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ABSTRACT 

 

 Bz-423 is an immunomodulatory 1,4-benzodiazepine that binds to the oligomycin 

sensitivity conferring protein (OSCP) of the mitochondrial F0F1-ATPase and modulates 

its activity. Inhibition of the F0F1-ATPase by Bz-423 causes mitochondrial membrane 

hyperpolarization and superoxide production by the mitochondrial electron transport 

chain (ETC). Bz-423 ameliorates diseases in mouse models of lupus, arthritis and 

psoriasis. Unlike conventional immunosuppressants, Bz-423 does not interfere with 

normal immune function. Concomitant with its specific therapeutic effects, Bz-423 

selectively induces apoptosis in pathogenic lymphocytes. As pathogenic lymphocytes are 

abnormally activated by chronic receptor stimulation, it was hypothesized that activation 

sensitizes cells to Bz-423. 

 The overall goal of experiments reported in this dissertation was to identify 

factors that underlie the selectivity of Bz-423 on pathogenic lymphocytes observed in 

vivo. Towards this goal, anti-IgM and Bz-423 co-treatment in Ramos B cells was 

established as an in vitro model, and the apoptotic signaling pathways were explored. 

These experiments found that superoxide and calcium are critical second messengers that 

increase levels of BH3-only proteins Bim, Bmf, tBid, which in turns activates Bax and 

Bak. Activated Bax and Bak induce the release of mitochondrial pro-apoptotic factors 

and subsequent cell death.  
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 Bz-423 also activates NFAT. Mechanistic studies using Ramos B cells 

demonstrate superoxide induced by Bz-423 triggers the opening of CRAC channel, which 

leads to calcium influx, calcineurin activation, and NFAT activation. NFAT activation 

leads to transcription of NFAT-dependent genes including IRF4, which may play an 

important role in receptor editing. Bz-423 also renders cells resistant to subsequent 

activation, downregulates surface IgM expression, and activates NFAT but not NFκB or 

AP-1. As these changes induced by Bz-423 are characteristics of anergic B cells, Bz-423 

may also promote anergy. 

 Anergy, apoptosis, and receptor editing are three main mechanisms to maintain 

peripheral tolerance and to repress autoimmunity.  These effects may underlie efficacy 

and specificity of Bz-423 in vivo.  

 

 



 

 

CHAPTER 1 

 INTRODUCTION 

 

  Autoimmune disease results from loss of peripheral tolerance to 

self-antigens: A critical feature of the immune system is its ability to differentiate 

between self and non-self [1]. When the immune system fails to recognize foreign 

pathogens, infection occurs. When the immune system fails to identify the body’s own 

tissue as self antigen (loss of self-tolerance), an inappropriate inflammatory response 

is generated, which leads to autoimmune disease such as systemic lupus 

erythematosus (SLE) [2]. 

  SLE is a heterogeneous autoimmune disease characterized by non-specific 

inflammation and multiple-systems damage. The hallmark of SLE is the production of 

a range of autoantibodies against self antigens such as double-stranded DNA (dsDNA) 

and small nuclear ribonucleoprotein (Sm) [3]. These autoantibodies, as well as 

abnormal lymphocytes and cytokines, lead to damage in multiple systems including 

skin, joints, brain, heart, lungs, and kidneys membranes [4, 5]. The presence of 

autoantibodies indicates the breakdown of self-tolerance, which is the initial and 

critical abnormality observed in SLE [6]. Once self-tolerance is broken, binding of 

self antigens to the self-reactive lymphocytes leads to their abnormal proliferation and 

secretion of autoantibodies and cytokines [6]. However, the mechanism leading to 
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loss of tolerance is still elusive [7]. It is thought to be a result of a complex interaction 

between genetic predisposition and non-genetic factors such as sex hormones and 

viral infection [8]. Genetic studies of various lupus-prone mouse models have 

identified lupus susceptibility genes, some of which have been shown to be involved 

in regulating tolerance [7, 9-11]. For instance, Ly108.1, a member of the signaling 

lymphocytic activating molecule (SLAM) co-stimulatory molecule family, is shown 

to regulate B cell tolerance [11]. 90% of the SLE cases occur in females between the 

ages of 20 to 40 years, suggesting sex hormones also play a role in the disease onset 

and progression [12]. Other autoimmune diseases, such as rheumatoid arthritis (RA), 

multiple sclerosis (MS) and type I diabetes, are also known to be the results of the 

interaction between genetic and environmental risk factors [7]. Therefore, studying 

SLE may also help to understand other autoimmune diseases.  

  Immunological tolerance is critical for maintaining normal immune 

function: Immunological tolerance is the phenomenon in which self-reactive 

lymphocytes are repressed by an active and dynamic process [13]. Based on where the 

tolerance occurs, tolerance is divided into central tolerance and peripheral tolerance. 

Central tolerance occurs in the primary lymphoid organs such as bone marrow and 

thymus where immature lymphocytes bind to self-antigens with high avidity and 

affinity undergo clonal deletion, receptor editing and clonal anergy to reduce their 

self-reactivity [14]. This elimination process is incomplete as some tissue antigens are 

not present within primary lymphoid organs [14]. Moreover, during further 

differentiation in the secondary lymphoid organs such as spleen and lymph nodes, B 
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cells could regain self-reactivity [15]. Because central tolerance is not complete, in the 

secondary lymphoid organs peripheral tolerance has also been evolved to remove 

self-reactive lymphocytes [14]. There are three common mechanisms to maintain 

B-cell peripheral tolerance (Figure 1.1). Apoptosis is a critical form of cell death that 

occurs physiologically [16], and it is a default mechanism to eliminate autoreactive B 

cells [16]. Apoptosis is induced when high-avidity forms of self antigen bind to B cell 

receptor (BCR) in autoreactive B cells [17]. Receptor editing (revision) is a process 

during which BCR is arranged to change the specificity from self to non-self [18]. 

Binding of BCR with self-antigen activates RAG gene, initiates V(D)J recombination 

and results in altered BCR specificity [19, 20]. Anergy is a state of unresponsiveness 

to antigen stimulation. It occurs when self-antigen binds to BCR, which induces 

expression of anergy-associated genes for anergy induction and maintenance [21]. 

Constant antigen receptor occupancy and signaling are required to maintain B cell 

anergy [22]. Among these three mechanisms, apoptosis is triggered only if receptor 

editing fails to eliminate high affinity for self antigens [23], and anergy presumably 

silences cells with low-affinity for self antigens [24]. Therefore, which tolerance 

mechanism is used depends on the nature of B cell receptor and autoantigens. Higher 

avidity favors receptor editing and apoptosis deletion, and low avidity invokes anergy 

[25]. Apoptosis and anergy are two major forms to maintain peripheral T-cell 

tolerance [26]. In anergy induction, regulatory T cells (Tregs, Foxp3+CD4+CD25+) are 

identified to actively suppress autoreactive T cells, which contributes to the 

hyporesponsiveness in the lymphocytes [27, 28]. 
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Figure 1.1: Peripheral tolerance mechanisms for B cells. In response to BCR 
binding by self-antigen, self-reactive B cells are deleted by apoptosis, or self-reactive 
BCR is replaced by non-self-reactive BCR (receptor editing), or the cells are 
functionally inactivated (anergy). 
 
 

  Pathogenic lymphocytes derived from defective peripheral tolerance are 

critical for SLE pathogenesis. Although the exact cause for SLE is not clear, it is 

well-established that self-reactive lymphocytes play a critical role in the onset and 

progression of SLE [6]. In SLE patients or lupus mice, there are increased percentage 

of several subsets of lupus B cells [29-33]. Further studies of their BCRs identified 

these lupus B cells are self-reactive [29-33]. As tolerance is broken down, the binding 

of self-antigen to self-reactive B cells will activate these self-reactive B cells [34]. 

Thus it is not surprising to observe that lupus B cells exhibit “generalized B cell 

hyperactivation”, including spontaneous proliferation, autoantibody anti-dsDNA 

production and cytokine IL-10 secretion [34, 35]. In response to BCR stimulation, 

enhanced [Ca2+]i increase is observed in B cells isolated from SLE patients [34, 36]. 
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Although there is no success in identifying self-reactive T cells in the SLE patients, 

lupus T cells display a variety of abnormalities [37]. They exhibit a persistent 

mitochondrial hyperpolarization, increased ROS production and ATP depletion [37]. 

In response to TCR stimulation, the proximal signaling is enhanced [38], such as 

calcium mobilization and protein tyrosine phosphorylation, which results in altered 

cytokines production, including increased IL-6 and IL-10 production but decreased 

IL-2 and IFN-γ production [38]. IL-2 reduction is associated with defective activation 

induced apoptosis [37, 38]. These abnormal T cells provide help to autoreactive B 

cells, resulting in even greater activation of auto-reactive B cells [37]. 

  Further studies of self-reactive B cells from SLE patients demonstrate intact 

central tolerance and defective peripheral tolerance [39-41]. Loss of B cell tolerance 

will increase the frequency of autoreactive B cells. As the percentage of self-reactive 

immature B cells generated in the bone marrow from SLE patients is similar to that in 

normal individuals, central tolerance is intact [41]. In contrast, the percentage of 

self-reactive mature B cells is higher in SLE patients (35 - 50%) than in controls (5 – 

20%) [41], suggesting a defective peripheral tolerance. This finding suggests 

autoimmune disease arises from the failure to maintain peripheral tolerance. Actually, 

in response to BCR stimulation, defective apoptosis [42, 43], receptor editing [44, 45] 

and anergy induction [46, 47] are reported in both SLE patients and lupus mice. The 

defective peripheral tolerance detected in lupus mice and SLE patients further suggest 

that breakdown of peripheral tolerance may be involved in the disease development. 

In lupus-prone B6.Sleb1 mice, the expression of Ly108.1 impaired B cell anergy, 
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receptor editing, and deletion, which results in disease development [11]. Defective T 

cell tolerance is also reported in SLE patients and lupus-prone mice [48, 49]. 

Defective antigen-stimulated apoptosis was observed in mature T cells in MRL-lpr 

mice [48]. Regulatory T cells (Tregs, Foxp3+CD4+CD25+), which participate in 

anergy by actively suppressing effector T cells, were reduced in SLE patients, 

suggesting defective anergy in lupus T cells [49]. 

  Co-stimulatory signaling molecules and inhibitory signaling molecules work 

together and tightly regulate the threshold of BCR signaling [34, 50, 51]. Studies of 

lupus susceptibility loci suggest these signaling molecules are involved in regulating 

tolerance [11, 52-55]. For example, decreased expression levels of inhibitory 

signaling molecule FcγRIIB are observed in autoimmune diseases [56-58]. Partial 

restoration of FcγRIIB levels on B cells from lupus-prone mouse strains is sufficient 

to restore B cell tolerance and prevent autoimmunity [54]. The 2- to 4-fold increase in 

CD19, a co-receptor that positively regulates BCR signaling, was reported in a subset 

of memory B cells from SLE patients [59]. Moreover, these CD19hi memory B cells 

are autoreactive as they exhibit high levels of antibodies to Sm and low levels of 

anti-glomerular autoantibodies. This observation suggests CD19 increase might be 

associated with presence of autoreactive B cells [59]. 

  Mechanisms of deletion, anergy and receptor editing in maintaining 

peripheral tolerance: The current understandings of how apoptosis, anergy, and 

receptor editing contribute to tolerance are discussed below.  

  Apoptosis: Apoptosis is an important mechanism for lymphocyte 
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homeostasis. Defective apoptosis therefore leads to abnormal survivals of potentially 

harmful lymphocytes [42]. In this sense, self-antigen-mediated apoptosis in 

autoreactive lymphocytes plays a central role [42], and defective 

self-antigen-mediated apoptosis was observed in numerous lupus-prone mouse 

models [34, 60, 61]. Among these defects, both enhanced survival signals [42] and 

impaired death pathways were identified [34, 60, 61].  

  Genetic studies performed on spontaneous lupus models have identified 

several SLE susceptibility genes in apoptotic signaling pathway, which suggests the 

possible participation of apoptosis in initiating and perpetuating the autoimmunity 

process [60, 61]. Mice deficient in Fas (CD95) or Fas ligand (FasL, CD95L) develop 

lupus-like diseases [62, 63], as Fas-FasL signaling pathway plays a critical role in the 

lupus development. Death ligand FasL binds to death receptor Fas and triggers 

apoptosis, deficiency in Fas or FasL therefore results in defective cell death, which 

leads to the abnormal survival and activation of self-reactive lymphocytes [63, 64]. 

Concomitant to the role of Fas-FasL signaling in apoptosis, self-reactive T cells are 

actually observed in Fas-deficient mice [64]. Defective apoptosis mediated by BCR 

are also detected in the lupus B cells from lupus-prone mice such as New Zealand 

Black (NZB) mice, F1 hybrid offspring of NZB mothers and New Zealand White 

fathers (NZB/NZW F1) mice, MRL-lpr mice, further supporting the idea that 

apoptosis plays a critical role in lupus development [33, 43]. Transgenic mice 

overexpressing anti-apoptotic factors or deficient in pro-apoptotic factors develop 

lupus-like diseases, confirming the role of apoptosis in lupus [65, 66]. For example, 
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transgenic mice overexpressing anti-apoptotic Bcl-2 spontaneously produce anti-DNA 

and anti-Sm autoantibodies and developed glomeronephritis [65]. Indeed, Bcl-2 

expression is abnormal in T cells from SLE patients and may prolong the survival of 

autoreactive T cells [67, 68]. Pro-apoptotic BH3-only protein Bim knockout (Bim-/-) 

mice develop an autoimmune kidney disorder [66]. Bim is involved in apoptosis 

induced by cell receptor as apoptosis mediated by both BCR and TCR are defective in 

Bim-deficient mice [66].  

  Factors that promote survival, including CD40 Ligand (CD40L) and B cell 

activating factor (BAFF), also participate in autoimmune disease [69]. They promote 

cell survival by upregulating anti-apoptotic Bcl-2-like family proteins [70], by 

enhancing pro-survival signaling pathways such as protein kinase B (Atk) and protein 

kinase C-β (PKC-β) [71], or by inhibiting apoptotic signaling such as PKC-δ [72]. 

The level of BAFF is elevated in the sera of patients with autoimmune disorders such 

as SLE [73], RA [74] and Sjogren’s syndrome [75], indicating BAFF in the 

development of autoimmune diseases. Moreover, transgenic mice with overexpressed 

BAFF exhibit SLE-like symptoms [76, 77], confirming its role in autoimmune 

diseases. Its involvement might be due to that the increased BAFF provides B-cells 

with extra survival signaling and prevents apoptosis [78]. As TACI is a receptor for 

BAFF, soluble TACI-Ig fusion proteins is developed to block BAFF signaling. 

Treatment of NZB/NZW F1 mice with this TACI-Ig fusion proteins improve renal 

function and prolongs survival [79]. The efficacy further supports the abnormal 

survival of autoreactive lymphocyte is involved in autoimmune diseases. 
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  Anergy: Similar to T cell anergy induction, whether B cell tolerance is 

induced was determined by whether or not two signals occurred. Signal 1 is induced 

through BCR, and signal 2 is induced by a co-stimulatory molecules such as CD19, 

CD21, CD40, toll-like receptor (TLR), and BAFF receptors (BAFF-R, TACI and 

BCMA) [25]. Engagement of cell receptor in the absence of co-stimulation leads to 

anergy [80]. For example, similar to T cell anergy induction by partial TCR 

stimulation such as anti-CD3, anergy is induced by binding autoantigen to BCR [80, 

81]. Continuous BCR signaling is required for B cell anergy [25]. As signal 1 from 

receptor stimulation predominantly triggers Ca2+ signaling, the role of Ca2+ increase 

in anergy induction was studied [82]. Ionomycin, an ionophore that induces sustained 

[Ca2+]i increase, induces anergy in T cells in vitro [82], confirming the critical role of 

calcium in establishing anergy. Anergy is inhibited by calcineurin inhibitor 

cyclosporine A, indicating that calcium-calcineurin pathway is important for anergy 

[83]. 

  Anergy is a physiologically important mechanism for peripheral tolerance. In 

immunoglobulin (Ig) transgenic mice, the existence of self-antigen does not eliminate 

all the autoreactive B cells that express BCR for self-antigen [46]. The lack of 

autoantibodies product indicates they are functionally inactive [84]. In vitro 

characterization of these anergic autoreactive B cells indicates they display reduced 

immune response in response to stimulation [85], partially due to reduced BCR 

proximal signaling. Further characterization indicates that they have reduced half-life 

(4-5 days) when compared to 40 days of resting lymphocytes. The expression levels 
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of receptor (IgM or/and IgD) are also decreased. Based on these characteristics of 

anergic B cells from Ig transgenic mice, naturally occurring anergic B cells An1 are 

detected among normal lymphocytes [86]. Moreover, anergic B cells (naïve IgD+IgM- 

B cells) are also identified in normal human individuals [87]. The detection of 

naturally anergic B cells in normal mice clearly indicates that anergy is a 

physiologically important mechanism for tolerance [86]. Defective anergy leads to 

lupus development, as abnormal anergy is observed in both human SLE and lupus 

mice [46, 88, 89].  

  Mechanism of anergy: Studies of Ig transgenic mice have shown that at least 

three partially distinct mechanisms contribute to reduced immune response in anergic 

cells: attenuated cell receptor signaling, reduced membrane Ig expression, and 

reduced lifespan [25]. Their relative contribution is dependent on transgenic mice 

models [25]. On the transcription level, anergy-associated genes were identified by 

studying the gene expression in anergic lymphocytes [90, 91]. They are either 

upregulated or downregulated in response to anergy stimuli [90, 91]. A majority of 

anergy-associated genes are induced by activated NFAT alone [90, 91]. For instance, 

E3 ubiquitin ligases such as Cbl-b and GRAIL are upregulated in a NFAT-dependent 

manner. They are both necessary and sufficient to induce anergy in both T cells and B 

cells [90, 92, 93]. These anergy-associated genes are involved in anergy by affecting 

the three mechanism listed [90, 92, 93]. For example, E3 ubiquitin ligases induce 

anergy by promoting the degradation of PKC-θ and PLC-γ, two critical mediators in 

TCR signaling, which attenuates TCR signaling [93]. 
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  Receptor editing: Receptor editing is the process of cell receptor 

rearrangement, which results in the change of its specificity to be less self-reactive 

[18]. The binding of autoantigen to the BCR triggers receptor editing, which is 

mediated by the recombination activating gene RAG1 and RAG2 through V(D)J 

recombination (Figure 1.2; [94]). V(D)J recombination is a mechanism of genetic 

recombination to generate diverse immunoglobulin (Ig) by recombining various V, D 

and J genes [95]. Studies of autoreactive B cells from transgenic mice indicate both 

membrane and soluble self-antigens can induce receptor editing [96, 97]. In periphery, 

receptor editing mainly occurs during GC reactions [98]. During receptor editing, Jκ 

distal Vκ genes are recombined to Jκ to replace a proximal Vκ1-Jκ segment; therefore 

this usage of distal Vκ genes can be an indicator of receptor editing (Figure1.2; [99]). 

The overusage of distal Vκ genes indicates that BCR editing occurs frequently and is 

therefore the most important mechanism of B cell tolerance [99]. Deficiency in 

receptor editing is observed in autoimmune diseases and is proposed to play a role in 

maintaining peripheral B-cell tolerance [100, 101]. In SLE patients an overusage of Jκ 

proximal Vκ1 genes, instead of an overusage of Jκ distal Vκ genes, suggests a 

defective receptor editing [44]. Genetic studies identified lupus susceptibility genes 

SLE2 and SLE3/5 are associated with impaired receptor editing observed in SLE 

patients, although the mechanism is not clear [9, 102]. This finding indicates that 

impaired receptor editing may lead to the development of lupus. 

  The role of B cells in autoimmunity: It is widely accepted that B cells play 

a critical role in the onset of autoimmune disease [103]. Primarily, B cells are thought 
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to mediate lupus via autoantibodies, which form immunocomplexes with self-antigen, 

deposit in renal membrane, and result in renal damage [104]. Old MRL mice develop 

severe nephritis, and B cell deficiency results in the attenuation of symptoms, thus 

indicating B cells play a critical role in lupus nephritis in old MRL mice [105]. This B 

cell-mediated lupus nephritis is not caused by autoantibodies, as B cells that can not  

Distal Vκ Vκ-Jκ Jκ Cκ

 
 

Figure 1.2: Receptor editing: (A) Receptor editing generates a new non-autoreactive 
BCR and replaces the autoreactive BCR. (B) The distal various region of κ light chain 
(Vκ) can rearrange to downstream J gene segment of κ light chain (Jκ) to generate a 
new immunoglobulin chain for BCR. This process is mediated by recombination 
activating gene 1 (RAG1) and RAG2. Panel B is adopted from [106]. 
 
