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1. Introduction 

 B cell receptor (BCR) plays an essential role in humoral immune response as it 

regulates B lymphocyte development, survival, activation and apoptosis [1]. During B cell 

maturation, cells with self-reactive BCRs are negatively selected and functionally eliminated 

by apoptosis or anergy, and this selection depends on the strength of the BCR signal [2]. 

However, signals mediated by a variety of other receptors, such as Toll-like receptor 9 

(TLR9) [3], B-cell activating factor (BAFF) receptors [4, 5], the apoptosis inducing Fas 

receptor [6] and the inhibitory FcγRIIb [7] may modulate the selection process. Since signals 

mediated by these receptors may interfere with the BCR dependent signals, excessive TLR 

stimulation and BAFF or defective Fas and FcγRIIb signaling can disrupt negative selection, 

therefore providing a possibility of survival and activation of autoreactive B cells, thus 

breaking tolerance [8, 9]. To understand the underlying molecular mechanism of the “cross-

talk” between signaling pathways, it is necessary to reveal the mode of cooperation between 

various receptors at different levels of B cell activation.  

 B cells play a prominent role in the pathogenesis of autoimmune diseases such as 

Rheumatoid arthritis (RA). XmAb5871, an anti-CD19 Fc-modified antibody with increased 

affinity to the FcγRIIb can suppress B cell activation by the co-ligation of CD19 and FcγRIIb 

[10], however its effect on several BCR- or TLR9-induced B cell function remains to be 

investigated. 

1.1. Activatory signals 

Cross-linking BCR with the cognate antigen induces various signaling events, 

resulting in the activation of AKT (also known as Protein kinase B (PKB)), mitogen-activated 

protein kinase (MAPKs) p38, JNK and ERK, and further downstream IκB kinase (IKK). 

These molecules activate a number of transcription factors, changing cell metabolism, gene 

expression and cytoskeletal organization. NFκB is one of the best-characterized transcription 

factor, activated not just by BCR but also TLR9 [3] and BAFF [5].  

2.1.1. BCR signaling 

 Antigen recognizing membrane Igs induce receptor aggregation and enable the 

Igα/Igβ subunits to transduce signals to the cell interior. Receptor clustering rapidly activates 

the Src family kinases Lyn, Blk, and Fyn, as well as Syk [11]. Src-kinases phosphorylate 

BCAP and CD19, which leads to the recruitment and activation of phosphatidylinositide 3-
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kinases (PI3K) [12, 13]. PI3K phosphorylates phosphatidylinositol on 3’ hydroxyl group of 

the inositol ring, producing phosphatidylinositol (3,4 and 3,5)-bisphosphate (PIP2) and 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Src kinases also phosphorylate Bruton’s 

tyrosine kinase (BTK) [14], which is recruited to the membrane through the binding of B cell 

linker (BLNK) and PIP3 with its pleckstrin homology domain (PH) and gets fully activated 

[15]. AKT also binds to the PIP3-enriched plasma membrane with its PH domain and 

inactivates FOXO1 transcription factor through its phosphorylation [16].  

 

 

 

Figure 1. BCR signaling [17].  

PKCβ induces the formation of a ternary complex which binds TRAF6. TRAF6 produces K63 polyubiquitin 

chains which bring TAK1 and IKK in proximity leading to subsequent phosphorylation and degradation of IκB. 

TAK1 also activates MAPKs. 

 

Activated BTK subsequently phosphorylates PLCγ [18], which is responsible for the 

degradation of phosphatidylinositol 4,5-bisphosphate into diacylglycerol (DAG) and inositol 

1,4,5-trisphosphate (IP3). After binding to its receptors in the endoplasmic reticulum, IP3 

induces the release of free Ca
2+

 ions - increasing the intracellular ([Ca
2+

]i) that is necessary 
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for the activation of further kinases such as PKC. DAG recruits PKCβ to the plasma 

membrane leading to its activation, which in turn triggers the formation of a 3-component 

complex composed of the CARD domain bearing CARMA1, BCL10 and MALT1 [19]. 

MALT1 contains binding sites for TRAF2 and TRAF6. The binding of MALT1 to TRAF6 

promotes TRAF6 oligomerization, which activates the E3 ubiquitin ligase activity of TRAF6 

[20]. TRAF6 functions together with other E1/E2 ubiquitin ligases to catalyze the production 

of K63 polyubiquitin chains. Transforming growth factor-β (TGF-β)-activated kinase 1 

(TAK1) binding protein (TAB) 2 and TAB3 contains K63 polyubiquitin chain binding NZF 

motif [21], while NF-κB essential modulator (NEMO), the regulatory subunit of the IKK is 

also an ubiquitin-binding protein [22]. Binding of K63 polyubiquitin chains by TAB proteins 

and NEMO brings in proximity TAK1 to IKK, which then phosphorylates and activates IKK, 

resulting in subsequent NFκB activation (Fig.1) [23].  

 TAK1 is also capable to activate the members of the MAPK family kinase (MKK) 

members MKK4 [24] and MKK3/6 [23, 25]. MKKs subsequently phosphorylate and activate 

MAPKs. 

 

1.1.2. TLR9 signaling 

TLR9 is a type I membrane protein localized in the endosomes. As a pattern 

recognition receptor, it’s responsible for the recognition of hypomethylated CpG rich DNA 

motifs (or its analog, synthetic oligodeoxynucleotide (ODN) CpG) present in bacterial and 

viral genomes or released from apoptotic cells. TLRs share an intracellular TOLL-IL-1R 

(TIR) domain that recruits other TIR domain-containing adaptors to the receptor, such as 

myeloid differentiation factor 88 (MyD88) [26] and B cell adaptor for PI3K (BCAP) [27]. 

MyD88 in turn recruits IL-1 Receptor-associated kinase (IRAK) 1. TRAF6 associates with 

IRAK1 [28] and catalyses the production of K63 polyubiquitin chains. Binding of K63 

polyubiquitin chains by TAB2 triggers TAK1 autophosphorylation and activation [29], 

resulting in downstream MAPK and NFκB activation (Fig. 2). TLRs also activate PI3K-AKT 

pathway through BCAP [27]. 
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Figure 2. TRL signaling [17]. 

TIR domain containing adaptor protein MyD88 recruited to TLRs via homotypic TIR-TIR domain interactions. 

MyD88 recruits TRAF6 through IRAK molecules to the complex. 

 

1.1.3. BAFF signaling 

BAFF (also known as BLyS) is required for the homeostasis and development of 

mature B cells. There are 3 BAFF binding receptor: BAFF receptor (BAFF-R or BR3), B cell 

maturation antigen (BCMA) and transmembrane activator, calcium modulator, cyclophilin 

ligand interactor (TACI) [30]. While BAFF-R is widely expressed on naive and memory B 

cells and plasma cells, BCMA and TACI occurs only on latter stages [31], suggesting that 

BAFF-R is the dominant receptor mediating BAFF-dependent effects to B cells. This is 

supported by knock-out experiments, where BAFF-deficient mice [32] exhibit a very similar 

block in B cell maturation as BAFF-R KO animals [33]. BAFF-R promotes survival signals 

through the alternative NFκB pathway. In the absence of BAFF, NFκB-inducing kinase 
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(NIK) forms a complex with TRAF2 and TRAF3. TRAF2 recruits cellular inhibitor of 

apoptosis (cIAP), which targets NIK for proteasomal degradation by K48 ubiquitinylation. 

Following BAFF binding to BAFF-R, TRAF3 is recruited to the receptor where TRAF2 

promotes TRAF3 degradation. Rescued NIK activates the alternative NFκB pathway and 

produces p52 from p100 (Fig. 3) [34]. 

 

 

 

Figure 3. BAFF-R signaling [34]. 

NIK is directed to proteasomal degradation in the absence of BAFF. After ligand binding, TRAF2 promotes 

TRAF3 degradation and NIK activates alternative NFκB pathway. 

 

 

NIK also activates the canonical NFκB pathway transiently through IKK [35, 36]. BAFF-R 

promotes survival through the downregulation of the pro-apoptotic Bim via the ERK pathway 

[4], furthermore BAFF increases metabolic fitness of B cells through activating AKT [37]. It 

also activates JNK and p38 MAPKs in human B cells that have a role in AID expression and 

class switch recombination [38]. 



 9 

1.2. Co-signaling in B cells 

 It is clearly demonstrated, that both BCR and TLR9 activate the canonical NFκB 

pathway through TAK1, while BAFF-R use NIK to induce the non-canonical p100-p52 

conversion. Activated TAK1 also induces the phosphorylation of JNK and p38 MAPKs, 

leading to additional transcription factor activation (Fig. 4) [39]. Several articles demonstrate 

possible co-operation between BCR, TLR9 and BAFF-R stimulated pathways. Cancro et al. 

suggest that BCR signals generate p100, a limiting substrate for BAFF-R signal propagation 

[36]. Sustained ERK phosphorylation was shown in WEHI-231 cells activated with anti-Ig 

and BAFF [4], and enhanced p38 and JNK phosphorylation was demonstrated after 

simultaneous BCR and TLR9 stimulation [40]. TLR9 is also capable of the activation of ERK 

[41]. TAK1 is involved in innate and proinflammatory pathways, such as TLR, TGFβ, Wnt 

pathways and DNA damage. In addition, TAK1 also plays a central role in adaptive 

immunity as it transmits signals from the BCR and TCR [17, 42].  

 

Figure 4. Converging signaling pathways in B cells 

[http://www.immunology.uci.edu/_img/pages/tlr_slide.jpg] 

TLR9 and BCR activate the canonical NFκB pathway and other transcription factors through TAK1 while 

BAFF induces the alternative pathway through NIK. 
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1.3. Inhibitory signals 

 Terminating the immune response is as much important as turning it on. 

Downregulation of the ongoing immune reaction helps to preserve nutrients and energy, 

reduce the risk of unwanted tissue damage and prevents from autoimmunity. Numerous 

inhibitory pathways are involved in the regulation of B lymphocytes, such as the FcγRIIb 

(CD32b)-mediated inhibition of cell activation and the Fas (CD95)-induced programmed cell 

death.  

1.4.1. Fas-induced apoptosis 

 Cells die through either of two distinct processes: necrosis or apoptosis. Necrosis is 

caused by external factors such as infection, toxins or trauma, while apoptosis is mostly 

mediated by the TNF receptor (TNFR) family member TNFR and Fas (CD95). Necrotic cell 

death is characterized by minor nuclear changes, swelling of the cell resulting in plasma- and 

organelle-membrane rupture. Apoptosis is a controlled mechanism, where the destruction of 

the cell is coordinated by the caspase family of cysteine proteases. While necrosis results in 

inflammation, apoptosis has numerous beneficial effects, such as cell clearance upon 

ontogenesis, cell removal without inflammation and the elimination of autoreactive B cells. 

Characteristics of apoptosis are the rapid externalization of the basically intracellular 

phosphatidylserine and the appearance of a hypoploid population because of the 

fragmentation of DNA. 

 There are two major apoptotic pathways: the “intrinsic pathway” is activated by 

various stress-inducing stimuli and the “extrinsic pathway”, which is initiated by the 

activation of death receptors.  

 In the intrinsic pathway stress-induced apoptosis results in the perturbation of 

mitochondria and release of proteins such as cytochrome c from the inter-mitochondrial 

membrane space. The release of cytochrome c is regulated by the Bcl2 family members with 

anti-apoptotic or pro-apoptotic properties, inhibiting or promoting its release, respectively. 

Once released, cytochrome c binds to the apoptotic protease-activating factor 1 (Apaf1), 

which results in the formation of the Apaf1–caspase 9 apoptosome complex and activation of 

caspase 9. The activated caspase 8 and 9 then activate the effector caspase 3 that is 

responsible for the cleavage of DNA. 

  Triggering the cell surface receptor Fas (extrinsic pathway) results in the recruitment 

and activation of the initiator caspase 8 through Fas-associated death-domain protein 

(FADD). Caspase 8 subsequently activates caspase 3 and also the intrinsic pathway (Fig. 5), 
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thus CD95 – through the activation of both the intrinsic and extrinsic pathway – is a very 

effective mediator of apoptosis [43].  

  Fas receptors play a pivotal role in the elimination of the non-specific and 

autoreactive B cells in the germinal center [6]. FasL expressing T cells can kill B cells unless 

they receive a survival signal via the BCR as a proof of their antigen specificity. In addition, 

other receptors such as BAFF-R and TLRs may also deliver rescue signals for B cells [44-

46], however the exact molecular mechanism is still not completely understood.  

 

 

 

 

Figure 5. Extrinsic and intrinsic pathways of apoptosis [43]. 

The release of cytochrome c from the mitochondrium activates caspase cascade through Apaf-1-caspase 9 

apoptosome (intrinsic pathway). FasL (extrinsic pathway) induce caspase 8 binding and autoactivation and the 

subsequent activation of the caspase cascade indirectly through the intrinsic pathway and directly through 

caspase 3.  

1.4.2. FcγRIIb-mediated B cell inhibition 

 FcγRIIb is the only inhibitory Fc receptor, as it has an immunoreceptor tyrosine-based 

inhibitory (ITIM) motif in its intracellular chain. It plays a prominent role in the negative 

feedback loop of B cells antibody production, as CD32 co-cross-linking to the BCR by IgG-
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containing immune complexes inhibits BCR-mediated signalization (Fig. 6) [47]. FcγRIIb 

recruits SH2-containing inositol polyphosphate 5-phosphatase (SHIP) to hydrolise the 5’ 

phosphate of phosphatidylinositols, such as phosphatidylinositol (3,4,5)-triphosphate (PIP3) 

[48]. Since the PI3K-produced PIP3 recruits signaling molecules – such as AKT and BTK - 

to the plasma membrane by their PH domain, their relocalization and subsequent activation as 

well as Ca
2+

 flux is inhibited by FcγRIIb through SHIP activity [15, 49].   

 

 

 
 

Figure 6. Negative feedback-loop of B cell antibody production.      

Inhibition requires the co-cross-linking of the BCR and FcγRIIb by antibody-coated antigen (immune complex).  

 

 

1.4. Rheumatoid arthritis 

Rheumatoid arthritis is a chronic autoimmune disease characterized by joint 

inflammation involving the synovial tissue. It’s affecting 1-3% of world population with a 3 

times higher prevalence for women as men. As a multifactorial disease, risk factors can be 

certain genetic alleles (HLA-DR4, PTPN22), smoking, stress and infections.  

