunological memory. The cellular mediators of adaptive
immunity are T and B lymphocytes. Both arise from the common lymphoid progenitor
(CLP). Before birth, hematopoiesis takes place in the fetal liver (Ottersbach et al., 2010).
After birth, stem cells migrate to the thymus, where they differentiate into T cells
(Rolink AG, 2006). In contrast to T cells, B cell development takes place in the bone

marrow.

1.1.1. Early B cell development

In the bone marrow several B cell maturation stages exist: the pro B cell, pre B cell and
the immature B cell stage (Figure 1). The immature B cell then exits the bone marrow as
recirculating B cell to finish maturation in the periphery. The peripheral mature murine
B cell pool is composed of two main subgroups: the mostly fetal liver-derived B-1 B cells
and the bone marrow-derived B-2 B cells, whereby the latter representing the larger B

cell pool including follicular (FO) B cells and marginal zone (MZ) B cells.
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Figure 1: B cell development

A) The CLP in the bone marrow gives rise to the pro B cell. B) During the pro B cell
stage the immunoglobulin (Ig) rearrangement of the heavy chain locus takes place. C)
After successful rearrangement of the heavy chain, the surrogate light chain
assembles to the heavy chain. Functional signaling by the pre B cell receptor (BCR)
enables light chain rearrangement. D) The immature B cells expresses surface IgM.
E) Recirculating immature B cells co-expressing surface-IgM and IgD are called
mature B cells. Adapted from (Chaudhuri and Alt, 2004; Herzog et al., 2009).

B cell development starts with interactions between the CLP and stromal cells that
secrete growth factors, most importantly stem cell factor and interleukin-7 (IL-7), which
support the differentiation of the CLP into a pro B cell (Figure 1a). The subsequent steps
provide the B cell with a functional BCR, which sustains its survival and enables
interactions with the microenvironment. Variable-diversity-joining region (VD])
recombination at the pro and pre B cell stage is responsible for the production of an
unique BCR, composed of each two identical heavy (H) and light (L) chains, and is
mediated by the enzymes recombination-activating genes 1 and 2 (RAG1 and RAG2)
(Schatz and Ji, 2011). Rearrangement of the heavy chain diversity (Du) to joining (Ju)
regions in the early pro B cell is prerequisite for the rearrangement of the variable (V)
chains to the DJuin the large pro B cell (Figure 1b). Successful VDJy joining allows the

expression of the antigen receptor p heavy chain in the pre B cell.

The VpreB and A5 proteins pair to form the surrogate light chain and assemble with the
i heavy chain, and with CD79A and CD79B to form the pre B cell receptor, which is a
major checkpoint in B cell development (Herzog et al., 2009). This step initiates the light
chain rearrangement from the k chain locus (Figure 1c). If this does not result in a

functional light chain, rearrangement of the A locus begins. Successful light chain
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production allows the assembly of the light chain to the heavy chain yielding an intact B
cell receptor of the immunoglobulin (Ig) M isotype (Figure 1d). These early steps in B
cell development involving receptor rearrangements are important to establish receptor
diversity within the mature B cell pool. It is estimated that each B cell expresses one out

of 1015 different possible receptors, each unique and specific for one antigen.

The expression of only one antigen receptor with one specificity per B cell is ensured by
the mechanism of allelic exclusion, where the receptor gene is expressed from solely one
allele, as there are two IgH and some IgL loci (Herzog et al,, 2009). An immature B cell
whose surface IgM strongly binds to self-antigen is subjected to negative selection,
either by receptor editing or by apoptosis. This avoids the maintenance of self-reactive
cells. Immature B cells, also called transitional B cells, leave the bone marrow to
recirculate. The first entry into peripheral follicles such as lymph nodes, spleen and
gut-associated lymphoid tissues (GALT) induces the expression of surface IgD (Chen and
Cerutti, 2010) (Figure 1e), so that the mature B cells expresses simultaneously IgM and
IgD. The strength of the BCR signal determines whether mature B-2 B cells differentiate

into either FO B cells or into MZ B cells.