 

secrete circulating immunoglobulin can still induce glomerulonephritis in MRL mice 

[107]. Based on these observations, B cells are proposed to mediate 

glomerulonephritis in an autoantibody-independent manner. In addition to antibody 

production, B cells can also function as antigen presenting cells (APCs) and secrete 
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cytokines, which activate T cells, improving the effectiveness of the immune response 

[108]. Therefore B cells abnormally activate and mediate glomerulonephritis by 

secreting cytokines or acting as APCs. Actually, expansion of activated T cells is 

impaired in B cell-deficient MRL mice [109]. On the other hand, the activated T cells 

assist the immune response of B cells. This interplay between self-reactive T cells and 

B cells has an essential role in the development of autoimmune diseases [110]. 

Therefore, breaking this cycle is critical for effective treatment of autoimmune disease. 

In summary, Autoreactive B cells are involved in the onset and pathogenesis of 

autoimmune disease in an autoantibody-dependent and an autoantibody-independent 

manner.  

  During development, B cells are regulated to maintain tolerance for 

self-antigens. Bone marrow B cells undergo pro-B and Pre-B stages, and develop into 

immature B cells (Figure 1,3; [111]). Because the recombination is random, 

autoreactive B cells will be inevitably generated. There are around 75% immature B 

cells generated in the bone marrow that express self-reactive BCRs [112]. After 

central B cell tolerance, the self-reactivity is reduced to ~40% [111]. These immature 

B cells then migrate into the periphery for further maturation (Figure 1.3; [113, 114]). 

In periphery, immature B cells evolve into mature (naïve) B cells with IgM and IgD 

expression (Figure1.3; [113, 114]). They undergo further peripheral tolerance 

checkpoints and their self-reactivity is reduced to 20% [111]. 
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Figure 1.3: B cell development and checkpoints. Immature B cells and mature B 
cells are tightly regulated. Series of checkpoints decrease the self-reactivity and 
poly-reactivity of BCR along with development. This picture is adapted from [111]. 

 

  Resting mature B cells translocate to the primary follicles, where they bind to 

specific antigens and undergo antigen-induced activation [113, 114]. Activated B cells 

then migrate towards the interface between the primary follicles and T cells zone, 

where activated B cells present antigen to antigen-specific T cells [113, 114]. These 

activated T cells secrete lymphokines and support B cell proliferation to form 

germinal centers (GCs) (Figure 1.4; [113, 114]). In the dark region of the GC, 

proliferating centroblasts undergo extensive somatic hypermutation, including random 

substitutions, deletions and insertions to generate a diversity of BCR clones [113, 114]. 

These BCR clones migrate to the light zone of the GC and differentiate into 

non-proliferating centrocytes [113, 114], which then undergo clonal selection 

(Figure1.4; [113, 114]). Centrocytes with high affinity for the antigen presented by the 

follicular dendritic cell network (FDC) will be positively selected [113, 114]. They 

further undergo isotype switching and differentiate into either memory or plasma cells 

[113, 114]. Centrocytes with low affinity for the antigen in FDC and self-reactive 
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centrocytes undergo negative selection [113, 114]. Centrocytes that bind to 

self-antigen with high affinity or high avidity undergo apoptosis or receptor editing to 

reduce autoimmunity [115], while cells that bind to self-antigen with low affinity or 

avidity exit the GC and render anergic in the periphery [115]. 

 

 

 

Figure 1.4: Germinal center reaction: Activated B cells form GCs. During GCs 
reactions, affinity maturation and class switching to generate B cells with various high 
affinity. Then the cells with high affinity undergo positive cells and differentiate into 
memory and plasma cells. The cells with low affinity and self-reactive B cells 
undergo negative selection, including extensive apoptosis, receptor editing. This 
picture is adapted from [116].  
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  BCR signaling in peripheral tolerance: BCR signaling is involved in 

peripheral tolerance by inducing apoptosis, anergy or receptor editing [14, 16, 17, 

19-21]. Altered BCR signaling has been demonstrated in human SLE [117]. In 

response to BCR stimulation by anti-IgM or IgD antibodies, elevated calcium influx 

and enhanced tyrosine phosphorylation are observed, indicating abnormal regulation 

of the BCR signaling pathway [36]. This abnormal BCR signaling could be due to 

enhanced activity of a positive co-receptor or reduced activity of a negative 

co-receptor [117]. CD19 is a positive co-receptor that increases the BCR-mediated 

survival signaling [50]. Abnormal CD19 activation enhances recruitment of several 

pro-survival mediators, which override the inhibitory mediators. Therefore, CD19 

signaling lowers the threshold for BCR activation and participates in autoimmune 

diseases [118]. CD19 overexpression leads to the breakdown of peripheral tolerance 

and autoantibody production [119], and is closely associated with autoimmune 

diseases such as systemic sclerosis (SSc). Human SSc B cells have constitutively 

higher CD19 surface expression level [120], and in the tight skin mouse (TSK/+) 

model of SSc, CD19 is constitutively phosphorylated [121]. Crossing of TSK/+ mice 

to a CD19-/- mice reduces CD19 expression, abolishes the autoantibody production, 

and improves the symptoms [121], indicating the critical role of CD19 in the 

development of this autoimmune phenotype.  

  Deficiency of negative co-receptor also plays a critical role in autoimmune 

disease development [122, 123]. FcγRIIB is an inhibitory immunoglobulin G Fc 

receptor which contains an immunoreceptor tyrosine-based inhibition motif (ITIM) 
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[122]. Upon phosphorylation by Lyn, ITIM recruits SH2 containing inositol 

phosphate phosphatase (SHIP), which downregulates BCR signaling [123]. Impaired 

FcγRIIB signaling is observed in autoimmune diseases such as SLE [117]. A FcγRIIB 

mutant that is unable to localize to lipid rafts is found in SLE patients in Asian and 

African populations [124-126]. In addition, decreased FcγRIIB expression is 

associated with SLE in European-Americans [127]. Spontaneous autoimmunity 

develops in FcγRIIB-deficient mice [128].  

  Lyn is a tyrosine protein kinase that can phosphorylate tyrosine in both ITIM 

and the immunoreceptor tyrosine-based activation motif (ITAM) [129]. Thus Lyn 

initiates both negative and positive signaling for BCR signaling pathway. Decreases in 

mRNA and protein level are detected in B cells from SLE patients [130, 131]. This 

Lyn decrease is correlated with decreased phosphorylation of FcγRIIB and CD22, 

resulting in decreased SHP-1/SHIP-1 recruitment. Mice with both constitutively 

active Lyn and Lyn deficiency develop autoimmune disease [132, 133]. The possible 

explanation to this confusing observation is that the positive signaling pathway for 

survival and proliferation is dominant in both Lyn-deficient and Lyn-constitutive 

active lymphocyte. 

  Other factors that contribute to abnormal activation of self-reactive B cells: 

TLRs are found on the surface of B cells, and recognize a variety of microbial 

components and potential host-derived agonists [134]. The signaling pathways 

mediated by several TLR receptors play a critical role in induction and progression of 

autoimmune diseases such as RA, experimental autoimmune encephalitis (EAE), 
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myocarditics, and SLE [134]. TLR-7 and TLR-9 are of significant interest because 

they may contribute to the immunological response to well-known self-antigens such 

as single-stranded RNA (TLR-7) and DNA (TLR-9) in SLE [135, 136]. Co-activation 

of BCR and TLR signaling induces proliferation, differentiation and isotype switching 

[137]. Removal of TLR9 prevents isotype switching of pathogenic antibodies from 

IgM to more responsive IgG2a and IgG2b in the lupus-prone mouse models [138], 

which may contribute to attenuation of autoimmunity by TLR9 deletion. Duplication 

of TLR-7 in Y-linked autoimmune acceleration (Yaa) locus is associated with 

accelerated lupus development [139], which is attenuated by its null mutation [140]. 

  Although defective apoptosis results in the appearance of self-reactive 

lymphocytes and lupus development, there are several pieces of evidence that 

defective clearance of potential autoantigens may also be involved in lupus 

development. The increased spontaneous cell death releases nuclear proteins and 

chromatin, which is an important source of autoantigens for the activation of 

self-reactive lymphocytes. Defective clearance of autoantigens is observed in SLE 

patients [141, 142]. Low expression or activity of deoxyribonuclease I-like 3 (DNase 

I-like 3) is also detected in lupus-prone mice including NZB/NZW F1 mice [143, 144]. 

The serum level of DNA is increased, possibly due to defective DNA clearance [143, 

144]. Moreover, DNase I-/- mice produce anti-nuclear antibodies, which form immune 

complexes and deposit in the kidneys, causing glomerulonephritis [145]. However, 

the efficacy of Bz-423 and other apoptotic-inducing reagents argue against the actual 

role of the defective clearance system in the disease development. 

18 
 



  SLE treatment:  

  The challenge of SLE treatment and potential novel lupus treatments: 

Because the cause is unknown, current treatment for SLE is non-specific, which 

including cytotoxic drugs and general immunosuppressants [146]. These non-specific 

treatments increase serious side effects such as osteoporosis, skin atrophy, cushingoid 

appearance, diabetes and glaucoma [147]. Therefore the need for safer, more selective 

therapies has been recognized. However, it becomes a challenge to improve the 

selectivity while maintaining efficacy. With better understanding of the 

immunopathogenesis of SLE, more potential targets can be discovered for potential 

SLE treatment. There is the large body of evidence implicating the abnormalities in 

the B cell compartment in the SLE [148]. The important role of B cells in the 

pathogenesis of autoimmune disorders has therefore provided a rationale to target B 

cells with SLE (Figure 1.5). This approach has been validated by the observed 

beneficial effect of B-cell depletion therapies in autoimmune diseases mediated by 

autoreactive B cells [149-152].  
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Figure 1.5: Proposed B-cell targeted SLE treatment. This picture is adapted from 
[153]. 
 
 

B cell targeted SLE treatment 

  B cell depletion: autoreactive B cells can be depleted by promoting the 

apoptotic signaling pathway (anti-CD20, anti-CD22 and anti-CD72) and blocking the 

survival signaling pathway (anti-BAFF). CD20 is expressed during all stages of B cell 

development except on pro-B and plasma B cells. Rituximab, a chimeric 

murine-human monoclonal antibody, binds to the CD20 receptor and results in the 

depletion of CD20-positive B cells [154]. However, clinical trials demonstrate that 

only a fraction of SLE patients respond to rituximab [155], demonstrating the 

heterogeneity of lupus diseases.  

   The receptors for BAFF, TACI, BCMA, BAFF-R are largely restricted to 

immature and mature B cells [156]. Overexpression of BAFF leads to the lupus-like 

disease development [77], while BAFF knockout ameliorates the disease [79]. 
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Moreover, in human SLE, BAFF overexpression is observed [157]. The newly 

developed drug belimumab is a human monoclonal antibody that specifically binds 

and neutralizes the soluble BAFF, therefore blocking BAFF, and is shown to 

significantly decrease B cells [158].  

  Anergy induction: As tolerance is lost in autoimmune diseases, it will be an 

effective way to restore peripheral tolerance, which can be achieved by promoting 

apoptosis, anergy and receptor editing. LJP 394 is this kind of reagent developed, 

since it induces either anergy or apoptosis by crosslinking with anti-dsDNA 

antibodies on the surface of B cells [159]. Administration of LJP 394 significantly 

delays the time and incidence of renal flares, as well as reduces the anti-dsDNA Ab 

levels [159]. Anergy is promoted by peptide specific tolerance and can be used for 

autoimmune diseases. ELDI-peptide-coupled cells with specific peptides was 

developed to bind to TCR and promote T cell tolerance, which was used to treat MS 

[160]. Administration of specific antigen (myelin basic protein or type II collagen) is 

shown to suppress experimental autoimmune encephalomyelitis (EAE) and 

collagen-induced arthritis respectively [161], proving the potential application of 

anergy induction for autoimmune disease treatment.  
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  Bz-423, a pro-apoptotic benzodiazepine, improves lupus disease. 

Pathogenic lymphocytes play a critical role in onset and progress of autoimmune 

diseases; they are therefore a logical target for therapeutic strategies. This strategy 

aims to specifically delete or to functionally inhibit pathogenic autoreactive 

lymphocytes without altering the normal immune system, therefore, providing both 

efficacy and specificity [162]. 

 

 

Figure 1.6: The structure of Bz-423 

  Bz-423 is a novel chemical for lupus treatment with efficacy and specificity: 

Bz-423 is a pro-apoptotic immunomodulatory benzodiazepine (Figure 1.6). 

Administration of Bz-423 to two lupus-prone mouse models (NZB/NEW F1 mice and 

MRL-lpr mice) ameliorates disease and improves renal function [163, 164]. This 

attenuation of lupus disease is associated with reduction in pathogenic lymphocytes 

(B cells in NZB/NZW F1 mice and T cells in MRL-lpr mice) [163, 164]. The 

reduction of lymphocytes suggests the possible induction of cell death or growth 

arrest. This hypothesis is supported by the observation that Bz-423 inhibits cell 

proliferation at low [Bz-423] (≤ 5μM in 2% FBS media or ≤ 20 μM in 10% FBS 

media) in Ramos B cell line and it induces cell death in several B cell and T cell lines 

high [Bz-423] [164, 165]. Both cell death and growth arrest are dependent on ROS, as 
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anti-oxidants inhibit Bz-423 induced cell death and growth arrest [164, 165]. 

  Although the cytotoxic and growth inhibitory effects induced by Bz-423 can 

explain the efficacy of Bz-423 treatment, it does not explain how Bz-423 selectively 

reduces pathogenic lymphocytes. Moreover, Bz-423 does not affect the number and 

the normal immune response of normal lymphocytes [163]. Exaggerated GC 

expansion is observed in the spleen of NZB/NZW F1 mice. Bz-423 reduces both the 

size and number of GCs. This reduction is due to apoptosis as the increased apoptosis 

activity is observed in the Bz-423 treated spleen. Moreover, expanded GC indicates 

abnormal B cell activation. It was therefore hypothesized that activation sensitizes 

cells to Bz-423. This hypothesis was tested by study of cell death induced by 

co-treatment of anti-IgM and Bz-423 in Ramos B cells. Co-treatment of anti-IgM and 

Bz-423 induces a synergistic cell death, indicating anti-IgM stimulation sensitizes 

Ramos B cells to Bz-423 [166]. Selectivity happens as low [Bz-423] (<5 μM in 2% 

FBS) induces cell death in anti-IgM-stimulated B cells but not in resting B cells. 

Because anti-oxidant, extracellular calcium chelator and protein synthesis inhibitor 

protects cells from synergistic cell death, it is concluded that ROS, calcium and 

protein synthesis are required for synergistic cell death induction [166]. 

  Bz-423 induces superoxide as a result of inhibiting mitochondrial 

F0F1-ATPase. Protons are pumped from the matrix into the mitochondrial 

intermembrane space (IMS) by the electron transport chain (ETC) complexes, and 

then return to the matrix by passing through the mitochondrial F0F1-ATPase during 

ATP synthesis [167, 168]. The balance between ETC and F0F1-ATPase activity leads 
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to a steady state of mitochondrial membrane potential (Δψm) at ~ 150 mV. 

Mitochondrial hyperpolarization (more ETC activity and/or less ATPase activity) 

slows electron transport, which forces the ETC into a reduced state that favors 

production of superoxide [167]. Therefore, mitochondrial F0F1-ATPase inhibitors 

induce superoxide production by increasing Δψm (Figure 1.7). In isolated 

mitochondria, mitochondrial F0F1-ATPase inhibitors oligomycin and 

diindolylmethane (DIM) are shown to induce superoxide [169-171]. Bz-423 treatment 

also induces superoxide in isolated mitochondria, indicating the possible inhibition of 

mitochondrial F0F1-ATPase [164]. Bz-423 inhibits both the synthesis and hydrolysis 

activity of mitochondrial F0F1-ATPase in vitro [172], confirming that Bz-423 is a 

mitochondrial F0F1-ATPase inhibitor. Phage display showed that Bz-423 binds to the 

oligomycin sensitivity conferring protein (OSCP), a peripheral stalk protein linking 

the membrane F0 and catalytic F1 component [172]. Binding of Bz-423 to OSCP 

binding leads to inhibition of the F0F1-ATPase synthesis and hydrolysis activity in 

vivo and in vitro [172]. Inhibition of mitochondria F0F1-ATPase by Bz-423 induces 

mitochondria hyperpolarization, which results in superoxide production [172]. RNAi 

knockdown of OSCP in HEK cells render cells resistant to ROS production and cell 

death induced by Bz-423 [172], confirming the critical role of OSCP in Bz-423 

induced superoxide production and subsequent cell death.  
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Figure 1.7: Inhibition of the mitochondrial F0F1-ATPase induces superoxide 
production. (A) Mitochondrial membrane potential (Δψm) is achieved by the balance 
between the activity of electron transport chain (ETC) and mitochondrial F0F1-ATPase 
activity. The increased activity of ETC will increase proton pumping from matrix to 
mitochondrial intermembrane space (IMS), therefore, increasing Δψm. The increase in 
mitochondrial F0F1-ATPase activity will allow the passage of proton from IMS to 
matrix, lowering Δψm. (B) mitochondrial F0F1-ATPase induces superoxide by 
increasing Δψm. Inhibition of mitochondrial F0F1-ATPase activity (step 1) results in 
increase in Δψm (step 2). The increase in proton motive force slows electron transport 
by ETC (step 3), which eventually leads to superoxide production (step 4). Figures are 
adopted from [173]    
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  Statement of Goals: Administration of Bz-423 to two lupus-prone mouse 

models, NZB/NZW F1 and MRL-lpr mice, improves disease with few side effects 

[163, 164]. Enlarged and increased GCs are observed in the spleen of NZB/NZW F1 

mice, which was reduced by 40% by Bz-423 [164]. GC is formed by a rapid clonal 

division of activated B cells [174]. The reduction in GCs by Bz-423, together with 

increased apoptotic activity in the remaining GCs, suggests Bz-423 may selectively 

reduce GC B cells via apoptosis [174]. As GC B cells are activated [174], it was 

hypothesized that activation sensitizes cells to Bz-423 [166]. To test this hypothesis, 

Ramos B cells were co-treated with Bz-423 and anti-IgM, and the cell death induced 

by co-treatments was determined. Compared with the cell death induced by anti-IgM 

and Bz-423 alone, co-treatment induced a supra-additive effect on cell death, 

indicating anti-IgM sensitizes Ramos B cells to Bz-423 [166]. The protection of 

antioxidant, extracellular calcium chelator, new protein synthesis inhibitor against cell 

death by anti-IgM and Bz-423 co-treatment indicates ROS, calcium, and new protein 

synthesis are required for synergistic cell death [166]. 

  The goal of my research is to understand the selectivity of Bz-423 observed 

in vivo. In Chapter 2, the apoptotic signaling pathway induced by anti-IgM and 

Bz-423 co-treatment in Ramos B cell in vitro model was studied. This in vitro model 

was first verified to be appropriate for studying the selectivity of Bz-423 observed in 

vivo. As calcium and superoxide are critical mediators, their involvement was studied 

in detail. Then the apoptotic signaling downstream of calcium and superoxide were 

explored. During these Chapter 2 studies, Bz-423 was first observed to activate NFAT. 
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As NFAT plays a critical role in modulating the immune function such as anergy, 

Bz-423 induced NFAT activation was further studied in Chapter 3. Bz-423 induced 

NFAT dephosphorylation, nuclear translocation, and NFAT-dependent gene expression 

were first studied. How Bz-423 activates NFAT by inhibitors was then studied. Lastly, 

the possible consequences of Bz-423 induced NFAT activation were explored. 
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CHAPTER 2 

MECHANISM OF ANTI-IGM INDUCED SYNERGY WITH BZ-423 

 

Introduction: 

  Apoptotic signaling pathway: Apoptosis is a form of cell death with 

specific morphological and biochemical changes, including plasma membrane 

blebbing, chromatin condensation, and DNA fragmentation [1]. In contrast to necrosis, 

another form of cell death, apoptosis eliminates unwanted cells without inducing an 

inflammatory response [2]. Apoptosis is critical for normal lymphocyte development 

and immune function. Thus, it is a tightly regulated process. Too much apoptosis will 

lead to immunodeficiency, and too little apoptosis will result in lymphoma or 

autoimmune diseases [3]. Drugs that promote apoptosis and drugs that inhibit 

apoptosis have been used to treat various cancers and degenerative diseases, 

respectively [4, 5]. 