B lymphocytes undoubtedly play a critical role in RA pathology, as B cells producing 

autoantibodies maintain T cell activation in the joints. Autoantibodies are found in the 

majority of the RA patients [50, 51]. The pathomechanism of the disease involves abnormal 

B and T cell activation against self-structures, immune cell infiltration in the synovium, 

increased proinflammatory cytokine secretion and inflammation of the joints. Progression 

leads to joint destruction and bone deformity (Fig. 7).  
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Figure 7. The pathomechanism of rheumatoid arthritis (modified) [52]. 

Autoreactive B cells present autoantigen peptide-fragments to T cells, leading to autoantibody production and 

deposition, proinflammatory cytokine production and further inflammatory cell infiltration in the joint.  

 

 

 Since self-structures are normally tolerated, activation of the immune system against 

modified self is a result of breaking tolerance. Numerous studies have shown that altered 

activation threshold due to elevated signal strength or decreased inhibitory potential of some 

receptors may lead to the development of autoreactive B cells [53, 54]. Excess of BAFF 

rescues self-reactive B cells from peripheral deletion [8, 55]. NFκB promotes survival 

signals, thus high level of BAFF in serum lowers the activation threshold of B cells resulting 

in the production of low affinity, autoreactive antibodies [56]. TLR9 can also recognize self 

DNA and this may promote immune pathologies. The autoimmune disease systemic lupus 

erythematosus (SLE) is characterized by the presence of autoantibodies against endogenous 

DNA [57]. Effective activation of self-reactive B cells might require TLR9 stimuli [9, 58], 

suggesting a role of BAFF and TLR9 in developing autoimmune diseases. 
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 Once the abnormal immune response has become established, plasma cells derived 

from B lymphocytes produce rheumatoid factor and antibodies against citrullinated proteins 

(anti-citrullinated protein antibodies (ACPAs)) of the IgG and IgM classes in large quantities. 

ACPAs are highly specific for RA. Such autoantigens are collagen, filaggrin, vimentin and 

fibrinogen [51, 59], most of them – except filaggrin - typically found in the synovium.  

 Inflammation is then driven either by B or T cell products stimulating the release of 

TNFα and other inflammatory cytokines [60]. Besides cell activation in the inflamed joint, a 

systemic activation of peripheral lymphocytes was observed in patients with SLE and RA 

[61, 62].  

 B lymphocytes play critical role in the pathogenesis of RA therefore inhibition of 

these cells became one of the main goals of its treatment.  

1.5. Monoclonal antibody therapies 

 There is no cure for RA, but current medications such as steroids, nonsteroidal anti-

inflammatory drugs (NSAIDs) and disease-modifying anti-rheumatic drugs (DMARDs) can 

relieve pain, slow down the progression of the disease and save the joints from permanent 

damage. More recently new biological therapies are available to treat the disease and prevent 

joint destruction. For example, monoclonal antibodies against TNF (Adalimumab, 

Infliximab) and humanized monoclonal antibody against IL-6 receptor (Tocilizumab) 

significantly decrease inflammation [52, 63]. Since B cells play a prominent role in 

autoantibody and proinflammatory cytokine production and in antigen presentation for T 

cells, clinical benefits after functional suppression or deletion of B cells are expected. Not 

surprisingly, the chimeric monoclonal antibody Rituximab - targeting the human B cell 

marker CD20 to deplete CD20+ B lymphocyte population - has a remarkable efficacy in RA 

[64]. On the other hand, clinical safety and the protection against infections require the 

survival of non-autoreactive B cells; therefore a preferred approach may be the inhibition 

rather than depletion of B cells.  

 To mimic the immune complex-mediated suppression of B cell activation (Fig. 6), 

Xencor Inc. engineered the Fc region of a humanized anti-CD19 IgG1 antibody to have a 

>400X higher affinity for FcγRIIb (XmAb5871) as compared to the wild type IgG (Fig. 8) 

[10]. CD19 is a B cell-specific transmembrane glycoprotein, functioning as a positive co-

receptor of BCR. Since both CD19 and FcγRIIb expressed from pro-B cell until the plasma 

cell stage [65-67], thus XmAb5871 exerts its effect in a broader spectrum than Rituximab 

(Fig. 9). 
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Figure 8. Schematic representation of XmAb5871-dependent inhibition.  

Fc-modified anti-CD19 antibody XmAb5871 has >400X higher affinity to FcγRIIb. Co-ligation of CD19 and 

FcγRIIb induces the phosphorylation of the ITIM motif of CD32, which subsequently recruits SHIP to shut 

down BCR signalisation. 

 

  CD19 intracellular domain contains several immunoreceptor tyrosine-based 

activation motif (ITAM)-like regions that serve as targets for tyrosine kinases. 

Phosphorylated CD19 recruits other signaling molecules including Lyn, Grb2, PI3K, PLCγ 

and Vav [68], thus lowering B cell activation threshold. Co-ligation of BCR and FcγRIIb 

induces the phosphorylation of ITIM on the latter, recruiting SHIP to the plasma membrane 

[48]. Besides the inhibition of PH domain-containing molecules, SHIP also binds Dok1, 

another adaptor that inactivates Ras and thus inhibits the Ras-MAPK pathway [69].  

 Horton et al. have shown that XmAb5871 suppresses T cell co-stimulatory molecule 

CD80 and CD86 expression, humoral immunity against tetanus toxoid and reduced serum 

antibody levels in SCID mice engrafted with human PBMCs from patients with systemic 

lupus erythematosus (SLE) [70]. A more recent study has demonstrated similar B cell 

inhibition and suppression of humoral responses in patients with RA [71].  

 

 
 

 
Figure 9. Expression patterns of CD19 and CD20 on B cells [65]. 

 XmAb5871 has a broader spectrum as Rituximab as it affects B cells from pro-B cell to plasma cells stages. 
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 XmAb5871 started phase 2a clinical trial in 2013 (A RANDOMIZED, PLACEBO-

CONTROLLED, DOUBLE-BLINDED, ASCENDING MULTIPLE DOSE STUDY OF THE 

SAFETY, TOLERABILITY, PHARMACOKINETICS AND PHARMACODYNAMICS OF 

XMAB®5871 IN PATIENTS WITH RHEUMATOID ARTHRITIS, EudraCT Number: 

2012-003057-29). 



 17 

2. Objectives 

 A) The main objective of my PhD work was to reveal the molecular mechanism and 

functional consequences of human B cell co-stimulation via different activating receptors - 

BCR, BAFF-R and TLR9. BAFF-R and TLR9 use different signaling pathways, however 

both of them can contribute in the fine-tuning of B cell activation. Due to their role in 

autoimmunity, it is necessary to understand their cooperative role in the regulation of various 

B cell functions. 

 B) Inhibition of B cell functions is essential in terminating the immune response, 

therefore we investigated the effect of BAFF-R/BCR/TLR9 co-stimulation on the Fas-

mediated programmed death of B cells. 

 C) CD19 is a positive co-receptor of BCR, however cross-linking CD19 to the 

inhibitory FcγRIIb on B cells inhibits antibody production. XmAb5871 is a CD19-specific 

monoclonal antibody that has a modified Fc part. Due to amino acid substitutions, 

XmAb5871 binds human FcγRIIb with >400X higher affinity as compared to the native IgG1 

antibody. We tried to assess the effects of XmAb5871 on BCR- and TLR9-mediated 

activation pathways, including the co-stimulation induced synergistic B cell activation. 

 

 

Specific aims were as follows: 

 

A) 

 - To examine the effect of the combined signals on the phosphorylation of MAPKs in B cells 

and to identify the kinase(s) responsible for the receptor cross-talk. 

- To study if combined BCR, TLR9, and BAFF-R signals interfere with B cell proliferation. 

- To see if the co-stimulation via BCR, TLR9 and BAFF-R affects cytokine production of B 

cells. 

- To follow plasmablast differentiation and the number of IgG-producing cells in the co-

stimulated samples with flow cytometry and ELISPOT assay, respectively.  

- To reveal signaling differences between healthy and RA patients B cells using phospho-

flow technique. 
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B)  

To investigate the Fas-induced apoptosis by detecting pan-caspase and caspase-8 activity in 

A20 cells, a sensitive mouse B cell line, and to see if B cells escape from programmed death 

after the stimulation with anti-Ig, BAFF and CpG. 

 

C)  

To examine the effect of XmAb5871 Fc enhanced anti-CD19 antibody on: 

- the phosphorylation of FcγRIIb ITIM and the subsequent AKT and ERK activation 

- the intracellular Ca
2+

 influx 

- the B cell proliferation and on the production of IL-6, IL-10 and TNFα cytokines 

- the total IgG-production and on the RA-specific, citrullinated filaggrin peptide-specific IgG 

production by B cells from RA patients. 
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3. Materials and methods 

 

3.1. Ethic statement 

 Blood samples were taken from healthy blood donors and from patients suffering in 

Rheumatoid arthritis after written consent with ethical permission of the Scientific Research 

Ethics Committee of the Medical Scientific Board of Ministry of Human Resources (ETT 

TUKEB 5257-0/2010-1018EKU 376/PI/010). Further blood samples were taken from healthy 

blood donors, and tonsils were obtained from patients undergoing tonsillectomy after written 

consent with ethical permission of the Scientific Research Ethics Committee of the Medical 

Scientific Board of Ministry of Human Resources (ETT TUKEB 84-402/2008-1018EKU 

1010/PI2008). The Scientific Research Ethics Committee of the Ministry specifically 

approved these studies. 

 

3.2. Antibodies and reagents 

 For the stimulation of human B cells affinity purified F(ab’)2 fragment of goat anti-

human IgG + IgM (H+L) was purchased from Jackson Immunoresearch Laboratories, 

phosphorothioated unmethylated CpG oligodeoxynucleotide (ODN-2006) (5’-

tcgtcgttttgtcgttttgtcgt’-3’) from Sigma- Aldrich and recombinant human BAFF, IL-2 and IL-

10 obtained from ImmunoTools were used. Anti-human CD19 with the Fc-KO mutations 

XENP6187 and anti-human CD19 with FcγRIIb enhanced IgG1 Fc (XmAb5871) were 

produced by Xencor Inc. The mouse anti-Fas antibody and FITC-labeled anti-Fas (Jo2) mAb 

and caspase 8 fluorogenic substrate Ac-IETD-AFC were purchased from Becton Dickinson. 

Pan-caspase substrate (DEVD) was from Invitrogen, the anti-mouse IgG and the propidium 

iodide (PI) from Sigma–Aldrich. The recombinant mouse BAFF was from R&D Systems and 

CpG ODN (5’-tccatgacgttcctgacgtt-3’) was from Invivogen. B cell purity was assessed by 

staining with CD19-APC (BD Biosciences). Antibodies used in our Western blot experiments 

phospho-AKT (Ser473), phospho-ERK (Thr202/Tyr204), phospho-IκB (Ser32), phospho-

TAK1 90C7 (Thr184/187), phospho-p38 (Thr180/Tyr182) were purchased from Cell 

Signaling Technology, pFOXO1 (Thr24) and phospho-JNK (Thr183/Tyr185, 

Thr221/Tyr223) were from Millipore and phospho-FcγRIIb (Tyr292, 2308-1) was from 

Epitomics. Rabbit anti-SH-PTP1 and rabbit anti-SHP2 were used as loading control both 
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from Santa Cruz Biotechnology. For the phospho-specific flow cytometry PhosFlow Perm 

Buffer III, CD20-A647 (clone: H1), CD27-PE (clone: L128) and pp38-A488 (clone: 36/p38) 

(pT180/pY182) were purchased from (BD Biosciences). Secondary anti-rabbit and anti-

mouse IgG-HRP conjugated antibodies were from Cell Signaling Technology and DAKO, 

Luminata Forte HRP substrate and (5Z)-7-Oxozeaenol (TAK1 inhibitor) were purchased 

from Millipore. Sheep blood was purchased from Bak-Teszt Diagnostical Ltd.. Biotinylated 

and citrullinated epitope peptide of filaggrin 
306

SHQESTXGXSXGRSGRSGS
326

 (X stands 

for citrulline) [59] was a generous gift from Dr. Anna Magyar (Research Group of Peptide 

Chemistry, Hungarian Academy of Sciences, Eötvös Loránd University, Budapest, Hungary). 

 

3.3. Cell lines and primary B cell isolation 

 Burkitt’s lymphoma B cell line BJAB was used for the initial screening of the 

activation of MAPKs. The mature mouse B cell lymphoma cell line A20 was used for the 

apoptosis assays, and primary B cells from healthy and RA patients blood or from human 

tonsils were used for all other experiments. Cells and cell lines were cultured in RPMI 1640 

medium supplemented with 10% FCS, 2 mM l-glutamine, 10 U/ml penicillin, 10 μg/ml 

streptomycin, 10 mM HEPES - 50 μM 2-mercaptoethanol in the case of A20 cells - and 

maintained at 37 
o
C in a humidified atmosphere with 5% CO2.  

 Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 

centrifugation on Ficoll-Paque PLUS (GE Healthcare), and B lymphocytes were purified by 

negative selection using Magnetic Bead-Activated Cell Sorting (MACS) according to the 

manufacturer's protocol (Miltenyi Biotech). B cell purity was assessed by flow cytometry 

using anti-human CD19-APC antibody. B cells with purity over 95% were used in most 

experiments, while B cells’ purity was over 99 % in experiments testing the cytokine 

production.  

 Tonsils were obtained from patients undergoing tonsillectomy. Mononuclear cells 

were isolated by Ficoll-Paque PLUS density gradient centrifugation and T cells were depleted 

after rosette formation with sheep red blood cells followed by a second density gradient 

centrifugation. For Western blot analysis, resting tonsil B cells were isolated by Percoll 

gradient centrifugation. The purity of the resultant B cell suspension was over 95%. Tonsil B 

cells 

were further purified over 99% by negative magnetic bead separation for the cytokine 

production experiments. 
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3.4. Cell activation 

 To analyze synergistic activation on human B cells, suboptimal doses of stimulants 

were used. B cells were activated by cross-linking the BCR with 2,5 μg/ml affinity purified 

F(ab’)2 fragment of goat anti-human IgG + IgM (H+L) (anti-Ig) in the presence or absence of 

100 ng/ml recombinant human BAFF and 1 μg/ml TLR9 ligand phosphorothioated 

unmethylated CpG oligonucleotide. The TAK1 inhibitor (5Z)-7-Oxozeaenol was used in 100 

nmol. To test the effect of Fc-engineered antibodies on FcγRIIb, AKT and ERK 

phosphorylation, cells were pre-treated with XmAb5871 or the Fc-KO controll antibody 

XENP6187 for 30 min at 37 
o
C (10 μg/ml). For functional assays, anti-human IgG + IgM, 

CpG ODN and respective anti-CD19 antibodies were mixed before adding to the cells. Cell 

types, different concentrations and incubation times are indicated below the figures. 