1.1.2. Mature B cell subsets

The murine mature B cell pool can be divided in three B cell subsets in terms of their
development and their role in immune responses: FO B cells, MZ B cells and B1-B cells.
FO B cells represent the major fraction of the mature B cell pool; they recirculate
between B cell follicles and mediate T cell-dependent (TD) immunity. In contrast to FO B
cells MZ B cells reside between the marginal sinus and the red pulp of the spleen and are
therefore part of the first line of defense for blood-borne T-independent (TI) bacterial

antigens (Pillai and Cariappa, 2009).

1.1.2.1. MZ B cells

MZ B cells are permanently localized next to the marginal sinus in the spleen, which
enables them to rapidly respond to blood-borne TI antigens (Pillai and Cariappa, 2009).

TI antigens are antigens that induce plasma cell differentiation without the aid of helper
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T cells. These antigens include polysaccharides, nucleic acids and membrane glycolipids,
which efficiently cross-link the BCR on account of their repetitive structure (Abbas et al.,
2011). These preferably activate innate-like B cells, such as MZ B cells, which express
low-affinity BCRs and recognize mostly microbial determinants. Despite their role in TI
immunity MZ B cells are able to support T-dependent humoral responses by transport
and deposit of IgM-containing complexes to FDCs with their surface receptor CD21,

which load the antigen and present it to T cells (Ferguson, 2004).

1.1.2.2. B-1Bcells

B-1 B cells represent the third category of peripheral mature B cells. They are generated
earlier than B-2 B cells, and originate mostly from progenitors in the fetal liver and just
to a small extent from bone marrow stem cells (Herzenberg, 2000). B-1 B cells are the
main B cell population within the peritoneal cavity and populate to a lesser degree
spleen and bone marrow. While B-2 B cells are continuously generated from the bone
marrow during lifetime, de novo synthesis of B-1 B cells is restricted once the cell pool is
established (Lalor et al., 1989). B-1 B cells produce IL-10 to activate a positive autocrine
regulatory loop for their long-term maintenance (Gary-Gouy, 2002; O'garra et al., 1992).

Dead cells are replaced by cell division so that the existing B-1 B cell pool is maintained.

B-1 B cells, which are IgMPhigh, CD19high, CD43pos, CD23reg, and IgD!°w, can be further
distinguished by their CD5 expression (Baumgarth, 2011; Hayakawa et al, 1983).
CD5-negative B-1b B cells were shown to provide a long-term protection against
different bacterial infections and CD5-expressing B-1a B cells are the main source of
natural IgM (Haas et al.,, 2005; Alugupalli et al., 2004). Natural IgM opsonizes pathogens
and activates the complement system (Gronwall et al., 2012). All immunoglobulins
derived from B-1 B cells are very similar to germline-state antibodies, as they do not
undergo somatic  hypermutation, and because the enzyme terminal
deoxynucleotidyltransferase (TdT) is absent from these cells, nontemplated

N-insertions do not occur (Li et al., 1993; Rothstein, 2002).

Despite the fact that B-1 B cells produce huge amounts of natural IgM after TI encounter,
they do not undergo the germinal center reaction or somatic hypermutation (Caroll and
Prodeus, 1998) (see 1.1.3.). Also class switch recombination is restricted in B-1 B cells.

5
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While the class switch to IgA is functional, the IgGl and IgG2a class switch
recombination in B-1 B cells is defective in vitro (Tarlinton et al., 1995; Kaminski and
Stavnezer, 2006). Besides their role as main producer of natural IgM, B-1 B cells also
produce about 50% of the IgA levels found in organisms (Macpherson et al,, 2008). In
comparison to natural IgM, IgA eradicates toxins and pathogens without inflammation
as it is not able to activate the complement system (Cerutti, 2008). Therefore B-1 B cells
play a crucial role in the early immune response and should be considered as innate-like

B cells.

