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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! selfJtolerance,! 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! receptorJmediated!

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!antigenJspecific! longJterm!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!germlineJencoded!patternJrecognitionJreceptors!(PRRs),!which!recognize!

evolutionary! conserved! pathogenJassociated! 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! pathogenJspecific! adaptive! immune! response! (Batista! and! Harwood,!

2009;!Galli!et!al.,!2011;!Kumar!et!al.,!2011).!!

!

The! adaptive! immune! system! protects! the! body! against! pathogens! that! are! not!

eliminated! by! the! innate! immune! system! and! provides! longJterm! defense! against!

reJinfections! 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!liverJderived!BJ1!B!cells!

and!the!bone!marrowJderived!BJ2!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! coJexpressing! surfaceJIgM! 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!interleukinJ7!(ILJ7),!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.! VariableJdiversityJjoining! region! (VDJ)!

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! recombinationJactivating! genes! 1! and! 2! (RAG1! and! RAG2)!

(Schatz! and! Ji,! 2011).! Rearrangement! of! the! heavy! chain! diversity! (DH)! to! joining! (JH)!

regions!in!the!early!pro!B!cell!is!prerequisite!for!the!rearrangement!of!the!variable!(VH)!

chains! to! the!DJH!in! the! large!pro!B!cell! (Figure!1b).!Successful!VDJH! joining!allows!the!

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

!

The!VpreB!and!λ5!proteins!pair!to!form!the!surrogate!light!chain!and!assemble!with!the!

μ!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! κ! chain! locus! (Figure! 1c).! If! this! does! not! result! in! a!

functional! light! chain,! rearrangement! of! the! λ! 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! selfJantigen! is! subjected! to! negative! selection,!

either!by!receptor!editing!or!by!apoptosis.!This!avoids!the!maintenance!of!selfJreactive!

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!

gutJassociated!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!BJ2!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!B1JB!cells.!

FO! B! cells! represent! the! major! fraction! of! the! mature! B! cell! pool;! they! recirculate!

between!B!cell!follicles!and!mediate!T!cellJdependent!(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!bloodJborne!TJindependent!(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!bloodJborne!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!crossJlink!the!BCR!on!account!of!their!repetitive!structure!(Abbas!et!al.,!

2011).!These!preferably!activate! innateJlike!B! cells,! such!as!MZ!B!cells,!which!express!

lowJaffinity!BCRs!and!recognize!mostly!microbial!determinants.!Despite!their!role!in!TI!

immunity!MZ!B!cells!are!able!to!support!TJdependent!humoral!responses!by!transport!

and! deposit! of! IgMJcontaining! complexes! to! FDCs! with! their! surface! receptor! CD21,!

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

!

1.1.2.2. B11#B#cells#
!

BJ1!B!cells!represent!the!third!category!of!peripheral!mature!B!cells.!They!are!generated!

earlier!than!BJ2!B!cells,!and!originate!mostly!from!progenitors!in!the!fetal!liver!and!just!

to!a!small!extent!from!bone!marrow!stem!cells!(Herzenberg,!2000).!BJ1!B!cells!are!the!

main! B! cell! population! within! the! peritoneal! cavity! and! populate! to! a! lesser! degree!

spleen!and!bone!marrow.!While!BJ2!B!cells!are!continuously!generated! from!the!bone!

marrow!during!lifetime,!de!novo!synthesis!of!BJ1!B!cells!is!restricted!once!the!cell!pool!is!

established!(Lalor!et!al.,!1989).!BJ1!B!cells!produce!ILJ10!to!activate!a!positive!autocrine!

regulatory!loop!for!their!longJterm!maintenance!(GaryJGouy,!2002;!O'garra!et!al.,!1992).!

Dead!cells!are!replaced!by!cell!division!so!that!the!existing!BJ1!B!cell!pool!is!maintained.!!

!

BJ1! B! cells,! which! are! IgMhigh,! CD19high,! CD43pos,! CD23neg,! and! IgDlow,! can! be! further!

distinguished! by! their! CD5! expression! (Baumgarth,! 2011;! Hayakawa! et! al.,! 1983).!

CD5Jnegative! BJ1b! B! cells! were! shown! to! provide! a! longJterm! protection! against!

different! bacterial! infections! and! CD5Jexpressing! BJ1a! 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! (Grönwall! et! al.,! 2012).! All! immunoglobulins!

derived! from!BJ1!B! cells! are! very! similar! to! germlineJstate! antibodies,! as! they! do!not!

undergo! somatic! hypermutation,! and! because! the! enzyme! terminal!

deoxynucleotidyltransferase! (TdT)! is! absent! from! these! cells,! nontemplated!

NJinsertions!do!not!occur!(Li!et!al.,!1993;!Rothstein,!2002).!

!

Despite!the!fact!that!BJ1!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!BJ1!B!cells.!



INTRODUCTION!

! 6!

While! the! class! switch! to! IgA! is! functional,! the! IgG1! and! IgG2a! class! switch!

recombination! in!BJ1!B! cells! is!defective! in(vitro! (Tarlinton!et! al.,! 1995;!Kaminski! and!

Stavnezer,! 2006).! Besides! their! role! as!main!producer! of! natural! IgM,!BJ1!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!BJ1!B!cells!

play!a!crucial!role!in!the!early!immune!response!and!should!be!considered!as!innateJlike!

B!cells.!

!

1.1.3. The!germinal!center!reaction!
!

The! lifeJlong!aim!of!a!mature!B!cell! is! to!encounter! its!cognate!antigen.!Therefore,! the!

mature!but!naïve,!antigen!unJexperienced,!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!

MHCIIJpresented!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!

antigenJspecific! 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! antigenJprimed! 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!(TFH)!cells,!as!well!

as! by! ILJ21Jsecreted! by! TFH! cells.! The! coJstimulation! via! CD40/CD40L! and!

TCRJpeptideJMHCII! interaction! are! indispensable,! but! also! engagement! by! the! CD28!

family!members!Inducible!costimulator!(ICOS),!programmed!cell!deathJ1!(PDJ1)!and!the!

CJXJC!chemokine!receptor!CXCR5!are!important!for!full!interaction!and!hence!activation!
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(Nutt! and! Tarlinton,! 2011).! One! or! few! antigenJspecific! 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! antigenJ! and! T!

cellJactivated!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),!GlJ7!and!B220!(Goetz!and!Baldwin,!2008).!!

!

The!first!steps!in!the!transition!from!a!naïve!B!cell!to!a!GCB!include!the!downJregulation!

of! proliferationJinhibitory! proteins,! tumor! and! growth! suppressors.! Early! response!

genes! responsible! for! transition! from! G1! to! S! phase! are! upJregulated,! and! the! cell!

changes!from!an!antiJapoptotic!state!towards!a!proJapoptotic!state!(Klein!et!al.,!2003).!

This! is!mainly! controlled! by! the! transcriptional! repressor! B! cell! lymphoma! 6! (BclJ6),!

which! downJregulates! the! antiJapoptotic! protein! BclJ2! (Saito! et! al.,! 2009;! Kondo! and!

Yoshino,! 2007)! and! p53! (Phan! and! DallaJFavera,! 2004).! BclJ6Jmediated!

downJregulation!of!p53!leads!to!the!proliferative!status!of!GCBs!(Phan!and!DallaJFavera,!

2004).! BclJ6! efficiently! blocks! the! DNA! damage! sensors! ataxiaJtelangiectasiaJrelated!

(ATR)!and!checkpoint!kinase!1! (CHEK1)! resulting! in!a! state!of!DNA!damage! tolerance!

(Ranuncolo! et! al.,! 2007;! 2008).! Another! important! target! gene! of! BclJ6! is! the!

transcriptional! repressor!PR!domain!zinc! finger!protein!1! (Prdm1),!which!encodes! for!

BJlymphocyteJinduced! maturation! protein! 1! (BlimpJ1).! Inhibition! of! Prdm1! gene!

expression! by! BclJ6! 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! interferonJγ! (IFNJγ)! secretion! mediates!

IgG2a!class!switch!recombination,!whereas!interleukinJ4!(ILJ4)!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! activationJinducedJdeaminase!

(AID),!which!indirectly!leads!to!double!strand!breaks!within!the!switch!regions!so!that!

the!rearranged!VDJ!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! NJglycosylase.! The! U:G! mismatch! is! recognized! and!

excised! by!mismatch! repair!mechanism! and! filledJup! by! the! errorJprone! Polymerases!

Polη! and! Polκ! (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! antigenJpresenting!

follicular!dendritic!cells!(FDC)!and!TFH!cells!(Victora!and!Nussenzweig,!2012).!Cells!with!

lowJaffinity! receptor! are! negatively! selected! by! CD95! ligation! and! undergo! apoptosis.!

The!generation!of!highJaffinity!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! postJGC! B! cells,!which! survive! for! long! periods!without! antigenic!

stimulation.! They! are! able! to! rapidly! respond! to! known! antigens! as! they! express! a!

highJaffinity!BCR!and!are!indispensable!for!immunological!memory!(Abbas!et!al.,!2011).!

!

1.1.4. Terminal!differentiation!into!a!plasma!cell!!
!

PostJGCBs!differentiate!either!into!memory!B!cells,!which!feature!the!longJterm!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.!!

!

TFHJmediated! CD40! receptor! ligation! blocks! the! action! of! BclJ6! in! GCBs! and! leads!

subsequently! to! NFJκB! activation.! NFJκB! regulates! the! expression! of! Interferon!

regulatory! factor! 4! (IRF4),! which! suppresses! Bcl>6! in! a! regulatory! loop! (Saito! et! al.,!

2007).! IRF4! activation! and! BclJ6! downJregulation! initiate! the! differentiation! into! a!

plasma!cell!by!Prdm1!gene!induction!(AngelinJDuclos!et!al.,!2000).!!

!

BlimpJ1,! which! is! encoded! by! Prdm1,! is! the! master! regulator! of! plasmacytic!

differentiation.! It! represses! the! transcription! factors! paired! box! 5! (Pax5)! and! BclJ6,!

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! cellJspecific! surface!molecules! such!as!CD19,!B220,!MHCII,!CD79!

and! surface! Ig! (Oracki! et! al.,! 2010)! are! downJregulated! and! the! IgH,! IgL! and! J! chain!

genes,!which! are! the!modules! for! antibody! production,! are! expressed! (ShapiroJShelef!

and!Calame,!2005).!!

!

The!transcription!factor!XJbox!binding!protein!1!(XbpJ1)!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.! XbpJ1! induces! the! unfoldedJprotein! 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,!BlimpJ1!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,!ILJ6,!ILJ5,!tumor!necrosis!factor!α!(TNFα),!ligation!of!the!cell!adhesion!

molecule! CD44,! and! also! B! cellJactivating! factor! (BAFF),!which! stimulates! the! plasma!

cellJspecific!B! cellJmaturating! antigen! (ShapiroJShelef! and!Calame,! 2005).! SyndecanJ1,!

also! called! CD138! is! commonly! used! as! murine! and! human! plasma! cell! marker!

(Sanderson! et! al.,! 1989).! The! survival! for! antibodyJsecreting! plasma! cells! cultured! ex(

vivo!is!limited!to!a!few!days,!whereas!longJlived!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.!!

!

!

Figure!2:!Structure!of!the!BCR!
A)! The! BCR! is! a!membrane! bound! Ig,! which! is! nonJcovalently! bound! to! the! CD79!

heterodimer.! B)! AntigenJmediated! 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!membraneJbound!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!

nonJcovalently!with!the!CD79!heterodimer,!consisting!of!CD79A!and!CD79B,!to!form!the!

BCR!complex!(Figure!2a).!Both!of! these!proteins!have! immunoreceptor!tyrosineJbased!

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.!

!

!

!
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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!

phosphoJresidues! (phosphorylations)!or!ubiquitin! chains! result! either! in! activation!or!

degradation! of! targeted! molecules! (deJ/ubiquitinations)! and! by! this! regulate! protein!

activation,!inhibition!and!turnJover.!!

!

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!

phosphoJresidues! to! the! CD79! heterodimer! builds! a! docking! site! for! the! tyrosine!

kinase!SYK.!B!J!D)!Active!SYK!phosphorylates!diverse!target!molecules:!itself,!CD79A,!

CD19,!BLNK!and!BTK.!!

!

SYK! is!one!of! the!most! important! receptorJproximal!BCR!kinases!as! it! regulates!many!

signaling!pathways,!and!therefore!needs!to!be!tightly!regulated!(Koyasu,!2003;!Turner!
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et! al.,! 1995).! An! interaction! between! two! tyrosines! within! the! src! homology! (SH)!

2Jkinase! linker! region! and! the! kinase! domain! leads! to! a! closed! conformation! and!

autoJinhibition!(Grädler!et!al.,!2013).!SYKJbinding!to!the!phosphorylated!ITAM!motif!of!

CD79! proteins! abolishes! the! connection! between! the! two! regions.! Full! activation! is!

gained!by!LYNJmediated!phosphorylation!and!autoJphosphorylation!of!SYK!(Figure!3a)!

(Rowley! et! al.,! 1995),! which! subsequently! leads! to! SYKJmediated! phosphorylation! of!

CD79A! at! the! nonJITAMJtyrosine! 204! (Figure! 3b).! B! cell! linker! protein! (BLNK)! is!

recruited!to!the!phosphoJtyrosine!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! Cγ2! (PLCγ2)! (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! autoJphosphorylated!

(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!BCRJablated!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!

phosphoinositideJ3Jkinase! (PI3K)! and! leads! to! its! activation! (Fujimoto! et! al.,! 2000)!

(Figure! 3a).! PI3K! produces! phosphatidylinositol! 3,4,5Jtriphosphate! (PIP3)! by!

phosphorylation!of!phosphatidylinositol!4,5Jbisphosphate!(PIP2)!(Koyasu,!2003),!which!

is! a! second! messenger! and! docking! unit! for! pleckstrin! homology! (PH)!

domainJcontaining! proteins! such! as! phosphoinositideJdependent! protein! kinase! 1!

(PDKJ1),!AKT,!PLCγ2!and!BTK!(Figure!3d)!(Salim!et!al.,!1996).!PDKJ1!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!
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proliferation!(Figure!4b)!(Toker!and!Newton,!2000;!Brunet!et!al.,!1999;!Burgering!and!

Kops,!2002).!!

!

!

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!PLCγ2.!

!

Another! substrate! of! AKT! is! the! negative! regulator! of! the! mammalian! target! of!

rapamycin!1!(mTORC1)!complex!prolineJrich!AKT!substrate!40!kDa!(PRAS40)!(Sancak!

et! al.,! 2007).! PRAS40! dissociates! from! the! mTORC1! complex! after! AKTJmediated!

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! PLCγ2,! which! initiates!

calcium! (Ca2+)! mobilization! and! by! this! B! cell! proliferation.! This! is! achieved! upon!

membrane! recruitment! and! activation! of! BTK,! which! directly! phosphorylates! PLCγ2!
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(Takata!and!Kurosaki,!1996).!PLCγ2,!which!is!also!recruited!to!PIP3!hydrolyses!PIP2!into!

the!second!messengers!IP3!and!diacylglycerol!(DAG)!(Figure!4c)!(Newton,!1997).!!

!

!

!
Figure!5:!Calcium!signaling!!
A)!–D)!show!calcium!influx!after!BCR!engagement,!and!calciumJdependent!activation!

of!the!transcription!factor!NFJAT!(star)!within!the!nucleus!(dashed!line).!

!

The! second! messenger! IP3! is! the! key! activator! of! Ca2+! signaling! in! B! cells,! which! is!

essential!for!B!cell!function!and!development!(Scharenberg!et!al.,!2007).!IP3!binds!to!IP3!

receptors! on! the! ER! leading! to! Ca2+! 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! Ca2+!(Roos,! 2005;! Vig! et! al.,! 2006).! Calmodulin! (CaM)! binds! free!

cytosolic!Ca2+,!which! leads!to! its!activation!due!to!conformational!changes!(Figure!5c).!

Interaction! with! CaM! activates! the! phosphatase! calcineurin,! and! subsequently!

deJphosphorylates! the! transcription! factor! nuclear! factor! of! activated!TJcells! (NFJAT).!
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Dephosphorylated!NFJAT! 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#

!

PLCγ2!also!produces! the!second!messenger!DAG,!which! leads! to! the!activation!of!ERK!

and!NFJκB!signaling.!DAG!binds!to!the!C1!domain!of!protein!kinase!C!(PKC)!β,!allowing!

PKCβ!to!activate!RAS!guanyl!releasing!protein!(RasGRP).!RasGRP!catalyzes!conversion!of!

GDPJbound!Ras!to!the!active!GTPJbound!form!by!nucleotide!exchange!(Figure!6a),!which!

is! essential! for! RAF! activation! (Figure! 6b)! (Roose! et! al.,! 2005;! Aiba! et! al.,! 2004).! RAF!

phosphorylates!mitogenJactivated!extracellular!signalJregulated!kinase!(MEK)!1!and!2,!

which! activate! ERK1/2! leading! to! phosphorylation! and! translocation! of! the! ETS!

domainJcontaining!protein! (ELKJ1)! transcription! factor!and!activator!protein!1! (APJ1)!

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)! PLCγ2! activates! RasGRP,! which! provides! GTP! for! the! activation! of! the! B)! ERK!

signaling! cascade.! This! pathway! results! in! the! translocation! of! the! transcription!

factors!APJ1!and!ELKJ1.!!

!
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1.2.3. NFcκB!signaling!
!

The!NFJκB! pathway! is! activated! by! a! plethora! of! signals.! Strong! inducers! are! antigen!

receptors!such!as!the!BCR,!TNFα,!ILJ1!and!signals!via!PRRs!such!as!the!tollJlike!receptors!

(TLRs).!Cellular!stress!mediated!by!hypoxia!or!DNA!damage!also!effectively!activate!this!

pathway!(Perkins,!2012).!The!NFJκB!pathway!is!divided!in!two!branches:!the!canonical!

also! known! as! the! classical! NFJκB,! and! the! nonJcanonical! or! alternative! pathway.!

Signaling!through!the!BCR,!ILJ1!receptor,!TLRs!or!TNFα!receptor!lead!to!the!activation!of!

the! classical! pathway.! The! alternative! pathway! can! be! activated! by! engagement! of!

lymphotoxinJβ! receptor,! receptor! activator! of! NFJκB! (RANK),! CD40! or! the! BAFF!

receptor!(Siebenlist!et!al.,!2005).!!

!

In!B!cells,!NFJκB!signaling!regulates!important!aspects!of!cell!biology!by!controlling!the!

expression!of!proJsurvival!genes,!the!secretion!of!cytokines,!the!regulation!of!activation!

markers!and!ensures!B!cell!function!and!differentiation.!

!

1.2.3.1. NF1κB#subunits#and#their#regulators#
!

The!NFJκB!transcription!factor!family!has!five!members:!RelA!(p65),!RelB,!cRel,!NFJκB1!

(p50)! and! NFJκB2! (p52)! (Figure! 7)! (Verma! et! al.,! 1995).! All! possess! a! conserved!

RelJhomologyJdomain! (RHD),! which! contains! the! DNAJbinding,! dimerization! and! the!

nuclearJtranslocation!domain.!The!Rel!proteins! (RelA,!RelB,! cRel)!enhance! target!gene!

expression! via! their! CJterminal! 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!NFJκB!proteins!are!inhibited!and!

retained! in! the! cytosol! by!molecules! known! as! inhibitors! of! NFJκB! (IκBs).! Those! also!

contain! ankyrin! repeats,! which! bind! the! ankyrin! repeats! in! the! Rel! molecules.!

IκBJbound,!inactivated!NFJκB!proteins!shuttle!from!the!cytosol!to!the!nucleus!and!back!

directed! by! the! nuclearJlocalization! signal! and! the! nuclearJexport! signal! (Hayden! and!

Ghosh,!2012).!!

!
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There!are!different!IκBs:!IκBα,!IκBβ,!IκBε,!IκBNS,!IκBζ!and!BclJ3!(Figure!7)!(Ghosh!and!

Hayden,!2008).!IκBNS,!IκBζ!and!BclJ3!have!an!exceptional!role!as!atypical!IκB!molecules.!

BclJ3!for!example!contains!a!TAD!and!is!located!in!the!nucleus.!There!it!binds!to!p50!and!

p52!homodimers!and,!dependent!on!the!postJtranslational!modification,! it!activates!or!

inhibits! NFJκB! target! gene! transcription.! IκBζ! lacks! a! TAD,! but! is! nonetheless! able! to!

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

!

!

Figure!7:!!NFcκB!subunits!and!regulators!
RHD!=!RelJhomology!domain;!TAD!=!transactivation!domain;!LZ!=!leucine!zipper;!DD!

=!death!domain;!PEST!=!ProlineJ!(P),!glutamic!acid!(E),!serine!(S),!and!threonine!(T)!

rich!domain.!Figure!adapted!from!(Ghosh!and!Hayden,!2008).!

!

The! IκB! kinase! (IKK)! complex! regulates! the! dissociation! of! NFJκB! from! the! IκB!

molecules.! Three! subunits! of! the! IKK! complex! have! been! identified:! The! regulatory!

subunit!NFJκB! essential!modulator! (NEMO),!which! facilitates! protein! interactions! and!

lacks! intrinsic! catalytic! activity! and! the! two! kinases! IKKα! and! IKKβ,! which!

phosphorylate! the!protoJtypical! IκB!molecules! and!hence! release! the!NFJκB! factors! to!

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

!

NFJkB! is! able! to! negatively! regulate! itself,! as! IκBα! is! a! target! gene! of! NFJkB! and! is!

resynthesized!when!NFJkB!is!transcriptional!active.!Newly!synthesized!IκBα!enters!the!

nucleus!and!dissociates!bound!NFJκB!dimers! from!the!DNAJκB!sites!within!promoters!

and! enhancers! of! target! genes,! yielding! in! a! negative! feedback! loop! that! shuts! down!

NFJκB!signaling.!

!

!
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!

!
Figure!8:!The!canonical!and!alternative!NFcκB!pathway!
Canonical! pathway:! The! IKK! complex! consisting! of! NEMO,! IKKα! and! IKKβ!

phosphorylates!IκBα!and!marks!it!for!proteasomal!degradation!causing!the!release!of!

NFJκB!dimers!to!the!nucleus.!

Alternative!pathway:!Stabilization!and!autoJactivation!of!NIK!activates! IKKα,!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!(Rickert!et!al.,!2011).!

!

1.2.3.2. BCR1mediated#NF1κB#activation#
!

One!of!the!most!important!events!after!BCR!engagement!is!the!activation!of!NFJκB.!For!

this!the!formation!of!the!CARD11JBCL10JMALT1!(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!NFJκBJretaining!IκB!molecules!for!

degradation.!!!

!

In!resting!cells,!the!scaffolding!molecule!CARD!domainJcontaining!membraneJassociated!

guanylate! kinase! (MAGUK)! 1! (CARD11)! exists! in! a! closed! conformation.! This!

autoJinhibition! is! regulated! by! interaction! of! the! linker! region! with! the! coiledJcoil!

domain.!PKCβJmediated!phosphorylation!at!the!linker!region!abolishes!this!connection!

and!leads!to!opening!of!the!molecule!(Figure!9a)!(Sommer!et!al.,!2005).!This!allows!the!



INTRODUCTION!

! 20!

assembly! of! the! CBM! complex.! BCL10! interacts! with! CARD11! via! its! CARD! domain!

(Bertin,! 2001;! Gaide! et! al.,! 2001),! whereas! mucosaJassociated! lymphoid! tissue!

translocation! gene! 1! (MALT1)! binds! to! the! coiledJcoil! domain! of! CARD11! (Che! et! al.,!

2004).! The! ubiquitinJligase! TNFα! receptorJassociated! factor! 6! (TRAF6)! and! MALT1!

associate!and!oligomerize!(not!shown!in!Figure!9)!(Sun!et!al.,!2004;!Noels!et!al.,!2007).!

The!active!E3Jubiquitin!ligase!TRAF6!adds!K63Jlinked!polyJubiquitin!chains!to!itself!and!

to! NEMO.! TAK1Jbinding! protein! 2! (TAB2)! senses! these! ubiquitin! chains! by! its! zinc!

fingers!(ZF)!and!recruits!transforming!growth!factor!(TGF)!βJactivated!kinase!1!(TAK1)!

to!the!CBM!complex!(Figure!9b)!(Kanayama!et!al.,!2004).!!

!

!

Figure!9:!BCRcmediated!activation!of!the!CBM!complex!
BCR!stimulation! leads! to!A)! the! formation!of! the!CBM!complex! to!which!B)!TRAF6!

and!TAK1!assemble.!TAK1!activates!the!IKK!complex,!which!C)!triggers!the!release!of!

the!NFJκB!subunits!from!their!inhibitors.!

!

TAK1! phosphorylates! IKKβ! in! its! activation! loop! resulting! in! its! catalytical! activity!

(Wang! et! al.,! 2001)! (Figure! 9c).! The! Skpl,! Cull,! the! FJbox! protein! βJtransducin! repeat!

containing! (SCF! βJTrCP)! E3! ligase! distinguishes! unJphosphorylated! from!

phosphorylated! IκBα,! which! is! then! ubiquitinylated! and! degraded.! This! leads! to! the!

release!of!the!NFJκB!subunits!from!inhibition!by!IκBα,!and!to!their!translocation!to!the!

nucleus! (Figure! 9c).! In! the! nucleus,! NFJκB! binds! to! specific! sequences! and! controls!

expression!of!genes!essential! for!proliferation,!survival!and! immune!responses!(Zandi,!

1998).!

!

!

!

!
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1.2.3.3. The#CARD111BCL101MALT1#complex#
!

BCR! triggering! mounts! a! signaling! cascade,! which! evokes! the! assembly! of! the! CBM!

complex.! Already! the! deficiency! in! one! of! the! CBM! complex! molecules! impairs! full!

lymphocytic! effector! function! and! survival! upon! activation! and! thus! underlines! its!

importance!(Ruland!et!al.,!2001;!2003;!Hara!et!al.,!2003).!

!!

CARD11! is! a!member!of! the!MAGUK! family,!which! contains! several! regions! that! allow!

interaction!with!other!molecules!or!the!localization!proximal!to!signaling!clusters.!These!

proteins!harbor!PDZ!(postsynaptic!density!95,!disc!large!and!zonula!occludens!1),!SH3,!

and! guanylate! kinase! (GUK)! domains.! The! latter! has! no! kinase! activity! instead! it!

interacts!with! the! SH3!domain,! leading! to! one! of! the! present! closed! conformations! of!

CARD11! (McGee! et! al.,! 2001;! Tavares! et! al.,! 2001).! How! relief! of! this! autoJinhibitory!

conformation!is!achieved!is!unknown.!However,!disruption!of!the!SH3JGUK!interaction!

is! important! for! CARD11! translocation! to! the! plasma! membrane! via! PDZ! domain!

interactions.!CARD11!also!contains!a!serineJrich!region,!which!links!the!SH3!domain!to!

the!coiledJcoil!domain.!An!intramolecular!interaction!between!this!linker,!coiledJcoil!and!

the! CARD! domain! results! in! the! second! autoJinhibitory! conformation! of! CARD11.!

AntigenJreceptor!stimulation!evokes!PKC!activation,!which!phosphorylates!the!CARD11!

linker!region!and!abolishes!this!interaction.!This!event!triggers!conformational!opening,!

and!is!the!initiating!step!for!CBM!complex!formation!(Sommer!et!al.,!2005):!CoiledJcoil!

domainJmediated! oligomerization,! MALT1! binding! and! the! accessibility! of! the! CARD!

domain!to!BCL10!are!crucial!for!NFJκB!activation!(Lucas!et!al.,!2001;!Langel!et!al.,!2008;!