 

3.5. Phospho-MAPK Array 

 For an initial screening of the phosphorylation status of a variety of kinases after BCR 

and/or TLR9 activation, we have performed a phospho-MAPK array (R&D Systems). 3 x 10
6 

BJAB cells were treated with various stimuli for 30 minutes at 37 
o
C. The experiment was 

carried out according to the manufacturer’s instructions. 

 

3.6. Western blot analysis 

 2 x 10
6
 peripheral blood or resting tonsil B cells were activated per western blot 

sample. After 30 minutes of activation, cells were pelleted and lysed in 50 μl lysis buffer 

(containing 20 mM Tris (pH 7,5), 150 mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-

100, 1mM β-glycerolphosphate supplemented with protease and phosphatase inhibitors (2,5 

mM Na3VO4, 1 mM PMSF, 2 μg/ml aprotinin, 2 μg/ml leupeptin, 5 μg/ml pepstatni). Lysates 

were mixed at 4:1 with 5 times concentrated reducing sample buffer. Samples were subjected 

to SDS/PAGE under reduced condition, and proteins were transferred electrophoretically to 

nitrocellulose membrane (Bio-Rad Laboratories). The membranes were blocked with 5% 

BSA in TBS with 0.1% Tween-20 for 1 h, then incubated overnight with the primary 

antibodies specific for the phosphorylated forms of various signaling proteins. After several 

washings with Tris-washing buffer (TWB-Tween) the secondary horseradish peroxidase–

conjugated species-specific antibodies were added, finally, HRPO substrate was added to 
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visualize the indicated molecules by enhanced chemiluminescence (ECL). SH-PTP1 and 

SHP2 were used as loading control. 

 

3.7. RNA interference 

 Small interfering RNA (siRNA) Reagent System and a pool of 4 target-specific 

siRNA against human TAK1 was purchased from Santa Cruz Biotechnology. BJAB cells 

were transfected according to the manufacturer’s instructions. After 72 hours cells were 

activated with 2.5 μg/ml anti-Ig and 1 μg/ml CpG for 30 min and subjected to Western blot 

analysis. 

 

3.8. Calcium mobilization 

 [Ca
2+

]i was measured by flow cytometry using Fluo-4 (Invitrogen)-stained purified 

blood B cells. Cells were resuspended at 5 x 10
6
 cells/ml in Hank’s buffer (143 mM NaCl, 1 

mM Na2SO4, 5 mM KCl, 1 mM NaH2PO4, 0.5 mM MgCl2, 1 mM CaCl2, 5 mM glucose and 

10 mM Hepes) and loaded with Fluo-4 dye for 30 min at room temperature. After incubation 

with 10 μg/ml anti-CD19 antibodies XmAb5871 or XENP6187, cells were stimulated by 

addition of 10 μg/ml of anti-Ig. Calcium flux kinetics were recorded using a FACSCalibur 

flow cytometer (BD Biosciences) and data were analyzed using FlowJo software (TreeStar). 

 

3.9. Apoptosis assay 

 The sensitivity of A20 cells to Fas-mediated cell death was examined after incubating 

the cells (10
6
 cells/ml) with 100 ng/ml of Jo2 anti-Fas antibody at 37 

o
C. After 2.5 h the rate 

of apoptotic cells was detected by flow cytometric analysis. Briefly, cells were fixed in ice-

cold 70% ethanol, washed in 38 mM sodium citrate (pH 7.4) (DNA fragments from apoptotic 

cells washed out) and stained for 20 min at 37 
o
C with 69 μM PI in 38 mM sodium citrate 

(pH 7.4) buffer. Cells were analyzed with a flow cytometer and the proportion of apoptotic 

cells represented by the subG1 peak was determined. 
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3.10. Caspase activity assay 

 For assaying caspase activity, 10
6
 A20 cells were incubated with 100 ng/ml anti-Fas 

antibody (Jo2) for 2 h at 37 
o
C. Untreated cells were used as control. Cells were centrifuged 

and incubated with 50 μM membrane permeable rhodamine 110-based generic caspase 

substrate (D2-R110, Invitrogen) in Hank’s buffer for 30 min at 37 
o
C. After washing with 

Hank’s buffer, caspase activities (the percentages of cells containing the fluorescent R110 

cleavage product) were quantified by flow cytometry on FACSCalibur. 

 

3.11. Caspase 8 activity assay 

 5 x 10
5
 cells were incubated with 100 ng/ml anti-Fas antibody for 2 h at 37

 o
C, 

following 1 h stimulation with 1.8 μg/ml CpG or 0.074 μg/ml anti-IgG. Untreated cells were 

used as controls. Cells were centrifuged, lysed at 250 μ lysis buffer. After lysis, 250 μl 

caspase 8 assay buffer (20 mM HEPES, 100 mM NaCl, 1 mM EDTA, 1% sucrose and 10 

mM DTT, pH 7.2) and 5 μl caspase 8 substrate (Ac-IETD-AFC) was added to the samples. 

After 1 h incubation at 37 
o
C, cleaved substrate was excited at 400 nm and emission spectra 

were measured between 440 and 530 nm with Spex FluoroMax spectrofluorometer. 

 

3.12. Proliferation assay 

 10
6
 – 10

7
 purified peripheral blood B cells were incubated with 5 μM 

carboxyfluorescein diacetate succinimidyl ester (CFSE, Biolegend) in 5% FCS containing 

PBS for 10 min at 37 °C. After repeated washings with ice-cold RPMI 1640 medium, cells 

were transferred into 96-well plates (4 x 10
5
 cells/well) and cultured for 5 days at 37 °C in 

complete medium containing different stimuli with or without TAK1 inhibitor or the 

respective anti-CD19 Xencor antibody. Cell cultures were harvested and CFSE staining was 

analyzed by flow cytometry. Dead cells were stained with PI and gated out. The results were 

evaluated by FlowJo software. 

 

3.13. Cytokine array 

 Purified blood B cells were stimulated with suboptimal stimuli of anti-Ig and CpG 

and the effect of TAK1 inhibitor was measured after 24h with cytokine array (R&D System). 

The experiment was carried out according to the manufacturer’s instructions.  
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3.14. Cytokine production 

 Secretion of IL-6, IL-8, IL-10 and TNFα cytokines were measured in the supernatants 

of purified blood and tonsil B cells stimulated under various conditions. 2 x 10
5
 cells were 

stimulated per sample. The supernatants were collected after 48 h and stored at -70°C until 

assayed by Flow Cytomix bead array (Bender MedSystem) according to the manufacturers’ 

instruction. 

 

3.15. Plasmablast differentiation 

 2 x 10
5
 purified blood B cells were cultured in 96-well plates for 4 days in the 

presence of IL-2 and IL-10 (50 ng/ml) and different stimuli, and the ratio of CD27
++

 CD38
+
 

plasma blasts were evaluated by flow cytometry on FACSAria (BD Biosciences) using 

CD27-PE and CD38-Alexa Fluor700 antibodies. Dead cells were stained with PI and gated 

out. 

 

3.16. Total IgG ELISPOT assay 

 To assess the effect of co-stimulation in the presence or absence of TAK1 inhibitor or 

XmAb5871 or XENP6187, 10
5
 purified blood B cells were added per well of a 96-well 

round-bottom plate in 200 μl culture media containing IL-2, IL-10 (50 ng/ml) [72], and 

different combinations of activators as indicated in the figure. Alternatively, to measure the 

inhibitory potential of XmAb5871 on total IgG production, B cells were stimulated in the 

presence of 10 ng/ml IL-2 and 1 μg/ml R848 (Sigma-Aldrich) a polyclonal activator [73]. 

Cells were cultured for three days at 37 °C in 5% CO2 containing atmosphere. The 

frequencies of IgG secreting cells were evaluated by ELISPOT assay. Briefly, 96-well 

MultiScreenHTS-IP filter plates (Millipore) were pre-treated with 70% ethanol and washed 3 

times in sterile PBS before coating overnight at 4 °C with 5 μg/ml mouse anti-human IgG 

(BD Biosciences). Plates were washed in sterile PBS and blocked with PBS containing 3% 

BSA. A serial dilution of cultured B cells was added and incubated at 37 °C. After 20 h 

incubation, cells were aspirated and plates were washed with PBS containing 0.1% Tween 

20. HRP-conjugated mouse anti-human IgG (BD Biosciences) was added and after two hours 

of incubation, plates were subjected to several washes and spots were developed with TMB 
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substrate (MabTech). Spots were counted using the CTL Immunospot Reader (Cellular 

Technologies Ltd.). 

 

3.17. RA patients 

 Blood samples of RA patients were taken at the Buda Hospital of Hospitaller Brothers 

of St. John. Patients were received anti-inflammatory drugs (Methotrexate, Medrol) but no 

other biologic therapies. Purified B cells from six cyclic citrullinated peptide (CCP) test 

positive RA patients were used for the peptide-specific IgG production. Serum reactivity with 

citrullinated-fibrin peptide was tested with ELISA in each case as previously described [59].  

 PBMCs from patients with active RA (disease activity score (DAS) 28 > 5.1) were 

used in phospho-flow assay. 

 

3.18. Peptide-specific ELISPOT assay 

The assay was carried out as previously described [59]. Briefly, B cells from RA 

patient’s blood were isolated using MACS. 10
6
 cells/ml were cultured in RPMI 1640 

containing 10% FCS in the presence of 10 ng/ml IL-2 and 1 μg/ml R848 polyclonal activator 

[73] with or without XmAb5871. Cells were harvested on the third day, washed, counted, and 

then were transferred into the wells of ELISPOT plates pre-coated with neutravidin and the 

biotinylated citrulline-containing 19mer filaggrin peptide 
306

SHQESTXGXSXGRSGRSGS
326

 

(X stands for citrulline) [59]. The spots were developed after 20 h. 

 

3.19. Phospho-kinase specific flow cytometry (Phospho-flow assay) 

 PBMCs were prepared from peripheral blood of healthy volunteers and of RA patients 

having an active disease (DAS28 > 5.1). Peripheral blood mononuclear cells (PBMC) were 

separated using Ficoll density gradient centrifugation. 4 x 10
6 

PBMCs/sample were treated 

with or without 7.5 μg/ml affinity purified F(ab’)2 fragment of goat anti-human IgG + IgM 

(H+L) and 4 μg/ml CpG at 37 °C for 30 minutes. After treatment, PBMCs were fixed with 

1% paraformaldehyde for 10 minutes at 37 °C. The fixed PBMCs were then permeabilized on 

ice for 30 min using 1 ml Perm Buffer III. Cells were then washed twice and stained with 

CD20-A647, CD27-PE and pp38-A488. The expression of phosphorylated signaling 

molecules was analyzed on FACSCalibur. The amount of phosphorylated p38 MAPK in 
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CD27- naive B cells was presented as mean fluorescence intensity (MFI). The relative 

expression (%) was calculated based on the change of phosphorylated MAPK expression in 

resting and activated cells (stimulated sample MFI / resting sample MFI). 

 

3.20. Statistical analysis 

 Data are reported as means ± standard deviation and were analyzed using GraphPad 

Prism 4. Paired Student’s t test was used to compare groups. P values of <0.05 were 

considered statistically significant. The difference in the expression of phosphorylated p38 

MAPK between control and activated samples was compared with paired Student’s t-test and 

difference between healthy and RA patients was compared with unpaired Student’s t-test. 

Values of P < 0.05 were considered significant and were indicated as follows: *, P < 0.05, **, 

P< 0.01 and ***, P < 0.001. 
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4. Results 

4.1. Role of co-stimulation in regulating B cell activation 

 First we tested the effect of suboptimal activation via BAFF-R-, BCR- and TLR9-

mediated single or combined stimuli on various levels of signaling using phospho-MAPK 

arrays and Western blots. The functional consequences of single and combined signals on cell 

proliferation, cytokine and antibody production were also investigated. Finally, we compared 

the activation level and responsiveness of healthy and RA B cells to single or dual BCR and 

TLR9 stimuli.  

4.1.1. Simultaneous activation through BCR and TLR9 synergistically activates MAP kinases 

 At the initial screening our aim was to find out, which kinases are activated the most 

efficiently after BCR- and TLR9-mediated co-stimulation. We stimulated human Burkitt’s 

lymphoma cell line BJAB cells with suboptimal doses of anti-Ig and/or CpG for 30 minutes 

and the cell lysates were subjected to human phospho-MAPK array.  

 

 

Figure 10. Kinase phosphorylation pattern in BJAB cells after BCR and TLR9 co-stimulation. 

BJAB cells were treated with 5 μg/ml anti-Ig and/or 2 μg/ml CpG for 30 minutes. The relative phosphorylation 

values were calculated as the ratios of signal strengths for each kinases and positive control spots. 

 

This array provides information about the phosphorylation status of 24 different kinases, and 

only those giving an enhanced response to the dual stimuli are shown in Fig. 10.  
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 Both ERK, JNK and p38 isoforms showed enhanced phosphorylation after suboptimal 

anti-Ig and CpG treatment confirming previous results [40, 41]. We could not detect any 

synergism in AKT phosphorylation (data not shown), however the AKT substrate GSK3α/β 

showed a little increment in the dual stimulated sample as well as the cAMP response 

element-binding protein (CREB). 