1.1.3. The germinal center reaction

The life-long aim of a mature B cell is to encounter its cognate antigen. Therefore, the
mature but naive, antigen un-experienced, FO B cell circulates between the peripheral
lymphoid organs searching the specific antigen for its surface receptor. Once the FO B
cell encounters the matching antigen, the antigen bound to the BCR is internalized and
processed by endosomes. The resulting peptides are loaded on the major
histocompatibility complex II (MHCII). B cells, macrophages and DCs are able to present
antigen this way to T cells, though macrophages and DCs employ alternative
mechanisms for antigen internalization (Neefjes et al., 2011). Upon recognition of
MHCII-presented antigen by the T cells receptor (TCR), T cells become activated. Similar
to what occurs in B cell development, rearrangement of the TCR locus to generate an
antigen-specific receptor also occurs during early thymic development of T cells. In
contrast to the BCR, the TCR is not able to recognize intact or native antigens, but rather

recognizes processed antigen within the context of MHC molecules.

In the follicular T cell zone the antigen-primed T cell is poised to encounter B cells
presenting the matching peptide for its TCR. In this event, small extrafollicular B cell foci
are formed in the T cell zone, where plasma cells secrete low affinity antibodies or
differentiate to early memory B cells (MacLennan et al.,, 2003). Within this area, B cells
are activated by a number of surface molecules on follicular helper T (Trn) cells, as well
as by IL-21-secreted by Tru cells. The co-stimulation via CD40/CD40L and
TCR-peptide-MHCII interaction are indispensable, but also engagement by the CD28
family members Inducible costimulator (ICOS), programmed cell death-1 (PD-1) and the
C-X-C chemokine receptor CXCR5 are important for full interaction and hence activation

6
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(Nutt and Tarlinton, 2011). One or few antigen-specific B cells massively proliferate
forming a structure called dark zone in the germinal center (GC). These B cells are called

centroblasts. Once centroblasts finish to proliferate, they are called centrocytes.

1.1.3.1. Germinal center B cells

The term germinal center B cells (GCBs) includes FO B cells entering the GC reaction, as
well as massively proliferating centroblasts and centrocytes. GCBs are antigen- and T
cell-activated B cells, which change their cellular program with the final aim to produce
high affinity antibodies. They are characterized by expression of peanut agglutinin

(PNA), CD95 (also called Fas), Gl-7 and B220 (Goetz and Baldwin, 2008).

The first steps in the transition from a naive B cell to a GCB include the down-regulation
of proliferation-inhibitory proteins, tumor and growth suppressors. Early response
genes responsible for transition from G1 to S phase are up-regulated, and the cell
changes from an anti-apoptotic state towards a pro-apoptotic state (Klein et al., 2003).
This is mainly controlled by the transcriptional repressor B cell lymphoma 6 (Bcl-6),
which down-regulates the anti-apoptotic protein Bcl-2 (Saito et al., 2009; Kondo and
Yoshino, 2007) and p53 (Phan and Dalla-Favera, 2004). Bcl-6-mediated
down-regulation of p53 leads to the proliferative status of GCBs (Phan and Dalla-Favera,
2004). Bcl-6 efficiently blocks the DNA damage sensors ataxia-telangiectasia-related
(ATR) and checkpoint kinase 1 (CHEK1) resulting in a state of DNA damage tolerance
(Ranuncolo et al, 2007; 2008). Another important target gene of Bcl-6 is the
transcriptional repressor PR domain zinc finger protein 1 (Prdm1), which encodes for
B-lymphocyte-induced maturation protein 1 (Blimp-1). Inhibition of Prdml gene
expression by Bcl-6 blocks terminal differentiation into a plasma cell (Shaffer et al,,
2000). The exact mechanism by which differentiation into a plasma cell or memory B

cell occur are still under extensive investigation (Zotos and Tarlinton, 2012).
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1.1.3.2. Biological mechanisms within the germinal center

Main events of TD antibody responses occur during the GC reaction: Heavy chain class

switch, somatic hypermutation and the generation of memory B cells.

During the GC reaction centrocytes are able to switch their Ig isotype, which provides
plasticity in the humoral immune response. Isotypes differ in their effector function and
are defined by the nature of the pathogen/antigen (Xu et al.,, 2012) and by cytokines
secreted from T cells. For example, in mice interferon-y (IFN-y) secretion mediates
IgG2a class switch recombination, whereas interleukin-4 (IL-4) promotes IgG1 and IgE

class switch recombination (Abbas et al., 2011).