  Apoptosis results from cleaving a variety of subcellular targets by effector 

caspase proteases [6]. Caspases are a family of cysteine proteases requiring cleavage 

for activation. There are four ways to activate caspase: self-cleavage; cleavage by 

other caspases or proteases such as granzyme B [7]; activation by death receptor 

complexes (Figure 2.1; [8]); or apoptosome activation during mitochondria-dependent 

cell death (Figure 2.1; [9]). Depending on their roles in apoptosis, caspases are 
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divided into initiator caspases and effector caspases [10] . Initiator caspases including 

caspases-8, 9 and 10 are initially activated. They in turn cleave and activate effector 

caspases such as caspase-3 and caspase-7 [10]. These activated effector caspases then 

cleave vital structural proteins such as lamins and spectrin, and prototypically active 

enzyme for cell dismantling such as inhibitor of caspase activated DNase (ICAD) 

(Figure 2.1; [10]). 

 

 
Figure 2.1: Overview of apoptotic signaling pathway. See text for details. This 
figure is adapted from [11]. 
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  Extrinsic and intrinsic pathways are two common apoptotic signaling 

pathways for caspase activation. The extrinsic apoptotic pathway is initiated by 

binding of death factors such as Fas ligand (FasL) to death receptors such as Fas, 

followed by multimerization of receptors, recruitment of adaptor molecules, and 

formation of a death inducing signaling complex (DISC) to activate caspase-8 (Figure 

2.1; [7, 12]). The best studied example of extrinsic apoptotic signaling pathway is the 

Fas-FasL signaling pathway. Once FasL binds to Fas, the death domain of Fas recruits 

the adaptor Fas-associated death domain protein (FADD), of which the death effector 

domain recruits pro-caspase 8 to form DISC. Self-cleavage of pro-caspase 8 is 

triggered to form activated caspase 8. The activated caspase 8 then cleaves and 

activates effector caspse-3 and caspase-7, which lead to apoptosis [13]. 

  Mitochondria are important in intrinsic apoptotic signaling pathway. They 

sense and integrate various intracellular stresses, which triggers signals to 

permeablize mitochondrial membrane and to release pro-apoptotic factors from 

intermembrane to cytosol (Figure 2.1; [14]). These pro-apoptotic factors include 

cytochrome c, second mitochondria-derived activator of caspase/direct IAP-binding 

protein with low pI (Smac/DIABLO), apoptosis inducing factor (AIF), endonuclease 

G. (Endo-G) (Figure 2.1). Cytochrome c binds to apoptotic protease activating 

factor-1 (Apaf-1), dATP, and pro-caspase 9 to form the apoptosome (Figure 2.1; [9]). 

In the apoptosome, caspase 9 is autocatalytically activated, which activates 

downstream effector caspases to induce apoptosis (Figure 2.1; [9]). Smac assists in 

caspase activation by binding to inhibitors of apoptosis protein (IAPs), which releases 
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caspase from IAPs inhibition (Figure 2.1; [15, 16]). AIF induces nuclear condensation 

and DNA fragmentation [17], while Endo-G degrades single-strand DNA [18, 19]. 

Both of them can cause apoptosis independent of caspases (Figure 2.1; [20]). There is 

cross-talk between intrinsic and extrinsic apoptotic signaling pathway. Caspase 8 

activated by death receptor can cleave BH3-only protein Bid. The cleaved form tBid 

then translocates to the mitochondria to induce release of mitochondrial pro-apoptotic 

factors (Figure 2.1; [21]). 

  Mechanisms for mitochondrial pro-apoptotic factors release: Two 

mechanisms are proposed to release pro-apoptotic factors such as cytochrome c 

(Figure 2.2). One mechanism is repetitive opening of the mitochondrial membrane 

transition (MPT) pore [22]; the other is through the pores formed by oligomerization 

of activated Bax and Bak in the outer mitochondrial membrane [23]. 

  Involvement of MPT pore in cytochrome c release: Existence of the 

mitochondrial permeability transition (MPT) pore is derived from the observation that 

several cellular toxins, including ROS (H2O2, O2
-, O2

⋅, ⋅OH) and calcium, induced 

cytochrome c release in isolated mitochondria, which was inhibited by cyclosporine A 

[24, 25]. The MPT pore is located at contact sites between the inner mitochondrial 

membrane (IMM) and the outer mitochondrial membrane (OMM). IMM is 

impermeable to all but a few ions and metabolites [26]. Under physiological 

conditions, physiological factors such as ROS and calcium can induce transient 

opening of the MPT pore, allowing the exchange of ions and metabolites to maintain 

normal physiological activity [26]. Under pathological conditions, these factors 
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induce repetitive opening of MPT pore, which is followed by Δψm collapse, 

mitochondrial Ca2+ release, and uncoupling of oxidative phosphorylation [27]. The 

repetitive MPT opening allows the free diffusion of low molecule solutes across the 

inner membrane, which leads to the high colloid osmotic pressure in the matrix, water 

influx into the matrix, and subsequent matrix swelling. Pro-apoptotic factors such as  

 

  

 
Figure 2.2: Different pathways of mitochondrial cytochrome c release. (A) 
Mitochondrial permeability transition (MPT) pore-dependent cytochrome c release. 
Apoptotic stimuli, such as [Ca2+]i and ROS, trigger MPT pore opening, allowing the 
free diffusion of low molecule solutes across the inner membrane. The resulting high 
colloid osmotic pressure in the matrix then causes water influx and subsequent matrix 
swelling, which results in outer mitochondrial membrane (OMM) rupture and 
cytochrome c release. (B) Bax and Bak mediated cytochrome c release. 
Oligomerization of activated Bax or Bak forms pore in the OMM to release 
cytochrome c. Bax, Bak activation are regulated by BH3-only protein and Bcl-2 
subfamily proteins. (C) This picture is adapted from [28]. IMM, Inner mitochondrial 
membrane; cyto c, cytochrome c; VDAC, voltage-dependent anion channels; adenine 
nucleotide translocator, ANT; cyclophilins D, CyD. 
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Figure 2.3: Proposed structure of MPT pore and its regulation mechanism. ANT 
and VDAC form the core elements of MPT pore. HK, PBR, and mtCK are associated 
with core elements of MPT pore to regulate its activity. Reagents to trigger the MPT 
pore opening are shown in green and Reagents to close the MPT pore are shown in 
pink. This picture is adapted from [29].   VDAC, voltage-dependent anion channels; 
adenine nucleotide translocator, ANT; cyclophilins D, Cyp-D; peripheral 
benzodiazepine receptor, PBR; creatine kinase, CK; Hexokinase, HK; outer 
mitochondrial membrane OMM; inner mitochondrial membrane IMM. 
 

cytochrome c are thus released from mitochondria through IMM remodeling and 

eventually OMM rupture (Figure 2.2A; [30]). 

  Characterization of MPT pore indicates that it is a voltage-dependent, 

high-conductance channel that allows passage of molecules up to 1.5 kilodalton (kDa) 

[27]. The molecular composition of the MPT pore has not been completely resolved. 

However, the adenine nucleotide translocator (ANT), cyclophilin D (Cyp-D), and the 

voltage-dependent anion channels (VDACs) are implicated as core elements of the 

MPT pore. Hexokinase (HK), creatine kinase (CK), and the peripheral benzodiazepine 

receptor (PBR) are reported to be associated with MPT pore (Figure 2.3; [29, 31]). It 

is not clear whether these proteins are structural components or rather they play a 
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regulatory role [32]. The subunits of the MPT pore sense and integrate stress signals 

from both the matrix and the cytosol, such as mitochondrial membrane potential 

(Δψm), adenine nucleotides, pH, ROS, and Ca2+ (Figure2.3; [29, 31]). These factors 

regulate the opening and closure of the MPT pore. 

  Ca2+ is a well-established activator of MPT pore opening. Ca2+ opens the 

MPT pore through increasing Cyp-D binding to ANT (Figure 2.3; [33]). Cyclosporine 

A binds to Cyp-D, blocks the interaction between Cyp-D and ANT, and thus inhibits 

calcium-mediated MPT pore opening [34]. Consistent with the inhibitory effect of 

cyclosporine A, a three-fold excess of calcium is required to trigger the MPT pore 

opening in liver mitochondria isolated from mice lack of Cyp-D [35]. Glutamate 

induces cell death in neurons through triggering mitochondrial calcium uptake and the 

opening of MPT pore in neurons [36]. Neurons from Cyp-D knockout mice were 

resistant to the MPT pore opening and subsequent cell death induced by 

low-concentration glutamate. However, at high glutamate concentration, which induce 

high calcium uptake, this inhibition by cyclosporine A was lost [37], indicating the 

existence of Cyp-D-independent pathway. 

  In addition to calcium, ROS is also known to activate MPT pore opening. 

Thiol oxidants, such as diamide, phenylarsine oxide, stimulate MPT pore opening by 

crosslinking of cysteine residues (cys56, cys159) in Cyp-D [38-40], which results in 

the increased binding of CyP-D to ANT [41]. MPT pore opening induced by the thiol 

oxidants was inhibited by anti-oxidants such as dithiothreitol [42]. Yeast mitochondria 

lack both cysteine residues in ANT do not possess pore opening activity inhibitable by 
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cyclosporine A [43, 44]. Oxidative stress also sensitizes the MPT to calcium by 

increasing CyP-D binding to the ANT, less calcium is thus required for the MPT pore 

opening [45]. For example, in isolated mitochondria, low concentration of calcium 

(500 μM) CaCl2 does not induce mitochondrial swelling, one indicator of MPT 

opening. When co-incubated with t-butyl hydroperoxide and O2, which produce 

superoxide, this concentration of CaCl2 significantly induces mitochondrial swelling 

[45]. 

  MPT pore opening has been implicated in apoptosis induced by a variety of 

stimuli [22]. N-methy-4-Val-cyclosporine A, a non-immunosuppressive derivative of 

cyclosporine A which selectively binds to Cyp-D in the mitochondria to block the 

Cyp-D binding to ANT and MPT opening, inhibits apoptosis induced in vivo by brain 

trauma [46], by ischemia reperfusion damage [22] and by anti-CD95 in hepatocytes 

[47]. Bongkrekic acid, which makes ANT adopt a “close” state conformation, inhibits 

MPT pore opening, and prevents cell death induced by glucocorticoids [48], 

excitotoxin [49], and tumor necrosis factor (TNF) [50]. Some viral and bacterial 

proteins modulate apoptosis by interacting with the components of MPT pore [51]. 

HIV viral protein of regulation (Vpr) binds to ANT, triggers MPT pore opening and 

induces cell death [51]. While porin B from neisseria meningidis exerts its 

anti-apoptotic activity by binding to VDAC and inhibiting the opening of MPT pore 

[52]. 

  Involvement of mitochondrial outer membrane permeablization (MOMP) 

in mitochondrial pro-apoptotic factors release: MOMP is another mechanism to 
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release mitochondrial pro-apoptotic factors. The oligomerization of Bcl-2 associated 

X protein (Bax) and Bcl-2 antagonist/killer (Bak) are proposed to form pores in the 

mitochondrial outer membrane, which releases pro-apoptotic factors (Figure 2.3B 

[53]). Bax was known to form channels in artificial membranes [54], resulting in the 

release of liposome-encapsulated carboxyfluorescein [55],  

fluorescein-isothiocyanate-conjugated dextran (FITC-dextran) or FITC-cytochrome c 

[56]. Up to four Bax molecules was shown to form a pore with the capacity to release 

the molecules up to 22 Å [56]. Bak could form pore in response to activation signals 

[57]. Addition of tBid to isolated mitochondria induces Bak oligomerization, which 

results in cytochrome c release. The cytochrome c release is blocked in Bak-deficient 

mitochondria [57], indicating the critical role of Bak in cytochrome c release. 

  Since Bax and Bak promote apoptosis through forming pores and trigger 

pro-apoptotic factor releases from mitochondria, they are tightly regulated. Bax has 

two stable conformational states: native Bax and activated Bax. Native Bax is a 

closely packed, globular protein, and located in the cytosol. Bax activation involves a 

conformational change, which exposes an amino-terminal epitope, which contains a 

mitochondrial targeting sequence [58]. The activated Bax then translocates into the 

mitochondria, where it undergoes oligomerization for pore formation [59]. Using 

green fluorescent protein labeled Bax (GFP-Bax), Bax was shown to be primarily 

localized in the cytosol and translocated into the mitochondria upon a physiological 

death stimuli [59]. FK1012 enforced Bax dimerization by binding to FK506 binding 

protein (FKBP) in FKBP-Bax, which leads to Bax mitochondrial translocation, 
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cytochrome c release and apoptosis [60], indicating dimerization is involved in 

apoptosis. Bak is already located in the outer mitochondria membrane [61]. In 

response to apoptotic signals, it undergoes analogous conformational change and 

oligomerization to form channels [62]. Apoptosis is induced by Bax overexpression or 

Bak overexpression [63-65], indicating their critical roles in apoptosis. Either Bax 

knockout or Bak knockout produced no phenotype, or mild lymphoid hyperplasia in 

aged mice [66, 67], suggesting Bax and Bak are functionally redundant. Mice with 

Bax and Bak double knockouts displayed an array of developmental defects [67], 

which is possibly due to abnormal survivals. The defective cell death induction is 

confirmed by studying the immortalized embryonic fibroblasts from Bax and Bak 

deficient mice, since they are resistant to various apoptotic stimuli, such as cytokine 

withdrawal or certain cytotoxic drugs [68]. 

  Bcl-2 family proteins are shown to participate in apoptosis via other 

mechanisms. They can regulate cytochrome c release through the MPT pore. Bcl-2 

family members (Bcl-2, Bax, Bak) interact subunits of MPT pore (ANT, VDAC) [69, 

70]. As ANT2 (amino acid 105-156) is Bcl-2/Bax binding site, ANT2 (1-141) can 

bind to Bcl-2/Bax while ANT2 (1-101) can not. Bax induces apoptosis in cells 

expressing ANT2 (1-141). In contrast, Bax does not induce apoptosis in cells 

expressing ANT2 (1-101) [70]. Bcl-2 family proteins are also shown to regulate 

apoptosis through modulating the calcium levels in endoplasmic reticulum (ER) [71, 

72]. In Bax and Bak double knockout cells, calcium levels in the ER are lower than 

wild type cells. Overexpression of sarco-endoplasmic reticulum calcium adenosine 
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triphosphatase (SERCA) corrects ER calcium levels and restores cellular sensitivity to 

reagents such as arachidonic acid, C2-ceramide [73-75]. Anti-apoptotic Bcl-2 is also 

shown to exert its protection against cell death by decreasing ROS level [76]. 

  Bcl-2 family proteins regulate MOMP through Bax and Bak: Bcl-2 family 

proteins are important regulators of mitochondria-mediated apoptosis. All Bcl-2 

family proteins contain the Bcl-2 homolog (BH) domain. Based on the Bcl-2 homolog 

(BH) region they shared, they are divided into three groups, anti-apoptotic Bcl-2 

subfamily proteins (Bcl-2 like proteins: Bcl-2, Bcl-xL, A1, Mcl-1) which contain BH1 

to BH4 domains, pro-apoptotic Bax subfamily proteins (Bax-like proteins: Bax, Bak) 

which contain BH1 to BH3 domains, and pro-apoptotic BH3-only proteins [including 

Bcl-2 antagonist of cell death (Bad), Bcl-2 interacting domain death agonist (Bid), 

Bcl-2 interacting mediator of cell death (Bim), Bcl-2 interacting killer (Bik), Noxa, 

p53 up regulated mediator of apoptosis (Puma), Bcl-2 modifying factor (Bmf), and 

Harakiri (Hrk)] which only contain BH3 domain (Figure 2.4; [77]).  

  Bcl-2 subfamily proteins exert their anti-apoptotic effect by inhibiting Bax 

and Bak activation (Figure 2.5). Bcl-2 subfamily protein can bind to Bax and Bak and 

directly inhibit their activation. They also can indirectly inhibit Bax and Bak 

activation by binding to BH3-only protein (Figure 2.6). When overexpressed, each of 

the Bcl-2 subfamily members, such as Bcl-2, Bcl-xL, Mcl-1, A1, protect cells against 

a variety of apoptotic stimuli [63-65]. Knocking out these Bcl-2-like proteins suggest 

they regulate cell death of different lymphocytes. The diminished numbers of 

lymphocytes and shortened life-span of immature lymphocyte in Bcl-X knockout 
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chimeric mice indicate the critical role of Bcl-XL in lymphocyte differentiation [78]. 

In Bcl-2 deficient mice, a massive apoptosis occurs in the spleen and thymus, 

reflecting that Bcl-2 deficiency predisposes mature B and T cells to apoptosis [79]. 

 
 
Figure 2.4: Bcl-2 family proteins. Based on the composition of Bcl-2 homolog 
domains (BHs), Bcl-2 family of protein is divided into three functional groups: 
anti-apoptotic Bcl-2 subfamily, pro-apoptotic Bax subfamily and pro-apoptotic 
BH3-only subfamily. The figures are adapted from [77] 
 
 

  Lymphocytes lacking Bcl-2 differentiate into phenotypically mature cells, 

indicating that Bcl-2 does not affect lymphocyte differentiation. Mcl-1 knockout is 

lethal [80]. However, conditional removal of Mcl-1 during the early lymphoid 

development results in increased apoptosis and arrested development at stages of 

pro-B and double-negative T cell, indicating the involvement of Mcl-1 in lymphoid 

development [80]. Conditional knockout Mcl-1 in mature B cells and T cells leads to 

a profound increase in apoptosis and rapid loss in both B and T cells, suggesting its 

critical role in maintenance of mature lymphocytes [80]. 
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Figure 2.5: The inhibition of Bax and Bak by Bcl-2 subfamily proteins. Bak is 
sequestered by Mcl-1, Bcl-xL and A1 to maintain its inactive state. Bax is inactive, 
the Mcl-1, Bcl-2 and Bcl-xL inhibit Bax activation. Once Bak and Bax are activated, 
they homodimerizes together to release cytochrome c. This picture is adapted from 
[81]. 
 

  The overexpression of BH3 only proteins induces apoptosis. In contrast, 

MEFs lacking Bax and Bak are refractory to the apoptosis induced by overexpression 

of BH3-only proteins [68]. This observation suggests that BH3-only proteins cause 

apoptosis by activating Bax and Bak. How BH3-only proteins activate Bax and Bak is 

still controversial. However, there are two models for Bax and Bak activation. The 

“direction activation model” was developed based on the studies of the ability of 

BH3-only proteins to release cytochrome c in a liposome made from artificial 

membrane of which the lipid content mimics the mitochondrial outer membrane 

(LUVs) [82]. Dextran was enclosed in LUVs and its release is thus the sign of 

membrane permeablization. Addition of recombinant Bax does not release dextran 

from LUVs [82]. Addition BH3-only peptides derived from Bim and Bid could induce 
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dextran in the presence of Bax, suggesting they can directly activate Bax to release 

dextran [82]. This BH3-only peptide and Bax mediated dextran release can be 

inhibited by Bcl-xL [82]. These BH3-only proteins are thus called as direct activator. 

Other BH3-only proteins could not induce dextran from LUVs when co-treated with 

recombinant Bax. However, they could potentiate dextran release mediated by 

director activator and Bax. As a result, these BH3-only proteins are called sensitizers 

(Figure 2.6A). In the LUVs in presence of recombinant Bax and Bcl-xL, tBid induced 

less than 20% dextran release. When Bid and Bad were added together, more than 

80% dextran release resulted [83]. These findings suggest that Bad can promote Bax 

activation by displacing Bid from inhibitory Bcl-2 binding. In this “direct activation 

model”, direct activator such as Bim is required for Bax and Bak activation; sensitizer 

such as Bad assists in Bax and Bak activation through binding to Bcl-2 subfamily 

(Bcl-2 like) proteins (Figure 2.6A). 