Thome!et!al.,!2010;!Tanner!et!al.,!2007).!A!negative!feedbackJloop!after!NFJκB!activation!

leads!to!KJ48!ubiquitination!of!the!SH3!and!the!GUK!domain,!which!marks!CARD11!for!

proteasomal!degradation!(MorenoJGarcia!et!al.,!2010).!!!

!

The!second!member!of! the!CBM!complex,!BCL10,!consists!of!a!CARD!domain,!which! is!

necessary!for!CARD11!(Bertin,!2001)!and!MALT1!binding!(Langel!et!al.,!2008;!Lucas!et!

al.,! 2001).! The! serine/threonine! rich! carboxyterminus! of! BCL10! is! phosphorylated! by!

different!kinases!and!ubiquitinated!by!E3!ligases,!these!posttranslational!modifications!

lead! to! different! cellular! outcomes.! For! example,! phosphorylation! by! IKKβ!diminishes!

the!interaction!between!BCL10!and!MALT1!leading!to!decrease!in!NEMO!ubiquitination!

and!therefore!attenuation!of!NFJκB!signaling!(Wegener!et!al.,!2006).!BCL10!also!plays!a!
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role! in! JNK! signaling! as! it! acts! as! cJJun! NJterminal! kinase! (JNK)JinteractingJprotein!

(JIP)Jlike!protein!allowing!CBM!complexJmediated!activation!of! the!JNK!pathway!upon!

TCR!engagement!(Blonska!et!al.,!2007).!

!

MALT1!acts!as!scaffold!molecule!and!contains!a!death!domain!(DD)!with!two!adjacent!

IgJlike!domains,!which!are!necessary!for!BCL10!binding!(Lucas!et!al.,!2001).!A!protease!

site! followed!by!a! third! IgJlike!domain! is! found!at! the!CJterminus!of! the!protein.!After!

CBM! complex! formation,! TRAF6! is! recruited! to! MALT1,! and! carries! out! critical!

ubiquitination!steps!for!further!activation!of!the!IKK!complex.!The!E3!ubiquitin!ligase!of!

TRAF6!ubiquitinates!BCL10!(Wu!and!Ashwell,!2008),!MALT1!(Oeckinghaus!et!al.,!2007),!

NEMO!(Staudt,!2010)!and!itself!(Sun!et!al.,!2004).!The!ubiquitin!chains!serve!as!platform!

for! recruitment!of! the! IKK!complex!and! the!kinase!TAK1!(Shinohara!et!al.,!2007).!The!

MALT1!protease!activity!is!dependent!on!MALT1!oligomerization!and!unique!due!to!its!

caspaseJlike! activity! (Kirchhofer! and! Vucic,! 2012).! The! cleavage! occurs! after! a!

positivelyJcharged! arginine! residue! in! the! substrate!molecules! (Rebeaud! et! al.,! 2008).!

This!is!different!from!caspases,!which!cleave!after!negatively!charged!aspartate!residues.!

The!substrates!of!MALT1! that!have!been! identified! to!date!are!BCL10! (Rebeaud!et!al.,!

2008),! A20! (Coornaert! et! al.,! 2008),! CYLD! (Staal! et! al.,! 2011a),! RelB! (Hailfinger! et! al.,!

2009)! and!Regnase1! (Uehata! et! al.,! 2013).! Cleavage! of!A20! and!RelB! enhances!NFJκB!

signaling.!Removal!of!the!CJterminal!ZF!domains!from!the!ubiquitinJediting!protein!A20!

disrupts! binding! of!A20! to! ubiquitinated!NEMO!and!deubiquitination!of!NEMO!by! the!

NJterminal! ovarian! tumor! (OTU)! domain! of! A20! is! abolished.! Therefore,! the! IKK!

complex!remains!active!and!supports!the!release!of!NFJκB!from!the!IκB!proteins.!!

RelB! overexpression! was! found! to! inhibit! the! target! gene! expression! of! the! classical!

NFJκB! pathway.! Therefore,! active! MALT1! cleaves! the! NFJκB! subunit! RelB! enhancing!

DNAJbinding!of!cRel!and!RelAJcontaining!NFJκB!complexes.!!

Interestingly,! the! cleavage! of! BCL10! is! not! crucial! for! full! NFJκB! activation,! but! it! is!

important! for! T! cell! adhesion! by! integrins! (McAllisterJLucas! et! al.,! 2011).! MALT1!

substrate! cleavage! is! also! important! for! mitogenJactivated! protein! kinase! (MAPK)!

signaling.! MALT1Jmediated! cylindromatosis! (CYLD)! cleavage! leads! to! JNK! and! APJ1!

activation,! whereas! a! nonJcleavable! CYLD! molecule! inhibits! JNK! activation! after! TCR!

stimulation!(Staal!et!al.,!2011b).!!

Besides! NFJκB! and! JNK! activation,! MALT1! paracaspase! was! also! found! to! influence!

mRNA! stability! by! cleavage! of! RNAJdestabilizing! molecules! such! as! the! RNAse!
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RegnaseJ1! (Uehata! et! al.,! 2013).! This! finding! widens! the! area! of! influences! of!

CBMJmediated!paracaspase!function!enormously.!!

!

1.2.4. APc1!signaling!
!

BCR!engagement!triggers!the!activation!of!transcription!factors,!which!regulate!cell!fate!

decisions! in! the!context!of!B!cell!activation.!Key! transcriptional! factors!besides!mTOR,!

FOXO!and!NFJAT!are!APJ1!and!NFJκB.!These!factors!regulate!gene!expression!important!

for!B!cell!function.!

!

1.2.4.1. Transcription#factor#AP11#
!

APJ1!transcription!factors!consist!of!different!homoJ!and!heterodimers!composed!of!Jun,!

FinkelJBiskisJJinkins! murine! osteogenic! sarcoma! (Fos),! musculoaponeurotic!

fibrosarcoma! oncogene! homolog! (Maf)! and! the! Atf! family! (Figure! 10)! (Shaulian! and!

Karin,!2002).!The!APJ1!transcription!factors!regulate!important!cellular!processes!such!

as!cell!cycle!progression!and!apoptosis! (Shaulian!and!Karin,!2002).!Binding!of!APJ1! to!

the! cyclin! D1! promoter! leads! to! enhanced! expression! of! cyclin! D1! (Ccnd1),! cell! cycle!

entry!and!proliferation!(Bakiri!et!al.,!2000).!On!the!other!hand,!absence!of!cJJun!leads!to!

the! accumulation! of! p53! and! its! target! genes,! which! induce! cell! cycle! arrest! and!

apoptosis!(Schreiber!et!al.,!1999).!!

!

!

!
Figure!10:!APc1!subunits!
Representatives!for!each!subunit!family,!which!can!dimerize!to!form!the!APJ1!factors,!

are!illustrated.!δ!domain!for!JNK!binding;!TAD!=!transactivation!domain;!BD!=!basic!

domain;! bZIP! =! leucine! zipper;! DEF! =! docking! site! for! ERK;! Figure! adapted! from!

(Hess!et!al.,!2004;!Bhoumik!et!al.,!2005;!Blank,!2008).!

CJJun!is!the!bestJknown!JNK!target!and!is!the!major!component!of!the!APJ1!complex.!In!

the! steadyJstate! cJJun! has! a! short! halfJlife! as! it! is! continuously! ubiquitinated! and!
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degraded!by!the!proteasome.!The!phosphorylation!of!cJJun!at!its!serine!residues!63!and!

73!in!the!activation!domain!lead!to!its!stabilization!and!transcriptional!activity!(Musti!et!

al.,!1997;!Pulverer!et!al.,!1991).!Phosphorylated!cJJun!and!Atf2!heterodimerize!to!form!

an! APJ1! transcription! factor! dimer.! The! cJJun! promoter! itself! contains! APJ1! binding!

sites,! so! that! once! cJJun! is! activated! it! sustains! its! expression! levels! in!

autoJregulatoryJmanner! (Angel! et! al.,! 1988).! This!mechanism! could! be! involved! in! its!

role!as!oncogene.!

!

1.2.4.2. Ligand1induced#AP11#activation#

!

Ligand!binding! to! the!BCR! evokes! a! signaling! cascade! that! results! in! the! activation! of!

kinases!and!recruitment!of!scaffold!molecules!to!the!BCR!complex.!One!of!these!kinases!

recruited! to! the! CARD11! scaffold! is! the!MAPK! JNK.! There! are! three! JNK! genes,!which!

encode!up!to!ten!different!isoforms:!JNK1!and!JNK2!are!ubiquitously!expressed,!whereas!

JNK3!is!expressed!in!brain,!testis!and!heart!and!will!not!be!discussed!in!detail!(Gupta!et!

al.,! 1996).! The! fullJlength! transcripts! of! JNK1! and! 2! encode! JNK1α2,! JNK1β2,! JNK2α2,!

JNK2β2,! which! are! 55! kDa,! whereas! shorter! splice! variants! encode! JNK1α1,! JNK1β1,!

JNK2α1,! JNK2β1,! which! encode! 46! kDa! isoforms! and! lack! the! CJterminal! part.! The!

biological! role! of! these! different! isoforms! is! so! far! not! known.! JNK! is! also! known! as!

stressJactivated!MAP! kinase! (SAPK).! This! is! because! JNK! is! not! solely! activated! after!

antigen! receptor! stimulation! but! also! by! osmotic! or! redoxJdependent! stress! and!

radiation! (Ip! and! Davis,! 1998).! It! regulates! key! cellular! responses! with! antagonistic!

effects!such!as!proliferation!and!apoptosis.!JNK!molecules!are!able!to!induce!on!the!one!

hand! apoptosis! by! phosphorylation! of! cJmyc! (Noguchi! et! al.,! 1999)! and! support! cell!

growth!by!cell!cycle!regulation!via!cJJun!on!the!other.!

!

TAK1!is!recruited!and!activated!at!the!CBM!complex!where!it!activates!the!IKK!complex.!

Besides! activation! of! the! IKK! complex,! TAK1! also! triggers! the! MAP! kinase! kinases!

(MAPKK! or! MKK)! cascade,! which! activates! JNK! (Wang! et! al.,! 2001;! Shinohara! et! al.,!

2005;! Shinohara! and! Kurosaki,! 2009)! and! subsequently! APJ1! by! phosphorylating! the!

target!substrates!cJJun!and!Atf2!(Gupta!et!al.,!1995;!Hibi!et!al.,!1993;!Davis,!2000).!!

!
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!

!

Figure!11:!CBMcdependent!APc1!activation!
Assembly! of! the! CBM! complex! activates! TAK1,!which! is! the! upstream!MAPKKK! of!

MKK7.!MKK7!in!turn!phosphorylates!JNK,!which!activates!its!targets!cJJun!and!Atf2.!

!

Similar! to! ligandJmediated! APJ1! activation! after! TCR! stimulation,! it! is! thought! that! it!

occurs! upon! BCR! engagement.! Generally,! JNK! is! activated!within! a! cascade! of! several!

kinases.!First,!the!MAP!kinase!kinase!kinases!(MAPKKK)!phosphorylate!and!activate!the!

MAPKKs,!which! then! in! turn!phosphorylate! JNK!at! threonine!and! tyrosine! residues! to!

fully!activate!the!kinase!function!of!JNK.!!

After! CD3/CD28! TCRJmediated! JNK! activation,! BCL10! acts! as! JIPJlike! protein! and!

assembles!the!MAPKKK!TAK1,!the!MAPKK!MKK7!and!selectively!the!MAPK!JNK2!leading!

to!activation!of!downstream!molecules!such!as!cJJun!and!Atf2.!Surprisingly,!JNK1!kinase!

activation!is!independent!of!the!CBM!complex!as!it!is!still!functional!in!CARD11Jdeficient!

cells! (Blonska! et! al.,! 2007).! So! far! this! was! shown! in! detail! exclusively! in! T! cells.!

However,! TAK1Jdeficient! B! cells! are! not! able! to! activate! JNK! and! show! that! TAK1! is!

bound! to! BCL10! after! BCR! stimulation.! This! could! indicate! a! similar! mechanism! of!

BCL10!acting!as!a!JIPJlike!protein!(Figure!11)!(Sato!et!al.,!2005).!

!

BCR! engagement! is! the! key! event! for! the! induction! of! gene! expression! regulated! by!

NFJκB! and! APJ1.! Both! are! crucial! for! B! cell! differentiation,! survival,! proliferation! and!

even!apoptosis.!The!central!scaffold!for!these!factors!to!be!activated!is!the!assembly!of!

the!CBM!complex.!Therefore,!it!is!not!surprising!that!certain!lymphoma!subsets!need!the!

activity! of! this! complex! for! their! survival! (Ferch! et! al.,! 2009).! The! subsequent! section!

will! focus! on! B! cellJderived! lymphoma! and! frequently! occurring! mutations! within!

different!subsets.!!

!
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1.3. !Lymphoma!
!

Lymphoma! are! neoplastic! transformations! of! lymphoid! cells! and! tissues,! which! arise!

from!malignant!natural!killer!cells,!B!or!T!lymphocytes.!According!to!the!World!Health!

Organization!more!than!50!lymphoma!subsets!exist,!which!are!categorized!in!three!main!

classifications! according! to! the! cell! of! origin:! Mature! B! cell! neoplasms,! Hodgkin´s!

lymphoma,! mature! T! cell! neoplasms! and! postJtransplantation! lymphoproliferative!

disorders! (Matasar! and!Word,! 2012).! The! two!most! prevalent! lymphoma! entities! are!

follicular!lymphoma!and!diffuse!large!B!cell!lymphoma!(DLBCL).!!

!

1.3.1. B!cell!lymphoma!
!

Mature! B! cell! lymphoma! are! broadly! divided! into! two! main! categories:! Hodgkin’s!

lymphoma!(HL)!and!the!NonJHodgkin’s!lymphoma!(NHL).!!

The!tumor!cells!within!the!HL!B!cell!lymphoma!are!termed!Hodgkin!and!Reed!Sternberg!

cells! (HRS).! These! cells! have! lost! their! B! cell! phenotype,! and! express! atypical! surface!

markers!of!different!hematopoietic!cells!(Küppers!et!al.,!2012).!NHL!can!arise!from!both!

B!and!T!cells.!The!most!common!B!cell!lymphoma!of!the!NHL!category!are!DLBCL!(Lenz!

and!Staudt,!2010).!!The!name!of!this!lymphoma!entity!is!based!on!the!fact!that!malignant!

large!B!cells!grow!diffusely!throughout!the!lymph!node!without!a!specific!pattern.!

!

DLBCL! are! divided! in! three! main! subtypes:! primaryJmediastinal! B! cell! lymphoma!

(PMBL),! activated! B! cellJlike! (ABC)! lymphoma,! and! germinal! center! B! cellJlike! (GCB)!

lymphoma.! Currently,! chemotherapy! is! the! standard! treatment! of! DLBCL! resulting! in!

different!survival!outcomes.!PMBL!and!GCB!type!DLBCL!have!a!favorable!prognosis!with!

60%!survival! rate! (Rosenwald!et! al.,! 2003;!Martelli! et! al.,! 2008),!whereas! the! survival!

rate! for! ABC! type! is! about! 30%! (Joos! et! al.,! 1996;! Rosenwald! et! al.,! 2003).! The!

combination! of! chemotherapy!with! the! B! cellJdepleting! antibody! rituximab! improved!

the!overall!survival!of!ABCJDLBCL!to!44%,!however!with!the!limitation!that!about!one!

third!of! the!patients! relapse! (Coiffier! et! al.,! 2010;!Gisselbrecht! et! al.,! 2010;!Chiappella!

and!Vitolo,!2012).!The!modest!prognosis!especially!for!ABC!type!patients!after!standard!

treatment!urges! the!need! for!new!therapeutic!strategies.!To!achieve!this!goal,!a!better!

understanding!of!these!lymphoma!entities!is!needed.!
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!

1.3.1.1. Primary*mediastinal1diffuse1large1B1cell1lymphoma1
!

PMBL!are!distinct!from!the!ABC!and!GCB!lymphomas!in!that!they!arise!from!rare!thymic!

B!cells,!whose!gene!expression!signature!resembles!HRS!cells!(Savage,!2006).!However!

they! maintain! their! B! cell! identity,! and! express! BclJ6! as! well! as! signaling! molecules!

downstream! of! the! BCR! such! as! SYK! and! PLCγ! (Marafioti! et! al.,! 2005).! The! frequent!

amplification! of! chromosome! 9! in! PMBL! leads! to! enhanced! expression! of! PDJligand!

1/2J! causing! T! cell! anergy! as!well! as! augmented! janus! kinase! 2! (Jak2)! and! activated!

STAT!signaling!(Rosenwald!et!al.,!2003).!Also!the!chromosomal!region!containing!cRel!is!

often!amplified,!which!leads!to!NFJκB!activation!in!PMBL!(Joos!et!al.,!1996).!!

!

1.3.1.2. Germinal1center1B1cell*like1diffuse1large1lymphoma1
!

As! described! earlier! in! the! germinal! center! B! cells! chapter,! GCBs! are! in! a! highly!

proliferative,! proJapoptotic! and! DNA! damageJtolerant! state! that! allows! somatic!

hypermutation! of! the! variable! regions! and! the! removal! of! B! cells! with! low! affinity!

antibodies.! However,! this! state! also! predisposes! GCBs! to! aberrant! chromosomal!

translocation! of! the! immunoglobulin! loci,! and! also! to! the! action! of! the! somatic!

hypermutation! machinery! by! AID! on! nonJIg! loci,! which! can! result! in! malignant!

transformation!and!other!pathologies!(Klein!and!DallaJFavera,!2008).!!

!

Therefore,! it! is! not! surprising! that! mutationJprone! GCBs! give! rise! to! various! B! cell!

lymphoma:!Burkitt´s!lymphoma,!Follicular!lymphoma!and!GCBJDLBCL!(Lenz!and!Staudt,!

2010).! Herein! we! will! focus! on! GCBJDLBCL,! which! retain! their! B! cell! identity! and!

express!GCBJassociated!genes.!Little!NFJκB!activity!is!found!in!these!cells,!yet,!more!than!

25%! of! GCB! patients! have! amplifications! of! the! cRel! locus! (Rosenwald! et! al.,! 2002).!

However,! NFJκB! inhibition! does! not! impair! cell! survival,! which! indicates! that! the!

accumulation! of! cRel!may! have! a! different!molecular! function! in!GCB! lymphoma! than!

NFJκB!activation!(Davis!et!al.,!2001a).!Another!common!translocation!in!GCB!lymphoma!

involves!BclJ2!inhibiting!apoptosis!of!these!cells!(Iqbal!et!al.,!2004).!!

!
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1.3.1.3. Activated1B1cell*like1diffuse1large1B1cell1lymphoma1
!

The! ABC! subtype! has! high! NFJκB! activation! in! contrast! to! GCB! lymphoma! and! the!

malignant!cells!in!ABCJDLBCL!resemble!in(vitroJactivated!B!cells!(Alizadeh!et!al.,!2000).!

The!cell!of!origin!is!not!clearly!defined,!but!some!evidence!suggests!it!may!be!a!postJGC!

plasmablast!(Lenz!and!Staudt,!2010).!ABCJDLBCL!cells!express!a!number!of!genes!that!

are! important! for!plasma!cells,! such!as! the!PaxJ5!regulated! factor!Xbp1!and! the!direct!

NFJκB!target!gene!Irf4.!Xbp1!regulates!the!gene!expression!of!components!of!the!ER!and!

golgi!system,!and! leads! thereby! to!an!expansion!of! the!secretory!apparatus!(Wright!et!

al.,! 2003;! Shaffer! et! al.,! 2004).! Tumor! cells! escape! complete! terminal! plasma! cell!

differentiation! by! harboring! inactivating! and! truncating! mutations! in! BlimpJ1!

(Pasqualucci!et!al.,!2006).!!

This! allows! the! malignant! cell! to! keep! its! activated! phenotype! without! arrest! in! cell!

cycle,!which!is!acquired!in!terminal!differentiation.!This! is!supported!by!other!somatic!

mutations! found! in! ABC! tumor! samples! and! patients,! which! further! feed! into! the!

activation! of! these! cells.! For! instance,! the! signaling!molecules! CD79A/B! and! CARD11,!

which!are!involved!in!downstream!signaling!of!the!BCR,!are!mutated!in!more!than!20%!

and!10%,!respectively,!of!ABC!patients!(Davis!et!al.,!2010;!Lenz!et!al.,!2008).!

!

Frequent#mutations#in#ABC1DLBCL#

#

Mutations! in! CD79A! or! CD79B! affect! the! ITAM! motif,! which! is! important! for! signal!

transduction! after! BCR! crossJlinking! (Figure! 12a).! The!most! common! CD79!mutation!

(occurring!in!about!6%!of!total!ABC!samples)!encodes!a!version!of!CD79B!in!which!the!

first!ITAM!tyrosine!is!replaced!by!a!histidine.!It!is!known!that!in!the!initial!phase!of!BCR!

signaling,!LYN!phosphorylates!the!CD79!heterodimer!facilitating!downstream!signaling.!

Afterwards! LYN! attenuates! BCR! signaling! by! various! mechanisms! such! as!

phosphorylation! of! CD22! and! subsequent! recruitment! of! SHPJ1,! which! initiates! BCR!

complex!deJphosphorylation!(Gauld!and!Cambier,!2004;!Xu!et!al.,!2005).!Therefore,!the!

authors! proposed! a! mechanism! by! which! ITAM! mutations! negatively! influence! LYN,!

abolishing! its! role! as! negative! regulator! in! later! phases! of! BCR! signaling! so! that! BCR!

downstream!signaling!pathways!are!constitutively!activated!(ERK,!AKT,!NFJAT,!NFJκB)!

when! CD79! is! mutated! (Davis! et! al.,! 2010).! However,! the! mechanism! how! CD79!

mutations!achieve!this!is!still!vague.!Constitutive!BCR!signaling!due!to!CD79!mutations!
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was!termed!chronic!active!BCR!signaling,!and!in!contrast!to!tonic!BCR!signaling,!which!

signals! via! PI3K,! it! is! CBM! complexJdependent! and! needs! BCR! surface! clustering!

(Srinivasan!et!al.,!2009).!!

!

!
!

Figure!12:!Mutated!signaling!molecules!found!in!ABCcDLBCL!!
Red! lightning! bolts! represent! somatic! mutations.! A)! ITAM!motif! of! CD79A! and! B,!

mutated! tyrosines! are! depicted! in! red.! B)! Schematic! drawing! of! CARD11!domains:!

GUK!=!guanylate!kinase;!PDZ!=!PSD95,!DLG!and!ZO1!homology;!SH3!=!Src!homology!

3;!CARD!=!caspaseJrecruitment!domain;!C)!Schematic!drawing!of!A20!domains:!OTU!

=!ovarian!tumour;!ZF!=!zinc!finger;!D)!Schematic!drawing!of!MyD88!domains:!DD!=!

death! domain;! ID! =! intermediary! domain;! TIR! =! Toll/interleukinJ1! receptor;! E)!

Mutations!in!context;!Red!stars!displays!active!transcription.!For!details!refer!to!text.!

Adapted!from!(Jeelall!and!Horikawa,!2011).!

!

Another! frequently! mutated! protein! is! CARD11! (Figure! 12b)! (Lenz! et! al.,! 2008).!

Mutations!affect!the!coiledJcoil!domain!and!abolish!the!autoJinhibitory!conformation!of!

CARD11! so! that! BCL10! is! constitutively! recruited! leading! to! constitutive! NFJκB!

activation!(Lamason!et!al.,!2010).!Mutated!CARD11!accumulates! in! large!aggregates! in!

the!cytosol,!which!further!enhance!NFJκB!signaling.!Those!mutations!have!been!shown!

in( vitro( experiments! to! strongly! activate! NFJκB! signaling! in! a! BCL10Jdependent! way!

(Lamason!et!al.,!2010).!

!
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Inactivating!or! truncating!mutations! in! the!negative! regulator!A20!were!also! found! in!

about! 30%!of! tumor! samples! (Figure! 12c)! (Kato! et! al.,! 2009;! Compagno! et! al.,! 2009).!

They! are! mostJlikely! bystander! mutations,! which! support! the! NFJκB! activation! in!

lymphoma!entities!with!CARD11J!and!CD79Jmutations!(Staudt,!2010).!The!NFJκB!target!

gene!A20! is! expressed! after! BCR! engagement,! to! negatively! regulate! NFJκB! signaling.!

Truncating! mutations! in! A20! impair! deubiquitination! and! lead! to! the! constitutive!

presence! of! K63Jlinked! ubiquitin! chains! on! NEMO! and! hinder! its! degradation!

(Hymowitz!and!Wertz,!2010).!!

!

Surprisingly!the!adaptor!molecule!MyD88,!which!is!important!for!TLR!and!ILJ1!receptor!

signaling,! is! mutated! in! about! 40%! DLBCL! patient! samples! (Figure! 12d)! (Ngo! et! al.,!

2010).! Mutations! in! MyD88! lead! to! constitutive! complex! formation! of! MyD88! with!

IRAK1!and!IRAK4,!causing!constitutive!NFJκB!activation!and!JakJStat3!signaling!(Figure!

12e)!(Jeelall!and!Horikawa,!2011).!

!
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2. PURPOSE!OF!THIS!STUDY!
!

The! CBM! complex! and! the! downstream! activation! of! NFJκB! are! crucial! for!

differentiation,!activation!and!apoptosis!(Siebenlist!et!al.,!2005;!Karin!and!Lin,!2002).!As!

NFJκB! activation! mediated! by! the! CBM! complex! plays! a! central! role! in! lymphocyte!

biology!it!is!perhaps!not!surprising!that!the!CBM!complex!has!been!implicated!in!tumor!

and! lymphoma! development! and! maintenance! (Lim! et! al.,! 2012;! Nishikori,! 2005;!

Packham,! 2008;! Pacifico! and! Leonardi,! 2006).! This! is! achieved! by! NFJκBJmediated!

acquirement!of!the!seven!hallmarks!of!cancer:!inflammation,!resistance!to!cell!death,!the!

induction! of! angiogenesis,! proliferation! paired! with! replicatory! immortality,! invasive!

properties! and! metastasis! and! finally! evading! growth! suppressors! (Hanahan! and!

Weinberg,!2011).!!

The!intriguing!role!of!the!CBM!complex!in!cancer!was!shown!more!than!one!decade!ago!

in! MALT! lymphoma,! where! NFJκB! activating! BCL10! and! MALT1! translocations! were!

found! (Lucas! et! al.,! 2001).! Previous! studies! showed,! that! the! MALT1! paracaspase!

activity! is! crucial! for! the! survival! of!ABCJDLBCL! cell! lines! in(vitro! (Ferch!et! al.,! 2009),!

which!triggered!the!investigation!of!the!MALT1!paracaspase!domain!as!potential!target!

for!the!treatment!of!DLBCL!(Fontan!et!al.,!2012;!Nagel!et!al.,!2012).!

!

Therefore,! the! aim! of! my! PhD! thesis! was! to! examine! the! role! of! hyperactive! CBM!

signaling! utilizing! CARD11! mutations! found! in! DLBCL! patients! material! (Lenz! et! al.,!