Another process during the GC reaction is called somatic hypermutation resulting in
antibody diversity. Receptor diversity raises the likelihood to have a specific antibody
for the efficient eradication of any intruder and is therefore crucial for efficient immune
responses. This diversity is achieved by the enzyme activation-induced-deaminase
(AID), which indirectly leads to double strand breaks within the switch regions so that
the rearranged VD] segment recombines with another downstream constant region. In
the next step the variable region of the BCR is somatically mutated, leading to BCR
diversification. AID deaminates cytosines in the variable region to generate uracils (U),
which lead to either uracil:guanine (U:G) mismatches, or to the removal of the U
residues by the enzyme uracil N-glycosylase. The U:G mismatch is recognized and
excised by mismatch repair mechanism and filled-up by the error-prone Polymerases
Poln and Polk (Chahwan et al, 2012; Peled et al, 2008). Mutations in the BCR
accumulate in the complementary determining regions within the variable region, which

is important for antigen binding ability.

After class switch and somatic hypermutation, centrocytes migrate to the less dense
light zone and test the affinity of their receptor with the help of antigen-presenting
follicular dendritic cells (FDC) and Trn cells (Victora and Nussenzweig, 2012). Cells with
low-affinity receptor are negatively selected by CD95 ligation and undergo apoptosis.
The generation of high-affinity B cells, which exit the germinal center either as memory

B cell or plasma cell, is called affinity maturation (Vinuesa et al., 2009).
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Memory B cells are post-GC B cells, which survive for long periods without antigenic
stimulation. They are able to rapidly respond to known antigens as they express a

high-affinity BCR and are indispensable for immunological memory (Abbas et al.,, 2011).

1.1.4. Terminal differentiation into a plasma cell

Post-GCBs differentiate either into memory B cells, which feature the long-term memory
to a pathogen, or into a plasma cell, which mount the humoral immune response. The
terminal differentiation into a plasma cell is tightly regulated by the action of several

transcription factors.

Tru-mediated CD40 receptor ligation blocks the action of Bcl-6 in GCBs and leads
subsequently to NF-kB activation. NF-kB regulates the expression of Interferon
regulatory factor 4 (IRF4), which suppresses Bcl-6 in a regulatory loop (Saito et al,,
2007). IRF4 activation and Bcl-6 down-regulation initiate the differentiation into a

plasma cell by Prdm1 gene induction (Angelin-Duclos et al., 2000).

Blimp-1, which is encoded by Prdml, is the master regulator of plasmacytic
differentiation. It represses the transcription factors paired box 5 (Pax5) and Bcl-6,
which are indispensable for GC formation (Shaffer et al, 2002; Lin et al., 2002). This
crucial step prevents the plasma cell to return to an earlier developmental stage. At the
same time, mature B cell-specific surface molecules such as CD19, B220, MHCII, CD79
and surface Ig (Oracki et al., 2010) are down-regulated and the IgH, IgL. and ] chain
genes, which are the modules for antibody production, are expressed (Shapiro-Shelef

and Calame, 2005).

The transcription factor X-box binding protein 1 (Xbp-1) which is negatively regulated
by Pax5, is the main driver for cellular changes in plasma cells, including expansion of
the endoplasmatic reticulum (ER), increase in cell size, rise in total protein synthesis and
the secretory phenotype. Xbp-1 induces the unfolded-protein response (UPR), which
increases protein folding and translocation by the ER. This can lead to ER stress and
thereby a decrease in protein synthesis and apoptosis. Therefore it was suggested that

plasma cells utilize a physiological UPR that antagonizes decreased protein synthesis
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(Shaffer et al.,, 2004). Further, Blimp-1 inhibits CXCR5 expression, thereby frees B cells
from retention in the B cell follicle, and simultaneously induces CXCR4 expression,
which mediates homing to bone marrow niches by sensing CXCL12 secreted by stromal

cells (Sciammas and Davis, 2004).