  Although there is some evidence to support the direct activation model, there 

are some data against it. For example, Bax and Bak mediate apoptosis without 

discernable association with Bim and Bid [84], suggesting that Bax and Bak are not 

activated by BH3-only protein through direct binding. Moreover, Bim mutants with 

alanine substitution of a conserved BH3 domain residue Gly66 failed to bind to Bax 

or Bak. However, it induced apoptosis to an equivalent degree as wild-type Bim [84], 

suggesting direct activator Bim is not essential for Bax and Bak-induced apoptosis. 
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Figure 2.6: The mode of Bax and Bak activation by BH3-only proteins. (A) Direct 
activation model for Bax and Bak activation. Direct activator such as Bim and tBid is 
required for Bax and Bak activation. Sensitizer regulates Bax and Bak activation by 
inhibiting Bcl-2 like proteins. (B). Indirect activation model for Bax and Bak 
activation. BH3-only protein activates Bax and Bak by inhibiting Bcl-2 like proteins. 
Dependently on their binding potency for Bcl-2-like family, they are divided as 
promiscuous BH3-only proteins which can bind to all Bcl-2 like proteins and selective 
BH3-only proteins which only bind to several Bcl-2 like proteins. The red triangle 
indicates the BH3 domain. This figure is adapted from [85] 
 

  Alternatively, “indirect activation model” has also been proposed. In this 

model, Bax and Bak can be activated by neutralizing anti-apoptotic Bcl-2 proteins, 

and BH3-only proteins induce apoptosis by binding to Bcl-2-like proteins (Figure 

2.6B). BH3-only proteins have different potencies to activate Bax and Bak and cell 

death induction, depending on their affinities for Bcl-2-like protein (Figure 2.7). For 

example, as Bim and Puma can bind to all the Bcl-2 subfamily proteins, they are the 

most versatile killers. In contrast, Bad only binds to Bcl-2 and Bcl-xL while Noxa 

only binds to Mcl-1 and A1, making Bad and Noxa weak activator of Bax and Bak. 

Therefore, activation of potent BH3 only proteins such as Bim or Puma alone is 
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sufficient to suppress all Bcl-2 like proteins and to activate Bax and Bak. On the other 

hand, activation of potent BH3 only proteins such as Bad is not sufficient to suppress 

Bcl-2 like protein and requires additional BH3 only proteins such as Noxa to suppress 

the Bcl-2 like protein and to activate Bax and Bak. Co-immunoprecipitation result 

indicates that Bak binds to Bcl-xL and Mcl-1 but not other Bcl-2 subfamily proteins. 

Neutralization of both Bcl-xL and Mcl-1 is required to activate Bak for apoptosis 

induction [86], which suggests that Bak is activated through the indirect activation 

model. 

As Bak is already present in the mitochondrial outer membrane, it is appealing 

that Bak is kept inactive by a Bcl-2 subfamily protein. Bax, however, is largely 

cytosolic. And a Bax-activating signal is necessary to trigger its mitochondrial 

translocation [77]. In this sense, both of these models may exist for Bax and Bak 

activation. 

  BH3 only proteins activate Bax and Bak in response to various apoptotic 

stimuli as well as in cell type-specific manner (Figure 2.8). Hrk-deficient mice are 

viable and exhibited normal postnatal development. Neurons from Hrk-deficient mice 

were resistant to axotomy, and delayed the cell death induced by NGF removal 

(Figure 2.8; [87]), which is consistent with the restricted expression of Hrk in the 

developing nervous system [87]. The activity of BH3-only protein can be BH3 only 

proteins activate Bax and Bak in response to various apoptotic stimuli as well as in 

cell type-specific manner (Figure 2.8). Hrk-deficient mice are viable and exhibited 

normal postnatal development. Neurons from Hrk-deficient mice were resistant to 
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axotomy, and delayed the cell death induced by NGF removal (Figure 2.8; [87]), 

which is consistent with the restricted expression of Hrk in the developing nervous 

system [87]. The activity of BH3-only protein can be transcriptionally regulated and 

post-translationally regulated, such as phosphorylation, sequestration to cytoskeletal 

proteins, or inactive zymogens. DNA damage in response to γ-irradiation, cisplatin or 

etoposide activates transcription factor p53, which leads to Puma and Noxa increase 

(Figure 2.8; [88, 89]). In response to growth factor withdrawal or B cell receptor 

 
Figure 2.7: BH3-only proteins promiscuously or selectively bind to Bcl-2 like 
proteins. BH3-only proteins Bim and Puma engage all Bcl-2-like proteins and thus 
are potent killer. All other BH3-only proteins bind selectively to subsets of Bcl-2-like 
proteins and hence are weak killer. BH3-only proteins Bad, Bmf only bind to Bcl-2, 
Bcl-xL; BH3-only proteins Bid and Noxa only bind to MCl-1 and A1; BH3-only 
protein Bik and Hrk only bind to Bcl-xL and A1.The red triangle indicate the BH3 
domain. This figure is adapted from [90] 
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stimulation, Bim and Bik can be increased by transcription activation (Figure 2.8; 

[91-93]). Bim and Bmf can bind to dynein light chain (DLC) and be sequestered to 

inhibit their pro-apoptotic activity. Reagents such as taxol that destabilize 

microtubules release Bim from DLC and trigger cell death. Bim and Bmf can also be 

released through phosphorylation by MAPK [94, 95]. Bad, on the other hand, can be 

dephosphorylated activated by cytokine withdrawal, which results in the dissociation 

of Bad with 14-3-3 and the released Bad could exert its pro-apoptotic activity by  

 

 

 

 

Figure 2.8: BH3-only proteins are activated in response to various activations. 
BH3 only proteins are activated by a variety of cellular stresses. Once activated, they 
initiate apoptosis by binding and neutralizing Bcl-2-like proteins via their BH3 
domain (red triangle). This picture is adapted from [86]. 
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neutralizing Bcl-2-like proteins (Figure 2.8; [96-98]). Bcl-2 interacting domain death 

agonist (Bid) is activated through cleavage by calpains, caspases, Granzyme B and 

cathepsins [99]. The actived tBid therefore activate Bax and Bak and thereafter 

apoptosis (Figure 2.8; [100]). 

  B cell receptor mediated signaling pathway: The B cell receptor (BCR) is 

a multimeric protein complex consisting of antigen binding membrane immunoglobin 

(mIg) and the Igα and Igβ heterodimer (Figure 2.9; [101]). In the cytoplasmic tail of 

Igα and Igβ, there is a consensus sequence termed the immunoreceptor 

tyorosine-based activation motifs (ITAMs) [102]. Binding of antigen to mIg induces 

tyrosine phosphorylation of the ITAM by Src family protein tyrosine kinases 

(Src-PTKs), such as Lyn. Phosphorylated tyrosines recruit B cell linker protein 

(BLNK) and promote its phosphorylation by PTKs, and trigger cascade activation of 

protein tyrosine kinases (PTKs), including spleen tyrosine kinase (SYK), 

B-lymphocyte specific tyrosine kinase (BLK), hemopoietic cell kinase (HCK), and 

Bruton’s tyrosine kinase (BTK) (Figure 2.9; [103]). These activated PTKs 

phosphorylate and activate different substrates to direct NFκB, ERK, PI3K, JNK, 

calcium mobilization, and PKC activation (Figure 2.9; [103]). 
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Figure 2.9: Proximal BCR signaling for activation of various downstream 
signaling pathways. After B antigen ligation, three main protein tyrosine kinases Lyn, 
Syk and Btk are activated. PI3K, PLCγ2, NFκB, JNK and ERK are important 
downstream effectors for B cell receptor signaling. B cell adaptor, such as BLNK, 
fine-tunes B cell signals by efficiently connecting the kinase and effectors. This 
picture is adapted from [103].DAG, diacylglycerol; InsP3, inositol-1,4,5-triphosphate; 
BLNK, B cell linker; PI3K, phosphatidylinositol 3-kinase; PLCγ2, phospholipase 
Cγ2.  

  BTK, together with SYK, phosphorylates and activates phospholipase γ2 

(PLCγ2) [104], which hydrolyzes phosphatidylinositol-4,5-bisphosphate (PtdInsP2) to 

produce inositol-1,4,5-triphosphate (InsP3) and diacylglycerol (DAG.). The increased 

InsP3 binds to the InsP3 receptor, releasing calcium from the endoplasmic reticulum 

(ER) [105]. The calcium depletion from ER then signals the opening of calcium 
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release activated calcium (CRAC) channel for extracellular calcium influx, which is 

responsible for the sustained [Ca2+]i increase [105]. The sustained calcium increase 

activates calcineurin, a serine/threonine phosphatase [106]. One of the substrates of 

calcineurin is nuclear factor of activated T cells (NFAT) [106]. Transcription factor 

NFAT is dephosphorylated by calcineurin, which triggers its nuclear translocation for 

transcription activation [106]. DAG activates PKCδ, which phosphorylates and 

activates Ras. Activated Ras will phosphorylate and activate ERK, which 

phosphorylates and activate c-fos, a subunit of transcription factor AP-1. DAG and 

calcium activate PKCβ, which activate transcription factor NFκB [107-109]. The 

balance among these transcription factors determines cell fate. Apoptosis is induced 

when calcium signaling pathway overrides other survival signaling pathways induced 

by BCR ligation [110].  

  BCR-induced survival and proliferation 

  NFκB pathway: NFκB is sequestered in the cytosol by binding to the 

inhibitory protein IκB. In BCR-stimulated cells, IκB is phosphorylated by IKKα/β 

and tagged for proteasomal degradation. The released NFκB then translocates into the 

nucleus and activates transcription [111]. BCR-induced NFκB activation is blocked in 

BTK-, BLNK-, and PLCγ2-deficient B cells [112-114], indicating the critical role of 

PLCγ2. PLCγ2-induced Ca2+ influx and PKC activation are required as Ca2+ chelator 

and specific PKC inhibitor block BCR-directed NFκB activation [113]. It is thought 

that PKCβ, which requires both Ca2+ and DAG for its activation, is involved in the 

BCR-induced NFκB activation. This hypothesis is supported by the observation that 
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PKCβ is required to activate IKKα/β, an upstream kinase of NFκB activation [115, 

116]. 

  The NFκB transcription factor complex consists of heterodimers or 

homodimers of the subunits NF-κB1 (p50), NF-κB2 (p52), c-REL, REL A (p65) and 

REL B [117]. NFκB induced the expression of Bcl-2 and Bcl-xL to protect cells from 

BCR-induced cell death [118, 119]. NFκB is also shown to induce cyclin D2 

expression, as blockade of calcium entry completely blocks BCR-induced cyclin D2 

increase [120].  

  PI3K pathway: Phosphoinositide-3-kinase (PI3K) is a primary candidate for 

mediating B cell survival, as treatment of B cells with PI3K inhibitors leads to an 

increase in BCR-induced cell death [121, 122]. PI3K is a complex with regulatory 

subunit p85 and catalytic subunit p110. BCR signaling and its co-receptor CD19 play 

a synergistic way in PI3K activation [123]. The phosphorylation of cytosolic tail of 

co-receptor CD19, signals the binding of PI3K to the cytosolic tail of CD19 through 

p85. Its catalytic domain p110 is therefore activated by the activated protein tyrosine 

kinase such as SYK [122, 123]. PI3K phosphorylates phosphatidylinositol 

(3,4)-bisphosphate [PI(3,4)P2] to phosphatidylinositol (3,4,5)-trisphosphate 

[PI(3,4,5)P3], which assists in recruitment of BTK and AKT and their subsequent 

activation [124]. The activated AKT phosphorylates and inactivates pro-apoptotic 

BH3 only protein Bad, promoting cell survival [125]. ATK can also phosphorylate and 

inhibit glycogen synthase kinase 3 (GSK3). GSK3 inhibits cell cycle-progress by 

phosphorylating and destabilizing MYC and cyclin D [126].  
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  ERK pathway: ERK is shown to be involved in B cell proliferation by 

upregulating cyclin D2 [127]. Cyclin D2 binds and regulates cyclin-dependent kinase 

4 (CDK4) or CDK6 [128]. This complex phosphorylates retinoblastoma protein (Rb) 

and induces cell cycle G1/S transition [128]. BCR-induced proliferation is blocked by 

a specific ERK inhibitor [129], confirming the role of ERK in B cell proliferation. 

There are two pathways for ERK activation: one is through PLCγ2 and the other one 

is through Ras-Raf-ERK pathway [130, 131]. The activation of extracellular 

signal-regulated kinase (ERK) was only partially impaired in PLCγ2-deficent B cells 

[130], indicating that PLCγ2 is only partially responsible for ERK activation. ERK 

can also be activated by Ras-Raf-ERK pathway [131]. However, Raf is also shown to 

be involved in cell survival in a ERK-independent pathway, as enhanced cell death 

but normal ERK activation were detected in Raf1-deficient mice[132, 133]. 

  Co-receptor of BCR signaling pathway: Co-receptors are cell surface 

receptors that bind to signaling molecules and facilitate BCR responses. There are 

both negative and positive regulators of BCR signaling that modulate the threshold for 

BCR activation (Figure 2.11). The positive co-receptors include CD19, CD21 

(receptor for C3d), and CD81 (receptor for anti-proliferative antigen-1). CD19, CD21 

and CD81 form a complex. Binding of C3d to this complex induces phosphorylation 

of CD19 cytosolic tail, which recruits PI3K (Figure 2.11; [134, 135]). The negative 

co-receptors are FcγIIB (low-affinity receptor for the Fc portion of IgG) [136], CD72 

[137], CD22 (receptor for sialic acid) [138], CD5 [124, 139]. Binding of immune 

complexes containing IgG antibodies to B cells leads to co-aggregation of BCR and  
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Figure 2.10: B cell receptor induced cell death, survival and proliferation. The 
upstream BCR signaling activates PI3K, Ras and PLCγ2, which results in AKT, Raf1, 
protein kinase C (PKC) and calcium activation. Three main pathways (PI3K-ATK, 
NFκB, and ERK) are involved in BCR-mediated survival and proliferation. In 
contrast, calcium leads to mitochondria dysfunction and apoptosis. This figure is 
adapted from [140]    
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Figure 2.11: Co-receptor for B cell receptor signaling. Negative co-receptor 
FcγRIIB, PIRB, CD22 contains ITIM in the cytosol tail (show in orange). 
Phosphorylation of ITIM by src-PTK recruits SHIP or SHP1, which inhibits BCR 
signaling. Positive co-receptor CD19, CD21 and CD81 form a complex. Once the 
cytoplasmic tail is phosphorylated, it can help to recruit PI3K and enhance PI3K 
activation. This figure is adapted from [140]. SH2-domain-containing inositol 
polyphosphate 5’ phosphatase; SHP1, SH2-domain-containing protein tyrosine 
phosphatase 1; FcγRIIB, low-affinity Fc receptor for IgG; PIRB, paired 
immunoglobulin-like receptor B. 
 
 

FcγIIB, which block antigen-induced B cell activation [136]. The inhibition through 

FcγIIB is mediated primary through SH2-containing inositol 5’-phosphatase (SHIP), 

which hydrolyzes PI(3,4,5)P3, an essential element for BTK and AKT activation 

[124]. In the cytoplasmic tail of these negative co-receptors, there is a consensus 

sequence termed immunoreceptor tyorosine-based inhibition motifs (ITIMs), whose 

phosphorylation recruits a tyrosine phosphatase [136-139]. The ITIM in the CD22 is 

phosphorylated by Lyn [138]. This results in recruitment of  Src-homology 2 domain 

containing phosphatase-1 (SHP-1), which limits B cell receptor signaling by 

dephosphorylating a range of targets, including Igα, Igβ, Syk, Vav, BLNK [138]. 

Lack of CD22 to suppress the BCR signaling, B cells from CD22-deficient mice 
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exhibited increased calcium in response to antigen receptor crosslinking [141].  

  In addition to those co-receptors that directly regulate proximal BCR 

signaling, there are several cell surface receptors to provide survival signals, such as 

CD40, B cell-activating factor (BAFF) receptor, and receptors for several cytokines 

such as Interleukin-4 (IL-4). Ligation of these receptors inhibits B cell 

receptor-mediated apoptosis [142-144]. 

  B cell receptor mediated apoptosis: In response to BCR stimulation, B cells 

can undergo proliferation, anergy, or apoptosis [145]. The development state of B 

cells affects the outcome of BCR signaling. Upon encountering an antigen, mature B 

cells undergo activation and proliferation, which result in immune response against 

harmful pathogens. In contrast, antigen stimulation of immature B cells and mature B 

cells with GC phenotype causes apoptosis in the absence of survival signal. This may 

serve as an important mechanism to deplete potential self-reactive B cells [146]. 

Consistent with the in vivo observation, apoptosis induced by BCR ligation was first 

demonstrated in immature B cells but not in mature B cells [147, 148]. However, later 

studies demonstrated that mature B cells could also undergo apoptosis when BCR was 

ligated by membrane-bound antigens or immobilized anti-Ig antibodies [149-151]. As 

membrane-bound antigen or BCR crosslinking induced stronger signal than soluble 

antigen binding or BCR ligation, it is suggested that there is certain threshold for 

BCR-mediated apoptosis [152]. Once above this threshold, BCR ligation will result in 

apoptosis. Therefore, BCR-induced apoptosis can be regulated by either modulating 

BCR-induced signaling strength or regulating threshold. 
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  BCR-induced apoptosis adopts intrinsic apoptotic signaling pathway: In 

anti-IgM induced apoptosis, mitochondrial membrane potential (Δψm) disruption and 

caspase activation are observed, which suggests the involvement of mitochondria 

(Figure 2.12; [153]). Cells expressing FADD dominant negative mutant are resistant 

to death receptor-mediated apoptosis. However, this mutation does not block 

BCR-mediated apoptosis. This result thus excludes the involvement of extrinsic 

signaling pathway in BCR-mediated apoptosis [154]. In addition, the specific caspase 

8 inhibitor z-IETD-fmk did not protect against anti-IgM induced apoptosis [153, 155]. 

In contrast, the general caspase inhibitor z-VAD-fmk and the caspase 9-specific 

inhibitor z-LEHD-fmk inhibited apoptosis but not Δψm disruption, indicating caspase 

activation is downstream of mitochondria [153, 155]. This post-mitochondria caspase 

activation was also confirmed by overexpression of catalytically inactive caspase-9, 

which interfered anti-IgM induced DNA fragmentation [156]. Mitochondrial 

pro-apoptotic factor cytochrome c release was induced by anti-IgM stimulation [155, 

157]. Moreover, the overexpression of Bcl-2 or Bcl-XL, important regulators for the 

intrinsic pathway, blocked BCR-mediated apoptosis in both B cell lines and mouse B 

cells [158-160]. These results suggest that anti-IgM induced apoptosis occurs via the 

intrinsic pathway. Cycloheximide interferes with translation step in protein synthesis 

thus blocking translation elongation. Pre-incubation with cycloheximide blocked 

anti-IgM induced Δψm disruption and apoptosis, suggesting the requirement of new 

protein synthesis [161, 162]. 

  Calcineurin is involved in BCR-mediated apoptosis: Several studies have 
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shown the involvement of calcium in B cell death and specifically BCR-mediated 

apoptosis. Calcium ionophores induce cell death, indicating calcium increase can 

cause B cell apoptosis [163]. Disruption of InsP3 receptors in DT40 B cells blocked 

BCR-induced calcium release and prevented subsequent cell death [164], indicating 

calcium plays a role in mediating BCR-induced cell death (Figure 2.12). Pretreatment 

with calcineurin inhibitor cyclosporine A or FK506 protects human B cells MBC-1 

against anti-IgM induced apoptosis [165], revealing the critical role of calcineurin 

(Figure 2.12). NFATc2, a transcription factor that can be activated by calcineurin, is 

shown to increase Nur77 expression, which translocated into the mitochondria, 

triggered mitochondrial pro-apoptotic factors release [166]. The VIVIT peptide, a 

specific NFAT inhibitor, blocked anti-IgM induced Nur77 expression and subsequent 

cell death, indicating the critical role of NFATc2 [166].  

  Calcineurin could be involved in anti-IgM induced cell death through 

modulating BH3-only proteins. Calcineurin is known to be involved in Bim 

expression as calcineurin inhibitor cyclosporine A or FK506 inhibited T cell receptor 

induced Bim expression increase [167]. BCR crosslinking induced Bim increase [168], 

and Bim deficient cells are resistant to BCR-mediated cell death [169]. Calcineurin 

could also dephosphorylate and activate Bad dephosphorylation during BCR-induced 

apoptosis [170]. Bik expression level was also increased by BCR ligation by anti-IgM, 

and this Bik increase is calcineurin-dependent as cyclosporine A pre-treatment 

inhibited anti-IgM induced increase [91]. 

  MAPK pathway is involved in BCR-mediated apoptosis: Mitogen-activated 
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protein kinase (MAPK) is a group of serine/threonine-specific protein kinases. 

Anti-IgM stimulation activates three main forms of MAPK: JNK, p38 and ERK. 

Although JNK and p38 activation were not observed in anti-IgM stimulated 

WEHI-231 cells [171], a delayed and sustained activation of JNK and p38 kinases 

was observed during BCR-mediated apoptosis in B104 cells (Figure 2.12; [172]). A 

selective p38 inhibitor, SB203580, suppressed BCR-mediated caspase activity and 

apoptosis [173]. Extracellular signal regulated kinases (ERK), another MAPK, which 

has previously been connected to survival signaling, was shown to mediate 

BCR-mediated apoptosis (Figure 2.12; [174]). 