2008).! Different! questions( could! be! addressed! by! the! generation! of! a! conditional!

knockJin!mouse!model!expressing!CARD11!with!the!insertion!of!an!isoleucine!at!amino!

acid!position!225!after!the!leucine,!namely!CARD11(L225LI).!!

!

Specifically:!

J is!the!expression!of!mutated!CARD11! in(vivo!sufficient!for!the!pathogenesis!of!a!

lymphoid!malignancy?!

J does!the!disease!resemble!morphologically!the!human!phenotype?!

J is!signaling!affected!by!expression!of!mutated!CARD11?!

J does!this!study!help!to!find!new!therapeutic!strategies!for!treatment!of!the!very!

aggressive!DLBCL?!
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3. RESULTS!

3.1. #In#vitro!examination!of!lymphomacderived!CARD11!mutations!
!

In! human! B! cell! lymphoma,! mutations! that! render! CARD11! constitutively! active! are!

frequently!observed!(Lenz!et!al.,!2008).!To!study!the!role!of!these!mutations!in(vitro,!we!

expressed!one!of!these!mutations,!CARD11(L225LI),!in!the!mature!B!cell!lymphoma!line!

BalJ17! and! assessed! B! cell! activation! (Figure! 13).! For! this! purpose,! the! cDNAs! of!

Card11(L225LI),( Card11(Δlinker)( or! wild! type! (WT)! Card11( were! cloned! into! the!

retroviral! vector! pMIG! (plasmid!MSCV! promoter,! internalJribosomalJentry! site! (IRES)!

combined! to! a! green! fluorescent! protein! (GFP))! allowing! GFP! tracking! for! transgene!

expression.!This!specific!mutant,!CARD11(L225LI),!was!used!because!it!has!been!shown!

in!previous!studies!to!result!in!stronger!NFJκB!activation!than!other!patientJderived!or!

biochemically! generated! CARD11!mutants! such! as! the! CARD11(Δlinker),! in!which! the!

linker! region! between! coiledJcoil! and! SH3! domains! was! removed! resulting! in!

spontaneous!NFJκB!activation!in(vitro!(Lenz!et!al.,!2008;!Lamason!et!al.,!2010;!Sommer!

et!al.,!2005).!

!

Compared! to! untransfected! cells! and! cells! that! expressed! WT! CARD11! or!

CARD11(Δlinker),!CARD11(L225LI)Jexpressing!cells!exhibited!a!strong!upJregulation!of!

CD80! and! downJregulation! of! IgM,! both! indicating! B! cell! activation! (Figure! 13a).!

Western!blotting!of!nuclear!lysates!also!revealed!a!constitutive!nuclear!translocation!of!

the!canonical!NFJκB!subunits!RelA,!cRel!and!p50!(Figure!13b).!In!line!with!these!results,!

electrophoretic! mobility! shift! assay! (EMSA)! demonstrated! that! CARD11(L225LI)!

expression! resulted! in! an! increased! NFJκB! DNAJbinding! which! was! comparable! to!

NFJκB!activation!in!BCR!stimulated!cells.!BCR!ligation!was!able!to!additionally!enhance!

NFJκB! DNAJbinding! activity! (Figure! 13c).! Together,! these! first! results! are! consistent!

with! published! data! (Lamason! et! al.,! 2010)! and! confirm! that! in! contrast! to!

overexpression!of!WT!CARD11!or!CARD11(Δlinker),!overexpression!of!CARD11(L225LI)!

leads!to!constitutively!NFJκB!signaling!and!thereby!to!B!cell!activation.!

!
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!

!

Figure!13:!Mutated!CARD11!activates!the!murine!B!cell!lymphoma!line!Balc17!
A)! Flow! cytometric! analysis! of! BalJ17! cells! transfected! with! different! retroviral!

constructs.!Upper!row!shows!gate!on!live!GFP+,!the!lower!row!live!GFPJcells.!Surface!

expression!of!the!activation!marker!CD80,!CD86!and!the!downJregulation!of!surface!

IgM!were! examined.!B)!GFP+! sorted! cells!were! left! untreated! or! stimulated! for! 90!

minutes! with! αJIgM.! Nuclear! lysates! were! analyzed! by! Western! blot! detecting!

different!NFJκB! subunits! (RelA,! cRel,! p50).! Equal! loading!was! verified! by! Lamin! B!

probing.! C)! The! same! nuclear! lysates! were! subjected! to! a! NFJκBJelectrophoretic!

mobility! shift! assay! (EMSA).! Data! shown! are! representative! of! at! least! two!

independent!experiments.!

!

3.2. !Generation!of!a!CARD11(L225LI)stopFL#transgenic!knockcin!mouse!
!

In! order! to! examine! the! role! of! DLBCL! patientJderived! CARD11! mutation! 10!

(CARD11(L225LI))!in(vivo,!we!generated!a!mouse!model.!We!decided!to!use!the!human!

Card11( cDNA! for! this! purpose,! since! the! murine! (uniprot! ID:! Q8CIS0)! and! human!

(Q9BXL7)! protein! sequences! are! more! than! 90%! identical.! The! sequence! for! the!

coiledJcoil! domain! 1,! where! the! mutation! is! located,! is! even! 100%! identical! to! the!

murine!amino!acid!sequence.!!

!

To! do! so,! the! human! Card11(L225LI)! cDNA! combined! to! an! HA! tag! preceded! by! a!

loxPJflanked!(FL)!transcriptional!and!translational!STOP!cassette!was!inserted!into!the!

ubiquitously! expressed!ROSA26! locus! (Figure! 14a)! (Sasaki! et! al.,! 2006;! Friedrich! and!

Soriano,! 1991).! The! loxPJflanked! STOP! cassette! consists! of! polyA! repeats! shutting! off!

transcription!before!the!CARD11(L225LI)!reading!frame!begins.!!
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!

!
Figure!14:!Generation!of!the!CARD11(L225LI)stopFL#mouse!
A)! The! WT! ROSA26! locus! is! shown! with! the! targeting! vector! below.! Black! bars!
connected! by! dashed! lines! show! homology! arms.! Bars! indicate! the! sites! for! the!

restriction!enzyme!XbaI!for!Southern!blot!verification.!The!probe!is!located!5´prime!

of! the! first! ROSA26! exon.! 1! =! Exon! 1;! 2! =! Exon! 2;! SA! =! splice! acceptor;! IRES! =!
internalJribosomalJentry! site;! eGFP! =! enhanced! green! fluorescent! protein;! pA! =!!

polyA;!B)!Lane!1!and!2!gDNA! from!embryonic! stem!cells:!First! lane!shows! the!WT!

ROSA26!locus!(4,6kb),! the!second!and!third! lane!show!the!successfully!recombined!

ROSA26! locus! called! CARD11(L225LI)stopFL! (4,6kb! and! 10,9kb)! and! the! fourth! lane!

represents! CreJmediated! removal! of! the! STOP! cassette! termed! CARD11(L225LI)FL!

(8,4kb)!(lane!3!and!4!gDNA!from!MACSJpurified!CARD11(L225LI)CD19JCre!B!cells).!C)!

Western! blot! of! cytosolic! lysates! of! MACSJpurified! CARD11(L225LI)CD19JCre! B! cells!

verifying!transgene!expression!by!detection!of!the!HA!tag.!!

!

Breeding!of!CARD11(L225LI)stopFL(mice!to!Cre!transgenic!animals!results!in!the!excision!

of! the! loxPJflanked! STOP! cassette! and! in! the! subsequent! bicistronic! expression! of!

CARD11(L225LI)! together! with! enhanced! GFP! (eGFP)! (Figure! 14a),! which! allows! to!

identify! CARD11(L225LI)Jexpressing! cells! by! flow! cytometry.! Southern! blots! verified!
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the! correct! transgene! insertion! in! the! ROSA26! locus! of! embryonic! stem! cells! and!

functional! CreJmediated! STOP! cassette! removal! in! primary! B! cells! (Figure! 14b).! The!

addition!of!a!NJterminal!HA!tag!facilitates!transgene!detection!by!Western!blot!analysis.!

Lysates!from!primary!CARD11(L225LI)CD19JCre!B!cells!verified!the!expression!of!mutant!

CARD11!by!detection!of!the!HA!tag!(Figure!14c).!

!

For! simplicity,! we! refer! to! the! CD19JCre! and! CARD11(L225LI)stopFL(double! transgenic!

mice! throughout! this! study! as! CARD11(L225LI)CD19JCre! mice.! This! breeding! allows!

CreJmediated!transgene!expression!from!the!pre!B!cell!stage!onwards!throughout!all!B!

cell!subsets!(Rickert!et!al.,!1997).!!

!

3.3. !Effect!of!CARD11(L225LI)!expression!in!early!B!cell!development!

3.3.1. CARD11(L225LI)!expression!rapidly!leads!to!B!cell!expansion!and!
cytokine!production!

!

Consequences! of! CARD11(L225LI)! expression! from! early! B! cell! development! were!

analyzed! in! breedings! to! the! CD19JCre! strain.! Interestingly,! we! never! obtained! any!

CARD11(L225LI)CD19JCre!pups!at!weaning!age!(3J4!weeks!after!birth).!When!we!looked!at!

earlier!time!points,!we!discovered!that!all!CARD11(L225LI)CD19JCre!mice!died!within!the!

first! six! days! after! birth.! To! examine!whether! these!mice!were! already! born!with! an!

outgrowth!of!transgenic!cells,!we!sacrificed!mice!at!different!time!points.!Since!the!fetal!

liver!is!the!site!for!early!hematopoiesis,!we!examined!this!organ!within!the!first!72!hours!

after!birth.!On!day!2!until!day!5!after!birth,!we!also!analyzed!the!spleen.!

!

The!expression!of!eGFP!revealed! that!CARD11(L225LI)!was!expressed!already!shortly!

after! birth! from! few! cells! in! the! neonatal! liver! (Figure! 15a).! The! amount! of!

eGFPJexpressing!cells!increased!drastically!from!day!3!to!4!in!the!spleen,!reaching!with!

around!60!million!cells!on!day!5!comparable!cell!counts!to!spleens!of!adult!mice.!!

!

Already! on! the! first! day! after! birth,! eGFPJpositive! B! cells! were! highly! activated! as!

indicated!by!upJregulation!of!CD80.!On!day!5,!all!B!cells!showed!high!surface!expression!

of!CD80!(Figure!15b).!!

!
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!

Figure!15:!Proportion!of!eGFPcexpressing!cells!over!time!
A)!Newborn!CARD11(L225LI)CD19JCre!mice!(birth!is!defined!as!day!0)!were!sacrificed!

at! the! given! time! points! after! birth.! Liver! and/or! spleen! cells! were! counted,! and!

eGFPJexpressing! (eGFP+)! cells!were! determined! by! flow! cytometry.! B)! Upper! row!

shows! the! total! cell! gate! in! the! liver! from! a! 1JdayJold! transgenic!mouse! gated! on!

eGFP! and! B220.! eGFPJexpressing! and! B220Jpositive! eGFPJnegative! (eGFPJ)! cells!

were! further!gated!on! the!activation!marker!CD80.!Lower! row!shows! the! total! cell!

gate!in!the!spleen!from!a!4JdayJold!transgenic!mouse.!Data!are!presented!as!mean!or!

mean!±!SEM!of!n!≥!3!per!genotype.!

!

Intracellular! analysis! by! flow! cytometry! revealed! that! transgenic! cells! produced!

inflammatory!cytokines!such!as!IFNJγ,!ILJ6!and!TNFα!already!early!(day!1,!top),!whose!

levels! increased!over! time!(day!4,!bottom)!(Figure!16a).!Sera!obtained! from!5JdayJold!

animals!were!tested!for!the!presence!of!these!and!additional!cytokines.!Indeed,!elevated!

amounts! of! the! inflammatory! cytokines! ILJ1α! and! TNFα!were!measured! in! sera! from!

CARD11(L225LI)CD19JCre,! but! not! from!CD19JCre! controls! (Figure! 16b).!Moreover,! sera!

from! CARD11(L225LI)CD19JCre! ! mice! exhibited! high! concentrations! of! ILJ10! and! ILJ6,!

which! are! cytokines! that! are! also! autonomously! produced! by! ABCJDLBCL! cells! and!

which!sustain!their!proliferation!(Lam!et!al.,!2008;!Ferch!et!al.,!2009).!

!
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!

Figure!16:!Cytokine!measurements!
A)! The! upper! row! shows! the! total! live! cell! gate! in! the! liver! from! a! 1JdayJold!

CARD11(L225LI)CD19JCre! mouse! gated! on! eGFP! and! CD19.! eGFPJpositive! and!

eGFPJnegative!cells!were!further!gated!intracellular!on!the!cytokine!ILJ6!and!TNFα.!

Lower! row! shows! the! total! cell! gate! in! the! spleen! from! a! 4JdayJold!

CARD11(L225LI)CD19JCre!mouse.!Data!are!presented!as!mean!of!n!≥!3!per!genotype.!B)!

Sera!from!at!least!20!animals!per!genotype!(CD19JCre!and!CARD11(L225LI)CD19JCre)!

were!subjected!to!Th1/Th2!FlowCytomix!multiplex!assay.!Data!are!shown!as!mean!±!

SEM.!

!

3.3.2. CARD11(L225LI)!induces!terminal!plasma!cell!differentiation!
!

Due!to!the!fact!that!CARD11(L225LI)CD19JCre!animals!died!mostly!between!day!5!and!day!

6,!control!and!moribund!transgenic!animals!were!analyzed!5!days!after!birth.!CD19JCre!

littermates!were!used!as!control!animals.!!

!

CARD11(L225LI)CD19JCre! animals! appeared! smaller! in! size! and! displayed!

hepatosplenomegaly! (Figure! 17a,! b).! They! exhibit! massive! splenomegaly! with! a! high!

increase!in!the!frequency!as!well!as!the!total!number!of!CD19Jexpressing!B!lymphocytes,!

which!were!more! than!96%!GFPJpositive!(Figure!17c),!whereas!other!cell!populations!

such!as!TCRβJpositive!T!cells!remained!unchanged.!!

!
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!

!

Figure!17:!CARD11(L225LI)CD19cCre!animals!develop!splenomegaly!
A)!5JdayJold!CARD11(L225LI)CD19JCre!and!control!animal.!B)!Spleens!from!5JdayJold!

transgenic!and!control!animals.!C)!Splenic!cell!counts!from!5JdayJold!animals.!!

!

Histological! examination! of! transgenic! spleens! showed! a! monotonous! population! of!

large! cells! with! prominent! nucleoli! featuring! a! high! proliferation! index! of! more! that!

75%,!as!assayed!by!KiJ67!staining.!These!blastoid!cells! infiltrated!solid!organs!such!as!

the! liver! and! thus! show! pathohistological! signs! of! a! highJgrade! lymphoma! (data! not!

shown).!!

!

Control! bone! marrow! showed! normal! early! B! cell! development! with! clear! pre!

(B220+IgMJCD25+)!and!pro!B!cell!populations!(B220+IgMJckit+)!and!few!immature!and!

recirculating!B!cells!(B220+!IgM+).!It!appeared!that!CARD11(L225LI)CD19JCre!peripheral!

B! cells! infiltrated! the! bone! marrow.! B! cells! present! in! the! bone! marrow! of!

CARD11(L225LI)CD19JCre!mice!also! showed!elevated!expression!of! cJkit! (Figure!18a! left!

panel).!!

!

We! observed! in! the! spleens! of! WT! mice! the! expected! frequencies! of! CD5! and!

IgMJpositive! fetal! liverJderived!B1JB! cells! (Figure! 18! right! panel)! (Zhang! et! al.,! 2012;!

2007;!Hayakawa!et! al.,! 1983;!Baumgarth,! 2011;!Godin! et! al.,! 1993).!The! splenic!B! cell!

compartment!of!perinatal!mice!has!been!shown!to!be!composed!to!a!big!extend!of!fetal!

liverJderived!B1JB!cells,!whose!percentage!declines!in!favor!of!B2JB!cells!during!the!life.!

Control! animals! showed! normal! peripheral! B! cell! maturation! measured! as! surface!
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coJexpression! of! IgM! and! IgD,! whereas! CARD11(L225LI)Jexpressing! cells! showed!

arrested!maturation!as!the!IgDJpositive!B!cell!population!was!reduced.!!

!

!

!

Figure!18:!CARD11(L225LI)!induces!plasma!cell!differentiation!
Flow! cytometric! analysis! of! bone! marrow! and! spleen! of! 5JdayJold! animals.! Bone!

marrow!was!analyzed!for!B220,!IgM,!CD25,!cJkit!and!CD138;!Pre/pro!B!cells:!B220+!

IgMJ;!Pre!B!cells:!B220+! IgMJ!CD25+;!Pro!B!cells:!B220+! IgMJ!ckit+;!Recirulating!B!

cells:! B220+! IgM+;! Plasmablasts:! B220! intermediate! or! low! CD138+;! Plasma! cells:!

B220J!CD138+;!Spleens!were!analyzed!for!eGFP,!CD5,!IgD,!IgM,!B220!and!CD138.!B)!

Relative! transcript! level! in! MACSJpurified! B! cells! for! Irf4,( Prdm1( and! Xbp1(were!
examined!by!real!time!PCR,!results!were!normalized!to!the!housekeeping!gene!Hrpt1.!
Data!are!presented!as!mean!or!mean!±!SEM!of!n!≥!4!per!genotype.!
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Both! the! bone! marrow! and! spleen! of! CARD11(L225LI)! transgenic! animals! were!

infiltrated!with!a!high!percentage!of!eGFP!expressing!CD138Jpositive!B!cells!that!show!

low!B220!expression!indicating!that!these!are!plasmablasts!(B220intCD138+)!and!plasma!

cells! (B220lowCD138+).! Indeed,! qRTJPCR! analysis! of! Irf4,( Prdm1! and! Xbp1! expression!

demonstrated! that! these! markers! of! plasma! cell! differentiation! were! also! highly!

expressed!in!these!CARD11(L225LI)Jexpressing!B!cells!(Figure!18b).!!

!

!

!

Figure!19:!Plasma!cells!in!CARD11(L225LI)CD19cCre!animals!secrete!IgM!
A)!Basal! immunoglobulin! levels!of!IgM!(n!=!11!mice!per!genotype)!and!IgG1!(n!≥!8!

mice!per!genotype)!in!sera!from!5JdayJold!animals.!!

!

The! characterization! of! CARD11(L225LI)CD19JCre! cells! suggested! that! transgenic! cells!

were!terminally!differentiated,!antibodyJsecreting!plasma!cells!with!high!inflammatory!

and! proliferative! potential.! To! test!whether! the! plasma! cells! produce! antibodies,! sera!

were! analyzed! for! the! presence! of! IgM! and! classJswitched! IgG1! (Figure! 19).! Although!

comparable! concentrations! of! IgG1! were! found! in! both! genotypes,! highly! increased!

concentrations! of! IgM! were! observed! in! the! sera! from! CARD11(L225LI)CD19JCre!mice!

indicating!autonomous!antibody!production.!!

!

3.3.3. Roles!of!BCL10!and!MALT1!in!CARD11(L225LI)cmediated!
lymphomagenesis!

!

Next,! we! investigated!whether! the! assembly! of! the! CBM! complex! is! causative! for! the!

lethal! lymphoproliferation.! Therefore,! we! crossed! CARD11(L225LI)CD19JCre! transgenic!

mice!onto!BCL10J!or!MALT1Jdeficient!or!MALT1!paracaspase!mutant!(PM)!backgrounds!

(CARD11(L225LI)CD19JCre;BCL10J/J,! CARD11(L225LI)CD19JCre;MALT1J/J,!

CARD11(L225LI)CD19JCre;PM/J).!!

!



RESULTS!

! 41!

The!PM!mouse!strain!harbors!a!point!mutation!(C464A)!within!the!paracaspase!domain!

of!MALT1,!which!results!in!a!paracaspase!lossJofJfunction!mutant!(Gewies,!A.!and!Gorka,!

O.,! unpublished)! with! the! biological! consequence! that! paracaspase! target! molecules!

such! as! CYLD,! RelB! and! A20! are! not! cleaved! upon! receptor! engagement.! PM/J! mice!

express! on! one! allele! the! paracaspase! deficient! version! of!MALT1! and! harbor! on! the!

other! one! a! targeted! disruption! of! MALT1.! The! MALT1! protein! levels! expressed! by!

PM/J! cells! are! comparable! to! MALT1! WT! cells.! Upon! antigen! receptor! engagement!

PM/J! expressing! B! and! T! lymphocytes! show! normal! MAPK! and! IKK! activation!

(unpublished!data).!In!contrast!to!PM/J!lymphocytes,!BCL10J!or!MALT1Jdeficient!T!and!

B! lymphocytes! show! defective! IKK! activation! and! fail! to! activate! NFJκB.!

ReceptorJproximal! tyrosine! phosphorylations! and! ERK! activation! are! normal! in!

BCL10J/J! or! MALT1J/J! lymphocytes! after! antigen! receptor! stimulation! (Ruland! et! al.,!

2001;!2003).!!

!

!

!

Figure!20:!CARD11(L225LI)CD19cCre;BCL10c/c,!CARD11(L225LI)CD19cCre;MALT1c/c,!
CARD11(L225LI)CD19cCre;PM/c!mice!survive!longer!than!6!days!
KaplanJMeier! curves! for! CARD11(L225LI)CD19JCre! mice! on! different! genetic!

backgrounds:! CARD11(L225LI)CD19JCre;BCL10J/J,! CARD11(L225LI)CD19JCre;!MALT1J/J,!

CARD11(L225LI)CD19JCre;PM/J;!each!genotype!n!≥!5!

!

BCL10! and! MALT1! heterozygous! CARD11(L225LI)CD19JCre! mice! succumbed! similar! to!

CARD11(L225LI)CD19JCre! mice! six! days! after! birth! (data! not! shown),! whereas! the!

complete! absence! of! BCL10! and!MALT1! rescued! the!mice! from! early! lethality! (Figure!

20).! Interestingly,! the!presence!of!MALT1!as!scaffolding!molecule!without!paracaspase!

function! also! rescued! the! CARD11(L225LI)CD19JCre! animals! from! perinatal! death.! This!

indicated!that!the!presence!of!the!CBM!complex!per!se!and!the!paracaspase!function!of!

MALT1! are! essential! for! CARD11(L225LI)Jmediated! activation! of! downstream!

pathways,!which!lead!to!pathogenesis.!Thus,!the!constitutive!and!functional!assembly!of!

CBM! complexes! triggered! by! CARD11(L225LI)! is! solely! responsible! for! the! B! cell!
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activation! and! lethality! in( vivo! excluding! important! CBM! independent! functions! of!

CARD11(L225LI)!for!pathogenesis.!

!

!

!
Figure!21:!CARD11(L225LI)cmediated!B!cell!activation!is!dependent!on!BCL10!
and!MALT1!
The!expression!of!activation!markers!on!splenic!B!cells!from!different!genotypes!was!

assessed! by! flow! cytometry! using! ForwardJscatterJarea! (FSCJA)! for! cell! size,! CD80!

and! CD86! as! activation! marker.! Animals! were! analyzed! between! two! and! three!

months! of! age,! n! ≥! 4! per! genotype.! A)! Histograms! of! CD19JCre! and!

CARD11(L225LI)CD19JCre! B! cells.! B)! Histograms! of! CD19JCre;MALT1+/J,!

CD19JCre;MALT1J/J!and!CARD11(L225LI)CD19JCre;MALT1J/J!B!cells.!C)!Histograms!of!

CD19JCre;BCL10+/J,! CD19JCre;BCL10J/J! and! CARD11(L225LI)CD19JCre;BCL10J/J.! D)!

Histograms! of! CD19JCre;MALT1+/J,! CD19JCre;PM/J! and!

CARD11(L225LI)CD19JCre;PM/J!B!cells.!

!

The!B!cell!compartment!of!CARD11(L225LI)CD19JCre!animals!is!severely!increased!and!is!

composed!of!strongly!enlarged!and!activated!cells!(Figure!17c,!21a).!Interestingly,!on!a!

BCL10J! or! MALT1Jdeficient! background! splenic! CARD11(L225LI)Jexpressing! B! cells!

showed!neither!an!increase!in!cell!size!nor!surface!expression!of!the!activation!markers!

CD80!and!CD86!(Figure!21b,!c).!Although!CARD11(L225LI)CD19JCre;PM/J!mice!did!not!die!
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prematurely,!CARD11(L225LI)Jexpressing!paracaspaseJdeficient!B!cells!were!bigger!and!

upJregulated!CD80!when!compared!to!control!B!cells!(Figure!21c).!

!

To! identify! changes! in! lymphoid! cell! compartments,! total! cell! counts! from! various!

organs! were! compared! between! BCL10J,! MALT1J! or! paracaspase! functionJdeficient!

CARD11(L225LI)Jexpressing!mice.! It! is! known! that!BCL10J/J! and!MALT1J/J!mice! lose!

their!TFH!cells!and!GCBs!within!PPs!due!to!defective!NFJκB!activation.!As!expected!TFH!

cells! and! GCBs! were! almost! absent! within! the! PPs! of!

CARD11(L225LI)CD19JCre;BCL10J/J!and!CARD11(L225LI)CD19JCre;MALT1J/J!and!decreased!

in!CARD11(L225LI)CD19JCre;PM/J!mice!(data!not!shown).!!

!

Surprisingly,! we! found! elevated! total! cell! counts! in! PPs! from!

CARD11(L225LI)CD19JCre;MALT1J/J! mice,! which! were! due! to! elevated! numbers! of!

CD19Jpositive! nonJGCBs! (Figure! 22a).! In! contrast! to! MALT1Jdeficient!

CARD11(L225LI)Jexpressing! animals,! PPs! were! barely! detectable! in! mice! expressing!

CARD11(L225LI)!together!with!the!paracaspaseJdeficient!version!of!MALT1,!which!was!

due!to!a!total!decline!in!B!cell!levels.!!

!

Total! splenocyte! counts! also! varied! between! the! different! genotypes.!

CARD11(L225LI)CD19JCre;BCL10J/J! counts! were! decreased! by! trend,! whereas!

CARD11(L225LI)CD19JCre;PM/J! and! CARD11(L225LI)CD19JCre;MALT1J/J! counts! were!

elevated!(Figure!22b).!Changes!in!splenocyte!counts!were!consistent!with!alterations!in!

mature! B! cell! counts! within! the! different! CARD11(L225LI)Jexpressing! genotypes,!

whereas!T!cell!counts!were!mostly!unaffected!(Figure!22b).!!

!

Consistent!with!previous! studies! of!BCL10! and!MALT1!knockJout!mice,! the!BJ1!B! cell!

population! was! absent! or! diminished! in! the! peritoneal! cavity! of! BCL10J,! MALT1J! or!

paracaspase! functionJdeficient!CARD11(L225LI)Jexpressing! animals! (data!not! shown).!

Interestingly,! peritoneal! cavities! of! CARD11(L225LI)CD19JCre;PM/J! ! mice! showed! a!

decrease!in!B2JB!cells!in!behalf!of!an!increase!in!T!cells!(Figure!22c).!!

!

Ultimately,! the! deficiency! in! BCL10J,! MALT1J! or! paracaspase! function! rescued!

CARD11(L225LI)CD19JCre!animals!from!perinatal!death.!Although!B!cells!from!BCL10!and!

MALT1Jdeficient! animals!were! of! normal! size! and!not! activated,! it! is! noteworthy! that!
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CARD11(L225LI)! expression! has! an! influence! on! the! size! of! the! B! cell! population.!