4.1.2. BCR and TLR9 dual signals synergistically activate TAK1 and its downstream target 

p38  

 After the initial screening with the phospho-MAPK array we validated and extended 

our examination on the synergism between BCR- and TLR-mediated signals using primary B 

cells purified form the blood of healthy donors. As shown on Fig. 10, the strongest synergism 

was observed in the activation of JNK and p38. MAP kinase kinase kinase 7 (MAPKKK7) 

TAK1 is a master regulator of p38 and JNK, since it is responsible for the activation of the 

MAPK family kinases (MKK) MKK4 and MKK3/6 [23-25], leading to subsequent JNK and 

p38 phosphorylation. It was shown earlier that TAK1 participates in the BCR-, TLR9- and 

BAFF-induced signaling [28, 74, 75], therefore - in order to elucidate the role of TAK1 in the 

synergistic p38 phosphorylation - we checked whether the two or three suboptimal stimuli are 

synergizing at the level of TAK1 phosphorylation in human B cells. Peripheral blood B cells 

were stimulated for 30 min by anti-Ig and/or CpG ODN in the presence or absence of BAFF 

for different time intervals. Since different optimal time intervals were reported previously 

for BAFF stimulation [4, 37, 76, 77], we decided to use a relatively short (2 h) and long (20 

h) preincubation time. TAK1 phosphorylation was tested by Western blot (Fig. 11A). It was 

clearly demonstrated that none of the suboptimal signals of anti-Ig, BAFF and CpG could 

phosphorylate TAK1 alone, while the BCR and TLR9 dual stimuli provoked a robust 

phosphorylation of TAK1. This was independent of the presence of BAFF suggesting that 

BAFF did not contribute to TAK1 activation.  

 To test whether BCR and TLR9 co-stimulation also results in the synergistic 

activation of signaling elements downstream of TAK1, we monitored the phosphorylation of 

p38 MAPK upon the same stimuli with or without (5Z)-7-Oxozeaenol, a specific TAK1 

inhibitor [78] (Fig. 11B). The phosphorylation level of p38 followed the same pattern as that 

of TAK1. It is notable that a higher dose of CpG (2 μg/ml) was also capable to induce TAK1 

and p38 MAPK activation alone.  

 To assure that these previous results are really TAK1 dependent, gene silencing of 

TAK1 with a pool of 4 TAK1-specific siRNA was carried out on BJAB cells. TAK1 was 
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effectively silenced after 72 h which is consistent with the literature [79]. The synergistic p38 

activation in response to anti-Ig and CpG stimuli was compared in TAK1 siRNA transfected 

and control samples. Since AKT phosphorylation is independent of TAK1, therefore we 

monitored AKT phosphorylation as an additional control. 

 
 

 

 

Figure 11. Synergistic TAK1 and p38 phosphorylation through simultaneous BCR and TLR9 co-

stimulation. 

A. Peripheral human blood cells were preincubated with 100 ng/ml BAFF for 2 or 20 h and then stimulated with 

2.5 μg/ml anti-Ig and/or 2 μg/ml CpG for 30 minutes. B. B cells were stimulated with anti-Ig (2.5 μg/ml), CpG 

(2 μg/ml) or the combination of both reagents as indicated for 30 min in the absence (-) or presence of specific 

TAK1 inhibitor (5Z)-7-Oxozeaenol. C. Control and TAK1-specific siRNA transfected BJAB cells were 

activated with 2.5 μg/ml anti-Ig and 1 μg/ml CpG for 30 minutes, and subjected to Western blot analysis to 

measure TAK1, pAKT and pp38 level. SHP1 was used as loading control. 

 

 Figure 11C clearly shows that the double stimuli induced AKT phosphorylation in 

both the untransfected and the siRNA transfected BJAB cells, while p38 phosphorylation was 

completely blocked in the TAK1 silenced sample. To summarize the data, simultaneous 

suboptimal BCR and TLR9 stimulation synergistically induces TAK1 phosphorylation, while 

BAFF doesn’t contribute to this activation. Synergistic activation of TAK1 results in the 
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synergistically elevated phosphorylation of p38 MAPK, and this process is TAK1 specific, 

since both TAK1 inhibitor (5Z)-7-Oxozeaenol and silencing of TAK1 abrogate TAK1 and 

p38 phosphorylation, suggesting that TAK1 is responsible for the synergistic activation of 

p38 in B cells by BCR and TLR9. 

4.1.3. Inhibition of TAK1 impairs the BCR- and TLR9-induced co-activation of MAPKs and 

NFκB pathway 

 To examine whether the simultaneous suboptimal stimuli through BCR, TLR9 and 

BAFF-R results in a significant B cell activation, first we monitored the phosphorylation 

status of different signaling molecules following the single, double or triple stimuli. In 

addition, we used (5Z)-7-Oxozeaenol to estimate the role of TAK1 in the synergistic 

activation of these molecules (Fig.12). In order to acquire enough cells for our experiment, 

resting B cells were separated from human tonsils.  

 BAFF treatment induced IκB and p38 phosphorylation, but alone it was a weak 

activator. In the anti-Ig and BAFF co-stimulated samples ERK, JNK and IκB phosphorylation 

was increased as compared to the anti-Ig stimulation alone. BAFF also enhanced the CpG-

induced phosphorylation of AKT, FOXO1, JNK, p38 and IκB, but not of ERK. These data 

indicate that BAFF cooperates not only with the BCR-triggered but also with TLR9-induced 

signals. 

 30 minutes of suboptimal stimulation by anti-IgG/M induced strong AKT, ERK and 

FOXO1 phosphorylation and weak p38 and IκB responses. A remarkably enhancement was 

observed in both p38 and IκB phosphorylation with anti-Ig and CpG or BAFF stimulated 

samples. Finally, suboptimal anti-Ig induced a visible JNK phosphorylation only in the 

presence of BAFF or CpG. 

 1 μg/ml CpG alone induced slight, but together with anti-Ig a strong phosphorylation 

of MAPKs and IκB, confirming the results of the phospho-MAPK array. While simultaneous 

BCR and TLR9 stimulation showed a strong synergy, additional BAFF could not enhance 

further the phosphorylation level of critical signaling molecules in the triple stimulated 

sample. AKT kinase and its downstream target FOXO1 transcription factor was dominantly 

activated by anti-Ig, and was not influenced by BAFF and CpG.  

 MAPKs phosphorylation was totally abrogated in cells preincubated with TAK1 

inhibitor, while pIκB was slightly decreased. AKT was not affected by TAK1 inhibition. 

Since FOXO1 is a downstream substrate of AKT, it has shown the same phosphorylation 

profile with or without inhibitor. 
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Figure 12. Co-stimulation of human B cells with anti-Ig, CpG and BAFF synergistically activates MAPKs 

and the NFκB pathway. 

Resting tonsil B cells were stimulated with the combinations of anti-Ig (2,5 μg/ml), BAFF (100 ng/ml) and CpG 

(1 μg/ml) for 30 min with or without TAK1 inhibitor (5Z)-7-Oxozeaenol. Phosphorylation of AKT, FOXO1, 

MAPKs and IκB was measured. SHP1 was used as loading control. 

 

 These results suggest that BCR- and TLR9-mediated signals are potent activators of 

the MAPK and the NFκB pathways, and suboptimal stimuli can synergistically enhance each 

other’s  

effect. On the other hand, AKT phosphorylation seems to be regulated mainly by BCR, and 

BAFF or CpG have little influence on it. BAFF can contribute to some signaling steps, 

however it seems to be a weak activator. 

 Synergism between BCR- and TLR9-mediated signals - as shown by MAPK array 

and Western blot experiments - was TAK1 dependent, thus we investigated further the effect 

of BAFF-R, BCR and TLR9 co-stimulation with or without TAK1 inhibitor on various B cell 

functions. 
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4.1.4. Enhanced B cell proliferation is induced by co-stimulation with anti-Ig and CpG ODN 

that is partially TAK1 dependent 

 It is well known that BCR cross-linking and TLR ligands induce B cell proliferation, 

while BAFF is critical for development and homeostasis of normal B lymphocytes by 

promoting survival signals. However, it was reported by Fu et al. that BAFF-R also mediates 

B cell proliferation [80].  

 CFSE is a powerful tool to monitor cell division because of the sequential decrease of 

fluorescence in daughter cells. We have loaded peripheral blood B cells with CFSE 

fluorescent dye and cultured the cells for 5 days with various stimuli (Fig. 13). 

 As expected, BAFF did not induce cell division alone, but it enhanced proliferation 

triggered by anti-Ig and CpG, however this enhancement was rather a tendency than a real 

difference. BCR and TLR9 showed great degree of synergy in dual stimulated samples. B 

cells cultured in the presence of TAK1 inhibitor have shown lower proliferation rate, but 

synergy was still observed. Thus we conclude that BCR and TLR9 dual stimuli induce a 

robust synergistic B cell proliferation that is partially TAK1 dependent, while BAFF has a 

negligible effect.  
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Figure 13. Suboptimal 

BAFF-R, BCR and TLR9 

stimulation induces 

synergistic B cell 

proliferation. 

CFSE-labeled peripheral 

blood B cells were cultured 

for five days with the 

combinations of anti-Ig (2.5 

μg/ml), BAFF (100 ng/ml) 

and CpG (2 μg/ml) with or 

without TAK1 inhibitor 

((5Z)-7-Oxozeaenol). Shifted 

peaks represent the dividing 

cells. Total divided cell 

percentages are shown. 
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4.1.5. Cytokine secretion is induced by single or combined BCR- and TLR9-mediated stimuli 

 Besides antigen presentation and antibody production, the third important B cell 

function is cytokine production [81, 82]. By the secretion of pro- and anti-inflammatory 

cytokines B cells are important players in the modulation of immune response. It was 

reported earlier that BCR and TLR9 co-stimulation may enhance IL-6, IL-10 and TNFα 

secretion [83]. TAK1 is involved in cytokine production as TAK1 silencing repressed 

cytokine production of endometriotic stromal cells [84] and mouse embryonic fibroblasts 

[85].  

 First we have screened the cytokine production of BCR and TLR9 stimulated blood B 

cells by testing the supernatants in a cytokine array (Fig. 14.) A synergistic cytokine secretion 

induced by BCR and TLR9 dual signals and a clear inhibition by (5Z)-7-Oxozeaenol was 

observed only in the case of TNFα. IL-6 production was similar in all samples and was also 

inhibited by the TAK1 inhibitor, while the robust IL-8 production was not affected. 

Noteworthy, B cells synergistically produced CCL3, CXCL1, GM-CSF and IL-1RA, 

however the detected levels of these cytokines were very low. In order to precisely measure 

the concentration of the secreted cytokines, we decided to make further investigations on 

anti-Ig, BAFF and CpG co-stimulated tonsil B cells using the FlowCytomix multiplex bead 

array. 
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 Figure 14. BCR- and TLR9-induced cytokine production and its inhibition by TAK1 inhibitor was 

measured by cytokine array.  

Peripheral blood B cells were activated with 2.5 μg/ml anti-Ig and 1 μg/ml CpG with or without TAK1 inhibitor 

(TAK1+/-) and the secreted cytokine levels were measured by cytokine array. The relative amounts were 

calculated as the ratios of signal strengths for each cytokines and positive control spots. 

 

4.1.6. Role of TAK1 in cytokine secretion of B cells upon BCR and/or TLR9 stimulation 

 We used Flow Cytomix bead assay to quantify the produced cytokine concentrations. 

We have cultured extremely purified (>99%) human peripheral blood (Fig. 15A) and resting 

tonsil B cells (Fig. 15B) for 2 days and measured IL-6, IL-8, IL-10 and TNFα concentrations 

in the supernatants. BCR and TLR9 dual stimulation have a significant synergistic effect on 

IL-6, IL-10 and TNFα secretion of tonsil B cells. IL-8 production was also increased by anti-

Ig and CpG but the differences were not significant. BAFF alone did not provoke any 

cytokine secretion and it had minimal and controversial effect when applied together with 

anti-Ig and CpG (data not shown). TAK1 has a prominent role in IL-6, IL-10 and TNFα 

production since TAK1 inhibitor treated B cells produced significantly lower amount of 

cytokines. 
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Figure 15. BCR synergizes with TLR9 on a TAK1 dependent manner for cytokine production in primary 

human tonsil and blood B cells.  

Secreted IL-6, IL-8, IL-10 and TNFα were measured after 48 h from culture supernatants of vehicle treated 

(white bars) and TAK1 inhibitor treated (black bars) purified human tonsil (A) and blood (B) B cells. Data 

represent the mean ± SD of three different experiments with resting tonsil B cells, while one experiment with 

blood B cells is shown. * p<0.05. 
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4.1.7. Plasmablast generation induced by single or combined stimuli of B cells via BAFF-R, 

BCR and TLR9 is partially inhibited by (5Z)-7-Oxozeaenol 

 Stimulation of B cells via BAFF-R, BCR and TLR9 is capable to induce plasmablast 

differentiation [86, 87]. We have investigated whether TAK1 inhibitor is able to influence 

BAFF-R-, BCR- and TLR9-induced plasma cell differentiation and Ig secretion. B cells were 

incubated in the presence of anti-Ig, BAFF, CpG, IL-2 and IL-10. Cells were defined as: 

CD27
-
 CD38

-
 naive B cells, CD27

+
 CD38

-
 memory B cells, CD27

-
 CD38

+
 activated naive 

cells and CD27
++

 CD38
+
 plasmablasts [88-90]. While BAFF didn’t contribute to plasmablast 

generation in the triple stimulated samples, it successfully elevated plasmablast ratio when 

added either to anti- Ig or to CpG ODN stimulated cells (Fig. 16). The highest CD27
++

 

CD38
+
 plasmablast ratio was observed in the anti-Ig and CpG double stimulated samples 

(Fig. 6). Inhibition of TAK1 decreased the ratio of CD27
++

 CD38
+
 plasmablasts in each 

sample, while the trend of synergism was still noticeable. 
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Figure 16. Enhanced plasmablast 

generation of human B cells.  

Purified blood B cells (2 x 10
5
 

cells/well) were cultured with anti-

Ig (2.5 μg/ml), BAFF (100 ng/ml) 

and CpG (0.5 μg/ml) for 4 days in 

the presence of IL-2 (50 ng/ml) 

and IL-10 (50 ng/ml). Percentages 

of CD27++ CD38+ plasma blast 

cells were evaluated by flow 

cytometry. Samples in the right 

column were treated with 5Z-7 

Oxozeaenol (100 nmol). 
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4.1.8. Suboptimal BCR and TLR9 co-stimulation partly overcome the inhibition of IgG 

secretion by TAK1. 

TAK1 plays an important role in inducing IgG secretion [85], thus we decided to monitor the 

IgG secretion of B cells stimulated by single or multiple stimuli for 4 days using ELISPOT 

assay (Fig. 17).  

 

 

 
 

Figure 17. IgG secretion of B cells stimulated by BCR, TLR9 and BAFF in the presence or absence of 

TAK1 inhibitor as measured by ELISPOT assay. 