  Survival signaling is suppressed in BCR-mediated apoptosis: In addition to 

promotion of apoptotic signaling, suppression of survival signaling was observed 

during BCR-mediated apoptosis (Figure 2.12; [175]) . In WHEI-231 cells stimulated 

with anti-IgM, PI3K activity was suppressed, which leaded to increased p27kip 

activity and decreased c-myc activity (Figure 2.12; [176]).The increase in p27kip and 

decrease in c-myc was responsible for the observed growth arrest by anti-IgM 

stimulation. In WHEI-231 cells, BCR stimulation also leads to stimulation and 

accumulation of IκBα (Figure 2.12; [177]). As IκBα binds to NFκB and inhibit the 

activity of NFκB, IκBα increase is predicted to suppress the survival signaling 

pathway activated by NFκB (Figure 2.12).  
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Figure 2.12: BCR-mediated apoptotic signaling pathway. See texts for detailed 
description. This picture is adapted from [175]. 

   

  Defective B cell receptor signaling and apoptosis in SLE: One of the 

hallmarks of SLE patients is the autoantibodies. They form immune complex with 

self-antigens, deposit in a variety of organs such as kidney and skin, and cause organ 

damage. Therefore, autoantibodies titers can be used to diagnose SLE and evaluate 

disease activity [178]. Autoantibody production is the result of dysregulated B cells. 

These dysregulated B cells may participate in SLE in autoantibody-independent 

manner, such as presenting autoantigen to T cells, secreting cytokines to regulate 

other immune cells. It is not surprising to find that B cells unable to secrete 
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autoantibodies are still critical to the development of disease [179]. Moreover, 

genetically knockout these cells in the MRL/lpr lupus-prone mice have attenuate 

disease [179]. In a word, dysregulated B cells play a critical role in the disease 

development.   

 

 
Figure 2.13: Defective BCR signaling in the SLE patients. In response to antigen 
receptor stimulation, there is a cascade of protein tyrosine phosphorylation, which 
results in the production of InsP3. InsP3 will binds to InsP3 receptor in the ER, lead to 
calcium release from the ER and subsequent calcium influx. Compared to the normal 
B cell response, BCR-mediated proximal signaling is significantly increased in B cells 
from SLE patients. This hyper-responsive BCR signaling may be due to decreased 
negative regulation from co-receptor, as decreased FcγIIB, Lyn and increased CD45 
expressions are observed in B cell of the SLE patients. This picture is adapted in 
[180]. 
 

  Defective BCR signaling in SLE: The dysregulated B cell function observed 
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in SLE patients may be the result of defective BCR signaling. Studies of BCR 

signaling in SLE patients indicated defects in the proximal events [180], which may 

be associated with hyperactivity in response to activation signals and increased 

CD40L expression in lupus B cells [181]. Abnormal BCR signaling is not observed in 

other autoimmune disease, such as rheumatoid arthritis (RA) [182], indicating it is 

disease-specific. 

  Compared with B cells from health individuals, stimulation of surface 

membrane immunoglobulin in lupus B cells leads to significantly more intracellular 

Ca2+ increase, which is associated with the enhanced proximal BCR signaling, such as 

increased cytosolic protein tyrosine phosphorylation, inositol triphosphate (IP3) 

generation (Figure 2.13; [182]). The expression level of IgM is similar in B cells from 

SLE patients and normal controls, excluding the possibility of increased IgM for the 

hyperactivity [182]. Ligation of FcγIIB recruits SHIP, which exerts its tyrosine 

phosphatase activity and thus negatively regulates BCR signaling [183, 184]. In SLE 

patients, the suppression of FcγIIB on BCR signaling is attenuated [185]. This 

decreased FcγIIB signaling is not due to the expression level change of FcγIIB 

because comparable expression level of FcγIIB is detected [185, 186]. In contrast, 

reduced SHIP has been observed in SLE patient, which may be responsible for the 

defective FcγIIB signaling [185]. In SLE B cells, reduced expression level of Lyn and 

CD45 (SHP-1) have also been observed, indicating their possible involved in the 

exaggerated calcium response [186, 187]. In response to stimulation Lyn translocates 

to the lipid raft microdomains for its function, and slower recruitment is observed in 
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lupus B cells [188], which results in decreased Lyn in the lipid raft [189]. Since Lyn 

plays a critical role in SHIP recruitment [184], this altered Lyn distribution might be 

responsible for reduced FcγIIB signaling.  

  Defective BCR-mediated apoptosis in SLE: Defective BCR-mediated 

apoptosis was first demonstrated in the lupus-prone New Zealand mouse strains [150, 

190, 191]. Peritoneal B cells from NZB/NZW F1 mice are resistant to cell death 

induced by surface immunoglobulin crosslinking [150]. Splenic transitional T1 B 

cells from NZB mice are also resistant to IgM crosslinking [190]. The spleen B cells 

from both NZB and older NZB/NZW F1 mice are resistant to surface-Ig-crosslinking 

induced apoptosis [191]. These observations indicate negative selection through BCR 

is a critical mechanism to maintain tolerance. 

  Lupus genes are associated with defective BCR signaling: Several genes 

identified to be associated with the SLE are also involved in BCR signaling. The Sle 2 

gene is identified in the MZM2410 mice and thought to cause SLE onsets by reducing 

the B cell signaling threshold, resulting in B cell hyperactivity [192]. The Y-linked 

autoimmune accelerating (Yaa) locus is a potent autoimmune disease allele [193]. 

Duplication of Toll-like receptor 7 (TLR7) was detected in this locus and was 

proposed to increase susceptibility to lupus disease, as the binding of RNA and DNA 

to TLR7 provides co-stimulatory signal for B cells stimulation [193]. Targeted TLR7 

disruption attenuated the lupus-like symptoms [194]. SLAM (Ly108) was identified in 

Sle 1 susceptibility locus of lupus-prone NZM2410 mice. Lupus-associated Ly108.1 

allele was found resistant to anti-IgM induced cell death in immature B cells by 
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reducing [Ca2+]i [195]. 

  Modulation of BCR-induced apoptosis leads to autoimmune disease: 

Lupus-like disease is induced by abnormalities in B cell antigen receptor signaling. 

Overexpression, knockdown and dominant negative mutants of many BCR signaling 

proteins have been shown involved in the development of autoimmune diseases 

(Table 2.1; [196, 197]). Based on their functions in BCR signaling, they are grouped 

into three groups.  CD45, CD22, CD72, SHP-1, and FcγRIIB are negative regulators 

for BCR signaling. Deficiency in negative regulator results in the lupus-like disease. 

CD72 is a B cell surface protein which recruits tyrosine phosphatase SHP-1 and 

negatively regulates B cell receptor signaling pathway. CD72 deficiency lowers the 

threshold for BCR activation and responsible for B cell hyperactivity (Table 2.1; 

[137]). Rai (ShcC) belongs to the family of Shc adaptor proteins detected in the 

lymphocyte. Rai knockout enhanced the cell signaling by T cell receptor (TCR) and 

BCR, which results in the enhanced proliferative response to antigen receptor 

engagement in vitro, leading to SLE-like disease [198]. CD19 is a positive regulator 

for BCR signaling. In the TSK/+ mouse model of autoimmune disease systemic 

sclerosis, CD19 is constitutively activated. This CD19 hyper-phosphorylation leads to 

autoantibodies production, which can be reversed by crossing of TSK/+ mice to a 

CD19-/- mice (Table 2.1; [199]). B cell hyper-responsiveness and autoantibodies 

production are observed in mice with deficient or with overexpressed Lyn, suggesting 

that Lyn acts as both a negative and a positive regulator. This is consistent with the 

observation that Lyn can phosphorylate both ITIM and ITAM, which initiate the 
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inhibitory and stimulatory signaling pathway, respectively. However, as the positive 

role of Lyn appears to be redundant, its role as a negative regulator of BCR signaling  

Signaling 
molecule 

Cell function method phenotype citation 

CD19 Positive 
co-receptor 

Targeted 
disruption  

Hyporesponsiveness to 
transmembrane signal 

[200, 
201] 

CD19 Positive 
co-receptor 

Transgenic 
expression 

Tolerance breakdown 
SLE-like disease 

[200, 
202] 

CD22 Negative 
co-receptor 

Targeted 
disruption 

B cell 
hyper-responsiveness, B-1 
increase, autoantibodies 
production in aging mice 

[141, 
203, 
204] 

CD72 Negative 
co-receptor 

Targeted 
disruption 

SLE-like disease [137] 

Lyn Protein tyrosine 
phosphorylation 
as a positive and 
negative regulator

Targeted 
disruption 

B cell hyperactivity, 
autoantibodies production, 
SLE-like disease 

[196, 
197, 
205] 

Lyn Protein tyrosine 
phosphorylation 
as a positive and 
negative regulator

Constitutive 
active Lyn 

Hyperresponsive BCR 
signaling, autoantibodies 
production, 
glomerulonephritis 

[206] 

SHP-1 Phosphatase for 
negative signaling

Targeted 
disruption 
and 
mutation 

B-1 expansion, 
autoantibodies production, 
SLE-like disease 

[207-20
9] 

CD45 Phosphatase as a 
positive and 
negative signaling

Targeted 
disruption 

Reduced activation [210] 

FcγRIIB Negative 
regulator 

Targeted 
disruption 

Spontaneous 
autoantibodies production 
and glomerulonephritis 

[211, 
212] 

BAFF Survival signal Transgenic 
expression 

Increased peripheral B 
cells,  
SLE-like disease 

[213] 

CD40L Survival signal Transgenic 
expression 

Autoantibodies production, 
glomerulonephritis 

[214] 

 
Table 2.1: Molecules that modulate BCR-mediated apoptosis are involved in SLE 
development. 
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is indispensable. Therefore, the negative signaling role of Lyn was identified in 

Lyn-deficient mice. 

  Beside the molecules directly modulate BCR signaling, overexpression of 

survival factors such as CD40L or BAFF also induces lupus-like disease. Transgenic 

mice with CD40L-overexpressing B cells produce autoantibodies and develop 

lupus-like glomerulonephritis as a result of defective BCR-induced apoptosis is 

observed (Table 2.1; [214]). Transgenic mice overexpressing BAFF, another 

co-stimulatory signaling for survival signaling, develops lupus-like autoimmune 

disease (Table 2.1; [215]). 

  Bz-423 mediated apoptotic signaling pathway in Ramos B cells. Bz-423 

attenuates disease in two lupus-prone NZB/NZW F1 mice and MRL-lpr mice, which 

are driven by abnormal B cells and T cells, respectively [216, 217]. Further studies of 

Bz-423 on various lymphocyte cell lines indicates it induces cell growth arrest at low 

concentrations; and induces apoptosis at high concentrations [218]. This growth 

modulatory and apoptotic-inducing effect is ROS-dependent as antioxidants inhibit 

the proliferation and apoptosis induced by Bz-423 [217].  

  As Bz-423 induces superoxide in both isolated mitochondria and cells, 

Bz-423 potentially targets mitochondria [217]. Phage display screening identified the 

oligomycin sensitivity conferring protein (OSCP) as a binding partner for Bz-423 

[219]. In mitochondrial F0F1-ATPase, OSCP is the part of peripheral stalk that links 

the integral membrane F0 component with the catalytic F1 domain. Studies of the 

effect Bz-423 on the enzymatic activity of isolated mitochondrial F0F1-ATPase 
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indicated that Bz-423 inhibited both the ATP hydrolysis and ATP synthesis function in 

an OSCP-dependent manner [219]. Moreover, Bz-423 was shown to inhibit 

mitochondrial F0F1-ATPase in cells [219]. Using permeablized Ramos cells, Bz-423 

was shown to inhibit ATP synthesis with IC50 of approximately 5 μM [219]. This 

inhibition of mitochondrial F0F1-ATPase by Bz-423 results in the mitochondria 

transition from state 3 to state 4 and superoxide production [219]. Cells with reduced 

OSCP expression are less sensitive to Bz-423 in superoxide production and cell death 

induction [219], verifying the critical role of OSCP in mediating Bz-423 induced 

superoxide (Figure 2.14). 

  Although Bz-423 targets mitochondria, the apoptotic pathway it adopts 

requires a specific extra-mitochondrial cascade [220]. Activated Bax induced by 

Bz-423 translocates to mitochondria, where both activated Bax and activated Bak 

form channels in the outer mitochondrial membrane (OMM), resulting in 

pro-apoptotic factors release from mitochondria to cytosol [220]. Single RNA 

interference (RNAi) knockdown of Bax and Bak partially inhibit Bz-423 induced 

apoptosis, and double Bax and Bak RNAis knockdown abolished Bz-423 induced 

apoptosis, suggesting Bax and Bak activation are both involved in Bz-423 induced 

apoptosis [220]. Ramos B cells with stable overexpression of Bcl-2 and Bcl-xL do not 

modulate Bz-423 induced superoxide production. However, they inhibit Bax and Bak 

activation and their downstream signaling [220]. These results exclude the possibility 

that Bcl-2 like family members modulate Bz-423 induced apoptosis through ROS. 

These released mitochondrial pro-apoptotic factors trigger both caspase-dependent 
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and caspase-dependent apoptotic pathways [220]. The apoptotic signaling pathway 

induced by Bz-423 is summarized in Figure 2.14. 

  Bz-423 and anti-IgM co-treatment results in synergistic cell death: 

Administration of Bz-423 to lupus NZB/NZW F1 mice, which is associated with the 

abnormal expansion of germinal center (GC) B cells [217], greatly attenuates the 

symptoms with little side effects. Bz-423 treatment greatly reduces both the number 

and the size of GC in the spleen, along with increased apoptotic activity [217]. This 

observation suggests that Bz-423 selectively induces apoptosis in GC B cells, which 

is proposed to account for the efficacy and specificity of Bz-423 treatment. 

 

 
Figure 2.14: Bz-423 induced apoptotic signaling pathway in Ramos B cells. See 
text for details. Figure adapted from [220].  
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  This observation that Bz-423 selectively kills pathogenic B cells in vivo was 

studied using an in vitro cell line model [221]. Ramos B cell line was selected because 

it displays a GC-phenotype. Since GC B cells are activated, it is then hypothesized 

that activation sensitizes Ramos B cells to Bz-423 treatment. This hypothesis was 

tested by studying the effect of Bz-423 on Ramos B cells stimulated by anti-IgM, 

which binds to the B cell receptor and activates the cells. Co-treatment of 

sub-apoptotic anti-IgM and non-toxic Bz-423 induced a supra-additive apoptosis[221]. 

As ROS and calcium are important mediators for cell death induced by Bz-423 alone 

and anti-IgM, respectively, their involvement in cell death by co-treatment was 

studied. The cell death by co-treatment is inhibited by anti-oxidants and extracellular 

calcium chelator, indicating their involvement. Cycloheximide blocks new protein 

synthesis and inhibits cell death by co-treatment. This result suggests new protein is 

required for apoptosis induction [221]. Although superoxide was shown to be 

involved in the cell death by co-treatment, anti-IgM stimulation does not modulate 

Bz-423-induced superoxide change [221]. Bz-423 pre-treatment augmented and 

sustained anti-IgM induced calcium change, suggesting this synergistic calcium 

change is responsible for cell death by co-treatment [221]. 

  Statement of problem: The purpose of this chapter is to elucidate the 

apoptotic signaling pathway of the cell death by co-treatment induced by anti-IgM 

and Bz-423 treatment, especially the role of calcium. Toward this goal, the Ramos B 

cell in vitro model was verified as a model to study anti-IgM induced synergy. Second, 

it is clear from inhibitor experiments that the apoptotic signaling pathway induced by 
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anti-IgM and Bz-423 co-treatment is distinct from the apoptotic signaling pathway 

induced by Bz-423. Therefore, the detailed apoptotic signaling pathway under 

synergistic condition was studied in this chapter. Understanding the cell death by 

co-treatment will help to design better drug for autoimmune disease development. 

 

Results: 

  Bz-423 selectively kills activated B cells with either a GC phenotype or 

immature B characteristics: Administration of Bz-423 to NZB/NZW F1 mice, a 

lupus-prone murine model, significantly reduces glomerulonephritis, improves renal 

function, and increases overall survival rate with little side effects [217]. Since 

aberrant survival and expansion of GC B cells are associated with the disease in 

NZB/NZW F1 mice [222], the effect of Bz-423 on GC B cells was studied [217]. 

Bz-423 significantly reduces the size and number of GC B cells, along with increased 

apoptosis. This result suggests that Bz-423 selectively kills GC B cells. Other studies 

have shown that Bz-423 does not suppress normal lymphocyte function in normal 

BALB/c mice [216]. These observations suggest that Bz-423 may selectively kill 

pathogenic lymphocytes over normal lymphocyte. 

  To better study the mechanism of Bz-423 specificity observed in vivo, an in 

vitro system was developed. Ramos B cells were selected because it displays a GC 

phenotype (CD77+, CD22+, and surface IgM+) [223, 224]. During GC reaction, GC B 

cells are activated [225]. Especially B cell hyperactivation is a distinguishing feature 

of autoreactive lymphocyte in lupus [226]. It was thus hypothesized that activation 
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sensitizes Ramos B cells to Bz-423 [221]. This hypothesis was tested by studying the 

cell death induced by the co-treatment of Bz-423 and anti-IgM in Ramos B cells [221]. 

Anti-IgM stimulation mimics the BCR signaling events that occur upon exposure to 

antigen binding [227]. Anti-IgM co-treatment shifted the dose response curve of 

Bz-423 to the left and up, indicating that anti-IgM co-treatment sensitizes cells to 

Bz-423 co-treatment (Figure 2.15A; [221]). In particular, at low Bz-423 concentration 

(≤ 5 μM in 2% FBS media), co-treatment of Bz-423 and anti-IgM induced a 

supra-additive or cell death by co-treatment (Figure 2.15A; [221]). This increased 

cellular sensitivity to Bz-423-induced cell death by anti-IgM stimulation is referred as 

anti-IgM induced synergy. This observation is significant because Bz-423 selectively 

kills anti-IgM stimulated Ramos cells over non-stimulated Ramos cells, which could 

mimic the selectivity for the pathogenic cells observed during Bz-423 treatment of 

lupus mice. Therefore, understanding of cell death by co-treatment may identify 

mediators for this phenomenon. 

  As abnormality of other B cell subsets are observed in SLE patients [228], it 

would be interesting to study whether anti-IgM induced synergy is observed in B cell 

subsets other than GC B cells. Ramos is a Burkitt’s lymphoma (BL) cell line; other 

BL cell lines were therefore tested. There are two types of BL cell lines and they can 

be distinguished based on presence of the Epstein-Barr virus (EBV). Ramos, CA46, 

and ST486 are EBV negative while Daudi, Raji, and Namalwa are EBV positive. 

Unlike Ramos B cells, anti-IgM stimulation did not shift the dose response of Bz-423 

induced cell death in any other BL cell lines, regardless of the EBV infection state  
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Figure 2.15: Anti-IgM stimulation does not affect cellular sensitivity to Bz-423 in 
other human Burkitt’s lymphoma cell lines except Ramos B cells. Various cell 
lines in 2% FBS media were concurrently treated with various concentrations of 
Bz-423 and stimulating antibody anti-IgM (1 μg/mL; ), using control Ig (1 μg/mL, 

) as an isotype control. 24 h later, cell death was determined by PI staining. (A) 
Anti-IgM induced synergy in Ramos B cells. (B) Anti-IgM does not modulate cellular 
sensitivity to Bz-423 in EBV-negative BL cell line CA46. (C) Anti-IgM does not 
modulate cellular sensitivity to Bz-423 in EBV-positive BL cell line Raji. (D) The 
summary table of human BL cell lines. Both anti-IgM induced cell death by 
co-treatment and anti-IgM induced cell death are indicated. “+” and “–” indicates 
positive or negative, respectively. These data were representative of at least three 
repeated experiments. The absence of an error bar indicates ≤ 1% standard deviation. 
 

(Figure 2.15D). Representative cell death responses for both an EBV negative (CA46) 

and an EBV positive (Raji) BL cell lines were shown in Figure 2.15. Lack of synergy 

between anti-IgM and Bz-423 in other BL cell lines suggests that anti-IgM induced 

synergy only occurs in certain B cell subsets such as GC B cells. This result is 

consistent with the observation that Bz-423 does not interfere with the activation of 

normal lymphocytes [216]. 