Interestingly,! paracaspaseJdeficient! CARD11(L225LI)CD19JCre! animals! showed! slightly!

activated! and! enlarged! B! cells! and! strong! changes! in! different! B! cell! compartments!

within!examined!organs.!

!

!

Figure! 22:! Distribution! of! lymphoid! populations! in! various! organs! from!
different!genotypes!
A)! Total! cell! counts! in! PPs;! CD4Jpositive! and! CD19Jpositive! cell! counts! and!

percentages! of! TFH! cells! and! GCBs! within! the! CD4Jpositive! or! respectively! the!

CD19Jpositive!compartment!in!PPs.!TFH!cells!were!gated!as!CD4+ICOS+PDJ1+;!GCBs!

were!gated!as!CD19+CD38JFas+.!B)!Total!splenic!cell!counts;!total!cell!counts!for!FO!

B!cells! (B220+AA4.1JCD23+)!and!splenic! IgMJ!and! IgDJexpressing!B!cells;! total! cell!

counts!for!TCRβ+!CD4!and!CD8!T!cells!C)!BJ1!B!cell!(CD19+B220lowCD5+)!counts!in!

peritoneal!cavity!as!well!as!BJ2!(CD19highB220highCD5J)!and!T!cell!counts!(CD5+)!for!

indicated!genotypes.!

!

3.3.4. CARD11(L225LI)! expression! in! B! cells! simultaneously! activates!

NFcκB!and!APc1!

!

CARD11! together! with! BCL10! and! MALT1! are! essential! for! canonical! antigen!

receptorJinduced!activation!of!NFJκB!by!transducing!the!receptor!signal!through!the!IKK!
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complex.! Interestingly,!a!mouse!model!expressing!a!constitutive!active!mutant!of! IKKβ!

(caJIKKβ)! in! B! cells! showed! a! milder! phenotype! compared! to! mice! expressing!

CARD11(L225LI)!in!the!B!cell!lineage!(Sasaki!et!al.,!2006).!Although!a!very!comparable!

approach!was! used! to! express! the! constitutive! active! signaling!molecule! in! the! B! cell!

lineage,! animals!did!not!die!prematurely.!Thus,!CARD11(L225LI)!must! trigger!parallel!

additional!pathways!besides!NFJκB!that!are!important!for!the!activation!and!expansion!

of!the!transgenic!lymphocytes.!!

!

!

!

Figure!23:!CARD11(L225LI)CD19cCre!B!cells!show!NFcκB!activation!!
A)! Splenic! B! cells! from! 5JdayJold! animals! of! the! indicated! genotypes! were!

MACSJpurified! (pooled)! and! cytosolic! cell! lysates! were! subjected! to! Western! blot!

analysis.!Examination!of!CBM!protein!expression!(HA!tag,!CARD11),!NFJκB!activation!

(BclxL,! pIκBα);! equal! loading! was! verified! by! Tubulin.! B)! Nuclear! lysates! were!

prepared!from!samples!from!A),!nuclear!translocation!of!NFJκB!subunits!(RelA,!cRel,!

p50)!was!examined;!equal!loading!was!controlled!in!nuclear!extracts!by!Lamin!B!and!

in!cytosolic!fractions!by!Tubulin.!C)!Lysates!from!B!cells!from!5JdayJold!animals!were!

immunoprecipitated!with! antiJCK1α! and! immunocomplexes!were! analyzed! for! the!

presence! for! CARD11,! BCL10,! MALT1! or! CK1α! by! immunoblotting.! D)! Nuclear!

extracts! from!B)!were!subjected! to!EMSA! for!NFJκB!DNAJbinding!activity.!Western!

blot! lysates! and! immunoprecipitations!were! obtained! from! at! least! 3! independent!

experiments.!

!

Since! CBM! signaling! is! also! involved! in! antigen! receptor! induced! IKK! activation,! we!

speculated! that! CARD11(L225LI)! triggers! spontaneous! NFJκB! signaling.! Indeed,!

constitutive!IκBα!phosphorylation!was!found!in!the!cytosol!of!transgenic!B!cells,!which!

is! the!result!of! IKK!complex!activity.!To! investigate! the!nuclear!consequences!of! these!

cytosolic! signaling! events,! we! performed! cell! fractionations.! In! line! with! constitutive!

active!IKK!signaling,!we!detected!high!levels!of!the!NFJκB!subunits!RelA,!cRel!and!p50!in!

the! nucleus! of! primary! B! cells! from! CARD11(L225LI)CD19JCre! animals! (Figure! 23b).!



RESULTS!

! 46!

Subsequent! IκBα! degradation! leads! to! the! release! of! NFJκB! subunits,! which! induce!

expression!of!NFJκB!target!genes.!One!of!these!target!genes!is!BclxL,!which!was!found!in!

the!cytosol!of!transgenic!B!cells!(Figure!23a).!

!

As! indicated!above,! antigenJinduced!BCR!signaling! triggers!an! inducible!association!of!

CARD11!with!BCL10! and!MALT1! and! the! formation!of! the!CBM!complex! that! recruits!

further!factors!including!casein!kinase!1!α!(CK1α)!into!the!signalosome!for!downstream!

signaling! (Bidère! et! al.,! 2009;! Thome! et! al.,! 2010).! To! test! whether! mutant!

CARD11(L225LI)!expression!would!induce!a!constitutive!assembly!of!CBM!complexes!in(

vivo,! we! immunoprecipitated! CK1α! from! CARD11(L225LI)CD19JCre! transgenic! or!WT! B!

cells! and! tested! the! association! with! CARD11,! BCL10! and! MALT1.! Western! blotting!

revealed! that! indeed! CBM! complexes! are! constitutively! assembled! in!

CARD11(L225LI)CD19JCre! transgenic! B! cells! (Figure! 23c).! The! DNAJbinding! ability! of!

translocated! NFJκB! subunits! was! examined! by! EMSA! and! verified! strong! NFJκB!

DNAJbinding!within!CARD11(L225LI)CD19JCre!samples!(Figure!23d).!

!

!

!
Figure!24:!CARD11(L225LI)CD19cCre!B!cells!show!APc1!activation!!
A)!Nuclear!extracts! from!Figure!23!were! subjected! to!EMSA! for!APJ1!DNAJbinding!

activity.! B)! Nuclear! translocation! of! APJ1! transcription! factor! subunits! (pAtf2,!

pJcJJun,! cJJun);!equal! loading!was!controlled! in!nuclear!extracts!by!Lamin!B!and! in!

cytosolic!fractions!by!Tubulin.!C)!Relative!expression!levels!of!c>Jun!within!CD19JCre!
and! CARD11(L225LI)CD19JCre!MACSJpurified! splenic! B! cells! from! 5JdayJold! animals.!

The! expression! levels! were! normalized! to! the! housekeeping! gene! Hrpt1! (n! =! 4).!
Western!blot!lysates!were!obtained!from!at!least!3!independent!experiments.!

!

As! it! is!known!that!CARD11!is!able!to!transduce!signals,!which!are! important! for!APJ1!

activation,!nuclear! lysates!were! tested!also!with!an!APJ1!probe! (Blonska!et! al.,! 2007).!

EMSA!revealed!strong!binding!of!APJ1!subunits!to!the!respective!binding!motif!(Figure!

24a).!We!examined! the! translocation!of! the!wellJknown!APJ1! subunits!Atf2!and!cJJun.!
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Indeed,! those! were! found! to! be! phosphorylated! and! translocated! to! the! nuclei! of!

CARD11(L225LI)CD19JCre! cells! (Figure! 24b).! According! to! nuclear! translocation! and!

DNAJbinding!activity,!we!found!high!transcript!levels!of!c>Jun.!CJJun!is!known!to!sustain!

its!expression!levels!in!autoJregulatoryJmanner!(Figure!24c).!

!

In! summary,!we! could! demonstrate! that! enforced!CARD11JBCL10JMALT1! signaling! in!

CARD11(L225LI)Jexpressing! cells! activates! NFJκB! and! JNK! pathways! simultaneously.!

This! combined! activation! of! JNK! and! NFJκB! signaling! is! presumably! a! reason! for! the!

fundamentally! different! phenotypes! of! caJIKKβ! and! caJCARD11! transgenic! mice! and!

causative!for!the!rapidly!lethal!phenotype!triggered!by!CARD11(L225LI)!expression!in!B!

cells!in(vivo.!

!

3.3.5. Constitutive! JNK! and! IKK! activation! triggered! by! CARD11(L225LI)!

depends!on!the!presence!of!BCL10!and!MALT1!

!

Since!normal!CBM!signaling!is!also!involved!in!antigen!receptor!induced!JNK!activation!

(Hara! et! al.,! 2003),! we! speculated! that! CARD11(L225LI)! triggers! NFJκB! and! JNK!

signaling! in!BCL10!and!MALT1Jdependent!manner! in(vivo.! To! test! this!hypothesis,!we!

performed!western!blot!analysis!of!cytosolic!extracts!from!CARD11(L225LI)Jexpressing!

cells!in!a!WT,!BCL10J/J,!MALT1J/J!or!PM/J!background.!!

!

CARD11(L225LI)CD19JCre!B! cells! showed! NFJκB! and! JNK! activation! (see! Figure! 23,! 24).!

Basal! phosphorylation! levels! of! AKT! at! Serine! 473! (strong! exposure)!were! decreased!

within! the! CARD11(L225LI)CD19JCre! B! cells! compared! to! other! genotypes.! BCL10! and!

MALT1!deficiency!abolished!NFJκB!and!JNK!activation,!as!IκBα!and!JNK!phosphorylation!

were! absent! and! BclxL! and! cJJun! were! not! present! in! the! cytosol! (Figure! 25a,! b).!

Interestingly,!the!expression!of!paracaspaseJdeficient!MALT1!ablated!constitutive!NFJκB!

activation! and! decreased! AKT! phosphorylation.! Yet,! JNK! activation! and! cJJun!

stabilization!were!maintained!(Figure!25c).!!

!

!



RESULTS!

! 48!

!

!

Figure!25:!Role!of!BCL10!and!MALT1!in!CARD11(L225LI)ctriggered!signaling!
A)! –! C)! CD19JCre! and! CARD11(L225LI)CD19JCre! samples! were! prepared! from!

MACSJpurified!B!cells! (pooled)! from!spleens! from!5JdayJold!mice.!Other!genotypes!

were! sacrificed! at! ages! between! 6! and! 12! weeks! and! splenic! B! cells! were!

MACSJpurified.! Cytosolic! extracts! were! prepared! and! analyzed! for! CBM! protein!

expression!(HA!tag,!CARD11),!NFJκB!activation!(BclxL,!pIκBα),!AKT!signaling!(pAKT,!

AKT),! JNK!pathway!activation!(pJNK,!cJJun);!equal! loading!was!verified!by!Tubulin.!

Western!blot!lysates!were!obtained!from!at!least!3!independent!experiments.!

!

Next,!lysates!were!tested!for!the!presence!of!cleavage!fragments!of!known!paracaspase!

targets! such! as! RelB! and! CYLD! in! CARD11(L225LI)CD19JCre! cells,! and! further! whether!

these! cleavage! products! were! absent! in! CARD11(L225LI)CD19JCre;PM/J! or!

CARD11(L225LI)CD19JCre;MALT1J/J!and!CARD11(L225LI)CD19JCre;BCL10J/J!B!cells!(Figure!

26).!Indeed!cleavage!products!were!present!without!additional!receptor!stimulation!in!

CARD11(L225LI)CD19JCre!cells!and!as!expected!absent!in!BCL10J!and!MALT1Jdeficient!or!

PM!cells.!!!

!

Since! both! the! constitutive! IκBα! phosphorylation! as! well! as! the! constitutive! JNK!

phosphorylation! were! not! observed! in! CARD11(L225LI)Jexpressing! B! cells! that! are!

deficient! for! BCL10! or!MALT1,!we! conclude! that! CARD11(L225LI)! activates! both! IKK!

and!JNK!signaling!simultaneously!through!BCL10!and!MALT1!engagement.!Besides,!we!

found! that! MALT1! as! scaffolding! molecule! is! essential! for! JNK! activation! and! that!

paracaspase!activity!is!necessary!for!complete!NFJκB!activation.!!

!

!

!
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!

!

!

Figure! 26:! Assessment! of! constitutive! paracaspase! activity! in! different!
genotypes!
CD19JCre!and!CARD11(L225LI)CD19JCre!samples!were!prepared!from!MACSJpurified!B!

cells!(pooled)!from!spleens!from!5JdayJold!mice.!Other!genotypes!were!sacrificed!at!

ages! between! 6! and! 12! weeks! and! splenic! B! cells! were! MACSJpurified.! Cytosolic!

extracts!were!prepared!and!analyzed!for!RelB!and!CYLD.!Equal!loading!was!verified!

by! Tubulin.! Western! blot! lysates! were! obtained! from! at! least! 3! independent!

experiments.!

!

3.3.6. IKK!and!JNK!control!viability!of!primary!CARD11(L225LI)cexpressing!

B!cells!

!

The!CARD11(L225LI)CD19JCre!mice!succumb!prematurely!to!a!lethal!lymphoproliferation,!

which! depends! on! functional! CBM! complex! formation.! A! genetic! approach!

(CARD11(L225LI)CD19JCre;BCL10J/J,! CARD11(L225LI)CD19JCre;Malt1J/J! and!

CARD11(L225LI)CD19JCre;PM/J)!showed!that!full!oncogenic!potential!of!CARD11(L225LI)!

is! CBMJdependent.! To! examine! cell! proliferation,! B! cells! were! labeled! with! a!

proliferation!dye.!

!

CARD11(L225LI)CD19JCre! cells! were! treated!with! different!mitogenic! stimuli! to! analyze!

proliferation! upon! engagement! of! diverse! receptors.! Interestingly,! the! addition! of!

different! stimuli! for! 48! hours,! such! as! αJCD40,! CpG,! αJIgM! or! LPS,! did! not! increase!

proliferation! of! CARD11(L225LI)Jexpressing! cells! compared! to! untreated! cells,! which!

proliferated!vigorously.!In!contrast!to!CARD11(L225LI)Jexpressing!cells!the!addition!of!
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CpG!and!LPS! triggered!proliferation!of!CD19JCre!B!cells,!which!did!not!divide!without!

the!addition!of!external!stimuli!(Figure!27a).!In!contrast!to!B!cells!from!CD19JCre!mice,!

the! CARD11(L225LI)Jexpressing! B! lymphocytes! survived! for! at! least! 10! days! under!

these!conditions!and!even!expanded!(Figure!27b).!

!

!

Figure!27:!Proliferation!of!CARD11(L225LI)cexpressing!B!cells!
A)!Proliferation!of!CD19Jpositive!live!cells!was!measured!upon!different!stimuli!after!

48!hours:!αJCD40;!CpG;!αJIgM;!LPS;!Experiment!was!conducted!twice!with!total!n!=!

3.! B)! Survival! and! proliferation! of! splenocytes! from! CD19JCre! and!

CARD11(L225LI)CD19JCre! mice!was! evaluated! by! Trypan! Blue! exclusion.! Experiment!

was!conducted!twice!with!total!n!=!7.!Data!are!presented!as!mean!±!SEM.!!

!

These!results!are!consistent!with!the!notion!that!caJCARD11!is!a!strong!driver!of!B!cell!

survival! and! proliferation! and! in! line! with! the! massive! expansion! of! B! cells! in!

CARD11(L225LI)CD19JCre! mice.! On! a! molecular! level! we! also! observed! a! constitutive!

activation!of!NFJκB!and!JNK!signaling!in(vitro!with!high!nuclear!levels!of!RelA,!cRel!and!

p50!or!activated!cJJun!and!Atf2.!To!test!whether!the!autonomous!downstream!signaling!

of!CARD11(L225LI)!could!be!pharmacologically!manipulated,!we!treated!the!cells!with!

well! characterized! small! molecule! inhibitors! for! IKK! or! JNK! (Lee! and! Hung,! 2008;!

Gururajan,!2005).!!

!

As! the! IKK! inhibitor! Bay11J7082! blocks! the! kinase! activity! of! IKKα! and! IKKβ! and!

inhibits! irreversibly! the! phosphorylation! of! IκBα,! treatment! by! this! inhibitor! should!

abolish! the! translocation! of! the! canonical!NFJκB! subunits! (Keller! et! al.,! 2000;! RauertJ

Wunderlich!et!al.,!2013;!Lee!and!Hung,!2008).!Indeed,!IKK!inhibition!resulted!in!a!strong!

reduction!of!nuclear!NFJκB!family!members!RelA,!cRel,!and!p50!(Figure!28a).!

!!

All!JNK!isoforms!are!inhibited!by!SP600125,!which!shows!minimal!offJtarget!effects!for!

MKK4!and!MKK6!(Bennett!et!al.,!2001).!The!recently!discovered!JNKJinJ8!inhibitor!was!

optimized! to! reduce! offJtarget! effects! due! to! irreversible! binding! to! the! conserved!



RESULTS!

! 51!

catalytic!cysteine!in!JNK!(Zhang!et!al.,!2012).!The!inhibition!of!JNK!kinase!activity!with!

both!inhibitors!blocked!the!presence!of!phosphorylated!cJJun!and!reduced!the!levels!of!

phosphorylated!Atf2!in!the!nucleus!(Figure!28b,!c).!

!

!

!

Figure!28:!JNK!and!IKK!inhibitors!are!toxic!to!CARD11(L225LI)cexpressing!cells!!
A)!CD19JCre!and!CARD11(L225LI)CD19JCre!splenocytes!were!left!untreated!or!treated!

with! 15μM! Bay11J7082! for! four! hours,! nuclear! lysates! were! examined! for! the!

presence!of!RelA,!cRel!and!p50.!B)!CD19JCre!and!CARD11(L225LI)CD19JCre!splenocytes!

were!left!untreated!or!treated!with!20μM!SP600125!for!four!hours!or!with!C)!10μM!

JNKJinJ8! for! four!hours;!nuclear! lysates!were!examined! for! the!presence!of!pJcJJun!

and! pAtf2.! Experiments! were! conducted! three! times.! DJL)! Cells! were! cultured!

untreated! (solvent! control! DMSO)! or! in! presence! of! indicated! concentrations! of!

following! inhibitors:!R406!D),! CalJ101!E),! PCIJ32765!F),! PD98,059!G),! Bay11J7082!

H),!Mepazine!I),!SP600125!J)!and!JNKJinJ8!K)!for!48!hours,!then!Annexin!VJnegative!

and! 7AADJnegative! cells! were! determined! by! flow! cytometry.! Experiment! was!

performed!at!least!twice!with!total!n!≥!4.!Data!are!presented!as!mean!±!SEM.!!

!

Next,! CARD11(L225LI)CD19JCre! cells! were! treated! with! different! inhibitors! and! the!

frequency! of! live! cells! was! measured! 48! hours! after! treatment! at! indicated!

concentrations.!Neither!SYK!(R406)!(Figure!28d),!BTK!(Figure!28e),!PI3K!(Figure!28f)!or!

ERK! (Figure! 28g)! inhibition! did! significantly! affect! the! viability! of!

CARD11(L225LI)Jexpressing! B! cells! in! culture.! These! findings! are! in! line! with! the!
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established!role!of!CBM!complexes!downstream!of!SYK!and!presumably!BTK!and!PI3K!

(reviewed! in! (Staudt,! 2010))! and! the! independence! of! CBM! activity! from! ERK!MAPK!

signaling.!The! inhibition!of!NFJκB!signaling!killed!CARD11(L225LI)Jexpressing!B!cells,!

which! is! in! line! with! known! sensitivity! of! human! ABCJDLBCL! cells! to! IKK! inhibition!

(Figure!28h).!As!expected!from!genetic!data!(CARD11(L225LI)CD19JCre;PM/J),!Mepazine,!!

which! is! recently! in! the! focus!as!promising! therapeutic! for!DLBCL!(previously!used! in!

the! treatment! of! chronic! schizophrenic! patients! (Whittier! et! al.,! 1960;! Nagel! et! al.,!

2012))!also!efficiently!killed!CARD11(L225LI)CD19JCre!cells!(Figure!28i).! Intriguingly,!the!

pharmacological!inhibition!of!JNK!signaling!with!SP600125!(JNK!inhibitor)!(Figure!28j)!

or! with! another! independent! JNK! inhibitor! (JNKJinJ8)! also! induced! cell! death! in!

CARD11(L225LI)Jexpressing! cells! (Figure! 28k)! demonstrating! that! the! massive!

expansion! of! CARD11(L225LI)Jexpressing! B! cells! is! not! only! NFJκB! dependent! but! in!

addition!critically!requires!JNK!signaling.!!

!

Due!to!the!high!toxicity!of!NFJκB!inhibition,!IKK!inhibitors!are!so!far!not!used!in!clinics.!

Therefore,!we!were!interested!in!lowering!concentrations!of!Bay11J7082!to!a!minimum!

(Figure!29).!We!combined! low!doses!of!SP600125!and!Bay11J7082!and!found!that!we!

could!reduce!both! to!a!minimal! level! for!significant! toxicity! to! lymphoma!cells! (Figure!

29a).!We!obtained!similar!results!by!combining!JNKJinJ8!and!Bay11J7082!(Figure!29b).!

!

!

!

Figure!29:!Dose!titration!for!IKK!and!JNK!inhibitor!combination!
CARD11(L225LI)CD19JCre!splenocytes!were!treated!for!48!hours!with!single!inhibitors!

such!as!Bay11J7082,!SP600125!and!JNKJinJ8!and!in!different!combinations.!Annexin!

VJnegative!and!7AADJnegative!cells!were!determined!by!flow!cytometry.!Experiment!

was!performed!at!least!twice!with!total!n≥3.!Data!are!presented!as!mean!±!SEM.!!

!
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To!test,!whether!inhibitor!treatment!led!to!cell!cycle!arrest!followed!by!cell!death!or!to!

cell!death!within!the!current!cell!cycle!phase,!cells!were!labeled!with!a!proliferation!dye!

for!48!hours!(Figure!30)!and!within!a!second!approach!with!Bromodeoxyuridine!(BrdU)!

(Figure!31).!!

!

!

Figure!30:!JNK!and!IKK!inhibitors!do!not!severely!impair!proliferation!
CARD11(L225LI)CD19JCre! splenocytes! were! labeled! with! a! proliferation! dye! and!

cultured! untreated! (solvent! control! DMSO)! or! in! presence! of! indicated!

concentrations! of! following! inhibitors:! R406,! PCIJ32765,! CalJ101,! PD98,059,!

Bay11J7082,! SP600125! and! JNKJinJ8! for! 48! hours,! then! Annexin! VJnegative! and!

7AADJnegative!cells!were!determined!by!flow!cytometry.!Experiment!was!performed!

at!least!twice!with!total!n!≥!4.!

!

The! dilution! of! the! proliferation! dye! in! CARD11(L225LI)Jexpressing! B! cells! was!

measured!by!flow!cytometry!and!revealed!that!neither!SYK,!BTK,!PI3K!or!ERK!inhibition!

did! affect! cell! proliferation! of! CARD11(L225LI)Jexpressing!B! cells! in! culture,! and! that!

even! treatment! with! IKK! and! JNK! inhibitors! diminished! proliferation! at! highest!

concentrations!just!slightly.!!

!
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!

Figure!31:!IKK!and!JNK!inhibition!do!not!cause!cell!cycle!arrest!
A)! CARD11(L225LI)CD19JCre! splenocytes! were! labeled! with! BrdU! and! left! either!

untreated! or!were! treated!with! different! inhibitors! at! given! concentrations! for! 48!

hours.! First! gate! was! set! on! live! cells,! which! are! Amine! dyeJnegative! and! further!

gated!on!7AAD!and!BrdU.!G0/G1:!BrdU!low!and!7AAD!low;!Synthesis!(S):!BrdU!high!

and! 7AAD! high;! Mitose! (M):! BrdU! high! and! 7AAD! low.! B)! Summary! of! cell! cycle!

distribution!of!live!cells.!Data!are!presented!as!mean,!the!experiment!was!conducted!

once!with!n!=!5.!

!

A!BrdU!assay!was!performed!with!selected!inhibitors!to!analyze!effects!on!the!cell!cycle.!

Already! within! the! untreated! sample,! a! decreased! frequency! of! live! cells! was! found!

compared!to!untreated!cells!from!experiments!performed!for!Figure!28.!This!might!have!

been! due! to! BrdU! toxicity! (Figure! 31).! To! analyze! the! cell! cycle! phases,! live!

CARD11(L225LI)CD19JCre! cells! were! stained! intracellularly! for! BrdU.! The! combination!

with! 7AAD,! which! is! a! DNA! intercalating! marker,! allows! the! identification! of! DNA!

contents!within!dividing!or!nonJdividing!cells.!Therefore,!cells!in!the!G0/G1!phase!were!

defined!as!BrdU!low!and!7AAD!low,!in!the!synthesis!(S)!phase!as!BrdU!high!and!7AAD!

high,!which!appeared!as!a!double!peak!and! in! the!mitose!(M)!phase!as!BrdU!high!and!

7AAD! low.!This!assay!showed! that!more! than!70%!of! the!CARD11(L225LI)CD19JCre!cells!

were! in! the! S! phase,! whereas! less! than! 1%! of! the! cells! were! in! the! M! phase.! The!
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distribution! of! the! cell! cycle! phases! were! not! affected! by! the! treatment! with! R406,!

PD98,059!and!JNKJinJ8.!However,!whereas!treatment!with!the!Bay11J7082!inhibitor!led!

to!a!mild!increase!of!cells!within!the!G0/G1!phase,!the!SP600125!inhibitor!doubled!the!

frequency!of!cells!in!this!phase.!From!this!experiment,!one!could!conclude!that!JNK!and!

IKK! inhibition! in! CARD11(L225LI)CD19JCre! cells! rather! kills! cells! within! the! actual! cell!

cycle!phase!than!leading!to!cell!cycle!arrest!and!subsequent!cell!death.!!

!

CARD11(L225LI)! expression! in! early! B! cell! compartments! lead! to! fatal!

lymphoproliferative!disease.!Malignant!cells!resembled!terminally!differentiated!plasma!

cells,! which! proliferated! spontaneously! in! culture.! The! oncogenic! potential! of!

CARD11(L225LI)!strictly!depends!on!BCL10!and!MALT1!engagement,!which!is!required!

for! further!IKK!and!JNK!activation.!The!pharmacological! inhibition!of! IKK!as!well!as!of!

JNK!impaired!the!survival!of!the!malignant!cells!in(vitro!and!killed!the!cells!within!the!S!

phase,!which!is!the!predominant!cell!cycle!phase!of!CARD11(L225LI)Jexpressing!cells.!!

!

3.4. !Effect!of!CARD11(L225LI)!expression!in!activated!B!cells!

3.4.1. Absence!of!germinal!center!B!cells!in!CARD11(L225LI)!Cγ1cCre!mice!!

!

We!induced!the!CARD11(L225LI)!mutation!via!CD19JCre!in!a!large!population!of!B!cells!

in!our!mouse!model,!which! resulted! in!a!polyclonal!malignancy.! In! the!human,!DLBCL!

most!likely!originate!within!a!limited!B!cell!population!in!or!after!the!GC.!For!this!reason,!

we!intercrossed!the!CARD11(L225LI)!mice!with!the!Cγ1JCre!mouse!strain!(Casola!et!al.,!

2006).! In! these!mice,!Cre! is!expressed! from!the!constant!gamma!1!heavy!chain! (IgG1)!

locus! and! CreJmediated! transgene! expression! is! restricted! to! IgG1Jpositive! B! cells,!

therefore!to!a!small!population!at!the!steady!state!level!(Xu!et!al.,!2012).!The!IgG1!class!

switch!was! induced! by! immunization!with! sheep! red! blood! cells! (SRBs).! Cγ1JCre! and!