A number of factors control plasma cell survival in the bone marrow. These include
CXCR4 signaling, IL-6, IL-5, tumor necrosis factor a (TNFa), ligation of the cell adhesion
molecule CD44, and also B cell-activating factor (BAFF), which stimulates the plasma
cell-specific B cell-maturating antigen (Shapiro-Shelef and Calame, 2005). Syndecan-1,
also called CD138 is commonly used as murine and human plasma cell marker
(Sanderson et al,, 1989). The survival for antibody-secreting plasma cells cultured ex
vivo is limited to a few days, whereas long-lived plasma cells are able to survive for more

than one year in the bone marrow (Slifka et al., 1998).

All essential steps in B cell development and main biological functions of B cells rely on
the BCR. Within the early B cell development correct production and assembly of the
BCR is prerequisite for B cell survival and the exit from the bone marrow into the
periphery. In the periphery, the B cell function is determined by the signal strength (MZ
versus FO B cells). Upon antigen encounter the Ig effector class and somatic
hypermutation of the BCR constitute the efficiency of the humoral immune response,

which is mediated by plasma cells that secrete their antigen receptor.
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1.2. The BCR

1.2.1. Structure of the BCR

Surface BCR expression and its ability to bind antigens are prerequisite for B cell
functioning. The BCR translates receptor activation after antigen binding to intracellular
signaling events. These intracellular signals determine whether a B cell differentiates,

proliferates or undergoes apoptosis.

A
\

CD798B
CD79A

Figure 2: Structure of the BCR

A) The BCR is a membrane bound Ig, which is non-covalently bound to the CD79
heterodimer. B) Antigen-mediated crosslinking of the BCR results in receptor
oligomerization and accessibility of the CD79 ITAM motifs to the receptor proximal
kinases LYN and SYK due to an open conformation (Tolar et al., 2005).

The two membrane-bound heavy chains and the two light chains of the BCR are typically
organized in Y shape. Upon antigen binding BCRs oligomerize and start signal
transduction. Interestingly, the BCR heavy chains are not able to transduce extracellular
signals to the cytoplasm due to their short cytosolic tails. Therefore the BCR assembles
non-covalently with the CD79 heterodimer, consisting of CD79A and CD79B, to form the
BCR complex (Figure 2a). Both of these proteins have immunoreceptor tyrosine-based
activation motifs (ITAM), which consist of a conserved four amino acid sequence YxxL/I
that typically repeats after six to eight amino acids (Hombach et al., 1988; Schamel and
Reth, 2000). This ITAM motif couples the BCR and intracellular tyrosine kinases and is

hence indispensable for all subsequent BCR signaling events.

11
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1.2.2. BCR signaling

The expression of a functional BCR is essential for B cell development and survival in the
periphery (Kitamura et al, 1991; Srinivasan et al, 2009). Engagement of the BCR
initiates a multistep cascade: Adapter molecules and proteins with enzymatic activities
coordinate signal transduction from BCR proximal regions to further distal areas and
eventually to the nucleus. Protein modifications such as the addition of
phospho-residues (phosphorylations) or ubiquitin chains result either in activation or
degradation of targeted molecules (de-/ubiquitinations) and by this regulate protein

activation, inhibition and turn-over.

1.2.2.1. Proximal BCR signaling

Antigen binding to the BCR leads to conformational changes, which provide accessibility
of the ITAM motifs of the CD79 heterodimer to kinases. The tyrosines within the ITAM
motifs are initially mainly phosphorylated by the src family kinase LYN (Gauld and
Cambier, 2004). This phosphorylation builds a docking unit for the spleen tyrosine
kinase (SYK) which is present in a closed conformation in resting B cells (Figure 2b)

(Pao et al., 1998).

Figure 3: Proximal BCR signaling

Upon BCR engagement proximal BCR signaling is initiated. A) The addition of
phospho-residues to the CD79 heterodimer builds a docking site for the tyrosine
kinase SYK. B - D) Active SYK phosphorylates diverse target molecules: itself, CD79A,
CD19, BLNK and BTK.