Purified human blood B cells (10
5
 cells/well) were cultured with anti-Ig (2.5 μg/ml), BAFF (100 ng/ml) and 

CpG (0.5 μg/ml) as indicated below the figure for 3 days in the presence of IL-2 (50 ng/ml) and IL-10 (50 

ng/ml). Spot numbers in the presence of vehicle (white bars) and spots in the TAK1 inhibitor treated samples 

(black bars) are shown. Y axis presents the IgG-producing cell number in 10
4
 cultured cell. Means ± SD of three 

different experiments. 

 

Only CpG stimuli activated the IgG production alone. In the anti-Ig plus CpG co-stimulated 

samples more IgG-producing cells were observed as compared to the CpG stimulated ones, 

however this difference was not significant. No measurable effect of BAFF was observed. 

TAK1 inhibitor almost totally suppressed the CpG-mediated IgG secretion, while 

surprisingly, inhibition of TAK1 reduced the spot number in the anti-Ig and CpG (and BAFF) 

stimulated samples by approximately 50%, indicating that the synergistic effect between 

BCR and TLR9 partly overcome the effect of the inhibitor.  
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4.1.9. Analysis of p38 MAPK activation in B cells of healthy blood donors and RA patients 

with phospho-flow technique 

 A systemic activation of peripheral B and T lymphocytes was observed in patients 

with SLE [61] and RA [62]. As it has been reported earlier, the basal p38 MAPK 

phosphorylation was significantly higher in CD19+ B lymphocytes of SLE patients – 

exhibiting a positive correlation with Systemic Lupus Erythematosus Disease Activity Index 

(SLEDAI) - , while no difference was found in RA patients [61, 62]. However, the same 

group found an elevated p38 phosphorylation in peripheral blood fibrocytes of RA patients 

[91], suggesting a possible pathologic activation of p38 MAPK in autoimmune diseases. 

These studies provide information about the basal phosphorylation status of signaling 

molecules in diseased patients. Besides the basal phosphorylation, we wanted to assess the 

consequences of the higher basal activation state of MAPK in RA B cells on the subsequent 

BCR- and TLR9-induced activation.  

 We (Fig. 10, 11B, 12) and others [36, 40, 41] have shown a synergistic activation of 

ERK and p38 MAPK in healthy human B cells. In order to investigate the possible signaling 

differences in healthy individuals and RA patients, we monitored basal and BCR- and/or 

TLR9-induced p38 phosphorylation. Because of the limited amount of blood we could obtain 

from the patients, we applied phospho-flow technique and compared the level of MAPK 

phosphorylation in CD19
+
 CD27

-
 naïve B cells from healthy blood donors and active RA 

(DAS28 > 5.1) patients. 

 Firstly, we confirmed the results of our Western blot experiments - BCR and TLR9 

double signals induced a higher p38 MAPK phosphorylation as compared to cells stimulated 

with the single signals (Fig. 18A). In addition, the basal level of p38 MAPK phosphorylation 

was higher in RA patients as compared to healthy control. Besides the higher basal level of 

p38 MAPK phosphorylation in RA patients, the relative phosphorylation of p38 MAPK in the 

single or double stimulated samples was significantly lower in RA B cells (anti-Ig: * 

p=0.0293; CpG: *** p=0.0004; anti-Ig + CpG: ** p=0.004) (Fig. 18B). 
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Figure 18. Phospho-flow analysis of p38 phosphorylation in resting and activated B cells 

from healthy blood donors and from RA patients. 

4×10
6
 PBMC were left unstimulated (control) or stimulated with anti-Ig (7.5 μg/ml) and/or CpG (4 μg/ml) for 

30 min at 37 °C. p38 phosphorylation was tested in the CD19+ CD27- naive B cell subset. A. The activation of 

p38 in healthy (square; n=17) and RA (triangle; n=13) B cells were analyzed by flow cytometry. B. The relative 

activation of p38 was calculated based on the alteration of phosphorylated MAPK expression in resting and 

stimulated naive B cells (stimulated sample MFI / resting sample MFI). Paired Student’s t-test was used to 

assess the differences of phospho-p38 MAPK expression between control and stimulated samples. *p<0.05, 

**p<0.005, ***p<0.0005 

 

4.2. Analysis of the effect of BAFF, anti-Ig and CpG stimulation on the Fas-

induced apoptosis of B cells 

It was reported previously that BAFF and CpG can rescue B cells from cell death [44-46], 

thus in order to measure whether these non-antigen specific suboptimal can cooperate with 

the antigen-specific BCR signal in rescuing B cells from apoptosis, we monitored Fas-

induced cell death as well as pan caspase and caspase 8 activation. In these experiments we 

used A20 mouse B cell line as a sensitive model for Fas-induced cell death [92]. 
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4.2.1. Apoptosis assay 

 We have analyzed the cooperation between BAFF-R-, BCR- and TLR9-triggered 

signals on the susceptibility of A20 cells to Fas-mediated cell death. Cells were pretreated 

with suboptimal anti-Ig, BAFF and CpG for 1 h and further incubated with Jo2 anti-Fas 

antibody for 2.5 h. The apoptotic subdiploid population was identified by PI staining and 

measured by flow cytometry as an indicator of the level of apoptosis (Fig. 19). 

 

 
Figure 19. BAFF and CpG cooperate with anti-Ig to rescue B cells from anti-Fas-induced apoptosis. 

10
6
 A20 cells were pretreated with 0.15 μg/ml BAFF, with 1.8 μg/ml CpG and with 0.074 μg/ml anti-IgG or 

left unstimulated for 1 h. Cell death was induced by the addition of 100 ng/ml anti-Fas antibody to the samples 

for 2.5 h. Cells were analyzed for the extent of apoptosis by measuring the percentage of cells containing 

subdiploid DNA, based on PI staining. Anti-Fas-induced killing were taken as 100%, and the other samples 

were normalized to that. Data are displayed as mean ± SD from four independent experiments. 

 

 Besides BCR stimuli, BAFF and CpG alone also rescued B cells from CD95-induced 

apoptosis as we expected. Stimulations were more efficient than single ones, and the three 

suboptimal stimuli together induced the strongest inhibition of Fas-induced cell death, 

resulting in the survival of more than 80% of cells compared to the positive control. 

According to these results, there is a positive cooperation between BAFF-, CpG- and BCR-

induced survival signals on CD95-mediated cell death. 
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4.2.2. Effect of BCR and TLR9 stimuli on pan caspase activity 

 It is known that Fas may induce both apoptosis and necrosis [93]. In order to confirm 

that the Fas-induced cell death was apoptosis, we tested the activities of caspases, the effector 

enzymes of apoptosis. A membrane permeable pan caspase substrate was used and the 

cleaved fluorescent product was measured by flow cytometry (Fig. 20).  
 

 

Figure 20. BCR and TLR9 downregulate anti-Fas-induced pan caspase activity. 

A20 cells were pretreated with 1.8 μg/ml CpG and with 0.074 μg/ml anti-IgG or left unstimulated for 1 h. Cell 

death was induced by the addition of 100 ng/ml anti-Fas antibody to the samples for 2.5 h. Cleaved fluorescent 

D2-R110 amount inside the cells was measured by flow cytometry. Active caspase containing cell ratio is 

indicated at the y axis. Data are displayed as mean ± SD from four independent experiments. 

 

 Anti-Fas induced caspase activity in 50% of the A20 cells, which was inhibited by 

both BCR and TLR9 stimuli. These results suggest that anti-Fas-mediated cell death is indeed 

apoptosis - due to the activation of caspases -, and that cell activation through BCR or TLR9 

prevents apoptosis as anti-Ig and CpG preincubated samples contain less apoptotic cells as 

compared to the positive control. 

4.2.3. Analysis of the effect of BCR- and TLR9-mediated stimuli on caspase 8 activity 

 The initiator molecule in the apoptotic signaling pathway is caspase 8 [94]. Data 

obtained in knockout models indicate that caspase 8 is required for cell killing by the death 

receptors CD95, TNFR1, and death receptor 3. Moreover, caspase 8 KO mice die in utero 

suggesting that the caspase 8 pathway is absolutely required for growth and development 

[95]. Caspase 8 activity is regulated by the phosphorylation of Tyr380 by Src kinases [96] 
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and Ser364 by p38 MAPK [97]. Therefore we studied the effect of BCR- and TLR9-mediated 

activation on caspase 8 activation. 

 Initially we have shown a lower pan caspase activity after BCR and TLR9 activation 

(Fig. 20). To assess the role of caspase 8 in the inhibition of apoptosis by BCR and TLR9, we 

used a caspase 8 specific substrate Ac-IETD-AFC. This substrate has the emission maximum 

at 479 nm, thus we have recorded the emission spectra of each sample from 440 to 530 nm 

(Fig. 21A) and then normalized the data of the emission peaks to the anti-Fas treated samples 

(Fig. 21B).  

 

 

 

 

Figure 21. Decreased caspase 8 activity after BCR and TLR9 stimuli. 

A. Emission spectrum of cleaved caspase 8 specific substrate in anti-Fas treated cells (black triangle), 1.8 μg/ml 

CpG or 0.074 μg/ml anti-IgG stimulated and then 100 ng/ml anti-Fas treated samples (black diamond), control 

samples with CpG or anti-IgG only (circle), assay buffer treated cells (squares). B. Emission peaks were 

normalized to anti-Fas treated sample. Data represents the mean ± SD of three independent experiments. 
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 BCR cross-linking [98] or TLRs-mediated signaling through MyD88 [99] can activate 

caspase 8. Accordingly, anti-Ig and CpG alone induced weak caspase 8 activation. Highest 

fluorescence was detected in the anti-Fas treated sample suggesting that BCR and TLR9 

stimulation directly affect caspase-8 activation. Since anti-Ig, BAFF and CpG synergistically 

induced p38 phosphorylation (Fig. 12), and BCR and TLR9 stimuli downregulated caspase 8 

activity, these data together suggest that p38 MAPK might be responsible for the BAFF-R-, 

BCR- and TLR9-mediated rescue effect (Fig. 19). 

4.3. Supression of innate and adaptive B cell responses by antibody co-

engagement of FcγRIIb and CD19 

 FcγRIIb inhibits B cell responses when co-ligated with BCR, therefore it has become 

a target for new autoimmune disease therapeutics. CD19 on the other hand is a positive co-

receptor of BCR, contributing to B cell activation. XmAb5871 is an Fc engineered 

humanized CD19-specific IgG1 antibody developed by the Xencor Inc. that have a >400X 

higher affinity for FcγRIIb than its native IgG1 counterpart. It mimicks the immune complex-

mediated suppression of B cell activation (Fig. 6, Fig. 8) [10], however its effect on TLR9-

induced signaling and on the activation of BCR and TLR9 dual stimulated B cells has not 

been studied yet. Therefore we examined the effect of XmAb5871 on B cells responses to 

BCR- and TLR9-mediated stimuli. In order to elucidate the inhibitory potential of 

XmAb5871, we compared its effect with that of XENP6187 control antibody that has 

mutations in its Fc domain (G236R and L328R) making it unable to bind to Fcγ receptors 

(anti-CD19-Fc-KO).  

 We and others showed earlier that non-antigen specific signals can contribute in B 

cell activation, thus our goal was to examine the effect of XmAb5871 on BCR- and TLR9-

mediated stimulation [9, 53-55, 100]. We used suboptimal concentrations of anti-Ig and CpG 

to answer the question whether XmAb5871 is capable to inhibit single and synergistic B cell 

activation. 

4.3.1. XmAb5871 inhibits AKT and ERK phosphorylation due to the phosphorylation of 

FcγRIIb’s ITIM  

 XmAb5871 has been previously shown to mediate phosphorylation of FcγRIIb and 

SHIP in human B cells [10, 70]. Therefore first we controlled the phosphorylation of pY292 

on FcγRIIb, a prerequisite for subsequent inhibition.  
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 FcγRIIb’s ITIM is phosphorylated upon 1 h of preincubation with XmAb5871 but not 

with the control antibody XENP6187 (Fig. 22). Co-engagement of CD19 and FcγRIIb with 

XmAb5871 is sufficient to induce Y292 phosphorylation, since neither the CD19-specific Fc-

KO XENP6187, nor anti-Ig and CpG stimulation (alone or in combination) induced FcγRIIb 

phosphorylation. We have shown previously that BCR and TLR9 stimuli successfully 

activate ERK, while only anti-Ig induces a strong phosphorylation of AKT (Fig. 12). Indeed, 

a robust AKT phosphorylation upon BCR cross-linking, while only a weak phosphorylation 

of AKT in the XENP6187 treated, non-stimulated and CpG stimulated samples was observed, 

presumably due to the CD19 cross-linking [101]. Interestingly, besides FcγRIIb 

phosphorylation, XmAb5871 has also induced a weak AKT phosphorylation, while 

effectively blocked anti-Ig-mediated activation of AKT. BCR-induced signals were also more 

efficient in inducing ERK phosphorylation as compared to CpG. Again, XENP6187 slightly 

induced ERK phosphorylation in non-stimulated and CpG stimulated cells, while XmAb5871 

inhibited ERK phosphorylation in all samples. These data indicates that co-ligation of CD19 

and FcγRIIb results in FcγRIIb’s ITIM phosphorylation, which is sufficient to inhibit the 

BCR- and TLR9-induced AKT and ERK activation.  

 

 

 

 

Figure 22. XmAb5871 phosphorylates FcγRIIb’s ITIM and downregulates BCR- and TLR9-mediated 

AKT and ERK signals. 

Purified resting tonsil B cells were preincubated with 10 μg/ml XmAb5871 or XENP6187 for 1 h and stimulated 

with 2,5 μg/ml anti-Ig and/or 1 μg/ml CpG for 30 minutes. One representative experiment from three 

independent experiments is shown. 
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4.3.2. XmAb5871 downregulates the BCR-induced Ca
2+

 flux 

 Modulation of intracellular Ca
2+

 concentration is a common signaling mechanism: 

once it enters the cytoplasm it exerts allosteric regulatory effect on many enzymes and 

proteins. Intracellular calcium influx is inhibited by phosphorylated FcγRIIb due to its 

binding of SHIP. Activated SHIP hydrolises the 5’ phosphate of phosphatidylinositols such 

as PIP3 that is a binding partner of PH domain-containing signaling molecules at the plasma 

membrane, thus extremely important in AKT [49] and BTK [15] activation. BTK activates 

PLCγ, which converts phosphatidylinositol 4,5-bisphosphate into the secondary messenger 

IP3, that in turn binds to IP3 receptors located on the endoplasmic reticulum (ER). Binding of 

IP3 to the IP3 receptors are essential for triggering a calcium release from the ER and 

subsequent entry of extracellular calcium [102, 103]. As SHIP decreases membrane PIP3 

level, it inhibits the IP3-mediated calcium mobilization [104].  