CARD11(L225LI)stopFL! double! transgenic! mice! are! called! throughout! this! study!

CARD11(L225LI)Cγ1JCre! mice.! UnJimmunized! CARD11(L225LI)Cγ1JCre! mice! did! not!

manifest!obvious! signs!of! illness,! and!were!analyzed!at! the! age!of!2J3!months! (Figure!

32).!!

!
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!

Figure!32:!Characterization!2c3!monthcold!CARD11(L225LI)Cγ1cCre!animals!
A)! Spleen! to! body! weight! ratio;! total! cell! counts! from! splenic! FO! B! cells!

(B220+AA4.1JIgM+CD23+)! and! splenic! T! cells! (TCRβ+);! GCB! cell! count!

(CD19+CD38JFas+)! in! PPs! of! 6J12! weekJold! Cγ1JCre! and! CARD11(L225LI)Cγ1JCre!

animals.!B)!Spleens!were!analyzed!9!days!after!immunization!with!sheep!red!blood!

cells!by!flow!cytometry.!Splenocytes!were!gated!on!CD19Jpositive!lymphocytes.!Data!

are!shown!as!mean!±!SEM!of!n!=!4!per!genotype.!C)!IgG1!serum!antibodies!at!day!14!

and! day! 28! after! primary! SRBC! immunization,! and! 10! days! after! secondary!

immunization,! n! =! 5! per! genotype,! experiment!was! conducted! twice.! D)! Splenic! B!

cells!were!MACSJpurified,!labeled!with!proliferation!dye!and!cultured!in!the!presence!

of!4!ng/ml!ILJ4!and!4!μg/ml!αJCD40!for!96!hours;!in!vitro!class!switch!was!assessed!

by!surface!expression!of! IgG1;!E)!B!cells! from!D)!were! further!analyzed!for!surface!

expression!of! ICOS! ligand! (ICOSL)! and!CD80.! FACS!blots! are! representative! of! two!

independent!experiments.!Data!are!represented!as!mean!±!SD!of!n!=!4!per!genotype.!

!

2J3!monthJold!CARD11(L225LI)Cγ1JCre!mice!showed!splenomegaly!due!to!an!increase!in!

mature! B! cells! (B220+AA4.1JIgM+CD23+),!whereas! T! cell! counts!were! comparable! to!

control! animals.! The! permanent! contact! of! gutJantigens! with! B! cells! within! the! PPs!

results! in! an! ongoing! GCB! reaction! with! class! switch! recombination! also! to! the! IgG1!

isotype.!Therefore,! IgG1Jexpressing!and!hence!eGFPJexpressing!cells!were!expected! to!

be! present! without! immunization! within! the! PPs! (Calado! et! al.,! 2012).! Surprisingly,!
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gutJresidual!Peyer´s!patches!(PP)!were!almost!gone!and!remaining!PPs!showed!absence!

of!the!GCB!population!(Figure!32a).!

!

For!this!reason!animals!were!immunized!with!SRBs!to!force!IgG1!expression!in!splenic!B!

cells.!In!the!immunized!CARD11(L225LI)Cγ1JCre!animals,!we!again!did!not!detect!GCBs!in!

the!spleen!as!well!as!in!PPs!(Figure!32b).!Furthermore,!the!measurement!of!serum!IgG1!

levels! revealed! that! the! IgG1! class! switch! is! defective! in! CARD11(L225LI)Cγ1JCre!in(vivo!

(Figure!32c).!!

!

To! assess! whether! IgG1! expression! could! be! induced! in( vitro,! splenic! B! cells! from!

Cγ1JCre!and!CARD11(L225LI)Cγ1JCre!animals!were!cultured!in!conditions!favorable!for!an!

IgG1!class!switch.!This!assay!revealed!that!transgenic!cells!were!able!to!recombine!and!

to!express!surface! IgG1!and!eGFP!(Figure!32d).!Another! important!observation!within!

this! assay! was! that! surface! expression! of! ICOS! ligand! (ICOSL)! and! CD80,! which! are!

necessary!for!the!interaction!between!GCB!and!TFH!within!the!GC,!were!deregulated!in!

CARD11(L225LI)Jexpressing!B!cells.!CARD11(L225LI)Cγ1JCre!B!cells!failed!to!upJregulate!

ICOSL!and!expressed!CD80!at!very!high!levels!(Figure!32e).!

!

When! using! the! Cγ1JCre! strain! for! CARD11(L225LI)! expression,! eGFPJpositive! cells!

were!neither!detected!before!nor!after!immunization,!and!GCBs!were!not!present!in!PPs!

in! 2J3! monthJold! CARD11(L225LI)Cγ1JCre!mice.! Yet,! we! found! splenomegaly! due! to! an!

increase! in! mature! B! cells! in! these! animals.! Although! the! class! switch! in( vitro! was!

functional,!several!surface!marker!were!dysregulated!on!CARD11(L225LI)Jexpressing!B!

cells!in(vitro!and!the!humoral!immune!response!was!defective!in(vivo.!!

!

3.4.2. Germinal!centercspecific!expression!of!CARD11(L225LI)!leads!to!
lymphomagenesis!!

!

Unexpectedly,!CARD11(L225LI)Cγ1JCre!had!to!be!sacrificed!around!the!age!of!8!month!due!

to!visible!lymphadenopathy!and!splenomegaly!(Figure!33a,!b).!Diseased!animals!showed!

systemic!cytokines!such!as!ILJ10!and!TNFα!(Figure!33c).!Interestingly,!eGFP!expression!

was!found!in!B!cells,!but!also!in!CD4Jpositive!T!cells!(Figure!33d).!CD8Jpositive!T!cells!

were! eGFPJnegative.! The! occurrence! of! eGFPJpositive! CD4Jpositive! T! cells! was!
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surprising!as!the!Cγ1JCre!strain!was!described!to!be!B!cellJspecific!and!expression!in!T!

cells!negligible!(about!0.1%)!(Casola!et!al.,!2006).!!

!

!

!
Figure!33:!CARD11(L225LI)Cγ1cCre!animals!develop!mixed!lymphoma!
A)! KaplanJMeier! curves! of! Cγ1JCre! and! CARD11(L225LI)Cγ1JCre!animals! n! ≥! 14.! B)!
Lymph! nodes! (left)! and! spleens! (right)! of! Cγ1JCre! and! CARD11(L225LI)Cγ1JCre!

animals.!C)!Serum!levels!of!the!cytokines!ILJ10!and!TNFα!from!6!mice!per!genotype.!

D)! Lymph! nodes! were! examined! for! eGFP! expression! in! CD19J,! CD4J! and!

CD8Jpositive! cells.! Data! are! shown! as! mean! ±! SD,! n! ≥! 5! per! genotype.! E)! Flow!

cytometric! analysis! of! cells! from! lymph! nodes.! Plots! in! left! column! show!

representative! surface! marker! expression! gated! on! IgMJpositive! B! cells! (FSCJA).!

Plots!in!right!column!are!pregated!on!CD3Jpositive!T!cells.!!

!

!
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!

!
Figure!34:!Characterization!of!CARD11(L225LI)Cγ1cCre!tumor!cells!
AJB)! Southern! blot! analysis! for! tumor! clonality! using! a! (A)! JH4! probe! for! B! cell!

receptor!rearrangement!and!a!(B)!TCRβ2!probe!for!T!cell!receptor!rearrangement.!C)!

Representative! immunohistochemical! staining! of! spleens! from! terminallyJill!

CARD11(L225LI)Cγ1JCre!mice;!1!and!2!depict!lymph!nodes!from!CARD11(L225LI)Cγ1JCre!

mice;!3!shows!a!kidney!with!tumor!infiltration!from!a!CARD11(L225LI)Cγ1JCre!mouse!

and!4!displays!a!control!kidney.!1,!3!and!4!are!stained!with!H&E!and!2!against! the!

proliferation!marker! KiJ67! D)! Cell! surface! stainings! of! CD19Jpositive! B! cells! from!

Peyer’s! patches! of! Cγ1JCre! control! mice! (upper! row)! or! from! diseased!

CARD11(L225LI)Cγ1JCre!animals!(lower!row).!E)!Representative!overlays!of!CD38,!Fas,!

Gl7! and! CXCR5! histograms! for! control! and! transgenic! animals.! F)! Analysis! of! a!

control! spleen! and! tumor! showing! B220! and! CD138! staining! on! total! lymphocyte!

gate.!
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CARD11(L225LI)Jexpressing!B!cells!(CD19+IgM+)!were!enlarged! in!cell!size!compared!

to! control! B! cells! and! strongly! activated! (CD80! upJregulation),! additionally! they!

downJregulated! B220! and! IgD! surface! expression! (Figure! 33d).! CD4Jpositive! T! cells!

(CD3+)!were!also!enlarged!and!displayed!an!activated/memory!phenotype,!as!indicated!

by!the!upJregulation!of!CD69!and!downJregulation!of!CD62L!and!TCRβ.!

!

Southern!blot! analysis! revealed! clonal! origin!of! tumorJinfiltrating!B! cells! (Figure!34a)!

and! polyclonal! identity! of! T! cells! (Figure! 34b).! The! histological! examination! of!

transgenic! lymph! nodes! confirmed! a! highJgrade! lymphoma! consisting! of! proliferating!

(proliferation! index! of! more! than! 38%)! large! B! cells! with! prominent! nucleoli! and!

smaller! T! lymphocytes,! which! intermingled! tumor! B! cellJblasts! (Figure! 34c! 1,! 2).!

Kidneys! were! infiltrated! by! the! highJgrade! lymphoma! (Figure! 34c! 3).! Further!

examination! of! surface!markers! showed! the! presence! two!main! tumor! B! cell! entities,!

plasma!cells!(B220J!CD138+)!as!seen!before!within!CARD11(L225LI)CD19JCre!(Figure!34f)!

and!GCBJsimilar!cells!categorized!by!downJregulation!of!CD38!and!upJregulation!of!Fas!

and!Gl7.!The!T!cell!population!was!alike!to!TFH!cells!coJexpressing!PDJ1!and!ICOS!as!well!

as!CXCR5!(Figure!34e)!(Nutt!and!Tarlinton,!2011).!!

!

Induction! of! transgene! expression! at! the! GC! in! CARD11(L225LI)Cγ1JCre!mice! led! to! a!

mixed!highJgrade!lymphoma!consisting!of!polyclonal,!TFH!Jlike!T!cells,!and!also!of!clonal!

B! cells! resembling!GCBs.! The! altered!B! cell! differentiation! in! comparison! to! the!B!cell!

population! found! in! CARD11(L225LI)CD19JCre! mice! might! be! caused! by! secondary! hits!

blocking!terminal!differentiation.!

!

3.4.3. CARD11(L225LI)Cγ1cCre!tumors!display!APc1!and!NFcκB!activation!
!

We!were!interested!whether!different!signaling!between!CARD11(L225LI)Cγ1JCre!! tumor!

cells! and! CARD11(L225LI)CD19JCre! plasma! cells! was! the! reason! for! the! observed!

phenotypic! differences.! Examination! of! the! cytosolic! protein! fraction! showed! a!

heterogeneous! pattern! in! CARD11(L225LI)Cγ1JCre–derived!tumor! samples! (Figure! 35a).!

Also! CARD11(L225LI)! protein! was! expressed! at! different! levels! measured! by! HA! tag!

protein!band!densities.!All!tumor!samples!showed!strong!expression!of!the!NFJκB!target!

gene! BclxL,! while! IκBα! phosphorylation! was! very! heterogeneous.! JNK! activation! and!
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cJJun! stabilization! was! found! in! almost! all! tumor! lysates.! Nuclear! fractions! showed!

enhanced! translocation!of!NFJκB!and!heterogeneous! translocation!of!APJ1! subunits! to!

the!nucleus!in!CARD11(L225LI)Jexpressing!samples!(Figure!35b,!c).!Low!Bcl>6!and!high!

Iκbα! gene! expression! (Figure! 35d)! was! in! line! with! the! observation! that! GCBJDLBCL!

biopsies! with! mutant! CARD11! have! a! higher! NFJκB! gene! expression! signature! and!

pathway!activity!than!those!with!WT!CARD11!(Lenz!et!al.,!2008).!!

!

!

!
Figure!35:!Signaling!in!CARD11(L225LI)Cγ1cCre!tumor!samples#
A)!Western!blot!analysis!of!cytosolic!lysates!from!MACSJpurified!splenic!T!and!B!cells!

and! 8! different! tumor! samples.! Examination! of! CBM! protein! expression! (HA! tag,!

CARD11,! MALT1,! BCL10),! NFJκB! activation! (BclxL,! pIκBα),! JNK! pathway! activation!

(pJNK,! cJJun);! equal! loading! was! verified! by! Tubulin.! B)! Nuclear! lysates! were!

prepared!from!samples!from!A)!Nuclear!translocation!of!NFJκB!subunits!(RelA,!cRel,!

p50)!was! examined.! C)!Nuclear! translocation! of!APJ1! transcription! factor! subunits!

(pAtf2,!pJcJJun,!cJJun);!equal! loading!was!controlled! in!nuclear!extracts!by!Lamin!B!

and! in! cytosolic! fractions! by! Tubulin.! D)! Relative!Bcl>6! and! Iκbα! transcript! levels.!
Values! represent!normalized! levels! to!Hrpt1.! GCBs!were!MACSJpurified! from! three!
SRBCJimmunized!mice.!qRT!PCR!was!performed!with!8!different!tumor!samples.!

!

CARD11(L225LI)Cγ1JCre! tumor! samples! showed! similar! signaling! events! as!

CARD11(L225LI)CD19JCre! lymphoma! cells,! though! with! heterogeneous! presence! of!

activated! molecules.! This! could! be! due! to! the! long! latency! of! disease! onset! in!

CARD11(L225LI)Cγ1JCre!mice!and!the!possible!acquirement!of!additional!mutations.!

!

!
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3.4.4. Induced!expression!of#CARD11(L225LI)!in!IgG1cpositive!B!cells!in#
vitro!leads!to!APc1!and!NFcκB!activation!

!

To! exclude! paracrine! activation! through! microenvironment! and! second! hits,! splenic!

CARD11(L225LI)Cγ1JCre!B! cells! (MACSJpurified)! were! recombined( in( vitro! by! culturing!

them!in!presence!of!αJCD40!and!ILJ4!for!72!hours.!These!culturing!conditions!favor!an!

IgG1! class! switch! and! should! lead! to! CARD11(L225LI)! expression! in! IgG1Jexpressing!

cells.!

!

!

!

Figure!36:!Signaling!of!in#vitrocrecombined!CARD11(L225LI)Cγ1cCre!B!cells!
MACSJpurified!splenic!B!cells!from!Cγ1JCre!and!CARD11(L225LI)Cγ1JCre!mice!(age!2!–!

3!month)!were!cultured! for!72!hours! in! the!presence!of!2!ng/ml! ILJ4!and!2!μg/ml!

αJCD40.! Recombination,! which! can! be!measured! by! eGFP! expression,! was! at! least!

90%.!A)!Cytosolic!cell! lysates!were!subjected!to!Western!blot!analysis.!Examination!

of! CBM! protein! expression! expression! (HA! tag,! CARD11,! MALT1,! BCL10),! NFJκB!

activation! (BclxL,! pIκBα),! JNK! pathway! activation! (pJNK,! cJJun);! equal! loading! was!

verified!by!Tubulin.!B)!Nuclear!lysates!were!prepared!from!samples!from!A)!Nuclear!

translocation! of! NFJκB! subunits! (RelA,! cRel,! p50)! and! of! APJ1! transcription! factor!

subunits! (pAtf2,! pJcJJun,! cJJun)! was! determined;! equal! loading! was! controlled! in!

nuclear!extracts!by!Lamin!B!and! in! cytosolic! fractions!by!Tubulin.!C)!Lysates!were!

immunoprecipitated!with! antiJCK1α! and! immunocomplexes!were! analyzed! for! the!

presence! for!CARD11,!BCL10,!MALT1!or!CK1α!by! immunoblotting.!D)! JNK2!kinase!

assay! was! performed.! Lysates! were! immunobloted! for! phosphorylated! cJJun! as!

measure! for! JNK2! kinase! activity.! Western! blot! lysates! and! immunoprecipitations!

were!obtained!from!at!least!3!independent!experiments.!

!

Western! blot! analysis! of! cytosolic! extracts! obtained! from! in( vitroJrecombined! B! cells!

were! similar! to! the! signaling! of! ex! vivo! analyzed! CARD11(L225LI)CD19JCre!B! cells! and!
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CARD11(L225LI)Cγ1JCre! tumor! samples! (Figure! 36a).! Constitutive! NFJκB! activation!

assessed! by! BclxL,! pIκBα! presence! as!well! as! JNK! pathway! activation! (cytosolic! pJNK,!

cJJun)!were! found.!Nuclear! lysates!of!Cγ1JCre!and!CARD11(L225LI)Cγ1JCre! cells!showed!

comparable!NFJκB! activation!most! likely! due! to! the! culturing! conditions!with!αJCD40!

and!ILJ4.!APJ1!activation!was!stronger!in!CARD11(L225LI)Cγ1JCre!B!cells!as! indicated!by!

enhanced! translocation!of!APJ1!subunits! to! the!nuclei!of!CARD11(L225LI)Cγ1JCre!B! cells!

(Figure!36b).!CoJIP!with!CK1α!confirmed!constitutive!CBM!complex! formation! (Figure!

36c).! To! measure! JNK! kinase! activity,! JNK2! was! immunoprecipitated! and! incubated!

together!with!recombinant!cJJun!fusion!protein.!The!samples!were!treated!with!ATP!and!

subjected! to! western! blot! analysis! where! cJJun! phosphorylation! was! assessed! as!

readJout!for!JNK2!kinase!activity!(Figure!36d).!!

!

The!analysis!of!in(vitroJrecombined!CARD11(L225LI)Cγ1JCre!B!cells!allowed!us!to!examine!

signaling! events! under! controlled! settings:! transgene! expression! for! exact! 48! hours!

(expression! of! eGFP! begins! under! culturing! conditions! with! ILJ4! and! αJCD40! at! 24!

hours),!no!influence!by!microenvironment!and!systemic!cytokines!secreted!by!other!cell!

types.! Analysis! of! these! B! cells! supported! signaling! data! obtained! from!

CARD11(L225LI)CD19JCre!and!CARD11(L225LI)Cγ1JCre!tumor!samples.!!

!

3.4.5. Induced!CARD11(L225LI)!expression!promotes!cell!survival!in#vitro,!

which!is!controlled!by!IKK!and!JNK!activity!

!

To!further!study!the!growth!behavior!of!CARD11(L225LI)Jexpressing!B!lymphocytes,!in(

vitroJrecombined!CARD11(L225LI)Cγ1JCre!B!cells!were!cultured!for!24!hours!in!presence!

of! αJCD40! and! ILJ4.! Then! they! were! transferred! to! media! without! these! mitogenic!

stimuli.!The!in(vitroJ!recombined!CARD11(L225LI)Cγ1JCre!B!cells!started!to!express!eGFP!

after!24!hours!in!presence!of!αJCD40!and!ILJ4.!

!

In! contrast! to! control!Cγ1JCre!B! cells,! the!CARD11(L225LI)Jexpressing!B! lymphocytes!

expanded! without! stimuli! (Figure! 37a).! Next,! different! inhibitors! were! added! and!

Annexin! VJ! and! 7AADJnegative! cells! were! measured! at! different! time! points! by! flow!

cytometry.! SYK! inhibition! (R406)! showed! minor! effects! on! percentages! of! live!

CARD11(L225LI)Cγ1JCre!B! cells! (Figure!37b).!PI3K! (CalJ101),!BTK! (PCIJ32765)!and!ERK!
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(PD98,059)!inhibition!did!not!affect!cell!survival!(Figure!37c,!d,!e).!Consistent!with!the!

results! from! ex( vivo! inhibitor! treated! CARD11(L225LI)CD19JCre!cells,! IKK! (Bay11J7082)!

and! JNK! (SP600125! and! JNKJinJ8)! inhibition! efficiently! led! to! cell! death! of!

CARD11(L225LI)Jexpressing!B!cells!(Figure!37f,!g,!h).!These!findings!further!supported!

the! idea! that!CARD11(L225LI)!driven!proliferation!and!cell! survival! is!not!only!NFJκB!

dependent!but!in!addition!required!JNK!signaling.!

!

!

Figure!37:!JNK!and!IKK!inhibitors!are!toxic!to!CARD11(L225LI)cexpressing!cells!
AJH)!MACSJpurified!splenic!B!cells!were!cultured!in!the!presence!of!2ng/ml!ILJ4!and!

2μg/ml!αJCD40!for!48!hours!and!then!transferred!to!media!lacking!ILJ4!and!αJCD40.!

(A)! Live! cells! were! determined! by! Trypan! Blue! exclusion.! (BJH)!

CARD11(L225LI)Cγ1JCre! B! cells! were! cultured! without! inhibitors! (untreated)! or! in!

presence! of! indicated! concentrations! of! R406! (B),! PCIJ32765! (C),! CalJ101! (D),!

PD98,059! (E),! Bay11J7082! (F),! SP600125! (G)! and! JNKJinJ8! (H)! for! 48! hours,! then!

Annexin! VJ! and! 7AADJdouble! negative! cells! were! determined! by! flow! cytometry.!

Experiment!was!performed!at! least!twice!with!in!total!n!≥!3.!Data!are!presented!as!

mean!±!SD.!

!

To!test!whether! inhibitor!treatment! led!to!cell!cycle!arrest! followed!by!cell!death!in! in(

vitroJrecombined! CARD11(L225LI)Cγ1JCre! B! cells,! those! were! also! labeled! with! a!

proliferation!dye!(Figure!38).! In!conclusion!with!the!fact!that!R406!is!mildly!toxic!to!in(

vitroJrecombined!CARD11(L225LI)Cγ1JCre!B!cells,!slight!decrease!in!cell!proliferation!was!

observed!after!48!hours!treatment.!Neither!BTK,!PI3K!or!ERK!inhibition!did!affect!cell!

proliferation! of! in( vitroJrecombined! CARD11(L225LI)Cγ1JCre! B! cells! (Figure! 38).! In!

contrast,! CARD11(L225LI)Jexpressing! cells! were! efficiently! killed! by! the! inhibition! of!
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JNK! kinase! activity! and! IKK! inhibition.! The! decreased! viability! and! proliferation! of! in(

vitroJrecombined! CARD11(L225LI)Cγ1JCre!B! cells! treated! with! R406! could! suggest! that!

within!this!experimental!setup!SYK!influences!B!cell!proliferation!CARD11Jindependent.!!

!

!

Figure!38:!B!cell!proliferation!upon!inhibitor!treatment!
CARD11(L225LI)Cγ1JCre! splenocytes! were! labeled! with! a! proliferation! dye! and!

cultured! untreated! (solvent! control! DMSO)! or! in! presence! of! indicated!

concentrations! of! following! inhibitors:! R406,! CalJ101,! PCIJ32765,! PD98,059,!

Bay11J7082,! SP600125! and! JNKJinJ8! for! 48! hours,! then! Annexin! VJnegative! and!

7AADJnegative!cells!were!determined!by!flow!cytometry.!Experiment!was!performed!

at!least!twice!with!total!n!≥!3.!

!

3.5. !DLBCL!
!

Since! both! NFJκB! and! JNK! signaling! are! critical! for! autonomous! growth! of! ex(

vivoJderived! CARD11(L225LI)Jexpressing! B! cell! and! because! CBM! activities! are!

essential!for!ABCJDLBCL!survival!even!in!tumors!that!have!upstream!mutations,!the!role!

of!JNK!signaling!in!human!ABCJDLBCL!was!investigated!next.!!
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!

Figure!39:!JNK!inhibition!selectively!affects!survival!of!ABCcDLBCL!cells!
A)!Total!cell!lysates!from!different!ABCJDLBCL!(OciLy3,!OciLy10,!HBLJ1!and!TMD8)!

lymphoma! cell! lines! were! examined! for! CARD11,! pJNK,! JNK,! and! βJActin.! B)! JNK2!

kinase!assay!was!performed!with!the!ABC!cell!lines!OciLy3,!OciLy10.!C)!The!GCB!cell!

line!BJAB!was!transfected!with!empty!vector!(pTop),!eGFPJtagged!CARD11!harboring!

the! OciLy3! CARD11!mutation! (CARD11(L251P))! and! CARD11(L251P)!without! tag.!

Nuclear! lysates!were!examined! for! cRel,!p50,!RelA,!phosphorylated!Atf2!and!cJJun;!

cytosolic!extracts!were!blotted!for!pJNK!and!CARD11!expression.!Equal!loading!was!

controlled! in!nuclear! extracts!by!Lamin!B!and! in! cytosolic! fractions!by!Tubulin.!D)!

JNK2!kinase!assay!was!performed!with!the!ABC!cell!line!HBLJ1!and!BJABs!expressing!

empty!vector!or!CARD11(L251P).!All! lysates,! in! vitro!kinase!assays!were!prepared!

and! examined! in! 2! independent! experiments.! E)! Different! ABCJDLBCL! cell! lines!

(OciLy3,! OciLy10,! HBLJ1! and! TMD8)! were! treated! for! 48! hours! with! increasing!

concentrations! of! the! JNK! inhibitor! SP600125,! cell! viability! was! measured! by!

CellTiterJGlo! Luminescent! assay.! Representative! experiment! is! shown! from! 6!

independent!experiments.!

!

To! this! end,! a! set! of! phenotypically!well! characterized! ABCJDLBCL! cell! lines! (OciLy3,!

OciLy10,!HBLJ1!and!TMD8)!was!used!(Lenz!et!al.,!2008;!Ferch!et!al.,!2009;!Kloo!et!al.,!
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2011).! Interestingly,! in! 3! out! of! 4! ABCJDLBCL! lines! constitutive! JNK! phosphorylation!

was! observed! (Figure! 39a).! Further! in(vitro! JNK! kinase! assays! using! lysates! from! cell!

lines! with! constitutive! JNK! phosphorylation! and! cJJun! as! a! substrate! confirmed!

constitutive! JNK! activity! in! human! ABCJDLBCL! cells! (Figure! 39b).! To! directly! test!

whether! CARD11!mutants! would! simultaneously! activate! NFJκB! and! JNK! signaling! in!

human!lymphoma!cells,!the!GCBJDLBCL!cell!line!BJAB!that!does!not!exhibit!NFJκB!or!JNK!

activation!was!transduced!with!constructs!expressing!the!CARD11!mutation!observed!in!

the!OciLy3!cell!line!(L251P)!alone!or!fused!to!GFP.!!

!

Indeed,!enforced!CARD11(L251P)!expression!in!BJAB!cells!resulted!in!the!activation!of!

NFJκB!as!measured!by!nuclear!presence!of!RelA,! cRel! and!p50!and! in! addition! to! JNK!

activation! as! determined! by!western! blotting!with! activation! state! specific! antibodies!

against! phosphorylated! JNK! (Figure! 39c).! Subsequent! JNK! kinase! assays! confirmed!

these! findings! (Figure! 39d).! Finally,! we! investigated! whether! a! pharmacological!

treatment! with! the! JNK! inhibitor! SP600125! would! affect! the! survival! of! human!