  Considering Ramos B cells display GC phenotype [223], it was then 

hypothesized that anti-IgM induced synergy occurs only in cells with GC phenotype. 

This hypothesis was tested by using GC B-like human diffuse large B-cell lymphoma 

(DLBCL) line OCI-Ly7 [229]. Anti-IgM stimulation shifted the dose response of 

Bz-423 to the left. And co-treatment resulted in supraadditve cell death at several 

subapoptotic Bz-423 concentrations (Figure 2.16A). The observation of anti-IgM 

induced synergy in the OCI-Ly7 cell line supports the hypothesis that Bz-423 

selectively kills activated GC B cells. However, more cell lines with GC phenotype 

need to be tested to confirm this hypothesis. This is hindered by the limited numbers 

of GC-like B cell lines available. 
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Figure 2.16: Anti-IgM induced synergy in OCI-Ly7 (A) and WEHI-231 cells (B). 
OCI-Ly7 or WEHI-231 cells were treated with various [Bz-423] alone ( ) or in the 
presence of anti-IgM (0.5 μg/mL, ) or control Ig (0.5 μg/mL, ). 24 h later, cell 
death was determined through PI permeability. These experiments were repeated for 
≥ two times. The absence of an error bar indicates ≤ 1% standard deviation. 
   

  Although Ramos B cells express both IgM and IgD, the cell receptors 

characteristic of mature B cells [230], they display several characteristics of immature 

B cells, including that they undergo apoptosis in response to BCR ligation [231-233]. 

Therefore, they are used to study the negative selection mechanism of deleting 

autoreactive B cells for self antigen [231-233]. Moreover, abnormal activated 
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immature B cells are observed in SLE patients [234]. Whether anti-IgM sensitized 

WEHI-231 cells to Bz-423 in cell death was explored. WEHI-231 was chosen as it is 

another immature mouse B cell line used for studying the mechanism of negative 

selection [153]. Anti-IgM stimulation shifted the dose response of Bz-423-induced 

cell death in WEHI-231 cells. At several sub-apoptotic [Bz-423], co-treatment 

induced supra-additive cell death (Figure 2.16B). This observation may suggest that 

Bz-423 may selectively kills immature B cells in presence of anti-IgM stimulation. 

  The roles of Bz-423 and anti-IgM in cell death induced by co-treatment 

  Bz-423 is not required for early proximal activation signals to establish 

synergy: In the in vitro experiments described above, B cells are treated concurrently 

with anti-IgM and Bz-423. However, in lupus mice, B cells are persistently activated 

[235]. The efficacy of Bz-423 observed in vivo suggests Bz-423 is not required for 

early proximal activation signals to establish synergy. Therefore, whether Bz-423 

must be present during early activation signaling in order to achieve synergy was 

studied. In those experiments, anti-IgM was added to Ramos cells at various times 

relative to Bz-423, and cell death was monitored 24 h after Bz-423 addition. 

Compared to 71.4% cell death induced by simultaneous anti-IgM and Bz-423 

co-treatment, 94% cell death was induced when anti-IgM was applied 13.5 h before 

Bz-423 treatment (Figure 2.17B). A comparable amount of cell death (74%) was 

induced when anti-IgM was applied 1 h before Bz-423 treatment. These results 

indicate that the presence of Bz-423 is not necessary during early activation in the cell 

death induced by anti-IgM and Bz-423 cotreatment. When anti-IgM was applied at 3  
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Figure 2.17: The effects of various anti-IgM additions on cell death by 
co-treatment. (A) The experimental scheme: anti-IgM (1 μg/mL) was added relative 
to Bz-423 (5 μM), as indicated as arrows. 24 h later, cell death was determined by PI 
exclusion. (B) The results of 24 h cell death by Bz-423 and anti-IgM treatment were 
shown. anti-IgM was added at 13.5 h before (█), 1 h before(█), the same time as (█), 
3 h after (█), 6 h(█), 8 h(█), and 10 h(█) after Bz-423 treatment. Control Ig (1 μg/mL, 
█) was added at the same time of Bz-423 treatment. This experiment was repeated 
two times. The absence of an error bar indicates ≤ 1 % standard deviation 
 

and 6 h after Bz-423 treatment, 54% and 42% cell death were induced, which is 

slightly less than that induced by concurrent treatment. Even applied at 8 and 10 h 

after Bz-423 treatment, there was still significant cell death compared to Bz-423 alone. 

These data indicate the existence of persistent signaling induced by Bz-423, which 

interacts with anti-IgM signaling to produce cell death by co-treatment. It is also very 

appealing to observe that even more cell death by co-treatment is induced when 

anti-IgM is applied 13.5 h before Bz-423 treatment because it indicated that Bz-423 
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kills pre-activated B cells over resting B cells. 

  Anti-IgM pre-stimulation sensitizes Ramos B cells to Bz-423: Considering 

that lupus B cells are chronically activated by self-antigen, it is significant that Bz-423 

at low concentrations (≤ 5 μM in 2% FBS media) selectively kills Ramos B cells with 

overnight anti-IgM stimulation over Ramos B cells. To confirm this observation, a full 

dose response of Bz-423 in Ramos B cells with overnight anti-IgM stimulation was 

performed. Moreover, to determine whether continuing ligation of BCR is required 

during Bz-423 treatment to establish cell death by co-treatment, anti-IgM was washed 

and its effect on cell death by co-treatment was studied. Prior to Bz-423 treatment, 

Ramos cells were first stimulated with anti-IgM for 14 h in 10% FBS media. The cells 

were washed and resuspended in 2% FBS media with either anti-IgM (no wash) or 

without anti-IgM (wash). Cells were then treated with increasing amounts of Bz-423. 

After 24 h, cell death was measured. Independent of whether anti-IgM is washed out 

or not, anti-IgM overnight stimulation sensitized Ramos cells to Bz-423 compared to 

cells treated with isotype-control immunoglobulin (control Ig) (Figure 2.18A). These 

findings confirm the previous observation. The lack of difference between anti-IgM 

wash and no anti-IgM wash (Figure 2.18A) supports the possibility ligation of BCR 

by anti-IgM is no longer required once the cells are stimulated with anti-IgM for 14 h. 

However, a significant FITC-anti-IgM staining was observed even after extensive 

washes (Figure 2.18B), indicating anti-IgM binding is not successfully removed and 

that anti-IgM still binds to BCR. In BCR-mediated cell death in mature B cells, 

normally anti-IgM ligation is not enough, and crosslinking is required [150]. Different 
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from other mature B cells, anti-IgM ligation alone is sufficient to induced apoptosis. 

Therefore, the tight binding of anti-IgM to BCR in Ramos B cells might explain the 

phenomenon [236].  

 
Figure 2.18: Anti-IgM overnight incubation sensitizes Ramos B cells to Bz-423 
induced cell death. (A) Ramos B cells were pre-incubated with either anti-IgM (1 
μg/mL) or control Ig (1 μg/mL) in media with 10% FBS for 14 h, cells were washed 
and resuspended in 2% FBS media with control Ig ( ) and anti-IgM ( ), or without 
control Ig (▲) or anti-IgM (●). These cells were treated with increased amounts of 
Bz-423. 24 h later, the cell death was determined. (B) The effect of anti-IgM wash 
was evaluated by FITC-anti-IgM staining. Ramos B cells were stained with 
FITC-anti-IgM, washed 3 times with ice-cold PBS, and were analyzed in the flow 
cytometry. The histograms of purple, pink and light green are cells without staining, 
cells with FITC-anti-IgM staining and wash, and cells with FITC-anti-IgM staining 
but no wash, respectively. These experiments were repeated ≥ 2 times. The absence of 
an error bar indicates ≤ 1 % standard deviation. 
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  Basic characterizations of cell death induced by anti-IgM and Bz-423 

co-treatment 

  12 h anti-IgM and Bz-423 co-treatment is required to establish full cell 

death by co-treatment: As previously shown, a persistent signaling induced by 

Bz-423 interacts with BCR signaling to establish cell death by co-treatment. How 

long this persistent signaling is required to establish cell death by co-treatment was 

determined. The result would define the time frame to study the potential points of 

intersection between Bz-423 signaling and anti-IgM signaling. After co-treatment, 

Bz-423 was removed at indicated time points and the consequences were determined 

24 h after co-treatment. As previously observed [220], cells still underwent cell death 

when Bz-423 was removed up to 6 h after treatment with Bz-423 alone. In contrast, 

12 h of co-treatment was required to achieve comparable cell death by co-treatment to 

unwashed cells (Figure 2.19). Co-treatment of anti-IgM and Bz-423 produced 60% 

cell death, which is comparable to 62% cell death induced if Bz-423 was removed 12 

h after co-treatment. This result indicates 12 h co-treatment is required to reach the 

“point of no-return” for cell death by co-treatment. the percentage of cell death were 

13%, 28%, 45%, 53% and 62% if Bz-423 was removed at 3, 6, 9, 10.5 and 12 h after 

co-treatment, respectively. Only 13% cell death was induced when Bz-423 was 

washed away 3 h after co-treatment (Figure 2.19), indicating the early synergistic cell 

signaling is not sufficient to induce cell death by co-treatment. 28%, 45%, and 53% 

cell death were induced when Bz-423 was removed at 6, 9, and 10.5 h after 

co-treatment. Comparing with the background cell death (3%) and cell death induced 
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by anti-IgM (6%) and Bz-423 (7%) alone, co-treatment for 6-11 h induced cell death 

by co-treatment.  

 

 
Figure 2.19: The effect of kinetic Bz-423 washout on cell death by co-treatment: 
(A) experimental scheme of kinetic Bz-423 washout. At indicated times after 
co-treatment, cells were washed and resuspended with 2% FBS media with anti-IgM 
(1 μg/mL). 24 h later, PI permeability was determined. The results are shown in panel 
B. Bz-423 was removed at 3 h (█), 6 h(█), 9 h (█), 10.5 h(█), and 12 h(█) after 
Bz-423 treatment. Control Ig (1 μg/mL, █) and anti-IgM (1 μg/mL, █) were added at 
the same time of Bz-423 treatment and no Bz-423 washout was performed. This 
experiment was repeated for three times. The absence of an error bar indicates ≤ 1 % 
standard deviation. 
 

However, the cell death was lower than that induced by continuous co-treatment 

(60%). 6 h Bz-423 treatment while 12 h Bz-423 and anti-IgM co-treatment are 

required to reach the “points of no return”, which indicates the kinetic of cell death by 
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co-treatment is therefore much slower than that of Bz-423 induced cell death [220]. 

However it is faster than that of anti-IgM induced cell death as 18 h anti-IgM 

stimulation is required to induce significant Δψm disruption [152]. Δψm disruption is 

indicative of “point of no return” in the effector phase of apoptosis [237]. This result 

also suggests anti-IgM and Bz-423 interacts at some points within 12 h co-treatment 

to amplify apoptotic signaling and reach a point of no return at 12 h co-treatment. 

  Cell death induced by co-treatment is kinetically different from cell death 

induced by Bz-423 or anti-IgM alone. Bz-423 washout experiment suggests cell 

death by co-treatment has a different kinetics from the cell death induced by Bz-423 

or anti-IgM alone. The kinetics of cell death by co-treatment was further determined 

by multiple endpoints in effector phase of apoptosis. As mitochondrial membrane 

potential (Δψm) disruption is a common feature of cell death [238], is observed during 

apoptosis induced by both anti-IgM stimulation [152] and Bz-423 treatment [220]. 

Therefore, Δψm, PI permeability and subG0 DNA analysis were monitored at 8 h, 14 

h, and 24 h after co-treatment. 8 h and 14 h were chosen based on previous 

observation that 12 h co-treatment is required to reach a point of no return for cell 

death by co-treatment. Two different probes 3,3'-dihexyloxacarbocyanine iodide 

(DiOC6(3)) and tetramethylrhodamine ester (TMRM) were utilized to detect Δψm 

disruption [239]. There were 12-20% of live cells with low Δψm at 8 h, which was 

increased to 43-49% at 14 h after anti-IgM and Bz-423 co-treatment. By 24 h 63-86% 

of live cells had lost their Δψm (Figure 2.20). No change of Δψm was observed in live 

cells were treated with anti-IgM and Bz-423 alone or control Ig plus DMSO, which 
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indicated that Δψm is a converging point. In other words, anti-IgM and Bz-423 

interacts at or upstream of Δψm disruption. Similar results were observed for cell 

death and apoptotic DNA.  

 
Figure 2.20: Kinetic changes of cell death by co-treatment. (A) Kinetic changes of 
Δψm were determined by TMRM staining. (B) Kinetic changes of Δψm were 
determined by DIOC6 staining. (C) Kinetics of cell death was determined by PI 
staining. (D) Kinetics of apoptosis was determined by subG0 analysis. The treatments 
were control Ig (1 μg/mL) + DMSO ( ), anti-IgM (1 μg/mL, ), Bz-423 (5 μM, ▲), 
anti-IgM + Bz-423 (●). For panel A and panel B, only the live population was gated. 
This experiment was repeated for ≥ 2 times. The absence of an error bar indicates ≤ 1 
% standard deviation.  
 

Consistent with Bz-423 washout experiment, the kinetics of Δψm disruption and 

apoptotic cell death induced by anti-IgM and Bz-423 co-treatment are slower than 

high concentrations of Bz-423, which induces a significant Δψm disruption at 5 h, and 

apoptotic cell death at 8 h [217]. However, cell death by co-treatment has a relatively 
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faster kinetics when compared with high dose of anti-IgM, which induced Δψm 

disruption after 24 h and apoptotic cell death at 48 h [240]. This result confirmed that 

cell death by co-treatment has a slower kinetics than Bz-423 but a quicker kinetics 

than anti-IgM. Significant mitochondrial Δψm disruption is observed at 14 h after 

co-treatment, which is later than point of no return in cell death by co-treatment. Δψm 

disruption is not the point of no return for cell death by co-treatment but it is the 

converging point, where anti-IgM and Bz-423 co-treatment interact and induce a 

supra-additive effect. 

  The involvement of superoxide in cell death induced by anti-IgM and 

Bz-423 co-treatment 

  ROS is an early signal to cell death induced by co-treatment: Bz-423 binds 

to the oligomycin-sensitivity conferring protein (OSCP), a subunit of the 

mitochondrial F0F1-ATPase, inhibits mitochondrial F0F1-ATPase activity, and leads to 

mitochondrial hyper-permeablization (MHP), causing superoxide generation. Once 

above certain threshold, the superoxide signals cells to undergo apoptosis [220]. The 

superoxide dismutase mimetic Mn(III)tetrakis(4-Benzoic acid)porphyrin chloride 

(MnTBAP) and general anti-oxidant Vitamin E (VitE) inhibit cell death by 

co-treatment, indicating superoxide in cell death by co-treatment [221]. The 

superoxide produced by Bz-423 is not augmented by anti-IgM stimulation as an 

identical superoxide response was observed with or without anti-IgM co-stimulation 

[221]. Given the difference in kinetics of cell death by co-treatment compared with 

that of apoptosis induced by anti-IgM or Bz-423, it is possible that the timing of 
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superoxide production rather than its magnitude is altered under the co-tretment with 

anti-IgM and Bz-423. To test this hypothesis, the kinetics of superoxide production 

were monitored by the oxidation of dihydroethidium (DHE) to oxy-E in flow 

cytometry [241]. Anti-IgM stimulation failed to modulate the kinetics of superoxide 

induced by sub-apoptotic Bz-423 (Figure 2.21A). The  

 
Figure 2.21: Anti-IgM co-treatment does not modulate Bz-423 induced ROS 
change in Ramos cells. (A) Kinetic superoxide change induced by anti-IgM and 
Bz-423 co-treatment was monitored by DHE assay. (B) Kinetic H2O2 change induced 
by Bz-423 induced by co-treatment was monitored by DCFH2 assay. The treatments 
were control Ig (1 μg/mL) plus DMSO ( ), anti-IgM (1 μg/mL, ), Bz-423 (5 μM, 
▲), and anti-IgM  plus Bz-423 (●). These experiments were repeated for ≥2 times. 
The absence of an error bar indicates ≤ 1 % standard deviation. 
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fluorescence intensity of oxy-E is also affected by the presence of DNA [242], and 

therefore an alternative dye, DCF, was used to monitor H2O2, the dismutation product 

of superoxide. Anti-IgM stimulation did not modulate the kinetics of Bz-423 induced 

H2O2 increase (Figure 2.21B). The protection of anti-oxidant against cell death by 

co-treatment suggests the involvement of ROS in cell death by co-treatment. However, 

There is no modulation of anti-IgM on Bz-423 induced reactive oxygen species (ROS) 

change, indicating that Bz-423 induced ROS increase acts proximally to induce cell 

death by co-treatment. Signals downstream of ROS will be the focus for identifying 

the critical mediator for the cell death by co-treatment. 

  Sustained superoxide increase is required to establish cell death induced by 

co-treatment: As shown in Figure 2.22, Bz-423 induced ROS peak at 1-3 h, decreases 

at 4-7 h, and peaks again at 9-11 h. Previous studies have shown that blocking 

Bz-423-induced ROS increase with antioxidants inhibits cell death by co-treatment. 

This leaves the question of which ROS peak is required for cell death by co-treatment 

especially in light of the slower death kinetics. Therefore, the role of Bz-423 induced 

ROS in cell death by co-treatment was further studied by varying the treatment time 

of anti-oxidants and studying their effects on cell death by co-treatment. When VitE 

was added 3, 6, 9 and 12 h after co-treatment, the protection against cell death by 

co-treatment is gradually lost (Figure 2.22). This result suggests a persistent role of 

ROS in establishing the cell death by co-treatment. Similar result was also observed 

when MnTBAP was applied. 

  General ROS-inducing reagents do not synergize with anti-IgM:  As ROS 
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is required in cell death by co-treatment, it was thus brought up whether ROS increase 

alone is sufficient to synergize with anti-IgM stimulation and increase cell death is not 

known. This question was addressed by testing whether anti-IgM stimulation could 

sensitize Ramos B cells to other ROS producing reagents. Menadione generates ROS 

via redox cycling [243]. As shown in Figure 2.23, anti-IgM co-treatment only slight 

shifted the death response curve of menadione and H2O2 to the left and to the top.  

 

 

 

Figure 2.22: The effects of anti-oxidant Vitamin E (VitE) on cell death by 
co-treatment. (A) The scheme of the experimental design: At indicated time before or 
after the anti-IgM (1 μg/mL) and Bz-423 (5 μM) co-treatment, vitamin E (100 μM) 
was added. 24 h later, cell death was determined by PI permeability. The results are 
shown in panel B. Vitamin E was added at 30’ before (█), 3 h(█), 6 h(█), 9 h(█), and 
12 h (█) after treatment. No treatment of vitamin E was shown as █. This experiment 
was repeated for two times. The absence of an error bar indicates ≤ 1 % standard 
deviation. 
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Figure 2.23: There is no synergy between anti-IgM stimulation and other 
ROS-inducing reagents. Ramos B cells were treated with a dose response of 
mendione (A) or H2O2 (B) in 2% FBS media. Control Ig (1 μg/mL, ) or anti-IgM (1 
μg/mL, ) was simultaneously added. 24 h later, cell death was determined through PI 
permeability. This experiment was at least repeated for two times. The absence of an 
error bar indicates ≤ 1 % standard deviation 
 

This slightly shift was due to the cell death induced by anti-IgM. This result indicates 

that ROS is necessary but not sufficient to induce cell death by co-treatment with 

anti-IgM stimulation. 

  Antioxidant and an extra-cellular Ca2+ chelator together block cell death 

induced by anti-IgM and Bz-423 co-treatment: Pre-treating Ramos B cells with 

either antioxidant or an extra-cellular Ca2+ chelator 

1,2-bis(2-Aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid, tetrapotassium salt 
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(BAPTA salt) partially inhibits cell death by co-treatment. It was therefore 

hypothesized that there were at least two independent pathways exist for cell death by 

co-treatment. One is possibly calcium-dependent; the other is possibly 

ROS-dependent. To test this hypothesis, the effect of a combination of antioxidant 

VitE and BAPTA salt on cell death by co-treatment was investigated. Co-treatment 

induced 62% cell death, which was reduced to 50%, 41% when VitE and BAPTA salt 

were applied alone. When VitE and BAPTA salt were added together, 18% cell death 

was induced (Figure 2.24). This result suggests that there were at least a 

ROS-dependent and calcium-dependent apoptotic pathway for cell death by 

co-treatment. 
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Figure 2.24: Anti-oxidant Vitamin E and extracellular Ca2+ chelator BAPTA salt 
together abolish cell death by co-treatment. Ramos B cells were pre-incubated with 
none (█), vitamin E (100μM, █), BAPTA salt (500μM, █), and vitamin E plus 
BAPTA salt (█) 30’ before the treatment. The treatments were control Ig (1 μg/mL) 
plus DMSO, anti-IgM (1 μg/mL), Bz-423(5 μM), anti-IgM plus Bz-423. This 
experiment was repeated for two times. The absence of an error bar indicates ≤ 1 % 
standard deviation 
 

  Ca2+ involvement in the cell death by co-treatment: In the previous studies 

conducted in the lab, there are several pieces of evidence indicating Ca2+ is a critical 
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mediator for the cell death by co-treatment. Firstly, BAPTA salt inhibits cell death by 

co-treatment [221]. Secondly, Bz-423 enhanced and prolonged anti-IgM induced 

immediate calcium increase, indicating intracellular Ca2+ is a converging point. 