 In order to measure the effect of XmAb5871-induced SHIP activation on Ca
2+

 influx, 

we cross-linked BCR and monitored the intracellular Ca
2+

 concentration in the presence of 

XmAb5871 and XENP6178 (Fig.23).  

 

 

 

 

 

Figure 23. XmAb5871 inhibits BCR-induced Ca
2+

 mobilization. 

Purified peripheral blood B cells were loaded with Fluo-4 fluorescent calcium indicator and preincubated with 

10 μg/ml XmAb5871 or XENP6187, respectively. Ca
2+

 flux was induced by 10 μg/ml anti-Ig, and the changes 

in fluorescence were recorded for five minutes. Data were analyzed by FlowJo software. Data represents the 

avarage of two independent experiments. 
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 XmAb5871 and the Fc-KO control antibody XENP6187 alone didn’t induce calcium 

mobilization. As compared to the BCR stimulated sample, XENP6187 pretreatment 

enhanced, while XmAb5871 diminished [Ca
2+

]i. It was reported earlier that cross-linking of 

BCR with CD19 on B cells increases [Ca
2+

]i [105]. Anti-Ig cross-links BCR and CD19 

through the CD19-specific XENP6187 IgG1 isotype antibody, thus explains the elevated 

signal. On the other hand, XmAb5871 pretreated samples have shown a weaker calcium 

response as compared to cells stimulated with anti-Ig, indicating that FcγRIIb involvement is 

capable to overcome the synergistic effect of the cross-linked BCR and CD19.  

4.3.2. BCR- and TLR9-induced B cell proliferation is decreased by XmAb5871 

 XmAb5871 mediates the phosphorylation of FcγRIIb on Y292 and downregulates 

signaling events. We have shown earlier that BCR and TLR9 stimulation induce robust B cell 

proliferation (Fig. 13) thus we applied XmAb5871 in this test to assess its inhibitory potential 

(Fig. 24). 

 In agreement with previous results, anti-Ig synergistically enhanced CpG-induced cell 

proliferation, and XmAb5871 significantly inhibited proliferation of both BCR, TLR9 and 

dual stimulated samples, suggesting that its inhibitory potential is not limited for BCR only. 

Unexpectedly, XENP6187 also decreased the ratio of divided cells, however it was a weak 

activator in the Western blot experiments (Fig. 22.). Without discussing here the 

contradictory effect of XENP6187 on signaling and B cell proliferation, it seems that 

XmAb5871 has two possible way of inhibition: one is FcγRIIb dependent and the other is 

mediated by CD19 cross-linking. 
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 Figure 24. Both BCR- and TLR9-induced proliferation was suppressed by XmAb5871. 

A. CFSE-labeled human peripheral blood B cells were stimulated with combinations of 2.5 μg/ml anti-Ig and 1 

μg/ml CpG in the presence of 10 μg/ml XENP6187 or XmAb5871 for 5 days. Total percentages of dividing 

cells are shown. B. Percentages of dividing cells (mean ± SD) from three independent experiments are shown. *: 

p <0.05. 
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4.3.3. BCR- and TLR9-induced cytokine production is decreased by XmAb5871 

  

 

 

Figure 25. XmAb5871 inhibits BCR- and TLR9-induced IL-6, IL-10 and TNFα production. 

 4 x 10
5
 peripheral blood B cells (puritiy >99%) were cultured in 96-well plates with 2.5 μg/ml anti-Ig and 1 

μg/ml CpG in the presence of 10 μg/ml XENP6187 or XmAb5871 for 48 h and the cytokine levels were 

measured with Flow Cytomix bead array. Data represent the mean ± SD of four independent experiments. *: p 

<0.05. 



 51 

 Besides the production of autoantibodies, B lymphocytes regulate autoimmune 

conditions by their cytokine secretion [81]. B cells stimulated via BCR and TLR9 can secrete 

both pro- and anti-inflammatory cytokines, and the dual stimulation has a synergistic effect 

on IL-6, IL-10 and TNFα production (Fig. 15), therefore we compared the effect of 

XmAb5871 and the control XENP6187 on B cell secretion of IL-6, IL-10 and TNFα to 

evaluate their inhibitory potential on BCR and/or TLR9 stimulation (Fig. 25). 

 Firstly, we have verified our previous results that the two suboptimal stimuli work 

together synergistically. Single TLR9 and the synergistic BCR and TLR9 induced IL-6 

production was significantly inhibited by XmAb5871. Again, XENP6187 was also inhibitory, 

however the IL-6 production in the dual stimulated sample pretreated with XmAb5871 was 

significantly lower, suggesting that XmAb5871 has a stronger inhibitory capacity than 

XENP6187. Similarly to IL-6, IL-10 and TNFα secretion induced by the dual anti-Ig and 

CpG ODN signals was also significantly inhibited by XmAb5871 and XENP6187, with a 

more pronounced effect of XmAb5871 in all cases. In summary, we can say that XmAb5871 

significantly reduces the BCR and TLR9 stimulated IL-6, IL-10 and TNFα secretion. In 

addition, the Fc-KO anti-CD19 antibody XENP6187 was also inhibitory – although in a 

lesser extent – suggesting an inhibitory role for BCR and CD19 co-engagement on cytokine 

production. 

4.3.4. Inhibition of plasma cell differentiation by XmAb5871 

 Xencor has reported that XmAb5871 suppressed humoral immunity against tetanus 

toxoid and reduced serum antibody levels in SCID mice engrafted with human PBMCs [70]. 

To measure the inhibitory role of XmAb5871 on BCR- and TLR9-induced plasma cell 

differentiation, we used anti-Ig and CpG in the presence of IL-2 and IL-10 and monitored the 

number of IgG-producing B cells with ELISPOT assay (Fig. 26). 

Dual stimulated samples showed a reduced spot number as compared to samples 

stimulated with CpG alone. XENP6187 did not significantly influence IgG production, while 

XmAb5871 treated, CpG stimulated samples showed significantly lower number of IgG-

producing cells as compared to non-treated control samples (Fig.26A).  

We [59] and others [106] have previously shown that in vitro activated B cells from 

ACPA-positive RA patients produce citrullinated peptide-specific IgG. In order to investigate 

whether XmAb5871 reduces the citrullinated antigen-specific response, we used a different 

system, which was reported to efficiently induce the differentiation of memory B cells into 

plasma cells [73]. 
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Figure 26. XmAb5871 diminishes total and peptide-specific IgG production. 

A. Purified peripheral blood B cells were cultured with 2.5 μg/ml anti-Ig or 0.5 μg/ml CpG for 3 days in the 

presence of 50 ng/ml IL-2 and IL-10 with or without 10 µg/ml XmAb5871 or XENP6187. Y axis represents the 

IgG-producing cell number / 10
4
 cell. Mean ± SD of seven independent experiments is shown. *: p <0.05. B. 

Purified peripheral blood B cells were stimulated by 10 ng/ml IL-2 and 1 μg/ml R848 for 3 days in the presence 

of 10 µg/ml XENP6187or XmAb5871 antibodies. Data represent the mean ± SD of seven independent 

experiments. *: p <0.05. C. Purified peripheral blood B cells from 6 citrullinated-filaggrin seropositive RA 

patients were activated with IL-2 (10 ng/ml) and R848 (1 μg/ml) for 3 days with or without XmAb5871 and the 

citrullinated filaggrin peptide-specific IgG-producing cell number was evaluated on peptide-coated 

nitrocellulose plates. *: p <0.05 

 

XmAb5871 significantly diminished the number of IgG-producing cells in IL-2 and 

R848 stimulated samples as compared to the XENP6187 treated ones (Fig. 26B).  
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Seropositivity of RA patients for citrullinated-filaggrin peptide was tested by ELISA 

as described previously [59] and B cells obtained from citrullinated-filaggrin positive RA 

patients were used for further ELISPOT assay. Isolated B cells were activated with IL-2 and 

R848 with or without XmAb5871 and IgG-producing cell number was measured on 

citrullinated filaggrin-peptide coated plates (Fig. 26C). 

XmAb5871 decreased the spot number in each case, indicating that FcγRIIb-

dependent inhibition of autoreactive B cells may indeed block autoantibody production. 
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5. Discussion 

  B cells are central players in humoral immunity. Plasma cells are the terminal 

effector cells of the lineage and they can neutralize pathogens by secreting pathogen-specific 

antibodies. Together with the capability of T cell priming and cytokine production, these 

functions make them extremely important member of the immune system. A number of 

distinct checkpoints exist during B cell development to ensure that peripheral B cells express 

the correct BCR repertoire and induce subsequent BCR-triggered antigen-specific responses. 

Besides BCR signaling, a number of other activatory (BAFF-R, TLR9) and inhibitory (CD95, 

FcγRIIb) signals modulate B cells fate. BAFF-R and TLR9 are innate receptors, which may 

directly activate naive B cells in a T cell-independent and antigen-independent manner. This 

interaction between the adaptive and innate immune system may play a pivotal role in the 

rescue of non-specific and autoreactive B cells from anergy or apoptosis, thereby increases 

the risk of developing autoimmune diseases. 

 Convergences between the BCR and TLR9 pathways [40, 83, 86, 107, 108] and the 

BCR and BAFF mediated signals [37, 38, 80, 87, 109] were demonstrated earlier. BCR 

triggering upregulates BAFF-R [110] and TLR9 [111] expression, while TLR9 activation 

increases the expression of membrane-bound BAFF on B cells [112]. In addition, both BAFF 

and TLR9 are implicated in the development of autoimmunity [9, 53, 55, 56, 58], however 

the crosstalk between BCR, BAFF-R and TLR9 signaling and the functional outcome of this 

receptor crosstalk have not been explored in details. 

 We used suboptimal stimuli of anti-Ig, BAFF and CpG ODN to investigate BCR, 

BAFF-R and TLR9 crosstalk on various B cell functions. First, to reveal the kinases involved 

in this interaction, a phospho-MAPK protein profiler array was applied. The results showed a 

synergistic activation of several p38 and JNK isoforms and ERK MAPKs upon simultaneous 

stimulation of BJAB cells through BCR and TLR9, indicating a strong synergism between 

the two pathways. We could not detect any synergism in AKT phosphorylation (data not 

shown), however GSK3α/β and p70 S6 kinase activation showed an increment in the dual 

stimulated sample. GSK3 and p70 S6 kinase are downstream substrates of AKT, and Dragoi 

et al. reported CpG mediated AKT phosphorylation [113], and the activation of AKT by p38α 

through PDK1 and mTORC2 was also shown [114]. These data seem to be compatible with 

our finding that CpG can phosphorylate AKT at Ser473, although at a very low level (Fig. 

12). Not surprisingly, CREB also showed a synergistic phosphorylation since both ERK and 

p38 MAPKs are capable to activate it [115].  



 55 

 TAK1 was described as a central player in multiple immune and inflammatory 

signaling pathways, including cytokine receptors, TLRs, TCR and BCR signals [20, 28, 74, 

85]. Since TAK1 contributes to p38 and JNK activation in various signaling pathways [23-

25], we investigated whether TAK1 is responsible for the observed synergistic activation of 

MAPKs. Therefore we have tested combinations of suboptimal BAFF, anti-Ig and CpG and 

measured the phosphorylated TAK1 level by Western blot. The dual BCR and TLR9 

stimulated samples showed a high level of TAK1 phosphorylation, while single activation of 

anti-Ig or CpG did not (Fig. 11A) or weakly (Fig. 11B) induce detectable signal. BAFF did 

not contribute to TAK1 phosphorylation at any examined time point suggesting that BAFF-R 

interacts with the other receptor-mediated signaling pathways at a different level. Next, to 

assess the role of TAK1 in downstream p38 signaling, B cells were preincubated with (5Z)-7-

Oxozeaenol, a specific TAK1 inhibitor [78]. As expected, the inhibitor completely blocked 

both TAK1 and the subsequent p38 activation. To ensure that the observed synergism 

between BCR and TLR9 is really TAK1-dependent, we silenced TAK1 in BJAB cells with 

specific siRNAs. p38 MAPK phosphorylation was clearly diminished in the TAK1 knocked 

down cells, confirming our previous results.  

 Next we examined the activation pattern and the TAK1 dependency of the 

phosphorylation of several signaling molecules after suboptimal stimulation through BCR, 

TLR9 and BAFF-R. Again, p38 and also JNK were synergistically activated in BCR and 

TLR9 dual stimulated samples. In agreement with previous reports, BAFF was also capable 

to induce p38 and JNK phosphorylation [38, 76] as the single or dual stimulated samples 

have shown. Anti-Ig and CpG were also capable to activate the third MAPK ERK. It was 

reported earlier that BAFF phosphorylates ERK after 4-24 hours activation [4, 77], however 

we observed a very low level of phosphorylation after stimulation for 30 minutes The 

observed differences might be explained by the different activation time. Activation of all of 

the three MAPKs were inhibited by (5Z)-7-Oxozeaenol indicating the TAK1 dependency.  

 In contrast to previous reports on mouse B cells [37, 77], we could not detect any 

effect of BAFF on the activation of AKT and its substrate FOXO1. This can be explained by 

the transient phosphorylation of AKT after 10 minutes [37] or by different cell origins and 

experimental conditions. Anti-Ig induces a strong, while CpG stimulated a weak AKT 

phosphorylation, as expected. TAK1 does not participate in the PI3K pathway, which is 

responsible for the activation of PI3K dependent kinases (PDK) and AKT, thus 

phosphorylation of AKT and the AKT substrate FOXO1 was intact in the presence of TAK1 

inhibitor. On the other hand, TAK1 regulates IKK activation thus responsible for IκB 
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degradation and subsequent NFκB activation [23]. Testing IκB phosphorylation pattern has 

revealed that both anti-Ig, CpG and BAFF stimulated its phosphorylation. While the TAK1 

inhibitor decreased BCR- and TLR9-induced phosphorylation of IκB, BAFF-induced 

phosphorylation was not affected. This is consistent with previous reports showing that 

BAFF uses NIK to induce the alternative NFκB pathway [34].  