ABCJDLBCL! cells.! Intriguingly,! a! SP600125! mediated! doseJdependent! cell! killing! was!

observed!in!the!ABCJDLBCL!cell!lines!OciLy3,!OciLy10!and!HBLJ1,!which!were!the!tumor!

cell! lines! with! constitutive! JNK! activation.! Moreover,! the! TMD8! line,! which! did! not!

exhibit! constitutive! JNK! activation,! was! also! resistant! to! SP600125! treatment! (Figure!

39e).!

!

!

Figure!40:!JNK!activation!is!found!in!primary!DLBCL!biopsies!
Primary! patientJderived! ABCJDLBCL! and! GCBJDLBCL! biopsies! were! analyzed!with!

phosphoJJNK!specific!antibodies.!Representative!data!are!shown.!400x!magnification.!

!

To!address!whether!JNK!activation!plays!a!role!DLBCL!patients,!20!GCBJDLBCL!and!47!

ABCJDLBCL!cases!were!analyzed!for!the!presence!of!activated!JNK!(Figure!40).!Indeed,!
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we! could! show! that! none! of! the! GCBJDLBCL! samples! and! more! than! 55%! of! the!

ABCJDLBCL!biopsies!were!stained!positive!for!phosphorylated!JNK.!

!

Collectively,!primary!cells!from!both!CARD11(L225LI)Cγ1JCre!and!CARD11(L225LI)CD19JCre!

animals!as!well!as!human!lymphoma!cell!lines,!which!express!mutated!CARD11!or!which!

are! dependent! on! CBM! signaling,! showed! besides! constitutive! NFJκB! signaling!

constitutively! activated! JNK! signaling! and! most! strikingly! were! dependent! on! JNK!

signaling! for! survival.! Intriguingly,! we! were! able! to! show! JNK! activation! in! DLBCL!

patientsJderived! histologies! and! thereby! provide! evidence! that! targeting! the! JNK!

pathway!might!be!a!useful!therapeutic!approach!for!the!treatment!of!DLBCL.!
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4. DISCUSSION!

4.1. !Implications!of!CARD11!dysregulation!!
!

CARD11! is! a! scaffolding! molecule! that! is! essential! for! antigen! receptorJmediated!

activation! of! the! NFJκB! and! JNK! signaling! pathways! in! hematopoietic! cells.! For! this,!

CARD11!is!composed!of!several!domains!with!different!functions,!which!are!necessary!

to! facilitate! the! assembly! of! multiprotein! complexes! at! the! plasma! membrane! in!

response!to!external!signals!and!to!further!transduce!these!signals.!Biochemical!studies!

showed!that!most!CARD11!domains!are!required!for!NFJκB!activation!in(vitro!(Mccully!

and! Pomerantz,! 2008).! CARD11! deficiency! in( vivo! results! in! defective! lymphocyte!

activation!and!proliferation!and!drastically!impairs!adaptive!immunity!in!mice!(Hara!et!

al.,!2003).!Congruently,!a! lossJofJfunction!mutation!in!the!GUK!domain!of!CARD11!was!

found! to! cause! severe! combined! immunodeficiency!characterized! by!

agammaglobulinemia!and!profoundly!deficient!T! cell! function!despite!normal!T! and!B!

lymphocytes!counts!(Greil!et!al.,!2013).!!

!

Interestingly,! biochemical! studies! and! sequencing! of! primary!patientJderived!material!

revealed! the! existence! of! CARD11! gainJofJfunction! mutations.! In( vitroJgenerated!

mutations! affecting!different!domains! such! as! the! linker! region! (Sommer! et! al.,! 2005)!

and!the!NJterminal!latch!domain!(Chan!et!al.,!2012)!yielded!in!strong!NFJκB!activation!

due!to!impaired!autoJinhibition!of!CARD11.!A!family!with!a!hereditary!polyclonal!B!cell!

lymphocytosis! had! germline! mutations! within! the! coiledJcoil! domain! resulting! in!

constitutive! NFJκB! activation! (Snow! et! al.,! 2012).! Similarly,! somatic!mutations! in! the!

coiledJcoil! domain! of! CARD11! are! associated! with! a! poor! prognosis! for! the! very!

aggressive!disease!DLBCL!due!to!strong!NFJκB!activation!(Lenz!et!al.,!2008).!!

!

The!severe!effects!of!lossJofJfunction!as!well!as!of!gainJofJfunction!mutations!in!CARD11!

suggest!a!central!role!for!CARD11!in!adaptive!immunity!and!pathogenesis.!Therefore,!we!

were! interested! in! the!consequence!of!expressing!a!gainJofJfunction!mutant!version!of!

CARD11! in( vivo.! For! this,! we! targeted! the! DLBCLJderived! coiledJcoil! mutation!

CARD11(L225LI)!for!conditional!expression!in!murine!B!cells!in(vivo.!!

!
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4.2. !CARD11(L225LI)!expression!in!early!B!cell!development!results!in!

plasma!cell!hyperplasia!and!cytokine!burst!

!

CARD11! mutations! are! frequently! present! in! ABCJDLBCL.! ABCJDLBCL! resemble! in(

vitroJactivated!B!cells!and!show!constitutive!NFJκB!activation.!At!a!lower!rate,!CARD11!

mutations! occur! in! GCBJDLBCL,! these! patients! show! a! high! NFJκB! target! gene!

expression!unlike!to!GCBJDLBCL!generally!(Staudt,!2010).!

!

Indeed,! the! expression! of! CARD11(L225LI)! led! to! strong! B! cell! activation! and! their!

massive! expansion! in! CARD11(L225LI)CD19JCre! mice.! Unexpectedly,!

CARD11(L225LI)Jexpressing! B! cells! mainly! differentiated! into! plasma! cells! and!

expressed! high! levels! of! Prdm1,! Irf>4! and! Xbp>1.! Although! it! is! assumed! that! human!

ABCJDLBCL!acquire!mutations!blocking!terminal!differentiation!such!as!lossJofJfunction!

mutations!in!BlimpJ1!to!prevent!cell!cycle!arrest!due!to!BlimpJ1Jmediated!repression!of!

cJmyc! (Pasqualucci! et! al.,! 2006;! Lin! et! al.,! 1997),! we! found! that!

CARD11(L225LI)Jexpressing!B!cells!vigorously!proliferated!and!expressed!cJmyc!(data!

not!shown).!Conditional!ablation!of!BlimpJ1!and!cooperate!CARD11(L225LI)!expression!

could! be! a! feasible! approach! to! mimic! human! ABCJDLBCL! by! preventing! terminal!

differentiation.! A! similar! strategy! was! used! by! Calado! et! al.,! in! which! caJIKKβ! and!

BlimpJ1!disruption!were!investigated!in!GCBs!simultaneously!(Calado!et!al.,!2010).!

!

CARD11(L225LI)Jexpressing! B! cells! infiltrated! bone!marrow! and! liver! as! detected! by!

histologic! examination! (data! not! shown).! Further! in( vivo! investigations! revealed! that!

CARD11(L225LI)CD19JCre! mice! developed! an! aggressive! lymphoma! with! 100%!

penetrance! to!which!animals! succumbed!6!days!after!birth.!To!date,! there! is!no!other!

murine!B! cell! lymphoma!model!with! this! very! short! latency! and! complete!penetrance!

based!on!the!expression!of!one!mutated!gene!(reviewed!in!(Donnou!et!al.,!2012)).!The!

EμJBRD2!mice!develop!spontaneous!DLBCL!at!28!weeks!of!age!(Greenwald,!2003).!Even!

the!very!aggressive!EμJmyc!transgene!promotes! lymphoid!tumors!with! lethal!outcome!

not!before!5J9!weeks!after!birth!(Adams!et!al.,!1985).!

!

Sera! from! moribund! CARD11(L225LI)CD19JCre! mice! showed! massive! levels! of!

inflammatory! cytokines,! which! could! add! to! premature! lethality.! Flow! cytometric!

analysis!revealed!that!CARD11(L225LI)Jexpressing!B!cells!produced!ILJ6!and!TNFα.!ILJ6!
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is! a! pleiotropic! cytokine! with! implications! in! B! cell! homeostasis,! differentiation! and!

inflammation.!ILJ6!is!necessary!for!plasma!cell!differentiation!(Cassese!et!al.,!2003)!and!

targeted!overexpression!of!ILJ6!leads!to!plasmacytoma!development!in!mice!(Kovalchuk!

et! al.,! 2002).! Presumably,! CARD11(L225LI)Jexpressing! B! cells! produce! ILJ6! for! their!

maintenance!comparable!to!ABCJDLBCL!cells,!which!also!autonomously!produce!ILJ6!to!

sustain! their!proliferation! (Lam!et! al.,! 2008;! Ferch! et! al.,! 2009).!Therefore,! ILJ6!might!

contribute! to! the! plasmacytic! differentiation! of! the! malignant! B! cells! in!

CARD11(L225LI)CD19JCre! mice.! Additionally,! TNFα! and! ILJ1α! were! found! in! high!

concentrations! in! sera! from! CARD11(L225LI)CD19JCre! mice.! Activated! mononuclear!

phagocytes,!rather!than!B!cells,!are!the!typical!producers!for!these!cytokines.!Both!TNFα!

and!ILJ1α!are!potent!proinflammatory!cytokines!that!trigger! local! inflammation!at! low!

concentrations,! and! induce! at! higher! concentrations! fever! and! acuteJphase! plasma!

proteins.!However,!only!TNFα! in!high!systemic!concentrations!ends! in!death!by!septic!

shock!(Abbas!et!al.,!2011).! In!murine!B!cells,!TNFα! in! low!levels!supports!class!switch!

recombination,!whereas!high! levels!oppose!AID!action!and!class!switch!recombination!

(Frasca!et!al.,!2012).!Besides!its!intriguing!role!in!inflammation!TNFα!is!also!associated!

with! tumorigenesis! as! it! acts! as! growth! factor! for! tumors! and!mediates! proliferation!

(Balkwill,! 2009).! In! addition,! we! found! high! levels! of! ILJ10,! which! typically! plays! a!

crucial! role! in! the! suppressive! function! of! regulatory!T! cells! (Taylor! et! al.,! 2006).! For!

DLBCL! it! has! been! shown! that! ILJ10! secretion! oppresses! the! “healthy“! tumor!

microenvironment! (Gupta! et! al.,! 2012).! Therefore,! it! seems! likely! that!

CARD11(L225LI)CD19JCre!mice!die! due! to! the!massive! lymphoproliferation! combined! to!

the!cytokine!burst.!

!

4.2.1. The!role!of!antigen!in!CARD11(L225LI)cdriven!lymphoma!!
!

The! differentiation! of! B! cells! into! antibodyJsecreting! plasma! cells! mostly! involves!

antigen!encounter.!Therefore,!the!question!arises!whether!CARD11(L225LI)Jexpressing!

B!cells!differentiate!into!plasma!cells!in!a!selfJ!or!foreign!antigenJdependent!manner!or!

independently!of!antigen!contact.!

Experiments!using!a!syngeneic!transplantation!model!showed!that!different!coiledJcoil!

mutations! in! CARD11! could! overcome! selfJantigen! induced! cell! death! by! massive! T!
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cellJindependent!proliferation!and!BlimpJ1Jmediated!plasma!cell!differentiation,!which!

includes!the!production!of!selfJreactive!antibodies!(Jeelall!et!al.,!2012).!!

The!CD19JCreJdriven!expression!of!CARD11(L225LI)!also!promoted!BlimpJ1Jmediated!

plasma! cell! differentiation.! Interestingly,! CARD11(L225LI)CD19JCre! mice! succumbed! six!

days! after! birth! to! aggressive! lymphoma,! whereas! mice! within! the! transplantation!

model!survived!at!least!12!days!after!transplantation.!This!indicates,!that!the!aggressive!

phenotype!of!CARD11(L225LI)!expression! in(vivo!depends!on!T!cell!help!either!due!to!

direct!cellular!contact!or!by!the!release!of!cytokines.!However,!further!research!will!be!

needed!to!determine!the!role!of!antigen!recognition!in!lymphomagenesis.!

!

4.2.2. Oncogenic!potential!of!CARD11(L225LI)!relies!on!functional!CBM!
complex!formation!!

!

BCL10! or! MALT1,! respectively,! were! ablated! in( vivo! to! assess! their! roles! in!

CARD11(L225LI)Jtriggered! lymphomagenesis.! Strikingly,! BCL10J! and!MALT1Jdeficient!

CARD11(L225LI)CD19JCre!mice!were!rescued!from!premature!lethality!suggesting!that!the!

constitutive!assembly!of!CBM!complexes!triggered!by!CARD11(L225LI)!was!responsible!

for!perinatal!death!and! intriguingly!excludes! important!CBM! independent! functions!of!

CARD11(L225LI)!in!pathogenesis.!!

!

BCL10Jdeficient!B!cells!show!impaired!cell!division!and!survival!due!to!defective(NFJκB!

activation! after! BCR! engagement! in( vitro( (Greenwald,! 2003;! Ferch! et! al.,! 2007).!

Interestingly,! CARD11(L225LI)! expression! could! not! prevent! apoptosis! of!

BCL10Jdeficient!B!cells!after!BCR!stimulation!in(vitro!(data!not!shown).!Flow!cytometric!

analysis! of! BCL10Jdeficient! CARD11(L225LI)CD19JCre! mice! showed! slight! reduction! of!

splenic! B! cells!when! compared! to! BCL10Jdeficient!mice.! Further! analysis! of! splenic! B!

cells! from! BCL10Jdeficient! CARD11(L225LI)CD19JCre! mice! revealed! that! B! cells! were!

neither!activated!nor!enlarged!when!compared!to!B!cells!CARD11(L225LI)CD19JCre!mice!

expressing!BCL10.!!

!

In! contrast! to! BCL10! ablation! in! B! cells,! MALT1! deficiency! does! not! impair! B! cell!

proliferation,! however! is! essential! for! cRel! translocation! to! the! nucleus! (Ferch! et! al.,!

2007).! Even! though! viable! MALT1Jdeficient! B! cell! show! reduced! survival! in! culture!
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when! compared! to!WT!B! cells! upon!BCR! stimulation,!MALT1Jdeficient!B! cells! survive!

better! than! BCL10Jdeficient! B! cells! in( vitro( (Ferch! et! al.,! 2007).!

CARD11(L225LI)Jexpressing!MALT1Jdeficient! splenic! B! cells! were! of! normal! cell! size!

and!not! activated.! Interestingly,!we! found! elevated!B! cell! numbers! in! PPs,! spleen! and!

peritoneal! cavity! of! CARD11(L225LI)CD19JCre;MALT1J/J! mice! suggesting! differential!

requirement!of!BCL10!and!MALT1!for!B!cell!homeostasis.!

!

4.2.3. CARD11(L225LI)!expression!leads!to!cooperate!activation!of!NFcκB!

and!APc1!!

!

The!CBM!complex!is!one!of!the!most!important!signaling!complexes!in!lymphocytes!as!it!

mediates! antigen! receptor! triggered!NFJκB! and! JNK! signaling! pathway! activation! and!

hence!is!essential!for!lymphocyte!function!(Thome!et!al.,!2010;!Hara!et!al.,!2003;!Blonska!

et! al.,! 2007).! Consistently,! CARD11(L225LI)! simultaneously! triggered! autonomous!

NFJκB!and!JNK!signaling!leading!to!nuclear!NFJκB!and!APJ1!translocation!and!activity.!!

!

CBM! complex! formation! was! indispensable! for! NFJκB! and! APJ1! activation! because!

BCL10J! and! MALT1Jdeficient! CARD11(L225LI)Jexpressing! B! cells! were! not! able! to!

activate! the! IKK! complex! and! JNK.! Most! strikingly,! we! found! that!

CARD11(L225LI)Jexpressing! MALT1! paracaspaseJdeficient! animals! were! also! rescued!

from!premature! lethality.!However,! the! splenic!B! cell! compartment!was! enlarged! and!

the! B! cells! appeared! strongly! activated! and! were! increased! in! cell! size.! When! we!

analyzed! the! signaling! in! CARD11(L225LI)Jexpressing!MALT1!paracaspaseJdeficient!B!

cells,! we! found! no! IKK! activity! but! constitutive! activation! of! JNK.! These! results! were!

surprising! as! paracaspaseJdeficient! lymphocytes! are! able! to! activate! the! IKK! complex!

upon!antigen!receptor!engagement! (unpublished!data).! Importantly,! this!suggests! that!

the! role! of! MALT1! paracaspase! function! differs! between! WT! B! cells! and!

CARD11(L225LI)Jexpressing!B!cells.!Additionally,!we!could!demonstrate!by!expressing!

CARD11(L225LI)! on! a! MALT1! paracaspaseJdeficient! background! that! paracaspase!

activity! is! dispensable! but! at! the! same! time! MALT1! as! scaffolding! molecule! is!

indispensable! for! constitutive! JNK! and! B! cell! activation.! These! data! also! imply! that!

constitutive! JNK!activation! is!not!sufficient! to! trigger! lymphomagenesis! indicating! that!

simultaneous!IKK!and!JNK!activation!is!tumorigenic.!!
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!

NFJκB!activation!in!lymphoma!plays!a!crucial!role!in!tumor!maintenance,!promotion!and!

fosters! an! inflammatory! milieu! sustaining! malignant! cells.! Accordingly,! we! found! in!

CARD11(L225LI)Jexpressing!malignant!cells!enhanced!expression!of!the!antiJapoptotic!

molecule!BclxL,!cytokines!such!as!IL>6!and!Irf4,!which!leads!to!activation!and!plasma!cell!

differentiation!(Ferch!et!al.,!2009;!Klein!et!al.,!2006).!!

!

Although!APJ1!plays!a!role!in!B!cell!development,!the!role!of!JNK!and!APJ1!activation!in!

tumorigenesis!is!neglected,!so!far.!Generally,!APJ1!subunits!play!different!roles!in!B!cell!

development! and! function:! cJfos,! has! been! implicated! in! plasma! cell! differentiation!

(Ohkubo!et!al.,!2005),!whereas!junD!deficient!B!cells!hyperproliferate!upon!stimulation!

(Meixner!et!al.,!2004).!!

Even!though,!the!transforming!potential!of!cJJun! in(vitro!has!been!known!for!long!time!

(reviewed! in! (Jochum! et! al.,! 2001)),! its! role! in! tumor! development! is! still! unclear.!

Previous!studies!demonstrated!that!Atf2/cJJun!dimers!lead!to!cell!proliferation! in(vitro!

(Huguier! et! al.,! 1998;! van!Dam! et! al.,! 1998).! The! presence! of! activated!APJ1! forms! in!

various!B!cell!lymphoma!indicates!a!possible!involvement!of!JNK/APJ1!in!tumorigenic!or!

tumorJsustaining!processes.! In!HL!and!anaplastic! large!cell! lymphoma,!overexpression!

of!cJJun!is!found!to!induce!proliferation!and!to!suppress!apoptosis!(Mathas!et!al.,!2002).!

Another! study! found! that! JNK! is! essential! for! the! survival! BCRJABL! transformed! B!

lymphoblasts!(Hess!et!al.,!2002).!Marginal!Zone!lymphoma!showed!upregulation!of!APJ1!

transcription!factor!subunits!(Trøen!et!al.,!2010)!and!also!Mantle!cell!lymphoma!display!

constitutive!JNK!activity!(Wang!et!al.,!2009).!!

!

Interestingly,!cJJun/APJ1!activation!also!leads!to!the!transition!from!G1!to!S!phase!and!

maintains! B! cell! proliferation! (Schreiber! et! al.,! 1999).! Hence,! we! assume! that! cJJun!

mediates! S! phase! transition! in! CARD11(L225LI)Jexpressing! B! cells! and! maintains!

proliferation.!!

!

!

!
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4.2.4. CARD11(L225LI)cexpressing!B!cells!show!nuclear!translocation!of!
βccatenin!!

!

CARD11!acts!as!scaffolding!molecule!and!assembles!protein!complexes!to!enable!signal!

transduction.! Therefore,! it! might! not! be! surprising! that! a! mutation,! which! blocks!

autoJinhibition!(Lamason!et!al.,!2010),!is!also!able!to!assemble!molecules,!which!are!not!

recruited!or!bound!by!the!WT!protein.!

!

One! of! these!molecules! is! CK1α;! a! serine/threonine! kinase,!which! regulates! βJcatenin!

and! Wnt! activity.! CK1α! is! recruited! to! the! CBM! complex! in! DLBCL! where! it!

phosphorylates! CARD11! and! enhances! NFJκB! signaling! (Bidère! et! al.,! 2009).! In!

CARD11(L225LI)Jexpressing! cells,! CK1α!was! also! recruited! to! the! CBM.! Interestingly,!

further! biochemical! analysis! revealed! that! CARD11(L225LI)Jexpressing! cells! showed!

nuclear!translocation!of!the!Wnt!transcription!factors!βJcatenin!and!Lef1.!Congruently,!

the! NFJκB! and! APJ1! target! gene! Wnt10b! (Katoh! and! Katoh,! 2007)! was! strongly!

overexpressed!within!CARD11(L225LI)CD19JCre!B!cells!compared!to!B!cells!derived!from!

CD19JCre!animals!(data!not!shown).!!

!

However,!we!believe!that!nuclear!translocation!of!βJcatenin!might!be!a!secondary!effect!

of!NFJκB!and!APJ1!activation.!As!a!consequence!of!NFJκB!and!APJ1!activation!Wnt10b!is!

secreted!and!could!bind!to!the!extracellular!Wnt!receptor!Frizzled,!which!would!lead!to!

βJcatenin! stabilization! due! to! inhibition! of! the! Wnt! destruction! complex.! Stabilized!

βJcatenin!would! then!be!able! to! translocate! to! the!nucleus!and!bind! to!Wnt!promoter!

regions!(Clevers!and!Nusse,!2012).!To!date,!little!is!known!about!Wnt!signaling!in!B!cell!

lymphoma.!Yet,!one!recent!study!showed!enhanced!nuclear!translocation!of!βJcatenin!in!

DLBCL! by! immunohistochemistry! (Ge! et! al.,! 2012).! Constitutive! Wnt! activation! in!

lymphoma!sustains!growth!and!proliferation!by!upregulation!of!cJmyc.!Consistent!with!

NFJκB!and!Wnt!activation!we!found!increased!expression!of!c>myc!and!enhanced!nuclear!

translocation!of!cJmyc!in!CARD11(L225LI)Jexpressing!cells!(data!not!shown).!!

!

!
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4.3. !Germinal!centercspecific!CARD11(L225LI)!expression!leads!to!

lymphomagenesis!!

!

We!generated!the!conditional!CARD11(L225LI)!mouse!to!model!human!DLBCL! in(vivo.!

For!this!purpose,!CARD11(L225LI)stopFL!mice!were!bred!to!the!germinal!centerJspecific!

Cγ1JCre! mouse! strain! to! determine! the! consequence! of! CARD11(L225LI)! expression!

within! the! GCB! compartment.! This! approach! was! chosen! because! CARD11(L225LI)!

expression! in!early!B!cell! stages! resulted! in!an!aggressive! lymphoproliferative!disease!

with! terminal! differentiation! of! the! malignant! B! cell! population,! which! is! unlike! the!

phenotype! of! human! DLBCL.! To! be! as! close! as! possible! to! the! human! cellJofJorigin,!

GCJspecific! expression! of! CARD11(L225LI)! was! utilized! because! ABCJ! as! well! as!

GCBJDLBCL!most!likely!originate!from!a!GCB!or!a!postJGCB.!

!

Generally,! PPs! are! B! cell! follicles!within! lymphoid! tissues! of! the! GALT,!which! are! not!

quiescent! and! show! ongoing! GC! reactions! due! to! antigens! derived! from! food! and!

commensal!microbiota!presented!via!resident!APCs!(Cebra!et!al.,!1998).!Consequently,!

GCBs! within! PPs! eventually! class! switch! to! the! IgG1! isotype! and! express! the!

CARD11(L225LI)! transgene! in! the! CARD11(L225LI)Cγ1JCre! mice.! Strikingly,! GCBs! were!

not!detectable!by!flow!cytometry!in!PPs!of!2J3!months!old!CARD11(L225LI)Cγ1JCre!mice!

indicating! the! loss!of! this!population.! In!parallel,! CARD11(L225LI)Cγ1JCre!mice! show!an!

expansion!of!the!mature!splenic!B!cell!pool,!which!did!not!express!the!CARD11(L225LI)!

transgene,! leading! to! the! assumption! that! the! GALTJassociated! CARD11(L225LI)!

expression! together!with! loss! of! CARD11(L225LI)Jpositive!GCBs!promoted! changes! in!

the!B!cell!pool.!Even!after!immunization!no!B!cells!entered!the!GC!reaction!in!the!spleen!

and!potentially!resulting!IgG1!antibodies!were!absent!in!CARD11(L225LI)Cγ1JCre!mice.!!

!

Hence,! the! IgG1! class! switch! was! performed! in( vitro! to! show! that! CARD11(L225LI)!

expression! is! functional! in! B! cellsJderived! from(CARD11(L225LI)Cγ1JCre!mice.! Here!we!

found!that!CARD11(L225LI)Jexpressing!cells!were!not!able!to!upJregulate!ICOSL,!which!

is! important! for! the! GC! reaction.! ICOSLJdeficient! mice! lack! GCBs! and! serum!

immunoglobulins! after! immunization! (Wong,! 2003).! Recent! studies! show! that!

ICOSJdeficient!T!cells!or!ICOSLJdeficient!B!cells!fail!to!form!GCs!because!bystander!FO!B!

cells! at! the!TJB!border! cannot! recruit!T! cells! to! the!GC! (Xu! et! al.,! 2013).!Whether! the!

absence! of! most! GCBs! in! 2J3! monthJold! CARD11(L225LI)Cγ1JCre! mice! is! due! to! B!
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cellJintrinsic!mechanisms!or!because!of!deregulated!interactions!between!GCBs!and!TFH!

cells!is!still!unclear.!It!is!possible!that!CARD11(L225LI)Jmediated!corporate!activation!of!

NFJκB! and! APJ1! led! to! hyperactivationJmediated! cell! death.! Interestingly,! mice!

expressing! caJIKKβ! under! the! control! of! Cγ1JCre! showed! normal! survival,! GC!

development!and!transgene!expression!(Calado!et!al.,!2010).!

!

Around! the! age! of! 8!months,! CARD11(L225LI)Cγ1JCre! mice! succumbed! to! a! highJgrade!

lymphoma! according! to! pathologic! assessment.! The! disease! onset! in!

CARD11(L225LI)Cγ1JCre! mice! was! short! in! comparison! to! other! GCBJDLBCL! mouse!

models:!the!standard!GCBJDLBCL!mouse!model,!which!was!generated!by!targeted!BclJ6!

overexpression! has! an! average! latency! period! of! 15! months! (Cattoretti! et! al.,! 2005).!

Another! recently! published! model! for! ABCJDLBCL,! in! which! BlimpJ1! disruption! is!

combined!to!constitutive!NFJκB!activation,!even!showed!a!median!survival!of!15!months!

(Calado!et!al.,!2010).!!

!

4.3.1. Limitations!of!CARD11(L225LI)Cγ1cCre!mice!

!

The! lymphoma! to!which!CARD11(L225LI)Cγ1JCre!mice! succumbed!consisted!of! activated!

CARD11(L225LI)Jexpressing! T! cells! (CD4Jpositive)! and! B! cells! (CD19Jpositive).!

Southern! blot! analysis! revealed! clonal! origin! of! tumor! B! cells.!