Pre-incubation of anti-oxidants inhibit this synergistic intracellular Ca2+ increase, 

indicating ROS modulate anti-IgM induced intracellular Ca2+ increase. As 

intracellular Ca2+ acts as second messenger to induce apoptosis [244], it is therefore 

hypothesized that this synergistic intracellular Ca2+ increase signal the apoptotic 

signaling pathway of cell death by co-treatment. 

  Early Ca2+ change is dispensable for cell death induced by anti-IgM and 

Bz-423 co-treatment: By studying the signaling pathway of BCR-induced calcium 

increase, Btk becomes an appealing candidate. It phosphorylates phospholipase Cγ 

(PLCγ) for subsequent calcium increase [245]. It is also involved in ROS-induced 

calcium signaling [246, 247].  It was therefore hypothesized that Btk is involved in 

the synergistic calcium increase induced by co-treatment. A specific Btk inhibitor 

LFM-A13 decreased the immediate [Ca2+]i increase in response to anti-IgM 

stimulation or anti-IgM plus Bz-423 treatment (Figure 2.25), supporting this 

hypothesis. The involvement of Btk in cell death by co-treatment was further studied 

using LFM-A13. However, it did not inhibit cell death by co-treatment (Figure 2.25). 

These results suggest calcium increase, but not the immediate calcium increase upon 

treatment, may be involved in cell death by co-treatment. It was therefore 

hypothesized that early calcium increase is dispensable for the cell death by 

co-treatment. This hypothesis was studied by varying the addition time of BAPTA salt 
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and studying their effects on cell death by co-treatment. If the early synergistic Ca2+ 

change is required to induce cell death by co-treatment, addition of BAPTA salt 1 h 

after the co-treatment will not be able to protect against cell death by co-treatment 

since it does not inhibit the immediate Ca2+ increase. Co-treatment induced 68% cell 

death, which was reduced to 30%, 30%, 48% and 64% when BAPTA salt was added 

either 0.5 h before, 1, 6, and 12 h after co-treatment (Figure 2.26). There was 

comparable inhibition of synergistic  

 

 

Figure 2.25: Btk inhibitor LFM-A13 inhibits anti-IgM induced calcium change 
but not cell death by co-treatment. (A) LFM-A13 inhibits [Ca2+]i change by 
anti-IgM (1 μg/mL) alone and anti-IgM plus Bz-423 (5 μM). [Ca2+]i change was 
monitored in fluo-3-loaded Ramos cells by flow cytometry. LFM-A13 (100 μM) was 
applied 30’ before treatment. For anti-IgM plus Bz-423, fluo-3-loaded cells were first 
treated Bz-423 for 10’, anti-IgM was added. Channels are colored according to cell 
density. Yellow cell number 50% of peak height (PH) > dark blue 25% PH > 
orange 12% PH > light blue 6% PH > pink 3% PH > green 1% PH. (B) 
LFM-A13 does not inhibit the cell death induced by co-treatment. Ramos B cells were 
pre-treated with LFM-A13 (█) or vehicle control (█) for 30 min, and then treated as 
indicated. 24 h later, cell death was determined by PI staining. These experiments 
were repeated ≥ 2 times. The absence of an error bar indicates ≤ 1 % standard 
deviation. 
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Figure 2.26: Early calcium change is dispensable for the cell death by 
co-treatment. (A) The scheme of this experiment. BAPTA salt (500 μM) is added at 
various time points of treatments. The effects of BAPTA salt are studied by 
determining cell death through PI permeability 24 h after the treatment. (B) The 
experimental results of BAPTA salt on cell death by co-treatment. BAPTA salt was 
added 0.5 h before (█), 1 (█), 6 (█), 12 h (█) after treatment. No inhibitor was shown 
as █. Control Ig (1 μg/mL), anti-IgM (1 μg/mL), and Bz-423 (5 μM) were used. This 
experiment was repeated three times. The absence of an error bar indicates ≤ 1 % 
standard deviation 

cell death when BAPTA salt was added 0.5 h before or 1 h after treatment, showing 

that early Ca2+ increase observed within 15 min is not required for the cell death by 

co-treatment. The gradual loss protection by BAPTA salt suggests that calcium plays a 

sustained role in establishing cell death by co-treatment. This sustained Ca2+ change 

might activate several transcription factors and account for new protein synthesis 

required for cell death by co-treatment [248]. 

  As the early Ca2+ change is dispensable for cell death by co-treatment, the 
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relative late Ca2+ change (>1 h) induced by anti-IgM and Bz-423 co-treatment was 

monitored. Bz-423 interferes with the background of Ca2+ indicators. After correcting 

Bz-423 background, any measurable Ca2+ change was not detected, although various 

methods (flow cytometry, plate reader, fluorometer) using different calcium indicator 

(Fura-2, Fura-red, Fluo-3, Indo-1) were attempted. 

  Ca2+ is sufficient to sensitize Ramos cells to Bz-423: Whether this 

intracellular Ca2+ increase is sufficient to sensitize Ramos B cells to Bz-423 was 

investigated. This was determined by co-treatment with Bz-423 and Ca2+ inducing 

agents, thapsigargin and ionomycin. Thapsigargin inhibits the specific 

sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) and blocks Ca2+ uptake by 

endoplasmic reticulum (ER), which causes activation of plasma membrane calcium 

channels allowing influx of Ca2+ to the cytosol [249]. Ionomycin is a non-specific 

ionophore that allows extracellular calcium into the cell. Both thapsigargin and 

ionomycin sensitized Ramos B cells to Bz-423 (Figure 2.27), indicating that a Ca2+ 

increase was sufficient to induce synergy with Bz-423. Pre-incubation with BAPTA 

salt abolished ionomycin induced synergy (Figure 2.27B), indicating this synergy 

induction was entirely caused by extracellular Ca2+ influx.   

  Anti-IgM induced Ca2+ increase is required for cell death induced by 

anti-IgM and Bz-423 co-treatment. Artificial Ca2+ increase by tharpsigargin or 

ionomycin sensitizes Ramos cells to Bz-423. To determine if the anti-IgM induced 

Ca2+ increase is responsible for sensitization of Ramos cells to Bz-423, inhibitors that 

specifically target anti-IgM induced Ca2+ change were used. 
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Figure 2.27: Reagents that increase [Ca2+]i sensitize Ramos B cells to Bz-423. (A) 
SERCA inhibitor tharpsigargin synergizes with Bz-423 in cell death induction. Ramos 
B cells were co-treated with various concentrations of Bz-423 and tharpsigargin (5 
nM, ) or its vehicle control DMSO ( ). (B) Ionophore ionomycin synergizes with 
Bz-423 in cell death induction. Ramos B cells were co-treated with various 
concentrations of Bz-423 and ionomycin (1 μM, ) or DMSO ( ). BAPTA salt (500 
μM, ▲) was added 30 min before ionomycin and Bz-423 co-treatment. 24 h later, cell 
death was determined by PI permeability. These experiments were repeated for ≥ 2 
times. The absence of an error bar indicates ≤ 1 % standard deviation 

 

  Ca2+ release activating Ca2+ channel (CRAC) is a common mechanism for 

cell receptor induced Ca2+ influx in lymphocytes [250]. A selective CRAC inhibitor 

YM-58483 (BTP-2) was used to study the role of Ca2+ influx in cell death by 

co-treatment [251]. YM-58483 partially inhibits cell death by co-treatment, which is 
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consistent with the partial protection of BAPTA salt on cell death by co-treatment (Fig 

2.27A). This result confirms the observation that Ca2+ influx is involved in cell death 

by co-treatment and further suggests this Ca2+ influx is mediated through CRAC 

channel induced by co-treatment.  

  The PKC activator PMA decreases [Ca2+]i by inhibiting phospholipase C-γ 

[252]. PMA is shown to ablate Ca2+ increase and to inhibit cell death induced by 

anti-IgM stimulation [253, 254]. PMA abolished anti-IgM induced cell death by 

co-treatment (Figure 2.26B). Its inhibition of anti-IgM induced Ca2+ change was also 

confirmed by using the Ca2+ sensitive dye Fura-2. Fura-2 is a ratiometric calcium 

indicator, the ratio of fluorescence excited at 340 nm to fluorescence excited at 380 

nm (F340/F380) proportionally correlates with [Ca2+]i [255]. Anti-IgM stimulation 

increases F340/F380, which indicates [Ca2+]i increase. PMA blocks anti-IgM induced 

[Ca2+]i increase (Figure 2.28C). In contrast, it did not affect ionomycin-induced 

[Ca2+]i increase (Figure 2.28D). This result further supports the critical role of Ca2+ 

involvement in cell death by co-treatment. 

  In Summary, the protection against co-treatment-induced cell death by two 

additional inhibitors that suppress Ca2+ signaling suggested the involvement of 

anti-IgM induced Ca2+ increase in synergy. 

108 
 



 

 

109 
 



 
Figure 2.28: CRAC channel inhibitor YM-58483 and PKC activator PMA 
inhibited cell death by co-treatment through modulating anti-IgM induced 
calcium change. (A) YM-58483 (0.5 μM) inhibits anti-IgM induced synergy in 
Ramos B cells. (B) PMA (10 ng/mL) inhibits anti-IgM induced synergy in Ramos B 
cells. The legends for panel A and B are control Ig (1 μg/mL, ), anti-IgM (1 μg/mL, 

), YM-58483 plus control Ig (▲), YM-58483 plus anti-IgM (●), PMA plus control 
Ig (▲), and PMA plus anti-IgM(●). (C) PMA abolishes anti-IgM induced [Ca2+]i 
increase. Fura-2 loaded Ramos B cells were treated with PMA (10 ng/mL) for 30 min. 
anti-IgM (1 μg/mL) was added and immediately the calcium change was monitored 
using plate reader. Increased F340/F380 indicates increased [Ca2+]i. (D) PMA does not 
affect ionomycin induced Ca2+]i increase. Similar to panel C expect anti-IgM was 
replaced with ionomycin (0.5 μg/mL). The legends for panel C and B are control 
(DMSO or control Ig, ), anti-IgM (▲), PMA plus control Ig ( ) PMA plus 
anti-IgM (▲), ionomycin ( ), PMA plus DMSO control ( ), PMA plus ionomycin 
( ). 
 

   Detailed cellular signaling pathway of cell death induced by Bz-423 and 

anti-IgM co-treatment 

  New protein is synthesized within 6 h of co-treatment to establish cell death. 

Previous results have shown that the transcription inhibitor cycloheximide (CHX) 

blocks cell death by co-treatment, indicating that new protein synthesis is required 

[221]. Here, the timing of protein synthesis is investigated to determine when it 

occurs in the cell death pathway. CHX was added at various times relative to anti-IgM 

and Bz-423 co-treatment, and the effect of CHX on cell death by co-treatment was 

studied. If added after the completion of the necessary new protein synthesis, CHX 

will no longer block cell death by co-treatment. CHX failed to block cell death when 

added 6 h after the anti-IgM and Bz-423 co-treatment (Figure 2.29), suggesting that 

new protein is synthesized within 6 h. At 12 h, the apoptotic signaling reaches a point 

of no return, and cell death by co-treatment is therefore induced. This results further 

limits new protein is synthesized within 6 h of co-treatment, and anti-IgM signaling 
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and Bz-423 signaling must interact at the timepoints at this time range. 

 
Figure 2.29: New protein is synthesized within 6 h of co-treatment to induce cell 
death in Ramos B cells. (A) The experimental scheme. Cycloheximide (CHX, 1 
μg/mL) is added at various times relative to treatments. The effects of CHX are 
studied by determining cell death through PI permeability 24 h after the treatment. (B) 
The experimental results of CHX on cell death by co-treatment. CHX was added 0.5 h 
before (█), 3 (█), 6 (█), 9 (█) and 12 h (█) after treatments. No inhibitor was shown 
as █. Control Ig (1 μg/mL), anti-IgM (1 μg/mL), and Bz-423 (5 μM) were used. This 
experiment was repeated two times. The absence of an error bar indicates ≤ 1 % 
standard deviation 
 

  Cell death induced by co-treatment adopts mitochondria-dependent 

pathway: Converging point is an interaction point of two signaling pathway and it is 

amplified once these two signaling pathways are turned on. As previously identified, 

Ca2+ and ROS are two proximal signals to induce cell death by co-treatment, although 
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the early Ca2+ increase (<1 h) is dispensable for cell death by co-treatment. The next 

effort is to identify the detailed signaling pathway of synergistic apoptosis. Generally 

there are two pathways leading to apoptosis: the intrinsic and extrinsic pathways [256]. 

Mitochondria play a central role in the intrinsic pathway by sensing internal stress and 

releasing pro-apoptotic factors, which results in mitochondrial pro-apoptotic factors 

release and subsequent cell death. In the extrinsic pathway, death receptors, including 

Fas and TRAIL, respond to external stress signals and recruit caspases for activation, 

leading to cell death induction [257]. There is also cross-talk between these two 

pathways. Activated caspase cleaves the BH3-only protein Bid and its cleaved form 

tBid translocates to mitochondria, which triggers mitochondria dependent cell death 

[258]. 

  The first question explored was which apoptotic pathway cell death by 

co-treatment adopts. As discussed previously, cell death by co-treatment requires new 

protein synthesis within 6 h of anti-IgM and Bz-423 co-treatment. Possible candidates 

for this new protein are Fas and FasL, which are involved in elimination of 

autoreactive B cells [259]. It was therefore hypothesized that synergistic treatment 

increases Fas or FasL expression, which results in the cell death by co-treatment. This 

hypothesis was tested by studying Fas and FasL expression levels induced by 

anti-IgM and Bz-423 co-treatment. Ramos B cells express both Fas and FasL on the 

cell surface as there are Fas and FasL staining over the background (Figure 2.30A). 

PMA plus ionomycin, which are known to cause increased Fas expression [260], 

induced 2.2-fold increase in the mean fluorescence intensity (MFI) of Fas surface 
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expression and 1.5-fold increase in MFI of FasL surface expression. In contrast, 

co-treatment does not modulate the MFI of Fas surface expression or MFI of FasL 

surface expression (Figure 2.30B). This result suggests that Fas and FasL increases 

are not required for cell death by co-treatment, suggesting that the extrinsic pathway 

is not used. This result is consistent with the observation that Fas is not responsible 

for B cell receptor (BCR)-mediated apoptosis [236].  

 
Figure 2.30: Fas and FasL expression changes induced by anti-IgM and Bz-423 
co-treatment in Ramos B cells. (A) Fas and FasL are expressed in Ramos B cells. 
The histogram in solid line is the result from staining with isotype control antibody. 
The histogram in the dashed line is the result from staining with FITC-anti-Fas or 
PE-anti-FasL. (B) There is no change in the expression of Fas (█) and FasL (█) 
induced by co-treatment. Ramos B cells were treated with control Ig (1 μg/mL), 
anti-IgM (1 μg/mL) and Bz-423 (5 μM) for 8 h before staining with anti-Fas and 
anti-FasL. PMA (50 ng/mL) and ionomycin (1 μg/mL) were used as a positive control. 
This experiment was repeated for two times. The absence of an error bar indicates ≤ 1 
% standard deviation. 
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  Mitochondrial pro-apoptotic factors are released by co-treatment: The 

observation of Δψm disruption indicates the malfunction of mitochondria induced by 

co-treatment. Mitochondria are involved in apoptosis mediated both by BCR and by 

Bz-423 [175, 220]. Therefore, it was hypothesized that cell death by co-treatment 

adopts mitochondria-dependent pathway. This hypothesis was first studied by 

investigating pro-apoptotic factor release, such as cytochrome c, AIF, and Smac, from 

mitochondria induced by co-treatment. Cytochrome c binds to apaf-1 to form the 

apoptosome which activates caspase 9 and further apoptotic signaling. Smac binds to 

inhibitor of apoptosis protein (IAP) and assists in caspase activation. AIF is itself 

involved in caspase-independent nuclear DNA degradation [256]. Anti-IgM or Bz-423 

alone did not increase cytochrome c signal in the cytosol fraction, or decrease 

cytochrome c signal in the mitochondria fraction, indicating they do not cause the 

release of cytochrome c from mitochondria to the cytosol (Figure 2.31A). 

Co-treatment induced significant cytochrome c increase in the cytosol at 8 h, which is 

correlated with significant decrease in the mitochondria (Figure 2.31A). Other 

mitochondrial pro-apoptotic factors AIF and Smac were also released into the cytosol 

(Figure 2.31B). This result indicates that mitochondria sense the apoptotic signaling 

induced by anti-IgM and Bz-423 then release pro-apoptotic factors. Moreover, single 

treatment does not induce cytochrome c release while the co-treatment does, 

indicating cytochrome is a converging point. This result indicates that Bz-423 

signaling and BCR signaling interact at or upstream of mitochondria to induce cell 

death by co-treatment. 
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Figure 2.31: Pro-apoptotic factors release from mitochondria by Bz-423 and 
anti-IgM co-treatment in Ramos B cells. In A, mitochondria were isolated by 
passing the treated swollen B cells through needles. In B, separation of cytosol and 
organelles were done by digitonin permeablization. This experiment was at least 
repeated for four times. 
 

  The mechanism of synergistic pro-apoptotic factor release was studied using 

reagents shown to inhibit cell death by co-treatment. The inhibition of mitochondria 

pro-apoptotic factor release suggests that this specific signal acts at or upstream of 

mitochondria. Otherwise the signal acts downstream of mitochondria. Pre-treatment 

with VitE, BAPTA salt, and cycloheximide all inhibited the cytochrome c, Smac and 

AIF release (Figure 2.32). This demonstrates ROS, Ca2+, and new protein synthesis 

occur at or upstream of mitochondrial pro-apoptotic factor release. Additionally, 

pan-caspase inhibitor z-VAD-fmk did not inhibit cytochrome c release at 8 h but it did 

attenuate cytochrome c release at 12 h. The caspase inhibitor only prevented only the 

late but not the early stage of cytochrome c release indicating that there is an 

amplification loop between cytochrome c release and activated caspase [261].  
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Figure 2.32: Inhibitors on mitochondrial pro-apoptotic factors release induced 
by anti-IgM and Bz-423 co-treatment in Ramos B cells. Ramos B cells were 
pre-treated with VitE (100 μM), BAPTA salt (500 μM), and CHX (1 μg/mL), and 
zVAD-fmk (100 μM) for 30’ before treatment. At indicated times, cytosol fractions 
were obtained and the immunoblots were probed with specific antibodies. The 
treatments were control Ig (1 μg/mL) + DMSO, anti-IgM (1 μg/mL) + Bz-423 (5 μM). 
(A) The inhibitors on cytochrome c release induced by co-treatment. (B) The 
inhibitors on Smac release induced by co-treatment. (C) The inhibitors on AIF release 
induced by co-treatment. This experiment was repeated three times. 
 

z-VAD-fmk did abolish Smac and AIF release, indicating that caspase activation acts 

upstream of Smac and AIF release (Figure 2.32). These results indicate slightly 

different release mechanism of these pro-apoptotic factors from mitochondria. This 

result is consistent with the observation that 12 h of co-treatment is required for cell 

death by co-treatment. Cytochrome c release act upstream of initial caspase activation. 

This observation not only suggests that cytochrome c may be the most critical factors 
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in the cell death by co-treatment, it also argues against the possible involvement of 

extrinsic pathway, in which caspases are initial triggers for apoptosis.   