SYK is one of the most important receptor-proximal BCR kinases as it regulates many

signaling pathways, and therefore needs to be tightly regulated (Koyasu, 2003; Turner

12
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et al., 1995). An interaction between two tyrosines within the src homology (SH)
2-kinase linker region and the kinase domain leads to a closed conformation and
auto-inhibition (Gradler et al., 2013). SYK-binding to the phosphorylated ITAM motif of
CD79 proteins abolishes the connection between the two regions. Full activation is
gained by LYN-mediated phosphorylation and auto-phosphorylation of SYK (Figure 3a)
(Rowley et al.,, 1995), which subsequently leads to SYK-mediated phosphorylation of
CD79A at the non-ITAM-tyrosine 204 (Figure 3b). B cell linker protein (BLNK) is
recruited to the phospho-tyrosine in CD79A and binds to SYK (Engels et al., 2001). SYK
phosphorylates BLNK and generates binding sites for Bruton's tyrosine kinase (BTK)
and phospholipase Cy2 (PLCy2) (Figure 3c) (Fu et al, 1998). Additionally, BTK is
recruited to the cell membrane, where it is phosphorylated by LYN (Rawlings et al,,
1996) and SYK (Kurosaki and Kurosaki, 1997) and subsequently auto-phosphorylated
(Figure 3d). These BCR proximal signaling events are essential for further downstream

activation of pathways regulating fate decision of the activated B cell.

1.2.2.2. Distal BCR signaling
PI3K/AKT signaling

Constitutive basal BCR signaling, also called tonic BCR signaling, strictly depends on
PI3K signaling, which is able to rescue BCR-ablated B cells from cell death (Srinivasan et

al, 2009).

The initiating event for the activation of the PI3K/AKT signaling pathway is the
phosphorylation of CD19 by LYN. This generates binding sites for
phosphoinositide-3-kinase (PI3K) and leads to its activation (Fujimoto et al., 2000)
(Figure 3a). PI3K produces phosphatidylinositol 3,4,5-triphosphate (PIP3) by
phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP;) (Koyasu, 2003), which
is a second messenger and docking unit for pleckstrin homology (PH)
domain-containing proteins such as phosphoinositide-dependent protein kinase 1
(PDK-1), AKT, PLCy2 and BTK (Figure 3d) (Salim et al., 1996). PDK-1 is recruited to the
cell membrane by binding of its PH domain to PIP3 and phosphorylates AKT (Figure 4a)
(Anderson et al., 1998). Activated AKT phosphorylates forkhead box protein O (FOXO)

molecules leading to their degradation, which promotes B cell growth, survival and

13
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proliferation (Figure 4b) (Toker and Newton, 2000; Brunet et al., 1999; Burgering and
Kops, 2002).

P  [PRXAO] ﬁ = — -

FOXO;_E -

Figure 4: PI3K/AKT signaling

The PI3K/AKT signaling pathway is required for B cell survival. It is initiated with
the phosphorylation of CD19, which further leads to activation of PI3K. The key
molecule in PI3K signaling is the second messenger PIP3. PI3K regulates A) AKT and
via AKT the B) mTOR and FOXO pathway. C) Simultaneously it promotes Calcium

mobilization by activating PLCy2.

Another substrate of AKT is the negative regulator of the mammalian target of
rapamycin 1 (mTORC1) complex proline-rich AKT substrate 40 kDa (PRAS40) (Sancak
et al, 2007). PRAS40 dissociates from the mTORC1 complex after AKT-mediated
phosphorylation and leads to mTORC1 activation (Newton, 1997; Fruman, 2012), which

is essential for B cell metabolism and proliferation (Figure 4b).

Calcium signaling

Another effector arm of the PI3K pathway is the activation of PLCy2, which initiates

calcium (Ca?*) mobilization and by this B cell proliferation. This is achieved upon

membrane recruitment and activation of BTK, which directly phosphorylates PLCy2

14
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(Takata and Kurosaki, 1996). PLCy2, which is also recruited to PIP3 hydrolyses PIP> into
the second messengers [Pz and diacylglycerol (DAG) (Figure 4c) (Newton, 1997).

.
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Figure 5: Calcium signaling
A) -D) show calcium influx after BCR engagement, and calcium-dependent activation
of the transcription factor NF-AT (star) within the nucleus (dashed line).