CARD11(L225LI)Jexpressing! T! cells! were! more! frequent! within! the! tumor! samples!

compared! to!B! cells,! and! thus!of!polyclonal!origin.!The! recombination!of!Cγ1JCre! in!T!

cells! was! unexpected! because! the! Cre! recombinase! is! linked! in! this! mouse! strain! to!

transcription!of!IgG1!constant!region!gene!segment,!which!is!solely!expressed!by!B!cells!

and! unspecific! recombination! in! T! cells! was! not! reported! previously! (Casola! et! al.,!

2006).!In!contrast,!undesired!recombination!within!CD4Jpositive!T!cells!when!using!the!

GCJspecific! AIDJCre! mouse! strain! is! known! (Crouch! et! al.,! 2007).! The! presence! of!

CARD11(L225LI)Jexpressing!CD4Jpositive!T!cells!indicates!a!similar!mechanism!for!the!

Cγ1JCre!strain.!!

!

To! address! whether! CARD11(L225LI)Jexpressing! T! cells! and! T! cells! generally! are!

essential! for! malignant! B! cell! development,! maintenance! and! activation! in!

CARD11(L225LI)Cγ1JCre! mice,! one! could! breed! CARD11(L225LI)Cγ1JCre! mice! on! Foxn1nu!
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background.!The! latter!mice,! also! known!as! nude!mice,! have! a!mutation! in! the! Foxn1!

gene! that! leads! to! defective! development! of! the! thymic! epithelium! and! anlage,! and!

therefore! lack! of! a! thymus! and!hence!T! cells! (Pantelouris,! 1968).! Such! a! study!would!

prevent!CARD11(L225LI)!expression!in!T!cells.!Alternatively,!by!using!αJCD4!depleting!

antibodies! in( vivo,! the! effect! of! CD4! T! cell! ablation! on! lymphomagenesis! could! be!

studied.! This! approach! has! the! limitation! that! depleting! antibodies! are! expensive! and!

must!be!regularly!administered!in!order!to!maintain!T!cell!depletion!(Arora!et!al.,!2006).!!

!

4.3.2. Lymphoma!cells!resemble!GCBs!and!TFHs!and!display!cooperate!
NFcκB!and!APc1!activation!

!

Interestingly,! CD4Jpositive! tumor! cells! from! CARD11(L225LI)Cγ1JCre! mice! closely!

resembled! TFH! cells.! They! expressed! typical! surface! marker! such! as! ICOS,! PDJ1! and!

CXCR5! (Nutt! and! Tarlinton,! 2011).! High! levels! of! ILJ10!were! found!within! the! serum!

samples!of!tumor!mice.!Notably,!TFH!cells!produce!ILJ10,!which!promotes!B!cell!survival!

and!antibody!production!(Schaerli!et!al.,!2000;!Kim!et!al.,!2001;!King!et!al.,!2008).!The!

CD19Jpositive! compartment! of! CARD11(L225LI)Cγ1JCreJderived! tumors! resembled!

strongly!activated!GCBs!in!that!they!expressed!lower!levels!of!CD38,!and!higher!levels!of!

Fas,! Gl7! and! the! activation!marker! CD80.! In! contrast! to!WT!CARD11,! the! presence! of!

CARD11! mutations! in! GCBJDLBCL! decreases! the! expression! of! GCJassociated! genes!

(BclJ6! mRNA! expression)! and! increases! the! expression! of! NFJκB! genes! (Iκbα! gene!

expression)!(Lenz!et!al.,!2008).!Accordingly,!we!found!that!CARD11(L225LI)!expression!

led!to!increased!expression!of!NFJκB!genes!and!reduced!the!expression!of!BclJ6!in!tumor!

biopsies.!!

!

Compared! to! the!CARD11(L225LI)CD19JCre! animals,!where! all! B! cells! differentiated! into!

plasma! cells,! CARD11(L225LI)Cγ1JCre! lymphoma! showed! just! partial! plasma! cell!

differentiation.! This! indicates! that! B! cells! from! CARD11(L225LI)Cγ1JCreJderived! tumors!

could! have! acquired! additional!mutations! blocking! terminal! differentiation!within! the!

latency!of!8!month.!By!targeting!CARD11(L225LI)!expression!to!the!GC,!we!are!able!to!

present!a!model!reproducing!the!transformation!of!a!GCB!and!thus,!resembling!human!

GCBJDLBCL.!Even!though!CARD11(L225LI)Jexpressing!CD4Jpositive!T!cells!are!present!
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in! this! lymphoma,! we! used! tumor! biopsies! to! analyze! the! impact! of! CARD11(L225L)!

expression!on!signaling!within!these!lymphoma.!

!

Tumor! biopsies! of! terminallyJill! CARD11(L225LI)Cγ1JCre! mice! as! well! as! in(

vitroJrecombined! B! cells! from! healthy! CARD11(L225LI)Cγ1JCre! mice! showed! corporate!

activation! of! NFJκB! and! APJ1,! which! was! also! found! in! B! cells! from!

CARD11(L225LI)CD19JCre!mice.!

!

4.4. !Clinical!perspectives!
!

DLBCL!is!a!rapidly!growing!and!aggressive!type!of!NHL.!The!overall!survival!rate!for!all!

DLBCL! subgroups! averages! 50%! upon! chemotherapy! and! antiJCD20! monoclonal!

antibody! (rituximab)! treatment.! Thus! new! therapeutic! strategies! are! urgently! needed!

for! the! treatment! of! this! disease.! To! identify! new! therapeutic! targets,! patientJderived!

biopsies!were!sequenced!for!cancerJgene!mutations.!Based!on!these!data!the!particular!

tumorJdriving! signaling! pathways! were! determined! and! enabled! a! patientJadjusted!

therapy!(Lenz!and!Staudt,!2010).!

!

The! sequencing! approach! resulted! in! the! detection! of! frequently! occurring!mutations!

(see! section! 1.3.3.).! To! identify! potential! therapeutic! strategies! for! lymphoma! entities!

with!mutated!CARD11,!primary!lymphoma!cells!from!CARD11(L225LI)CD19JCre!mice!and!

also! in( vitroJrecombined! B! cells! from! CARD11(L225LI)Cγ1JCre! mice! were! treated! with!

different!inhibitors!in(vitro.!!

!

ReceptorJproximal! BTK! inhibition! is! a! promising! approach! for! treatment! of! DLBCL.!

Recently!clinical!trial!phase!3!studies!have!been!initiated!to!test!the!efficacy!of!combined!

treatment!with!the!BTK!inhibitor!PCIJ32765!and!chemotherapy.!In(vitro!studies!showed!

the! sensitivity! of! ABCJDLBCL! cell! lines! (OciLy10,! TMD8)! harboring! BCRJproximal!

CD79A/B!mutations! towards!BTK! inhibition,!whereas!proliferation!and!survival!of! the!

CARD11Jmutant! OciLy3! ABCJDLBCL! cell! line! was! not! affected! by! inhibition! of! BTK!

(Staudt! et! al.,! 2011).! Accordingly,! we! found! that! treatment! with! the! BTK! inhibitor!

PCIJ32765! did! not! inhibit! proliferation! nor! lead! to! cell! death! in!

CARD11(L225LI)Jexpressing! cells! indicating! that! BTK! acts! upstream! of!
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CARD11(L225LI)! and! is! not! a! therapeutic! target! in! DLBCL! with! mutant! CARD11!

(summarized!in!Figure!41).!!

!

Another! feature! of! ABCJDLBCL! with! chronic! active! BCR! signaling! (TMD8,! HBLJ1)! is!

constitutive! PI3K! activity,! which! is! essential! for! lymphoma! cell! survival! (Kloo! et! al.,!

2011).! CARD11(L225LI)Jexpressing! primary!murine! lymphoma! cells! did! not! undergo!

cell! death! after! PI3K! inhibition! with! CalJ101! suggesting! independence! of! the! PI3K!

signaling!pathway!and!other!molecular!mechanisms.!!

!

Recent!preclinical! studies!have!shown!that!DLBCL!express!high! levels!of!SYK!and! that!

functional!SYK!signaling! is! indispensable! for! lymphoma!cell!proliferation!and!survival.!

Interestingly,! the!ABCJDLBCL!cell! line!OciLy3!with!mutant!CARD11! is! resistant! to!SYK!

inhibitor! treatment! (Cheng! et! al.,! 2011).! Primary! CARD11(L225LI)Jexpressing! cells!

were!also!not!sensitive!to!SYK!inhibition!by!R406!treatment,!suggesting!that!SYK!plays!a!

role!upstream!of!mutated!CARD11.!

!

We!found!that!JNK!is!constitutive!active!in!CARD11(L225LI)Jexpressing!cells!and!were!

able! to!show!JNK!activity! is! indispensable! for! lymphoma!cell! survival! in(vitro.!For! JNK!

blockage,!we!treated!the!lymphocytes!with!SP600125;!a!derivate!is!currently!in!clinical!

trials! for! idiopathic! pulmonary! fibrosis! (NCT01203943)! for! which! constitutive! JNK!

activation! has! been! shown! (Plantevin! Krenitsky! et! al.,! 2012;! ShiJWen! et! al.,! 2006;!

Wagner! and! Nebreda,! 2009).! Intriguingly,! the! pharmacological! inhibition! of! JNK!

signaling! with! SP600125! as! well! with! the! new! JNK! inhibitor! JNKJinJ8! (Zhang! et! al.,!

2012)! triggered! cell! death! of! CARD11(L225LI)Jexpressing! cells.!

CARD11(L255LI)Jexpressing! cells! were! also! treated! with! PD98,059! to! exclude! the!

activity!of!another!MAPK!ERK.!Indeed,!CARD11(L255LI)Jexpressing!cells!were!resistant!

to!ERK!inhibition.!!

!

!
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!

!
Figure!41:!Therapeutic!approaches!
This!simplified!schematic!drawing!summarizes!inhibitors!used!within!this!thesis!and!

their! effect! on! survival! of! primary! CARD11(L225LI)Jexpressing! B! cells.! Inhibitors!

(R406,! CalJ101,! PCIJ32765,! PD98,059)! in! green! did! not! impair! cell! survival.! Red!

inhibitors!(SP600125,!JNKJinJ8,!Bay11J7082)!were!toxic!to!primary!lymphoma!cells.!

The! mutated! CARD11! molecule! is! highlighted! in! red.! Signaling! molecules! and!

transcription,! which! were! directly! activated! by! CARD11(L225LI)! are! depicted! in!

violet!and!those,!which!were!most!likely!activated!secondarily!are!shown!in!yellow.!

!

Blockage! of! NFJκB! signaling! with! the! IKK! inhibitor! Bay! 11J7082! triggered! death! of!

CARD11(L225LI)Jexpressing!cells.!This!is!in!line!to!the!wellJknown!sensitivity!of!human!

ABCJDLBCL!cells! towards! IKK! inhibition!(Davis!et!al.,!2001b;!Staudt,!2010).!Cell!death!

upon! JNK! and! IKK! inhibition! demonstrated! that! the! pathological! growth! of!

CARD11(L225LI)Jexpressing! B! cells! is! not! only! dependent! on! dysregulated! NFJκB!

signaling!but!also!critically!requires!JNK!kinase!activity.!!

!
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To!investigate!whether!JNK!signaling!is!essential!for!the!survival!of!human!ABCJDLBCL!

samples,! diverse! ABCJDLBCL! lymphoma! cell! lines! were! tested.! Indeed,! JNK! was!

constitutively! active! in! 3! out! of! 4!ABCJDLBCL! cell! lines! (HBLJ1,!OciLy10,!OciLy3).!We!

repeatedly! observed! in! various! assays! that! the! ABC! cell! line! TMD8! does! not! show!

constitutive!JNK!activation,!and!was!therefore!used!as!a!negative!control!in!our!assays.!It!

was!also!possible!to!activate!JNK!in!the!GCBJDLBCL!cell!line!BJAB!by!the!introduction!of!

mutated! CARD11! originating! from! the! ABCJDLBCL! cell! line! OciLy3.! We! were! able! to!

confirm!the!presence!of!active!JNK!exclusively!in!patient!biopsies!from!the!ABCJDLBCL!

subtype!and!as!JNK!inhibition!was!selectively!toxic!to!ABCJDLBCL!cell!lines!with!active!

JNK! suggesting! JNK! blockage! for! the! treatment! of! ABCJDLBCL! and! in! particular! for!

DLBCL!patients!with!CARD11!mutations.!

!

4.5. !Conclusion!
!

The!CBM!complex!is!essential!for!normal!BCR!induced!APJ1!and!NFJκB!signaling!and!for!

survival!of!ABCJDLBCL!tumor!cells.!KnockJdowns!of!CARD11,!BCL10!and!MALT1!were!

selectively!toxic!to!all!tested!ABCJDLBCL!cell!lines!(Ngo!et!al.,!2006).!This!and!our!data!

suggest! that! most! ABCJDLBCLJderived! mutations! in! CD79A/B! (Davis! et! al.,! 2010),!

MyD88!(Ngo!et!al.,!2010),!CARD11!(Lenz!et!al.,!2008)!rely!on!a!functional!CBM!complex,!

which! simultaneously! activates! NFJκB! and! JNK! signaling.! Clinical! studies! showed!

therapeutic! success! by! using! SYK,! BTK! and! PI3K! inhibitors! for! the! treatment! of! NHL.!

However,!these!approaches!are!ineffective!in!lymphoma!entities!with!mutated!CARD11!

and!cannot!be!translated!to!these!(Staudt!et!al.,!2011).!!

!

This! work! provides! the! framework! for! targeting! JNK! in! DLBCL! entities,! which! are!

unresponsive! to! standard! treatment! and! SYK,! BTK! or! PI3K! inhibition.! A! possible!

therapeutic!advantage!of!JNK!inhibition!is!that!it!might!reduce!side!effects!as!it!targets!

the!receptor!signaling!pathway!downstream!and!therefore!does!not!interfere!with!other!

pathways!such!as!Ca2+!and!PI3K!signaling.!Additionally,! the!combination!of!NFJκB!and!

JNK! inhibition!was! tested! to! potentially! limit! the! toxicities! associated!with! full! NFJκB!

blockade! and! found! that! each! inhibitor! could! be! drastically! reduced!while! preserving!

efficient!killing!of!primary!CARD11(L225LI)Jexpressing!cells.!!

!
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Because! the! current! treatment! options! for! DLBCL! are! limited! and! selective! NFJκB!

inhibitors!have!failed!clinical!trials,!our!results!suggest!that!inhibition!via!JNK!blockage!

with!such!inhibitors!as!SP600125!derivatives!or!low!dose!combinations!of!IKK!and!JNK!

inhibitors!could!become!a!therapeutic!option!for!a!subset!of!DLBCL!patients.!!

!
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5. SUMMARY!
!

Activated! B! cellJlike! (ABC)! diffuse! large! B! cell! lymphoma! (DLBCL)! is! an! aggressive!

prevalent! NonJHodgkinJLymphoma! (NHL)! characterized! by! constitutive! active! NFJκB!

signaling.!Lymphoma!cell!survival!depends!on!the!activation!of!the!NFJκB!pathway!via!

CARD11,! BCL10! and! MALT1! (CBM).! Yet,! due! to! high! toxicities,! selective! inhibitors!

targeting!IKKs!downstream!of!the!CBM!complex!do!not!reach!the!clinic.!Thus,!other!drug!

targets!are!urgently!needed.!!

!

To!investigate!the!consequences!of!pathogenic!CARD11!activities! in(vivo,!we!generated!

conditional! knockJin! mice! that! allow! an! inducible! expression! of! the! human!

lymphomaJderived! gain! of! function! mutant! CARD11(L225LI).! Surprisingly,! targeted!

expression! of! CARD11(L225LI)! in! the! early! B! cell! lineage! resulted! in! an! aggressive!

malignant! lymphoproliferation! leading!to! lethality!as!early!as!6!days!after!birth!and!in!

mature! classJswitched! B! cells! at! the! age! of! 8! month.! CARD11(L225LI)! assembles!

constitutively! with! BCL10! and! MALT1! and! genetic! deficiencies! in! either! of! them!

completely! rescued! the! CARD11(L225LI)! triggered! lethality! indicating! that! the!

constitutive! assembly! of! these! complexes! is! absolutely! essential! for! pathogenesis.!

Molecularly,! CARD11(L225LI)! activated! NFJκB! and! cJJun! NJterminal! kinase! (JNK)!

signaling!pathways!and!synergy!between!these!signaling!cascades!was!essential!for!the!

survival! and! proliferation! of! CARD11(L225LI)Jexpressing! primary! murine! B! cells.!

Likewise,!we!observed!a!constitutive!activation!of! JNK!signaling! in!human!ABCJDLBCL!

cells! and! demonstrated! that! pharmacological! JNK! inhibition! was! toxic! for! cells! with!

constitutive! JNK! activation.! Together,! our! results! demonstrate! that! constitutive!

activation!of!CARD11JBCL10JMALT1!signaling!via!lymphomaJderived!mutations!trigger!

rapid!lethal!lymphoproliferation!due!to!combined!aberrant!NFJκB!and!JNK!signaling!and!

reveal!JNK!signaling!as!a!potential!therapeutic!target!for!the!disease.!

!
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6. MATERIAL!
6.1. !Plasmids!

!

ROSA26!targeting!vector!

The!original!pROSA26!vector!was!modified!(Friedrich!and!Soriano,!1991).!A!short!(1!kb)!

and! a! long! (4! kb)! homology! arm! allow!homologous! recombination!within! the!murine!

ROSA26( locus.!A! loxP! sitesJflanked! STOP! cassette! and! a!neomycinJgeneticin! resistance!

gene!for!embryonic!stem!cell!selection!precede!the!gene!of!interest,!which!is!followed!by!

a!frt!sitesJflanked!IRESJeGFP!coding!sequence,!which!allows!the!concomitant!expression!

of!eGFP.!

!

pMIG!

The!retroviral!plasmid!contains!a!MSCVJbased!promoter!after!which!the!gene!of!interest!

is!inserted.!The!gene!is!connected!to!IRESJGFP!allowing!bicistronic!expression.!!

!

pRetroSUPER!

Modified!MSCVJbased!retroviral!expression!vector!with!puromycine!resistance!cassette!

(Lenz!et!al.,!2008).!

!

6.2. !Cell!lines!
!

J!PhoenixE!(packaging!cell!line)!

J!BalJ17!(mature!murine!B!cell!lymphoma!line)!

J!HBLJ1,!BJAB,!OciLy3,!OciLy10!and!TMDJ8!(human!lymphoma!cell!lines)!

!

6.3. !Mouse!strains!!
!

All! animals! were! housed! under! specific! pathogen! free! conditions! in! ventilated! cages!

(Thoren! MaxiMiser! caging! systems! or! TechniPlast! IVC).! Studies! were! conducted! in!

compliance! to! federal! and! institutional! guidelines.! The! government! of! Upper! Bavaria!

approved!animal!protocols.!

!

!
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!

CARD11(L225LI)stopFL##

The! Card11(L225LI)! cDNA!was! generated! by! inJframe! addition! of! a! HA! tag! sequence!

upstream!of!the!human!WT!Card11!cDNA.!The!L225LI!mutation!10!(Lenz!et!al.,!2008),!

which! is! an! isoleucinJinsertion! at! amino! acid! position! 225,! was! introduced! by!

mutagenesis! PCR! (Stratagene).! The! resulting! cDNA! was! cloned! into! the! ubiquitously!

expressed!ROSA26!vector!(Sasaki!et!al.,!2006),!which!was!linearized!and!electroporated!

into!129Ola!ES! cells.! Clones!were! verified!by! Southern!blot! analysis!with! the!ROSA26!

probe! and! specific! PCR.! PolyGene! AG,! Switzerland,! performed! embryonic! stem! cell!

culture,!electroporation!and!blastocyst!injections.!

!

CD19cCre!

The!Cre!recombinase!gene!is!placed!into!the!CD19(locus,!thereby!expressing!Cre!instead!

of!the!Cd19(gene!from!the!CD19!promoter!(Rickert!et!al.,!1997).!!

!

Cγ1cCre!

The! Cre! recombinase! gene! is! inserted! into! the! constant! gamma1! chain( locus,! thereby!

expressing! Cre! instead! of! the!Cγ1(gene! from! the! endogenous! promoter! (Casola! et! al.,!

2006).!

!

BCL10!knockcout!

The! endogenous! BCL10! locus!was! targeted! by! the! insertion! of! a! neomycin! resistance!

gene!cassette!in!antisense!orientation!between!exons!2!and!3,!which!disrupts!the!Bcl10!

gene!(Ruland!et!al.,!2001).!

!

MALT1!knockcout!

The!murine!MALT1! locus!was!targeted!by!the! insertion!of!a!neomycin!resistance!gene!

cassette!in!antisense!orientation!between!exons!8!and!9,!which!disrupts!the!Malt1!gene!

(Ruland!et!al.,!2003).!!

!

Paracaspase!mutant!(PM)!knockcin!

The!MALT1! paracaspase!mutant!mouse!was! generated! by! point!mutation! of! cysteine!

464! to! an! alanine,! inactivating! the! paracaspase! activity! (unpublished,! Gewies,! A! and!

Gorka,!O.!et!al.).!
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6.4. !Oligonucleotides!
!

Genotyping! !! !! !! !!

!
CARD11(L225LI)stopFL# long!geno!fwd! act!cgg!gtg!agc!atg!tct!tta!atc!

! short!geno!rev! gtg!atc!tgc!aac!tcc!agt!ctt!tct!a!

! IRES!geno!rev! ata!cgc!ttg!agg!aga!gcc!att!tg!

!! Carma!geno!fwd!! aaggacaagatcggcgaggag! !!

!! !! !! ! !!

CD19cCre! CD19!tg!a! gcg!gtc!tgg!cag!taa!aaa!cta!tc!

!! CD19!tg!b! gtg!aaa!cag!cat!tgc!tgt!cac!tt!

!! WT!CD19!c! cct!ctc!cct!gtc!tcc!ttc!ct! !!

!! WT!CD19!d! tgg!tct!gag!aca!ttg!aca!atc!a!

!! !! !! ! !!

Cγ1cCre! Cγ1!fwd! tgt!tgg!gac!aaa!cga!gca!atc! !!

!! Cγ1! gtc!atg!gca!atg!cca!agg!tcg!cta!g!

!! Cγ1!rev! ggt!ggc!tgg!acc!aat!gta!aat!a!

!! !! !! ! !!

BCL10c/c! BCL10!wt! ttg!gct!ctc!tgc!tct!cct!cac!t!

!! BCL10!com! cgc!tct!gag!gac!tgt!ggg!act!g!

!! Neo! ggg!tgg!gat!tag!ata!aat!gcc!tgc!tc!

! ! !! ! !!

MALT1c/c! MALT1!wt! act!ttc!atc!ttg!cca!gca!ctc!ttt!ctt!a!

!! MALT1!com! ctg!ctg!ctg!aca!tgc!tac!aat!atg!ctg!

!! Neo! ggg!tgg!gat!tag!ata!aat!gcc!tgc!tc!

!! !! !! ! !!

PM! PM!fwd! ctggtggcacacacttttag! !!

!! PM!rev! ccaacatacatacgaatggac! !!

!! !! !! !! !!

!

qRT!PCR! sense! antisense!
!! ! !!
Irf4# ggaaactcctcaccaaagca! ggcccaacaagctagaaaga!
!! ! !!

Prdm1# tagacttcaccgatgagggg! accaaggaacctgcttttca!
!! ! !!
Xbp1# agcttttacgggagaaaactcac! ccaagcgtgttcttaactcct!
!! ! !!
c1Jun# gggacacagctttcacccta! gaaaagtagcccccaacctc!
!! ! !!
Bcl16# ccggcacgctagtgatgtt! tgtcttatgggctctaaactgct!
!! ! !!
Iκbα# cctgcagcagactccactc! gacacgtgtggccattgtag!
!! ! !!
Hrpt1# gctgacctgctggattacat! ttggggctgtactgcttaac!
!! !! !!
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6.5. !Probes!
!

Electrophoretic!mobility!shift!assay!probes!

APJ1!consensus!oligonucleotide!5´CGC!TTG!ATG!ACT!CAG!CCG!GAA!3´and!NFJκB!probe!

5´!AGT!TGA!GGG!GAC!TTT!CCC!AGG!C!3´!(Licor).!!

!

Southern!blot!

The! ROSA26! probe! was! amplified! with! the! forward! (fwd)! primer!

5´gatcaaaacactaatgaactt3´!and!reverse!(rev)!5´!ttaattaaaacgaatatttggaat3´.!The!JH4!probe!

was! amplified! with! the! fwd! primer! 5´tgaaggatctgccagaactgaa3´! and! rev!

5´tgcaatgctcagaaaactccat!3´,!the!TCRβ2!probe!was!generated!with!following!primers!fwd!

5´gaggaaggtgacgaaagagga!3´!and!rev!5´atttgggtggaagcgagag!3´.!

!

6.6. !Western!blot!antibodies!
!

Western!blots!were!probed!for!CARD11!(1D12)!#4435,!pAKT!(D9E)!#4060,!p50!#3035,!

BCL10! (C78F1)! #4237,! BclxL! #2762,! pIκBα! #9241,! pJcJJun! #8794,! pJNK! #9251,! JNK!

#9252,!JNK2!#4672,!pAtf2!#5112,!AKT!#9272!all!antibodies!obtained!from!cell!signaling!

technology;! βJActin! #5060! Sigma,! AntiJHA! High! Affinity! (3F10)! Roche,! RelA! #scJ372,!

Tubulin!(BJ7)!#!scJ5286,!Lamin!B!(MJ20)!#!scJ6217,!cRel!#scJ71,!CK1α!#sc6477,!cJJun!

#scJ1694,!cJmyc!#scJ789!all!Santa!Cruz,!MALT1!(Genentech).!

!

6.7. !FACS!antibodies!
!

B220! (RA3J6B2);! TCRJβ! (H57J597);! CD4! (Gk1.5);! CD5! (53–7.3);! CD8! (53–6.7);! CD62L!

(MELJ14);!CD86!(GL1);! IgM!(II/41);!CD23!(B3B4);!CD80!(16J1QA1);!CD19!(1D3);! ILJ6!

(MP5J20F3);! TNFα! (MP6JXT22);! CD25! (PC61.5);! cJkit! (2B8);! IgD! (11J26c);! CD275!

(HK5.3);!CD69!(H1.2!F3);!Gl7!(GlJ7);!CD279!(PDJ1);!CD278!(7E.17G9);!C1qRp!(AA4.1);!

CD38!(90)!all!eBioscience;!CD138!(281J2);!Fas!(Jo2);!IgG1!(A85J1);!CXCR5!(3)!BD.!

!
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7. METHODS!
7.1. !Cell!culture!techniques!for!cell!lines!

7.1.1. PhoenixE!

!

PhoenixE!packaging!cells!were!maintained!in!1x!DMEM!with!10%!(v/v)!FCS,!1%!(v/v)!

LJglutamine,! 0.1%! (v/v)! 2Jmercaptoethanol,! 1%! (v/v)! penicillinJstreptomycin! (all!

Gibco)! 2×106
!

cells! per! 10cm! plate,! and! splitted! at! a! ratio! of! 1:5! every! second! day! by!

trypsinization! (1%! (v/v)! Trypsin/EDTA).! PhoenixE! express! gag,( pol,! and! env! genes,!

which!allow!retroviral!production.!24h!prior!to!transfection!3×106
!
PhoenixE!cells!were!

seeded! per! 10cm! plate! in! 1x! DMEM,! with! 10%! (v/v)! FCS,! 1%! (v/v)!

penicillinJstreptomycin! to! achieve! a! 70%! cell! confluence! on! the! day! of! transfection.!