These data together implies that TAK1 plays crucial role in mediating the synergistic signals 

triggered by BCR and TLR9. 

 To see if modulation of intracellular signals by the combined stimuli has any 

functional significance, next we examined the proliferation of CFSE-loaded primary B cells 

treated with single or combined stimuli. It was reported that BAFF alone did not induce 

proliferation of mouse B cells, but preincubation of B cells with BAFF accelerated the 

proliferation in response to BCR [37]. Indeed, our data also showed that BAFF alone did not 

promote cell division, but slightly enhanced both anti-Ig- and CpG-triggered proliferation. 

Memory B cells constitutively express TLR9, and furthermore, BCR stimuli induce TLR9 

expression in naive B cells [111]. We also showed that BCR and TLR9 synergised on the 

phosphorylation of various signaling molecules (Fig. 12), thus it is not surprising that CpG 

induced high rate of cell proliferation alone and that anti-Ig and CpG showed a synergy in 

inducing B cell proliferation. In concert with the previous results, TAK1 inhibitor blocked - 

although not totally - the proliferation induced by both the single and the dual BCR/TLR9 

stimuli. 

 In response to various stimuli, B cells produce pro- and anti-inflammatory cytokines 

such as IL-6, IL-8, IL-10, lymphotoxin-α and TNF-α [81], thus we assessed the effect of 

BCR/TLR9 co-stimulation on cytokine production. Low levels of IL-6, IL-8, IL-10 and 

TNFα was secreted with single anti-Ig or CpG stimuli, while dual stimulation induced a 

robust synergistic response, as expected [83]. BAFF had marginal and controversial effect. 

IL-1β, IL-12 and IFNγ secretion were not observed (data not shown). It was previously 

reported that TAK1 inhibition impaired cytokine production in endometriotic stromal cells 

[84]. Here we have shown that TAK1 inhibitor also decreased IL-6, IL-8, IL-10 and TNFα 

secretion from human peripheral blood and tonsil B cells, indicating that BCR and TLR9 

pathways interact on a TAK1 dependent manner to induce cytokine production. 

 Antibody secretion is the main task of the terminally differentiated plasma cells. 

Differentiation of naive human B cells into plasma cells by stimulation with CpG was 

reported to be very dificult [116], while CpG efficiently induce memory cell transition into 

plasma cell [86, 117]. In order to elucidate the effect of BCR, TLR9 and BAFF-R co-
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signaling on plasmablast and plasma cell differentiation, we monitored the CD27
++

 CD38
+
 

plasmablast ratio and the IgG-producing cell number in B cell cultures stimulated for 4 days.  

 BAFF could contribute in anti-Ig- and CpG-induced plasmablast ratio, while the 

highest differentiated ratio was observed in the BCR and TLR9 dual stimulated sample. 

TAK1 inhibitor blocked plasmablast differentiation in every sample, although not 

completely. 

 CpG induced high number of B cells to secrete IgG but surprisingly, no increase was 

observed in the BCR/TLR9 co-stimulated samples, however this was observed in the CD27
++

 

CD38
+
 plasmablast ratio. (5Z)-7-Oxozeaenol inhibited plasma cell differentiation also, and 

interestingly, BCR/TLR9 synergism was detected in samples treated with TAK1 inhibitor, 

since CpG stimulation alone resulted in less IgG-producing cells as compared to the 

BCR/TLR9 dual stimulated samples. 

 The apparent synergism in TAK1 inhibited samples can be explained by the CpG 

stimulation in the plasmablast differentiation experiment, indicating that without TAK1 

inhibition, CpG alone can induce the maximum of plasma cell differentiation and the two 

stimuli can cooperate only in the inhibitor treated samples. 

 

 Rheumatoid arthritis is an autoimmune disease that results in a chronic, systemic 

inflammation that affects primary the synovial joints. Inflammation is driven either by B cell 

or T cell products such as autoantibodies and proinflammatory cytokines [60, 118]. Multiple 

signal transduction pathways have been reported to be involved in the pathogenesis of RA, 

and inhibition of these pathways has certain benefits [119, 120]. Besides the presence of 

activated cells in the inflamed joint, a systemic activation of various signaling molecules in 

peripheral lymphocytes was observed in patients with SLE and RA [61, 62]. In order to test if 

BCR- and TLR9-mediated signals act similarly in healthy and RA patients B cells, we 

monitored the level of p38 MAPK phosphorylation in B cells from active RA patients with 

phospho-flow technique. We confirmed the initial results obtained by phospho-MAPK array 

and Western blot that BCR and TLR9 co-stimulation induces a synergistic p38 MAPK 

phosphorylation. However, RA B cells disposed a pre-activated phenotype since they had an 

elevated level of basal p38 MAPK phosphorylation. Consistent with this, RA B cells were 

less responsive for BCR and TLR9 stimulation as they exerted a smaller increase of p38 

phosphorylation as compared to the healthy B cells. We hypothesize that the high level of 

inflammatory cytokines in RA patients sera can be responsible for this phenomenon. 
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 In conclusion, we can say that BCR and TLR9 collaborate in the phosphorylation of 

TAK1 to induce a synergistic activation of MAPKs and NFκB, while AKT and FOXO1 

activation was almost totally BCR dependent and TAK1 independent. BAFF has only a 

marginal effect on phosphorylation alone; however it can induce a synergistic activation of 

various signaling molecules in response to BCR and TLR9. B cell proliferation, cytokine 

production and plasmablast differentiation were synergistically stimulated by anti-Ig and 

CpG, and these responses were diminished by TAK1 inhibition. Antibody forming plasma 

cell differentiation from memory B cells was induced only by TLR9, however a synergism 

was observed with the BCR stimuli when TAK1 inhibitor was present. BAFF had weak 

effects on these functions, however its presence is very important in proper B lymphocyte 

development. Since TAK1 is responsible for the collaboration between the innate and 

adaptive immune receptors, we suggest that it can be a potential drug target in inflammatory 

autoimmune diseases and in diseases with abnormal cell activation profiles. Indeed, TAK1 

inhibitor is already under clinical trial in colon and pancreatic cancer patients [121-123]. 

 

 The survival of the mature B cells depends on signals from the BCR and a plethora of 

other positive and negative regulators. In the absence of rescue signals, B cells die by 

spontaneous or Fas-mediated apoptosis [124]. The importance of the balance between 

activatory and inhibitory signaling is demonstrated by numerous experiments where loss-of-

function mutations in the FasR or FasL, or excess BAFF or TLR signals are associated with 

various immune dysfunction such as autoantibody production, accumulation of lymphoid 

cells displaying an activated phenotype that leads to lymphadenopathy, splenomegaly and 

increased development of B lymphomas [46, 125, 126]. It was reported earlier that BAFF and 

TLR4 ligand LPS inhibits Fas-mediated cell death [44, 45], therefore we monitored the effect 

of BAFF-R-, BCR- and TLR9-induced single and multiple signals on the survival of B cells.  

 BAFF and CpG can rescue A20 cells from Fas-induced apoptosis, and the combined 

stimuli were more effective, suggesting cooperation between BAFF-R, BCR and TLR9. To 

reveal the molecular mechanism behind the inhibition of apoptosis, pan caspase and caspase 

8 activities were measured. As compared to the anti-CD95 treated positive control, both pan 

caspase and caspase 8 activities were decreased in CpG and anti-Ig treated cells, suggesting 

that the inhibition of apoptosis, at least partially, depends on caspase 8. Caspase 8 activity is 

regulated by the phosphorylation of Tyr380 by Src kinases [96] and Ser364 by p38 MAPK 

[97]. Since both BCR and TLRs can activate Src kinases [127-129] and synergistically induce 

p38 phosphorylation (Fig. 10-12), they are potentially capable to inhibit caspase 8 activation 
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by both ways. Furthermore, the enhanced survival of A20 cells stimulated with both anti-Ig 

and CpG can be explained by the synergistic p38 MAPK activation and the subsequent 

caspase 8 phosphorylation in the dual stimulated samples.  

 Summarizing this part, anti-Ig, BAFF and CpG treatment rescued A20 B cells from 

Fas- induced apoptosis through the inactivation of caspases, and specifically the upstream 

initiator caspase 8, probably by the synergistic activation of p38 MAPK. 

  

 B cells are key players in maintaining autoimmune response, therefore targeting of B 

cell-specific surface molecules and blocking B cell activation and survival are important tools 

to develop new and efficient therapies [63, 64, 130]. Rituximab, a humanized monoclonal 

antibody specific for CD20 is the first selective B cell therapy for RA. A new monoclonal 

CD19-specific antibody XmAb5871 binding to FcγRIIb with >400 higher affinity was 

developed by Xencor Inc. to mimic the inhibitory effects of immune complexes by high-

affinity co-engagement of FcγRIIb and the BCR co-receptor CD19 on human B cells [10]. 

XmAb5871 is now in Phase 2. clinical trial for RA. XmAb5871 has two advantages 

compared to Rituximab: 1. CD19 is expressed on a wider range than CD20 [65] thus 

XmAb5871 affects B cells from pro-B cells to late plasmablast stage. 2. FcγRIIb-mediated 

inhibition of B cell activation causes immunosuppression without B cell depletion. It was 

shown that XmAb5871 is capable to block BCR-induced Ca
2+

 mobilization, CD80 and CD86 

expression and B cell proliferation. Furthermore, it reduces antibody production in animal 

models of SLE and RA [10, 70, 71].  

 The inhibitory potential of XmAb5871 on non-antigen specific stimulation was not 

tested yet, therefore our aim was to further characterize this novel Fc enhanced monoclonal 

antibody on BCR- and TLR9-triggered in vitro B cell responses. 

 Preincubation of B cells with XmAb5871 induced the phosphorylation of FcγRIIb on 

Y292, which is a prerequisite for SHIP binding, activation and the FcγRIIb-dependent 

inhibition. SHIP is an inositol 5-phosphatase, thereby activated SHIP decreases the PIP3 level 

in the plasma membrane. PIP3 recruits PDK and AKT to the plasma membrane through its 

PH domain thus induces AKT activation [49]. We have shown here that BCR-induced AKT 

phosphorylation was decreased in the presence of XmAb5871, presumably due to the 

decreased level of PIP3. Tridandapani et. al. reported that co-cross-linking the BCR and 

FcγRIIb inhibits Ras pathway through activated SHIP [69], which is consistent with our 

finding that XmAb5871 also decreased BCR- and TLR9-triggered ERK phosphorylation. On 

the other hand, control antibody XENP6187 - having a wild type IgG1 Fc - induced slight 
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AKT and ERK phosphorylation in all sample. CD19 recruits PI3K after cross-linking [131] 

thus it can activate AKT through the production of PIP3. CD19 cross-linking also induces a 

weak ERK phosphorylation as it was reported by Li et al. [132]. Although CD19 cross-

linking seems to be weakly activatory, CD19 co-ligation with FcγRIIb can overcome this 

effect since both AKT and ERK activation were inhibited in the presence of XmAb5871. 

 Ca
2+

 mobilization is an important signalization event which is initially triggered by 

PLCγ activation. Although cross-linking of BCR and CD19 was reported to support BCR-

induced Ca
2+

 mobilization [105], XmAb5871 was capable to diminish this action, indicating 

that high-affinity binding of this antibody to FcγRIIb blocks the calcium signal mediated by 

not only the BCR but also BCR-CD19 interaction. 

 We have compared the effect of XmAb5871 and the control antibody, XENP6187 in 

functional tests such as B cell proliferation, cytokine production and plasma cell 

differentiation to reveal the consequences of the XmAb5871-mediated signalization 

blockade. As we expected, XmAb5871 inhibited BCR, TLR9 and the dual stimulated cells, 

however, it was surprising that XENP6187 was also inhibitory to some degree, in contrast to 

its ineffectiveness on signaling. CD19 is a well known positive co-receptor of BCR, but 

several article reported that CD19 can also be inhibitory - even induce apoptosis -, depending 

on the context of stimulation [133-137]. Strikingly, the most prominent effect of XENP6187 

was observed on the dual stimulated samples. O’Neill reported recently that BCR and TLR9 

co-localization - which is essential for the co-signaling [138] - depends on BTK [108]. As 

CD19 can recruit BTK [139], we propose a mechanism, where cross-linking of CD19 traps 

BTK, exhausting it for further possible BCR and TLR9 synergy. Alternatively, CD19 can 

also activate other inhibitory molecules – such as CD22 and FcγRIIb – through the activation 

of Lyn kinase [140].  

 XmAb5871 downregulated Ca
2+

 mobilization, CD80 and CD86 expression and 

antibody levels in PBMC cultures of RA patients [71]. We have shown here that XmAb5871 

also diminished the BCR- and/or TLR9-induced IL-6 and TNFα production. These 

proinflammatory cytokines are elevated in RA thus XmAb5871 may have further benefit in 

RA therapy. 

 TLR9-induced plasma cell differentiation was also reduced by XmAb5871. We also 

stimulated human B cells with IL-2 and TLR7/TLR8 ligand R848 in order to efficiently 

differentiate memory B cells into plasma cells [73]. Again, the number of total IgG-secreting 

plasma cell was efficiently reduced, showing that XmAb5871 is a potent inhibitory agent of 

TLR7/8- and TLR9-induced signals. 
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 It was shown previously that in vitro activated B cells from ACPA-positive RA 

patients produce citrullinated peptide-specific IgG [59, 106]. We used peripheral B cells from 

citrullinated-filaggrin seropositive RA patients to induce plasma cell differentiation with IL-2 

+ R848, and the peptide-specific spot number was counted. XmAb5871 significantly 

decreased the peptide-specific spot number, suggesting that it is indeed able to suppress the 

autoantibody production in RA patients. 

 To summarize these results, XmAb5871 inhibits not only BCR, but also TLR9-

induced and moreover, the BCR + TLR9 synergistically enhanced B cell responses. We have 

shown a decrease in AKT and ERK phosphorylation as well as in Ca
2+

 mobilization. 

XmAb5871 effectively blocked BCR- and TLR9-induced B cell proliferation, cytokine 

production and plasma cell differentiation, suggesting that XmAb5871 can diminish the B 

cell responses to multiple stimuli. Moreover, XmAb5871 inhibited the differentiation of 

citrullinated filaggrin peptide-specific antibody-producing cells from RA patients, suggesting 

that XmAb5871 has the potential as an alternative B cell suppressive therapy in RA.  
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6. New scientific results 

 We showed that co-stimulation of BAFF-R, BCR and TLR9 on B cells results in 

synergistic activation of various signaling molecules on the MAPK pathway. 