The second messenger [Pz is the key activator of Ca?* signaling in B cells, which is
essential for B cell function and development (Scharenberg et al., 2007). [P3 binds to IP3
receptors on the ER leading to Ca?* release (Figure 5a). This binding enables the
interaction between stromal interaction molecule (STIM) located in the membrane of
the ER, and the calcium release activated channel (CRAC) (Figure 5b), which results in
entry of extracellular Ca?* (Roos, 2005; Vig et al,, 2006). Calmodulin (CaM) binds free
cytosolic Ca?*, which leads to its activation due to conformational changes (Figure 5c).
Interaction with CaM activates the phosphatase calcineurin, and subsequently

de-phosphorylates the transcription factor nuclear factor of activated T-cells (NF-AT).
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Dephosphorylated NF-AT translocates to the nucleus and induces expression of genes

regulating B cell homeostasis (Figure 5d) (Hogan et al., 2003; Scharenberg et al., 2007).

ERK signaling

PLCy2 also produces the second messenger DAG, which leads to the activation of ERK
and NF-kB signaling. DAG binds to the C1 domain of protein kinase C (PKC) f3, allowing
PKCp to activate RAS guanyl releasing protein (RasGRP). RasGRP catalyzes conversion of
GDP-bound Ras to the active GTP-bound form by nucleotide exchange (Figure 6a), which
is essential for RAF activation (Figure 6b) (Roose et al.,, 2005; Aiba et al., 2004). RAF
phosphorylates mitogen-activated extracellular signal-regulated kinase (MEK) 1 and 2,
which activate ERK1/2 leading to phosphorylation and translocation of the ETS
domain-containing protein (ELK-1) transcription factor and activator protein 1 (AP-1)
activating genes involved in cell cycle progression (Figure 6c) (Yasuda et al, 2008;

Kurosaki, 1999; 2011; Dal Porto et al., 2004).

Figure 6: ERK signaling

A) PLCy2 activates RasGRP, which provides GTP for the activation of the B) ERK
signaling cascade. This pathway results in the translocation of the transcription
factors AP-1 and ELK-1.
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1.2.3. NF-kB signaling

The NF-kB pathway is activated by a plethora of signals. Strong inducers are antigen
receptors such as the BCR, TNFa, IL-1 and signals via PRRs such as the toll-like receptors
(TLRs). Cellular stress mediated by hypoxia or DNA damage also effectively activate this
pathway (Perkins, 2012). The NF-kB pathway is divided in two branches: the canonical
also known as the classical NF-kB, and the non-canonical or alternative pathway.
Signaling through the BCR, IL-1 receptor, TLRs or TNFa receptor lead to the activation of
the classical pathway. The alternative pathway can be activated by engagement of
lymphotoxin- receptor, receptor activator of NF-kB (RANK), CD40 or the BAFF
receptor (Siebenlist et al., 2005).

In B cells, NF-kB signaling regulates important aspects of cell biology by controlling the
expression of pro-survival genes, the secretion of cytokines, the regulation of activation

markers and ensures B cell function and differentiation.

1.2.3.1. NF-kB subunits and their regulators

The NF-kB transcription factor family has five members: RelA (p65), RelB, cRel, NF-kB1
(p50) and NF-xB2 (p52) (Figure 7) (Verma et al, 1995). All possess a conserved
Rel-homology-domain (RHD), which contains the DNA-binding, dimerization and the
nuclear-translocation domain. The Rel proteins (RelA, RelB, cRel) enhance target gene
expression via their C-terminal transactivation domain (TAD). The other two Rel
proteins (p50, p52) have to be processed from their precursor molecules p105 and
p100, respectively, before nuclear translocation (Ghosh et al.,, 1998). This happens via
proteolytical removal of the ankyrin repeat motif, which abolishes the interaction with
their inhibitory molecules. In absence of stimulus, the NF-xB proteins are inhibited and
retained in the cytosol by molecules known as inhibitors of NF-kB (IkBs). Those also
contain ankyrin repeats, which bind the ankyrin repeats in the Rel molecules.
IkB-bound, inactivated NF-kB proteins shuttle from the cytosol to the nucleus and back
directed by the nuclear-localization signal and the nuclear-export signal (Hayden and