PhoenixE! cells! were! pretreated! for! 30! minutes! in! DMEM! supplemented! with! 40μM!

chloroquine.! Chloroquine! enhances! the! transfection! efficiency! by! its! lysosomal!

neutralizing! activity.! During! this! incubation! step! 12μg! of! the! respective! retroviral!

expression!vector!were!mixed!with!125mM!CaCl2! in!2x!HBSS!buffer!pH!7.05! (140mM!

NaCl,! 0.75mM! Na2HPO4,! 25mM! HEPES),! and! incubated! at! RT! for! 13min.! Formed!

DNA/CaCl2!precipitates!were!then!added!dropwise!to!chloroquineJpretreated!PhoenixE!

cells! followed! by! a! change! of! medium! after! 6h! of! incubation.! VirusJcontaining!

supernatant!was!collected!48h!and!72h!post!transfection,!0.45μm!filtered!and!stored!at!

4
◦
C.!

!

7.1.2. Balc17!
!

BalJ17! cells! were! grown! in! 1x! RPMI,! supplemented! with! 10%! (v/v)! FCS,! 1%! (v/v)!

LJglutamine,! 0.1%! (v/v)! 2Jmercaptoethanol,! 1%! (v/v)! penicillinJstreptomycin! (all!

purchased! from! Gibco)! at! a! density! of! 0.1×106
!
cells/ml! and! splitted! at! a! density! of!

0.5×106
!
cells/ml.! For! spininfection! 0.5×10

6!
BalJ17! were! seeded! within! 4ml! viral!

supernatant,! 40μg! polybrene! and! 100μl! 1M! Hepes! in! a! six! well! plate.! Polybrene!was!

added!to!enhance!the!viral!adsorption.!Spininfection!was!performed!for!90!minutes!at!

30!degrees!and!2400rpm.!Cells!were!rested!for!90!minutes,!new!viral!supernatant!was!

added! and! spininfection! repeated.! Then! the! cells! were! transferred! to! 1x! RPMI,!
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supplemented! with! 10%! (v/v),! FCS,! 1%! (v/v)! LJglutamine,! 0.1%! (v/v)!

mercaptoJethanol,! 1%! (v/v)! penicillinJstreptomycin! and! cultured! at! 37! degrees! over!

night.!The!procedure!was!repeated!the!next!day.!!

!

All!cells!were!cultivated!under!standard!cell!culture!conditions!at!5%!CO2,!37
!
degrees,!

and! a! relative! humidity! of! 95%.! Cells! were! counted! with! Trypan! Blue! by! light!

microscopy!(0.4%!(w/v)!Trypan!Blue!Stain,!Gibco).!!

!

7.1.3. Human!lymphoma!cell!lines!

!

Human!DLBCL! cell! lines!HBLJ1! and!BJAB!were! cultured! in!RPMI!1640!with!10%!FCS,!

and!OciLy3,!OciLy10!and!TMDJ8!were!cultured!in!IMDM!supplemented!with!20%!human!

plasma.!

!

For!efficient!retroviral!transductions,!cell! lines!were!engineered!to!express!the!murine!

ecotropic! receptor! as! previously! described! (Ngo! et! al.,! 2006).! Additionally,! these! cell!

lines! were! engineered! to! express! the! bacterial! tetracycline! repressor! allowing!

doxycyclineJinducible!Card11! cDNA! expression! (Ngo! et! al.,! 2006).! The!Card11! OciLy3!

mutant!cDNAs!were!expressed!from!a!modified!pRetroSUPERJbased!vector!as!described!

before! (Lenz! et! al.,! 2008).! After! infection! of!BJAB! cells! carrying! the! empty! vector,! the!

eGFPJfused! or! unfused! CARD11! OciLy3! mutant! (CARD11(L251P))! construct! were!

selected! using! 3µg/ml! puromycin! (Sigma)! until! >90%! cells! were! positive! for! the!

transduced!construct.!The!ratio!of!selected!cells!was!estimated!using!FACS!analyses!for!

eGFPJpositive! cells! after! a! 2Jday! doxycycline! induction! (Sigma)! of! selected! cells!

harboring! the! eGFPJfused! CARD11! OciLy3! mutant.! The! cell! viability! was! determined!

using! FACS! analyses! after! Propidium! Iodide! staining.! To! induce! the! CARD11! OciLy3!

mutant! expression,! 20µg/ml! doxycycline!were! added! to! the! culture!medium! for! 48h.!

Annette!Wolf!conducted!DLCBCL!cell!line!culture!and!cell!viability!assays.!!

!

7.1.4. Cell!viability!assay!DLBCL!!

!

Cells!were!seeded!in!96Jwell!round!bottom!plates!at!a!concentration!of!5x104!cells/ml!

and!were!treated!with!serial!dilutions!of!the!JNK!inhibitor!or!DMSO!as!solvent!control!in!

concentrations!between!20µM!and!0,625µM.!After! incubation!for!48h,!the!cell!viability!
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was! detected! using! the! CellTiterJGlo! Luminescent! Cell! Viability! Assay! (Promega)!

according!to!the!manufacturer’s!protocol.!The!cell!treatment!and!cell!viability!detection!

was!performed!in!duplicates.!!

!

7.2. !Primary!murine!cells!
7.2.1. B!cell!purification!

!

Splenic! B! cells! were! MACSJpurified! by! CD43Jdepletion! (mouse! B! Cell! Isolation! Kit,!

Miltenyi!Biotec!GmbH)!according!to!manufacturer´s!instructions.!Primary!CD19JCre!and!

CARD11(L225LI)CD19JCre!B!cells!were!harvested!and!rested!in!RPMI!1%!BSA!for!one!hour!

before!cell!lysis.!

!

7.2.2. B!cell!stimulation!

!

Retroviral! transduced!GFPJexpressing!BalJ17!cells!were! sorted!by! flow!cytometry!and!

expanded! for! EMSA.! Cells!were! either! rested! or! stimulated!with! 10μg/ml! Fab2!αJIgM!

(Jackson!ImmunoResearch!Laboratories,!Inc.)!for!90!minutes.!!

!

MACSJpurified! splenic! B! cells! were! stained!with! proliferation! dye! and! cultured! in! 1x!

RPMI,! supplemented! with! 10%! (v/v),! FCS,! 1%! (v/v)! LJglutamine,! 0.1%! (v/v)!

mercaptoJethanol,! 1%! (v/v)! penicillinJstreptomycin! and! stimulated! for! 48! hours!with!

different! agents:! αJCD40! 2,5μg/ml! (eBioscience);! CpG:! 0.1μg/ml! (Invivogen);! αJIgM:!

10μg/ml!(Jackson!ImmunoResearch!Laboratories,!Inc.);!LPS!20μg/ml!(Invivogen)!

!

7.2.3. In#vitrocclass!switch!recombination!

!

Splenic!B!cells!were!purified!by!MACSJbased!CD43Jpositive!cell!depletion.!B!cells!were!

stained!with! proliferation! dye! and! incubated! for! 96! hours! in! 1x! RPMI,! supplemented!

with! 10%! (v/v),! FCS,! 1%! (v/v)! LJglutamine,! 0.1%! (v/v)! mercaptoJethanol,! 1%! (v/v)!

penicillinJstreptomycin! and! additionally! 4ng/ml! ILJ4! (R&D)! and! 4,5μg/ml! αJCD40!

(eBioscience).!!

!

!

!
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7.2.4. Inhibitor!treatment!primary!lymphoma!cells!

!

Splenocytes! were! grown! in! RPMI! 10%! FCS! containing! 1%! LJGlutamine! and! 0.1%!

βJmercaptoethanol.! Bay11J7082,! SP600125,! PD98,059! were! obtained! from! Sigma!

Aldrich;! JNKJinJ8! was! got! from! Merck;! CalJ101! and! PCIJ32765! were! bought! from!

SelleckChem;!R406!was!ordered!from!ICS!International!Clinical!Service!GmbH.!Mepazine!

was! a! gift! from!Daniel! Krappmann.! The! inhibitors!were! solved! in! DMSO! and! used! in!

indicated!concentrations.!Cells!were!harvested!at!different!time!points!and!stained!with!

Annexin!V!and!7JAAD!(eBioscience)!and!acquired!by!flow!cytometry.!

!

7.3. !Mouse!methods!
7.3.1. Immunizations!

!

SixJ! to!12Jweek!old!animals!were! immunized! intraperitoneal!(i.p.)!with!1x109!SRBC!in!

PBS! (Biozol).! For! GCB! purification! protocol! from! Cato! et! al.! was! applied! (Cato! et! al.,!

2011).!!

!

7.3.2. Serum!cytokines!and!immunoglobulin!levels!
!

Mouse!blood!was!collected!by! submandibular!vein!puncture.!Blood!was!clotted!on! ice!

and! serum!was! obtained! by! centrifugation.! Serum! cytokines!were!measured!with! the!

Th1/Th2! FlowCytomix! kit! (Bender! Med! Systems)! according! to! protocol.!

Immunoglobulin! levels!were!measured! in! diluted! sera! by! the!mouse! immunoglobulin!

panel!according!to!standard!protocol!(Mouse!immunoglobulin!Panel,!Southern!Biotech).!

Plates! were! coated! over! night! with! unlabeled! αJmouse! Ig! (heavy! and! light! chain)! in!

coating! buffer! (ELISA! /ELISPOT! Coating! buffer! powder! (eBioscience)).! Plates! were!

blocked! with! 1%! BSA! (w/v)! in! 1x! PBS.! Standards! and! diluted! sera! were! pipetted! in!

dilution! series.! For! detection! alkaline! phosphataseJlabeled! goat! αJmouse! Ig! screening!

antibodies!were!applied!and!phosphatase!tablets!added!as!substrate.!Measurement!was!

performed!on!a!Magellan!plate!reader.!

!

7.3.3. Histology!

!

Mouse! organs! were! fixed! in! 4%! formaldehyde! and! paraffin! embedded.! Dr.! Markus!
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Kremer! analyzed! murine! histologies.! Sections! were! stained! with! H&E.! KiJ67! (SP6;!

Thermo! Fisher! Scientific)! staining! was! performed! on! an! automated! immunostainer!

(Leica!Bond!III)!according!to!the!company’s!protocols.!!

!

Prof.!Dr.!Alexandar!Tzankov!provided!analyzed!67!well!characterized!DLBCL!cases! for!

which!the!cellJofJorigin!subtype!according!to!the!Tally!algorithm!was!known!(Meyer!et!

al.,! 2011).! Cases! were! considered! evaluable! if! at! least! one! positive! stained! nucleus!

(internal!positive!control)!was!present.! Immunoperoxidase!stain!was!performed!on!an!

automated! immunostainer! (Benchmark;! Ventana/Roche).! Primary! antibody! dilution!

pJNK!#4668! (Cell! Signaling!Technology)!was!used!1:50.!Antigen! retrieval! achieved!by!

cell!conditioning!(CC1;!Ventana/Roche)!treatment!for!92!minutes.!!

!

7.4. !Molecular!biology!
7.4.1. Western!blot!!

!

Lysates!!

Cells!were!lysed!in!a!lowJsalt!buffer!using!Buffer!A!(0.2%!Nonidet!P40,!10mM!Hepes!pH!

7.9,! 10mM! KCl,! 0.1mM! EDTA,! 0.1mM! EGTA,! 1mM! DTT,! 1mM! PMSF! and! protease!

inhibitors)!to!obtain!cytoplasmic!extracts.!Protein!extracts!of!pelleted!nuclei!as!well!as!

total!cell!extracts!were!generated!using!RIPA!buffer!(0.5!M!TrisJHCl!pH!7.4,!1.5!M!NaCl,!

2.5%!deoxycholic! acid,! 10%!Nonidet! P40,! 10mM!EDTA,! 10mM!NaF,! 1mM!NaVO4! and!

protease!inhibitors)!for!western!blot!analysis.!Nuclear!lysates!for!EMSA!were!obtained!

by!lysis!in!Buffer!C!20mM!HEPES!pH!7.9,!0.4!M,!0.1mM!EDTA,!0.1mM!EGTA,!10mM!NaF,!

1mM!NaVO4!and!protease!inhibitors.!The!protein!concentrations!were!quantified!using!

Bradford!reagent!(DC!protein!assay,!BioJRad)!according!to!manufacturer’s!instructions.!

Lysates! were! denaturated! in! SDS! sample! buffer! (62.5mM! Tris/HCl! (pH6.8),! 2%! SDS!

(w/v),!10%!glycerol!(v/v),!5%!2Jmercaptoethanol!(v/v),!0.02%!bromphenol!blue!(w/v))!

at!95
◦
C!for!5min!before!western!blot!analysis.!!

!

Cocimmunoprecipitations!

CoJimmunoprecipitations!were!performed!as!described!earlier! in!(Bidère!et!al.,!2009).!

Briefly,!2x107!cells!were!lysed!30!minutes!on!ice!in!50"mM!Tris!pH"7.4,!150"mM!NaCl,!1%!

Triton!XJ100,!1%!NPJ40!and!2"mM!EDTA)!supplemented!with!10mM!NaF,!1mM!NaVO4!
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and! protease! inhibitors.! Samples! were! preJcleared! with! protein! GJsepharose!

(Amersham)!for!1"h.! Upon!preJclearing!primary!antibodies!were! incubated!over!night.!

Precipitation! was! performed! with! Sepharose! G! beads! (Amersham)! for! 1! hour.! Upon!

washing!and!sample!denaturation,!lysates!were!subjected!to!western!blot!analysis.!

!

Nonradioacative!JNK2!kinase!assay!

2x107!cells!were!lysed!10!minutes!on!ice!in!50mM!Hepes!pH7.4,!250mM!NaCl,!1%!NPJ40!

and!1mM!EDTA.!Protease!Inhibitor!Cocktail!(Calbiochem),!1mM!Na3VO4!and!1mM!NaF!

were!added!freshly.!Then!cells!were!put!on!a!shaker!in!cold!room!for!another!5!minutes.!

10%!were!saved!as!input!from!lysates.!Lysates!were!preJcleared!with!Sepharose!A!(GE!

healthcare)! and! incubated! over! night! with! JNK2! antibody! #4672! (Cell! Signaling!

Technology).! Immunocomplexes!were! treated!with!Sepharose!A,! and! then!beads!were!

divided! on! two! eppendorf! tubes.! Beads!were!washed! once!with! kinase! buffer.! Kinase!

buffer:! 25mM! TrisJHCl,! 5mM! βJglycerophosphate,! 2mM! DTT,! 0.1mM! Na3VO4,! 10mM!

MgCl2! was! supplied! with! 1! μg! recombinant! cJJun! #6093! per! sample.! One! tube! was!

incubated! without! ATP! and! the! other! with! 1mM! ATP! #9804! in! kinase! buffer! for! 30!

minutes!at!30!degrees!(Cell!Signaling!Technology).!Reaction!was!stopped!by!the!addition!

of!5x!sample!buffer!(protocol!was!adapted!from!(Blonska!et!al.,!2007)).!

!

SDS!Page!

Protein!mixtures!were! separated!by!discontinuous! SDS!PAGE.! In! discontinuous!PAGE,!

the!acrylamide!gel!is!composed!of!a!stacking!gel!where!negatively!charged!proteins!are!

detained!at!the!separation!line!(5%!(v/v)!acrylamide,!0.625mM!Tris!pH!6.8,!0.1%!(w/v)!

SDS,! 0.1%! (w/v)!APS,! 0.006%! (w/v)!TEMED),! and! a! resolving! gel!where! proteins! are!

separated!according! to!molecular!weight! (10%!(v/v)!acrylamide,!3.75mM!Tris!pH!8.8,!

0.1%!(w/v)!SDS,!0.1%!(w/v)!APS,!0.004%!(w/v)!TEMED).!

The!gel!was!run!in!25mM!Tris!(pH!8),!2M!glycine,!1%!SDS!(w/v)!at!150V.!Afterwards,!

resolved!proteins!were!transferred!electrophoretically!from!the!SDS!PAGE!onto!a!PVDF!

(Amersham!Hybond,!GE!Healthcare)!membrane!via!a!wet!blotting!approach!in!transfer!

buffer! (50mM! Tris! (pH! 8.5),! 40mM! glycine,! 0.03%! SDS! (w/v),! 20%! methanol! (v/v)!

added!prior!to!use)!at!0.4A!for!2!hours.!Membranes!were!blocked!for!20!minutes!in!5%!

BSA! (w/v)! in! TBST! (0.025%! TweenJ20! (v/v),! 20mM! Tris! (pH7.4),! 137mM!NaCl)! and!

then! probed!with! antigen! specific! primary! antibodies! (dilution! range! 1:1000–1:2000)!

over! night.! Antibody! dilutions! were! prepared! in! 5%! BSA! (w/v)! in! TBST.! For!



METHODS!

! 95!

chemiluminesenceJbased! detection,! HRPJconjugated! secondary! antibodies! (dilution!

1:2000)! were! added! for! 2! hours! at! RT,! then! Lumigen
!
TMAJ6,! Solution! A+B! (GE!

Healthcare)!or!Detection!Reagent!1+2/Peroxid!Solution!(Thermo!Scientific,!Pierce)!were!

applied.!!

!

Electrophoretic!mobility!shift!assay!(EMSA)!!

For!EMSA!5μg!nuclear! lysates!(Buffer!C)!were!incubated!in!20!μl!binding!buffer!(5mM!

HEPES!(pH!7.8),!50mM!KCl,!0.5mM!dithiothreitol,!1!μg!Poly!(dIJdC)!and!10%!glycerol)!

complemented! with! IRDye700Jlabeled,! doubleJstranded! oligonucleotide! probes! for!

NFJκB!or!APJ1!for!30!minutes!at!RT!in!the!dark.!!Labeling!was!stopped!by!the!addition!of!

sample! buffer!were! electrophoretically! separated! on! a! 5%!polyacrylamide! gel.! EMSAs!

were! analyzed! using! Odyssey! Infrared! Imaging! System! (Licor! Biosciences).! APJ1!

consensus!oligonucleotide!5´CGC!TTG!ATG!ACT!CAG!CCG!GAA!3´and!NFJκB!probe!5´!AGT!

TGA!GGG!GAC!TTT!CCC!AGG!C!3´!(Licor).!!

!

7.4.2. RNA!and!Real!time!PCR!

!

Total! RNA! was! obtained! from! MACSJpurified! splenic! B! cells! by! Trizol! purification!

combined! to! RNeasy! columns! (Quiagen),! transcribed! into! cDNA! by! Superscript! II!

reverse! transcriptase! (Invitrogen)!and!used!as! template! for!qRT!PCR!with!Sybr!Green!

Core!Kit!(Eurogenentec).!The!analysis!was!performed!on!a!LightCycler!LC480!(Roche).!

Samples!were!measured!in!duplicates!and!normalized!to!housekeeping!gene!Hrpt1.!!

!

7.4.3. Genomic!DNA!and!Southern!blot!

!

Genomic!DNA!was!obtained!from!tumor!samples!and!from!MACSJpurified!splenic!B!or!T!

cells! by! Phenol/Chloroform! purification.! 20μg! of! gDNA!were! digested! with! EcoRI! HF!

(NEB)! and! loaded.! Southern! blot! was! performed! as! described! earlier! (Pechloff! et! al.,!

2010).!

!

7.4.4. Flow!cytometry!

!

Single!cell!suspensions!were!obtained!according!to!standard!methods,!treated!with!red!

blood!cell!lysis!buffer!and!transferred!into!PBS!containing!3%!FCS.!After!incubation!with!
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FcJblock! (CD16/32),! cells! were! stained! for! 30! minutes! at! 4! degree! and! washed!

afterwards.! For! intracellular! stainings! cells! were! fixed! with! 2%! formaldehyde! and!

permeabilized!with! iceJcold!70%!methanol! for!at! least!20!minutes!on! ice,! stained!and!

acquired!on!a!FACSCanto!II!(BD)!and!analyzed!using!FlowJo!software!(Tree!Star,!Inc.).!

!

For!proliferation!assays!cells!were!incubated!with!the!Cell!Proliferation!Dye!eFluor!670!

(eBioscience)! according! to! manufacurer´s! protocol! and! cultured! for! indicated! time!

periods! in! RPMI! medium! containing! 10%! FCS,! 1%! Penicillin/Streptomycin! and! 0.1%!

βJMercaptoethanol.! The! fluorescent! proliferation! dye! unspecifically! binds! to! cellular!

proteins.!Cell!division! leads!to!equal!distribution!of! the!dye!to!daughter!cells,!which! is!

measured! by! reduction! of! the! fluorescence! intensity! of! the! dye.! Before! acquisition! by!

flow! cytometry! cells! were! stained! with! the! live/dead! fixable! dead! cell! stain! kit!

(Invitrogen)!according!to!manufacturer´s!instructions.!

!

CD19JCre! CARD11(L225LI)! cells! were! incubated! with! a! final! concentration! of! 10µM!

BrdU!in!cell!culture!medium,!for!staining!and!acquisition!the!manual!was!followed!(BD!

Pharmingen! BrdU! Flow! Kits).! BrdU! is! incorporated! into! newly! synthesized! DNA! as!

analogue!of!thymidine;!it!is!diluted!after!each!cell!division,!so!that!is!a!useful!measure!for!

cell!cycle!and!division.!

!

7.5. !Statistics!
!

Statistical! significance!was! analyzed! using! the! unpaired! twoJtailed! Student’s! t! test! or!

oneJway! ANOVA! with! Tukey! post! test.! ***,! statistically! significant! (P!<!0.0001);! **,!

P!<!0.01;!*,!P!<!0.05;!ns,!not!statistically!significant!(P!≥!0.05).!!

!
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8. ABBREVIATIONS!
!

ABC!activated!B!cellJlike!

AID!activationJinducedJdeaminase!

APc1!activator!protein!1!

Atf2!activating!transcription!factor!2!

ATR!ataxiaJtelangiectasiaJrelated!

Bcl!B!cell!lymphoma!!

BCR!B!cell!receptor!

Blimpc1!B!lymphocyteJinduced!maturation!protein!1!

BLNK!B!cell!linker!protein!

BrdU!Bromodeoxyuridine!

BTK!Bruton's!tyrosine!kinase!

ccmyc!myelocytomatosis!viral!oncogene!homolog!

Ca2+!calcium!

Calr!Calreticulin!

CaM!Calmodulin!

CARD11!CARD!domainJcontaining!MAGUK!protein!11!

CBM!CARD11JBCL10JMALT1!

Chek1!checkpoint!kinase!1!

cIAP!cellular!inhibitor!of!apoptosis!

CK1α!casein!kinase!1!α!

CLP!common!lymphoid!progenitor!

CocIP!CoJimmunoprecipitation!

CRAC!calcium!release!activated!channel!

CXCR!CJXJC!chemokine!receptor!

CYLD!cylindromatosis!

D!diversity!

DAG!diacylglycerol!

DC!dendritic!cell!

DD!death!domain!

DLBCL!diffuse!large!B!cell!lymphoma!
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eGFP!enhanced!green!fluorescent!protein!

ELKc1!ETS!domainJcontaining!protein!1!

ER!endoplasmatic!reticulum!

ERK!extracellular!signalJregulated!kinase!

Fwd!forward!

FDC!follicular!dendritic!cells!

FO!follicular!

Fos!FinkelJBiskisJJinkins!murine!osteogenic!sarcoma!

FOXO!forkhead!box!protein!O!

G!guanine!

GC!germinal!center!

GCB!Germinal!center!B!cell!

H!heavy!

HL!Hodgkin´s!lymphoma!

HRS!Hodgkin!and!Reed!Sternberg!

ICOS!Inducible!costimulator!

ICOSL!Inducible!costimulator!ligand!

IFNγ!interferonJγ!

IKK!inhibitor!of!NFJκB!kinase!

IL!interleukin!

IP!immunoprecipitation!

i.p.!intraJperitoneal!

IRAK!ILJ1!receptorJassociated!kinase!

IRES!internalJribosomalJentry!site!

IRF4!Interferon!regulatory!factor!4!

ITAM!immunoJreceptor!tyrosineJbased!activation!motifs!

IκB!inhibitor!of!NFJκB!

J!joining!

Jak!janus!kinase!

JIP!JnkJinteractingJprotein!

JNK!cJJun!NJterminal!kinase!

L!light!

LoxPcflanked!FL!

M!mitose!
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Maf!musculoaponeurotic!fibrosarcoma!oncogene!homolog!

MAGUK!membraneJassociated!guanylate!kinase!

MALT!mucosaJassociated!lymphoid!tissue!

MALT1!mucosaJassociated!lymphoid!tissue!translocation!gene!1!

MAPKK!MAP!kinase!kinases!

MAPKKK!MAP!kinase!kinase!kinases!

Mef2c!monocyte!enhancer!factor!2C!

MEK!MitogenJactivated!extracellular!signalJregulated!kinase!

MHC!major!histocompatibility!complex!

MKK!mitogenJactivated!protein!kinase!kinases!

mTorc1!mammalian!target!of!rapamycin!1!!

MyD88!myeloid!differentiation!primaryJresponse!gene!88!

MZ!marginal!zone!

NEMO!NFJκB!essential!modulator!

NFcAT!nuclear!factor!of!activated!T!cells!

NFcκB!nuclear!factorJ!κB!

NHL!NonJHodgkin´s!lymphoma!

NK!natural!killer!

OTU!ovarian!tumor!

pA!polyA!

PAMP!pathogenJassociated!molecular!pattern!

PDc1!programmed!cell!deathJ1!

PDKc1!phosphoinositideJdependent!protein!kinase!1!

PDZ!postsynaptic!density!95,!disc!large!and!zonula!occludens!1!

PH!pleckstrin!homology!

PI3K!phosphoinositideJ3Jkinase!

PIP2!phosphatidylinositol!4,5Jbisphosphate!

PIP3!phosphatidylinositol!3,4,5Jtriphosphate!

PKC!protein!kinase!C!

PLCγ2!phospholipase!Cγ2!

PMBL!primaryJmediastinal!B!cell!lymphoma!

PNA!peanut!agglutinin!

PRDM1!PR!domain!zinc!finger!protein!1!

PRR!patternJrecognitionJreceptors!
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RAG!recombinationJactivating!genes!

RasGRP!RAS!guanyl!releasing!protein!

Rev!reverse!

RHD!RelJhomologyJdomain!

RIP!receptorJinteracting!protein!1!

S!synthesis!

SA!splice!acceptor!

SAPK!stressJactivated!MAP!kinase!

SCF!β!TrCP!Skpl,!Cull,!the!FJbox!protein!βJtransducin!repeat!containing!protein!

SH!src!homology!

STAT!signal!transducer!and!activator!of!transcription!

STIM!stromal!interaction!molecule!

Suppl.!supplementary!

SYK!spleen!tyrosine!kinase!

TAB2!TAK1Jbinding!protein!2!

TAD!transactivation!domain!

TAK1!TGFβJactivated!kinase!1!

TCR!T!cell!receptor!

TdT!terminalJdeoxynucleotidylJtransferase!

TFH!follicular!helper!T!cells!

TGF!transforming!growth!factor!

TI!TJindependent!

TLR!toll!like!receptors!

TRADD!TNFα!receptor!associated!via!death!domain!

TRAF!6!TNFα!receptorJassociated!factor!6!

U!uracil!

UPR!unfoldedJprotein!response!

V!variable!

Xbp1!XJbox!binding!protein!1!

ZF!zinc!fingers!
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