 

We proved that the MAP3K TAK1 is responsible for the synergistic cooperation between 

BCR and TLR9, since TAK1 inhibition with (5Z)-7-Oxozeaenol as well as TAK1-specific 

siRNAs downregulated downstream signaling events, indicating that TAK1 is a master 

regulator of MAPK activation induced by BCR + TLR9 co-stimulation. 

 

Synergistic signaling results in enhanced B cell functions such as proliferation, IL-6, IL-10 

and TNFα production and antibody secretion, even in the presence of TAK1 inhibitor. 

 

Since TAK1 inhibitor diminished all B cell functions we have tested, we suggest that TAK1 

might be a promising drug target to develop new therapies for inflammatory autoimmune 

diseases.  

 

BAFF, anti-Ig and CpG stimulation can synergistically rescue A20 B cells from Fas-induced 

apoptosis, and the BCR and TLR9 stimulation enhanced survival due to the downregulated 

pan caspase, especially caspase 8 activity. 

 

We have shown that XmAb5871, the Fc enhanced CD19-specific antibody inhibits BCR- and 

TLR9-mediated synergistic responses by inhibiting both AKT and ERK phosphorylation, 

Ca
2+

 mobilization, B cell proliferation, cytokine production and plasma cell differentiation. 

 

XmAb5871 also inhibits citrullinated filaggrin-specific antibody production of RA B cells, 

confirming that XmAb5871 might be a new potential antibody therapy for RA. 
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7. Summary 

 The fate of B lymphocytes determines the outcome of the humoral immune response. 

A variety of activatory and inhibitory signals modulate B cells function, and the sum of these 

effects defines B cell response: survival, proliferation, anergy or apoptosis. 

 Different receptors use diverse pathways, however they may also share common 

signaling components. This redundancy in the signaling pathways provides a possibility for 

receptor cross-talk, namely, receptors may augment or diminish each others effect. 

 Antigen-binding to its cognate BCR triggers antigen-specific humoral immune 

response, however numerous non antigen-specific stimuli influence B cells activation. To 

understand the fine tuning of B cell activation and the mechanism of breaking the tolerance 

that may result in autoimmune diseases, it is necessary to reveal the conjunction between 

different signaling pathways and their cumulative effect on B cell activation.  

 Toll-like receptors (TLRs) recognize various pathogen-associated molecular patterns, 

while B cell activating factor of the tumor necrosis factor family (BAFF) is an endogenous 

soluble factor playing a role in B cell survival. It is well known that BAFF-R, BCR, and 

TLR9 contribute to B cell survival, proliferation and cytokine production, and also related in 

the development of autoimmune diseases; hence we hypothesized that they might share 

common components in their signaling pathways. To assess the capacity of BAFF-R, BCR, 

and TLR9 to synergistically activate B cells and to identify the shared elements used in their 

signaling pathways, we tested the phosphorylation of several signaling molecules and 

measured the functional outcome of B cell co-stimulation in various assays. 

 Defect in the elimination of potential autoreactive B cells leads to autoimmunity. Fas, 

the prototype of the death receptor family induces programmed cell death on B cells after Fas 

ligand binding. To reveal the rescuing effect of BAFF-R-, BCR- and TLR9-mediated signals 

on Fas-induced cell death, we used A20 mouse B cell line and studied whether BCR and 

TLR9 stimulation affects caspase activity. 

 B cells are major players in systemic autoimmune diseases such as Rheumatoid 

arthritis (RA) - an inflammatory disease, which manifests in multiple joints of the body. 

Anti-CD20 monoclonal antibody (Rituximab) is an effective therapy used in RA to remove 

autoantibody-producing B cells, however it depletes the whole circulating B cell pool, 

making the patients vulnerable for infections. 

 FcγRIIb inhibits B cell responses when co-engaged with BCR, and has become a new 

target for autoimmune disease therapeutics. XmAb5871 is a human anti-CD19 monoclonal 
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antibody with enhanced capacity to bind to the inhibitory receptor FcRIIb. Co-engagement 

of BCR and FcRIIb via XmAb5871 activates the inhibitory pathway of FcRIIb, 

suppressing humoral responses without depleting the B cell pool. 

 There is no direct evidence for TLR9 inhibition by FcRIIb, thus our further goal was 

to test the effect of XmAb5871 on various B cell functions after BCR and/or TLR9 

stimulation. 

 We have shown that BCR and TLR9 are potent activators of MAPKs and the NFκB 

pathway in a TAK1-dependent manner, while AKT – and its downstream transcription factor 

FOXO1 – is mainly controlled by BCR. BAFF induced weak phosphorylation of the 

signaling molecules and its effect in functional tests was marginal. However, both 

proliferation and cytokine production was synergistically activated by BCR and TLR9, and 

this was successfully diminished by TAK1 inhibitor. Besides, enhanced IgG production was 

observed in the TAK1-inhibited samples. These results suggest a possible cooperation of 

BCR and TLR9 on different levels of B cell activation. 

 We have verified that peripheral B lymphocytes from active RA patients have higher 

basal phosphorylation and we have demonstrated for the first time that this activated status 

can affect their responsiveness to BCR or TLR9 stimuli. 

 Besides cell activation, we have proven that anti-Ig, BAFF and TLR9 ligand CpG 

synergistically rescue A20 cells from Fas-mediated cell death through - at least partially – 

the inactivation of the caspase cascade via iniciator caspase 8. 

 We have shown that CD19 and FcγRIIb co-ligation with the Fc-modified XmAb5871 

inhibits not only BCR, but also TLR9-induced B cell responses, such as AKT and ERK 

phosphorylation, proliferation, cytokine and plasma cell differentiation. In addition, 

XmAb5871-induced inhibition also diminished the differentiation of citrullinated filaggrin 

peptide-specific antibody-producing cells from RA patients. 

 To summarize our results, we conclude that BCR- and TLR9-mediated signals can 

collaborate in B cell activation, which is partly TAK1 dependent. In addition, XmAb5871 

was capable to inhibit BCR- and TLR9-induced B cell activation, suggesting that 

XmAb5871 may have a potential therapeutical role in future RA therapy. 
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8. Összefoglalás 

 A B limfociták sorsa meghatározza a humorális immunválasz kimenetét. Számos 

aktiváló és gátló szignál szabályozza a B sejtek működését, és ezeknek a jeleknek az 

összesége határozza meg a B sejtes választ, mely lehet túlélés, proliferáció, anergia vagy 

apoptózis. 

 Az egyes receptorok különböző jelátviteli útvonalakat használnak, azonban lehetnek 

közös jelátviteli komponeseik is. Ez a redundancia teszi lehetővé a receptorok közötti 

párbeszédet, vagyis hogy az egyes receptorok erősíthetik vagy gyengíthetik egymás hatását. 

 Az antigén kötődése a megfelelő B sejt receptorhoz (BCR) antigén-specifikus 

humorális immunválaszt indukál, ám emelett számos egyéb nem antigén-specifikus stimulus 

is képes befolyásolni a B sejtek aktivációját. Az egyes jelátviteli pályák közötti kapcsolat és 

ezek hatásainak vizsgálata nélkülözhetetlen a B sejt aktiváció finom szabályozásának és az 

autoimmun betegségek kialakulásához vezető tolerancia áttörés mechanizmusának 

megértéséhez.  

 A Toll-szerű receptorok (TLRs) számos patogén-asszociált molekuláris mintázatot 

képesek felismerni, míg a B sejt aktiváló faktor (BAFF) a B sejtek túlélésében játszik fontos 

szerepet. Ismert, hogy a BAFF, a BCR és a TLR9 a B sejtek túlélésében, proliferációjában és 

citokin termelésében, illetve autoimmun betegségek kialakításában is szerepet játszhatnak, 

ezért kapcsolódási pontokat tételeztünk fel jelátviteli útvonalaik között. Hogy megvizsgáljuk 

a BAFF, a BCR és a TLR9 szinergisztikus B sejt aktiváló képességét és azonosítsuk az ebben 

részt vevő molekulákat, számos jelátviteli molekula foszforilációját és B sejtes funkciókat 

megvizsgáltunk. 

 A potencionálisan autoreaktív sejtek eltávolításában fellépő zavar autoimmun 

betegségek kialakulásához vezet. A Fas a halál receptorcsalád alaptípusa, mely a FasL 

kötődése után programozott sejthalált vált ki B sejteken. A BAFF, a BCR és a TLR9 Fas által 

indukált sejthalálra kifejtett gátló hatását, illetve a BCR és a TLR9 kaszpáz aktivitásra 

kifejtett hatását A20 egér B sejtvonalon vizsgáltuk.  

 A B sejtek fontos szerepet töltenek be a számos ízület gyulladásával járó szisztémás 

autoimmun betegség, a Reumatoid artritisz (RA) kialakításában. Az autoellenanyagokat 

termelő B sejtek elpusztításával az anti-CD20 monoklonális ellenanyag (Rituximab) 

hatékony terápia az RA-ban, ám a keringésben lévő B sejtek elpusztításával számos 

fertőzésnek teszi ki a betegeket.  
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 Az FcγRIIb a BCR-el keresztkötve képes a B sejt aktiváció gátlásrára, ezért az 

autoimmun betegségek terápiájának új célmolekulájává vált. Az XmAb5871 egy olyan anti-

CD19 monoklonális ellenanyag, mely fokozott affinitással képes kötődni a gátló FcγRIIb-

hez. A BCR és az FcγRIIb keresztkötése az XmAb5871-el aktiválja az FcγRIIb gátló 

jelátviteli útvonalát, gátolva ezzel a B sejtes választ a sejtek depléciója nélkül. 

 Az FcγRIIb TLR9 útvonalra kifejtett gátló hatása nem bizonyított, ezért további 

célunk volt megvizsgálni az XmAb5871 hatását a BCR és/vagy TLR9 által stimulált B sejtek 

működésére. 

 Kimutattuk, hogy a BCR és a TLR9 stimulus TAK1 függően képes a MAPK-ok és az 

NFκB útvonal hatékony aktiválására, míg az AKT és annak célmolekulája, a FOXO1 

transzkripciós faktor főleg a BCR irányítása alatt áll. A BAFF gyengén aktiválta a jelátviteli 

molekulák foszforilációját és a funkcionális tesztekben is elhanyagolható szerepet játszott. A 

BCR és TLR9 stimulus szinergisztikusan megnövelte a B sejtek proliferációját és citokin 

termelését, melyeket a TAK1 inhibitor hatékonyan gátolt, továbbá a kostimuláció serkentette 

az IgG termelődését a TAK1 gátolt mintákban. Ezek az eredmények azt sugallják, hogy a 

BCR és a TLR9 részben a TAK1-en keresztül képes együttműködni a B sejtek aktiválásában. 

 Igazoltuk, hogy az aktív RA-val rendelkező betegek perifériás B limfocitáinak 

magasabb az alap foszforilációs állapota, és előszőr mutattuk ki, hogy ez az aktivált állapot 

befolyásolja a BCR és TLR9 stimulusra adott válaszképességet. 

 Kimutattuk, hogy az anti-Ig, a BAFF és a TLR9 ligand CpG a B sejtek aktiválása 

mellett képesek az A20 sejtek szinergisztikus megmentésére a Fas közvetítette sejthaláltól, 

részben a kaszpáz kaszkád iniciátor kaszpáz 8 aktivitásának gátlásán keresztül. 

 Bebizonyítottuk, hogy az XmAb5871 általi CD19 és FcγRIIb keresztkötés nemcsak a 

BCR, hanem a TLR9 által indukált AKT és ERK foszforilációt, proliferációt, citokin 

termelődést és plazmasejt differenciációt is képes gátolni. Emellett csökkentette az RA-s 

betegekből származó B sejtek citrullinált filaggrin-specifikus ellenanyag termelő plazmasejtté 

történő differenciálódását. 

 Összességében elmondhatjuk, hogy a BAFF, a BCR és a TLR9 szignálok képesek - 

részben a TAK1-en keresztül - együttműködni a B sejtek aktiválásában, továbbá kimutattuk, 

hogy az XmAb5871 hatékonyan képes gátolni a BCR és a TLR9 által indukált B sejt 

aktivációt is, így ez az ellenanyag új terápiás lehetőséget nyújthat a jövőben az RA 

kezelésére. 
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10. Abbreviations 

ACPA - Anti-citrullinated protein/peptide antibody 

BAFF - B-cell activating factor of the tumor necrosis factor family 

BAFF-R – BAFF receptor  

BCMA - B cell maturation antigen 

BCR – B cell receptor 

BSA - Bovine serum albumin 

CFSE - Carboxyfluorescein diacetate succinimidyl ester 

DAS - Disease activity score  

ELISPOT - Enzyme-linked immunosorbent spot 

ERK - Extracellular signal-regulated kinase 

FcγRIIb - Fcγ receptor IIb 

FOXO1 - Forkhead box protein O1 

GSK3 - Glycogen synthase kinase 

IKK1 - Inhibitor κB kinase 1 

IL – Interleukin 

IRAK1/4 - IL-1 receptor-associated kinase 

ITAM - Immunoreceptor tyrosine-based activation motif 

ITIM - Immunoreceptor tyrosine-based inhibitory motif 

JNK - c-Jun N-terminal kinase 

MACS - Magnetic bead-activated cell sorting 

MAPK – Mitogen-activated protein kinase 

MFI - Mean fluorescence intensity 

MyD88 - Myeloid differentiation primary gene 88 

NFκB - Nuclear factor-kappa B 

ODN - Oligodeoxynucleotide 

PBMC - Peripheral blood mononuclear cells 

PH - Pleckstrin homology 

PI - Propidium iodide 

PI3K - Phosphatidylinositol 3-kinase 

PIP3 - Phosphatidylinositol (3,4,5)-triphosphate 

PKCβ - Protein kinase C-β 

RA - Rheumatoid arthritis 
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SHIP - SH2 domain-containing inositol 5-phosphatase 

SLE - Systemic lupus erythematosus 

TACI - Transmembrane activator, calcium modulator, cyclophilin ligand interactor 

TAK1 (MAP3K7) - Transforming growth factor-β–activated kinase 

TLR9 - Toll-like receptor 9 

TNFα – Tumor necrosis factor alpha 

TRAF6 - Tumor necrosis factor receptor associated factor 6 
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