Ghosh, 2012).
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There are different IkBs: IkBa, [kBf3, IkBeg, [kBNS, IkB{ and Bcl-3 (Figure 7) (Ghosh and
Hayden, 2008). IkBNS, IkB{ and Bcl-3 have an exceptional role as atypical IkB molecules.
Bcl-3 for example contains a TAD and is located in the nucleus. There it binds to p50 and
p52 homodimers and, dependent on the post-translational modification, it activates or
inhibits NF-kB target gene transcription. IkB{ lacks a TAD, but is nonetheless able to

activate gene transcription when bound to p50 homodimers (Motoyama, 2004).

NF-kB subunits IkBs

TAD — RelA (p65) IKBa
-1z TAD—  RelB IBP
TAD — cRel IkBe

Bcl-3

ankyrin
[ HOOOOHDD] NF-kB2 (p52, p100)

IKBNS

———O00—0000

FOOOOHDD! NF-kBT (p50,p105)  ————(O)(OO——O0- k8L
—OO00000-TAD —
—O0O000-

Figure 7: NF-kB subunits and regulators

RHD = Rel-homology domain; TAD = transactivation domain; LZ = leucine zipper; DD
= death domain; PEST = Proline- (P), glutamic acid (E), serine (S), and threonine (T)
rich domain. Figure adapted from (Ghosh and Hayden, 2008).

The IkB kinase (IKK) complex regulates the dissociation of NF-kB from the IkB
molecules. Three subunits of the IKK complex have been identified: The regulatory
subunit NF-kB essential modulator (NEMO), which facilitates protein interactions and
lacks intrinsic catalytic activity and the two kinases IKKa and IKKf(, which
phosphorylate the proto-typical IkB molecules and hence release the NF-kB factors to

the nucleus (Li and Verma, 2002; Henkel et al., 1993).

NF-kB is able to negatively regulate itself, as IkBa is a target gene of NF-kB and is
resynthesized when NF-kB is transcriptional active. Newly synthesized IkBa enters the
nucleus and dissociates bound NF-kB dimers from the DNA-kB sites within promoters
and enhancers of target genes, yielding in a negative feedback loop that shuts down

NF-xB signaling.
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Figure 8: The canonical and alternative NF-kB pathway

Canonical pathway: The IKK complex consisting of NEMO, IKKa and IKKf
phosphorylates [kBa and marks it for proteasomal degradation causing the release of
NF-xB dimers to the nucleus.

Alternative pathway: Stabilization and auto-activation of NIK activates IKKa, which
phosphorylates and targets p100 for proteasomal conversion to p52. P52
subsequently translocates predominantly with RelB to the nucleus (Brown et al,
2008). Scheme adapted from (Rickertetal., 2011).

1.2.3.2. BCR-mediated NF-kB activation

One of the most important events after BCR engagement is the activation of NF-xB. For
this the formation of the CARD11-BCL10-MALT1 (CBM) complex is crucial. It assembles
key signaling molecules and builds a scaffold for the recruitment of NEMO. This leads to
the activation of the IKK complex, which targets the NF-kB-retaining [xB molecules for

degradation.

In resting cells, the scaffolding molecule CARD domain-containing membrane-associated
guanylate kinase (MAGUK) 1 (CARD11) exists in a closed conformation. This
auto-inhibition is regulated by interaction of the linker region with the coiled-coil
domain. PKCB-mediated phosphorylation at the linker region abolishes this connection

and leads to opening of the molecule (Figure 9a) (Sommer et al., 2005). This allows the
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assembly of the CBM complex. BCL10 interacts with CARD11 via its CARD domain
(Bertin, 2001; Gaide et al, 2001), whereas mucosa-associated lymphoid tissue
translocation gene 1 (MALT1) binds to the coiled-coil domain of CARD11 (Che et al,
2004). The ubiquitin-ligase TNFa receptor-associated factor 6 (TRAF6) and MALT1
associate and oligomerize (not shown in Figure 9) (Sun et al., 2004; Noels et al,, 2007).
The active E3-ubiquitin lig