  Bax and Bak are activated by anti-IgM and Bz-423 co-treatment. How ROS, 

Ca2+, and protein synthesis act together to induce cytochrome c release induced by 

co-treatment was examined. There are two ways to release cytochrome c: 

mitochondrial permeability transition (MPT) and mitochondrial outer membrane 

permeablization (MOMP). As ROS and Ca2+ are well-established inducer for MPT 

[29], it was therefore hypothesized that co-treatment triggers the opening of MPT, 

which triggers the cell death by co-treatment. This hypothesis was studied by studying 

the effect of a specific MPT inhibitor bongkrekic acid on the cell death by 

co-treatment. Bongkrekic acid did not inhibit cell death by co-treatment, which 

supports that MPT is not involved in the cell death by co-treatment (Figure 2.33). The 

opening of MPT leads to Δψm disruption with subsequent OMM rupture and 

cytochrome c release [30]. Δψm    disruption occurs either before cytochrome c 

release or at the same time. At 8 h, co-treatment induces a significant cytochrome c 

release while there was minimal Δψm disruption, indicating that the inner 

mitochondrial membrane is still intact. This result suggests that cytochrome c release 

occurs before Δψm disruption, which further supports that MPT is not involved in cell 

death by co-treatment.  
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Figure 2.33: MPT is not involved in cell death by co-treatment. (A) Bongkrekic 
acid (BA) does not inhibit cell death by co-treatment. Ramos B cells were pre-treated 
with a specific ANT inhibitor BA (60 μM) for 30’, and then co-treated with anti-IgM 
and increasing amount of Bz-423. Cell death was determined 24 h after the treatment. 
The treatments were control Ig (1 μg/mL, ), anti-IgM (1 μg/mL, ), BA + control 
Ig (▲), and BA + anti-IgM (●). (B) Δψm changes at 8 h. (C) Δψm changes at 15 h. 
Ramos B cells were treated with series concentration of Bz-423 in the presence of 
none (▲), control Ig ( ), and anti-IgM ( ). At 8 or 15 h, Δψm was measured by 
TMRM staining. These experiments were repeated ≥ 2 times. 
 

  On the other hand, cytochrome c release with an intact Δψm suggests the 

possible involvement of MOMP in cell death by co-treatment. Pro-apoptotic Bcl-2 

proteins Bax and Bak are known to be involved in both Bz-423 induced cell death 

[220] and BCR stimulation-induced cell death [262]. Actived Bax and Bak undergo 

homo-oligomerization to form proteolipid pores, which allows cytochrome c release 

but not Δψm disruption [263]. It was therefore hypothesized that co-treatment 

activates Bax and Bak, which are responsible for the cytochrome c release and 

subsequent cell death. To test this hypothesis, Bax and Bak activation induced by 

anti-IgM and Bz-423 co-treatment were studied using antibodies that recognize only 

the activated forms of Bax and Bak [264]. Since cytochrome c release was detected at 

8 h, the Bax and Bak activation were studied at both 6 h and 8 h after co-treatment. At 

8 h, only 2% Bax and 1.5% Bak were activated under control treatment. Bz-423 alone 

induced 9% Bax activation and 10% Bak activation. Anti-IgM alone induced 6% Bax 

activation and 8% Bak activation. Co-treatment induced 37% Bax activation and 27% 

Bak activation (Figure 2.34). Similar results were also observed at 6 h. It is concluded 

that co-treatment induces a higher Bax and Bak activation than single treatment. This 

Bax and Bak activation suggests that Bz-423 signaling and BCR signaling interact at 
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or upstream of Bax and Bak to induce cell death by co-treatment. 

 

 
 
Figure 2.34: Bax and Bak activation by co-treatment. Ramos B cells were treated 
with either Bz-423 (5 μM), anti-IgM (1 μg/mL) alone or combined in 2% FBS media. 
After 8 h treatment, cells were fixed and stained with antibodies detecting activated 
form of Bax or Bak, respectively. (A) The representative immunofluorescence 
pictures of Bax and Bak activation were shown. (B) The percentages of activated Bax 
(█) and Bak (█) in treated Ramos cells were counted and the results were shown. This 
experiment was repeated ≥3 times. 
 

  As Bax and Bak are synergistically activated by co-treatment, it was 

hypothesized that the Bax and Bak activation induced by co-treatment leads to 

cytochrome c release and apoptosis. The involvement of Bax and Bak activation in 

cell death by co-treatment was studied using two methods: RNAi knockdown of Bax 

and/or Bak, and overexpression of the anti-apoptotic protein Bcl-2 or Bcl-xL. The 

inhibition of cell death by co-treatment will indicate the involvement of Bax and Bak 
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activation under synergistic condition. Introduction of interfering RNAs specific for 

Bax and/or Bak resulted in about 70% to 80% reduction in Bax and Bak protein levels 

(Figure 2.35A). Co-treatement induced 60% cell death, which was reduced to 36% 

and 42% cell death if either Bax or Bak were decreased, respectively. In cells with 

double Bax and Bak RNAi knockdown, the cell death was reduced to 25% (Figure 

2.35A). Further protection by double Bax and Bak RNAis knockdown indicates that 

both Bax and Bak are involved in the cell death by co-treatment. The involvement of 

Bax and Bak was also confirmed using Bcl-2 and Bcl-xL overexpression. Bcl-2 and 

Bcl-xL exert their anti-apoptotic function through binding to Bax and Bak and 

preventing their activation [265]. Overexpression of Bcl-2 or Bcl-xL in stably 

transfected Ramos cells was confirmed by western blot (Figure 2.35B). Both Ramos 

B cells with Bcl-2 or Bcl-xL overexpression were resistant to anti-IgM and Bz-423 

co-treatment (Figure 2.35B), confirming that Bax and Bak activations are critical for 

cell death by co-treatment. How Bcl-2 or Bcl-xL inhibits cell death by co-treatment 

was investigated by studying the effects of Bcl-2 or Bcl-xL overexpression on Δψm 

disruption, pro-apoptotic mitochondrial factor release, Bax and Bak activation 

induced by co-treatment. Bcl-2 overexpression and Bcl-xL overexpression inhibited 

Δψm disruption, mitochondrial pro-apoptotic factors release (cytochrome c and Smac), 

and Bax and Bak activation induced by co-treatment (Figure 2.36). These results 

indicate that Bcl-2 and Bcl-xL overexpression block cell death by co-treatment 

through inhibiting Bax and Bak activation and subsequent cytochrome c release and 

Δψm disruption. So how Bax and Bak are activated by anti-IgM and Bz-423 
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co-treatment becomes the next question to explore. 

 

 

Figure 2.35: Bax and Bak are involved in cell death by co-treatment. (A) The 
effect of Bax and/or Bak RNAi knockdown on cell death by co-treatment induced by 
co-treatment. Ramos B cells were transiently transfected with negative control RNAi 
(█), Bax RNAi (█), Bak RNAi (█) or combined (█). Introduction of Bax and/or Bak 
RNAi results in ~80% decrease in the protein levels. The cell death was determined 
24 h after treatment. (B) The effect of Bcl-2 and Bcl-xL overexpression on cell death 
by co-treatment induced by co-treatment. The overexpression of Bcl-2 and Bcl-xL 
was confirmed by western blot. Ramos B cells with stable transfection of 
pSFFV-control (█), pSFFV-Bcl-2 (█) and pSFFV-Bcl-xL (█) were treated and cell 
death was determined by PI permeability 24 h later. Control Ig (1 μg/mL), anti-IgM (1 
μg/mL) and Bz-423 (5 μM) were used. This experiment was repeated ≥ 2 times. 
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Figure 2.36: Bcl-2 and Bcl-xL overexpression on Δψm disruption, MOMP, and 
Bax and Bak activation by co-treatment in Ramos B cells. (A) Bcl-2 and Bcl-xL 
overexpression inhibit Δψm disruption induced by co-treatment. Ramos B cells with 
stably transfected with pSFFV-control (█), pSFFV-Bcl-2 (█) and pSFFV-Bcl-xL (█) 
were treated and Δψm was measured at 18 h by TMRM. (B) Bcl-2 and Bcl-xL 
overexpression inhibit mitochondrial proapoptotic factors (cytochrome c and Smac) 
release induced by anti-IgM and Bz-423 co-treatment. (C) Bcl-2 and Bcl-xL 
overexpression inhibit Bax and Bak activation induced by co-treatment. The 
representative immunofluorescence of Bax and Bak activation, along with the 
percentage of activated Bax and Bak were shown. This experiment was repeated two 
times. 
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  How Bax and Bak induced by anti-IgM and Bz-423 co-treatment are 

activated is was studied using inhibitor experiments. The inhibition of Bax and Bak 

activation suggests that this specific signal acts at or upstream of Bax and Bak. 

Otherwise the signal acts downstream of Bax and Bak. 36% of Bax was activated by 

co-treatment, which was reduced to 11%, 13%, 12% and 7% by MnTBAP, BAPTA 

salt, transcription inhibitor actinomycin D and translation inhibitor cycloheximide 

(Figure 2.37A). Similar results were also observed in Bak activation (Figure 2.37B).  

 

 

 

 
Figure 2.37: ROS, Ca2+, and macromolecular synthesis are involved in Bax and 
Bak activations induced by co-treatment. (A) Inhibitors on Bax activation. (B) 
Inhibitors on Bak activation. The treatments were control Ig (1 μg/mL) + DMSO, 
anti-IgM (1 μg/mL) + Bz-423 (5 μM) in 2% FBS media. At 8 h, cells were fixed and 
Bax and Bak activation were measured by immunofluorescence. The percentages of 
activated Bax and activated Bak were indicated. MnTBAP (100 μM), BAPTA salt 
(500 μM), Actinomycin D (20 ng/mL), and cycloheximide (1 μg/mL) were added 30’ 
before the treatment. This experiment was repeated three times. 
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These findings indicate ROS, calcium, and macromolecule synthesis all act upstream 

of Bax and Bak activations. 

  Co-treatment increases the expression level of BimS, Bmf and tBid. How 

ROS, Ca2+, and macromolecular synthesis induce Bax and Bak activation by anti-IgM 

and Bz-423 co-treatment were studied. Bcl-2-like proteins (A1, MCl-1, Bcl-2 and 

Bcl-xL) can bind to Bax and Bak and directly inhibit Bax and Bak. They also can 

bind to BH3-only proteins and indirectly inhibit Bax and Bak [266]. Conversely, 

BH3-only proteins can activate Bax and Bak by interacting with Bax and Bak or by 

binding to Bcl-2-like proteins [266]. Bax and Bak can be activated by increasing the 

expression level of pro-apoptotic Bcl-2 protein (Bax, Bak, Bok and BH3-only 

proteins) or by decreasing the expression level of Bcl-2-like proteins. It was therefore 

hypothesized that co-treatment modulates the expression level of Bcl-2 family 

proteins, which are responsible for the cell death by co-treatment. The expression 

levels of these Bcl-2 proteins induced by anti-IgM and Bz-423 co-treatment were 

monitored. Bcl-2 was not included because Bcl-2 is undetectable in Ramos cells. 

There were no expression levels of anti-apoptotic A1, MCl-1, Bcl-xL and 

pro-apoptotic Bax, Bak, Bok (Figure 2.38), indicating that Bax and Bak induced by 

co-treatment are not activated through directly modulating the protein level of these 

multi-BH-domain Bcl-2 proteins. 
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Figure 2.38: There are no expression level changes of Bcl-2-like proteins and 
Bax-like proteins induced by co-treatment. Ramos B cells were treated with control 
Ig (1 μg/mL) + DMSO, anti-IgM (1 μg/mL) + Bz-423 (5 μM) in 2% FBS. At 
indicated times, cell lysates were obtained, and immunoblots were probed with 
specific antibodies. This experiment was repeated two times. 
 

  The involvement of BH3-only proteins in Bax and Bak activation was 

studied by screening the expression level changes of BH3-only proteins by anti-IgM 

and Bz-423 co-treatment. Here the expression level of eight BH3-only proteins (Bad, 

Bmf, Bid, Bik, Bim, Puma, Noxa, Hrk) induced by co-treatment were studied. Among 

these eight proteins, co-treatment increased BimS by 3-fold at 4 h and by 6-fold at 6 h 

(Figure 2.39). And it increased Bmf by 1.5-fold at 2 h and by 2.1-fold at 4 h (Figure 

2.39). As Bz-423 alone and anti-IgM alone did not increase BimS, Bmf, and tBid, it is 

concluded that co-treatment induced a synergistic increase in these BH3-only proteins. 

This result suggests BimS, Bmf, and tBid are critical mediators for Bax and Bak 

activation. Especially Bim-knockout mice develop lupus-like diseases [267], and 

there is a disturbance of B cell homeostasis in Bmf-knockout mice [268]. For further 

confirmation the involvement of these BH3-only proteins in cell death by 

co-treatment could be done using the RNAi knockdown of Bim and Bmf. In response  
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Figure 2.39: BH3-only protein changes by co-treatment in Ramos B cells. (A) The 
expression level of BimEL, BimL, and BimS, Bid cleavage to tBid, and Bmf changes 
induced by anti-IgM and Bz-423 co-treatment. (B) The quantitive expression level 
changes of three Bim isoforms by co-treatment. Control Ig + DMSO ( ) anti-IgM 
+Bz-423 ( ).BimEL, BimL and BimS are in blue, magenta, red. (C) The quantitative 
expression level changes of Bmf. The treatments were control Ig (1 μg/mL) plus 
DMSO ( ), anti-IgM (1 μg/mL, ▲), Bz-423 (5 μM,●) and anti-IgM plus Bz-423 
( ). At indicated times, cell lysates were obtained and the immunoblots were probed 
with specific antibodies. This experiment was repeated three times. 
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to BCR stimulation and ionomycin, Bim expression is increased [169]. This Bim 

increase is important for BCR-mediated apoptosis as the Bim-deficient cells are 

resistant to BCR ligation [169]. Calcineurin inhibitor cyclosporine A or FK506 blocks 

Bim up-regulation in response to TCR stimulation, suggesting the possible 

involvement of calcineurin in Bim increase. Therefore it is hypothesized that 

calcineurin is involved in cell death by co-treatment. 

  The involvement of calcineurin in cell death induced by Bz-423 and 

anti-IgM co-treatment 

  Calcineurin is involved in cell death induced by co-treatment: Calcineurin 

is a serine/threonine phosphatase, which is activated by cytosolic Ca2+ increases. 

Calcineurin is as a multifunctional regulator of diverse cellular function and is 

involved in multiple processes. The immunosuppressant drugs FK506 and 

cyclosporine A (CsA) inhibit calcineurin activity and subsequent T cell activation. 

This inhibition requires the binding of CsA to cyclohphilins and the binding of FK506 

to FK506 binding protein (FKBP) [269]. The protection of FK506 and CsA against 

cell death indicated calcineurin involvement in cell death signaling [270]. It was 

therefore hypothesized that calcineurin is involved in cell death by anti-IgM and 

Bz-423 co-treatment. This hypothesis was tested by studying the effect of FK506 on 

cell death by co-treatment. FK506 partially inhibited cell death by co-treatment 

(Figure 2.40A), similar to the effect of BAPTA salt, which inhibits Ca2+ influx and 

acts upstream of calcineurin. Moreover, the inhibition by the nanomolar concentration 

of FK506 is consistent IC50 of FK506 for calcineurin, which is 2 nM [271]. These 
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results suggest that FK506 inhibits cell death by co-treatment through inhibition of 

calcineurin activity. To confirm this, an excess rapamycin, which binds tightly to 

FKBP, was used to compete with FK506. As binding of FK506 to FKBP is required 

for inhibition of calcineurin activity [269], to limit the availability of FKBP for 

FK506 binding is supposed to inhibit the effect of FK506 [272]. Before FK506 

treatment, excess rapamycin was pre-incubated with cells, limiting the availability of 

FKBP to FK506. The inhibition by FK506 on cell death by co-treatment was reversed 

by excess rapamycin (Figure 2.40B), indicating the inhibition of cell death by FK506 

is due to binding to FK506 binding protein (FKBP).  

  How calcineurin is involved in cell death by co-treatment was also 

investigated by studying the effects of FK506 on cytochrome c release, and Bax and 

Bak activation. FK506 attenuated cytochrome c, AIF and Smac release induced by 

anti-IgM and Bz-423 co-treatment (Figure 2.40C). Co-treatment induced 31.4% Bax 

activation and 36.5% Bak activation, respectively, which was decreased to 4.9% and 

4.6%, respectively by FK506 pre-treatment (Figure 2.40D). All these results suggest 

that calcineurin acts upstream of Bax and Bak activation to induce cell death by 

co-treatment. Therefore, calcineurin leads to Bax and Bak activation, possibly via 

increasing BimS expression, which in turn causes MOMP, caspase activation and 

subsequent cell death. 
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Figure 2.40: Calcineurin inhibitor FK506 inhibits Bax & Bak activation, MOMP 
and cell death by co-treatment. (A) FK506 inhibits cell death by co-treatment. 
Ramos B cells were treated with series concentration of Bz-423 in presence of control 
Ig (1 μg/mL, ), anti-IgM (1 μg/mL, ), control Ig plus FK506 (1 μM, ▲), 
anti-IgM plus FK506 (1 nM, ●), anti-IgM plus FK506 (1 μM, ●) for 24 h. Cell 
death was determined by PI permeability. (B) Rapamycin antagonizes the inhibition 
of FK506 against cell death by co-treatment. Ramos B cells were pre-treated with 
rapamycin (50 μM) for 30’, were then treated with FK506 (1 nM) for 30’ before 
Bz-423 treatment,  The treatments were control Ig (1 μg/mL, ), anti-IgM (1 
μg/mL, ), anti-IgM plus FK506 (1 nM, ▲), control Ig plus rapamycin (50 μM, ), 
anti-IgM plus rapamycin (50 μM, ▲), and anti-IgM plus FK506 plus rapamycin (●). 
(C) FK506 inhibits pro-apoptotic factors release (cyto c, AIF, Smac) induced by 
anti-IgM and Bz-423 co-treatment. Treated cells were fractionated into cytosol and 
mitochondria. The cytosol fraction was monitored by western blot. (D) FK506 
inhibits Bax and Bak activation induced by co-treatment. Activated Bax and Bak were 
monitored by immunofluorescence. On the bottom of the reprehensive pictures, the % 
cells with activated Bax and Bak were indicated. These experiments were repeated ≥ 
2 times. 
 
 

  Calcineurin inhibitors FK506 and cyclosporine A (CsA) are also potent 

inhibitors of the MAPK signaling pathway [273]. Therefore, the effects of these 

inhibitors on cell death by co-treatment could be due to inhibiting either the 

Ca2+-calcineurin pathway or the MAPK signaling. To exclude the possibility that 

MAPK pathway is involved in cell death by co-treatment, the MAP kinases p38 and 

JNK were investigated. The p38 inhibitor SB203580, SB202190 and JNK inhibitor II 

were used to test their effects on cell death by co-treatment. Pre-treatment with either 

p38 inhibitors (Figure 2.41A) or JNK inhibitor II (Figure 2.41B) did not affect the cell 

death by anti-IgM and Bz-423 co-treatment. These results suggested FK506 and CsA 

inhibited cell death induced by co-treatment through blocking the Ca2+-calcineurin 

pathway, and not through inhibiting MAPK pathway. 
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Figure 2.41: The p38 and JNK are not involved in cell death by co-treatment. (A) 
The specific p38 inhibitor (SB202190, SB203580) does not inhibit cell death by 
co-treatment. The treatments were control Ig (1 μg/ml, █), anti-IgM (1 μg/ml, █), 
control Ig + SB202190 (10 μM, █), anti-IgM + SB202190 (█), control Ig + 
SB203580 (10 μM, █), anti-IgM + SB203580 (█) (B) The specific JNK inhibitor II 
does not inhibit cell death by co-treatment. The treatments were control Ig (1 μg/ml, 
█), anti-IgM (1 μg/ml, █), control Ig + JNK inhibitor II (2.5 μM, █), anti-IgM + JNK 
inhibitor II (█). This experiment was repeated three times. 
 

  Co-treatment induces prolonged calcineurin activation: Since calcineurin is 

involved in cell death by co-treatment, it is hypothesized that Bz-423 and anti-IgM 

interact, which are responsible for the cell death by co-treatment. To test this 

hypothesis, the calcineurin activity induced by co-treatment was monitored. If there is 

a synergistic effect on calcineurin activity, calcineurin will be a converging point for 

anti-IgM and Bz-423 pathways. There are four ways to monitor calcineurin activity: 

in vitro calcineurin assay, NFAT dephosphorylation, NFAT nuclear translocation and 
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NFAT reporter assay (Figure 2.42B). The in vitro calcineurin assay takes advantage of 

the observation that calcineurin dephosphorylates the RII phosphopeptide [274]. The 

released phosphate can be detected by a classic malachite green assay [275]. 

Calcineurin activity can also be monitored through nuclear factor of activated T cells 

(NFAT), a transcription factor which calcineurin binds to and dephosphorylates ([276]; 

Figure 2.42A). Once NFAT is dephosphorylated, it translocates to the nucleus and 

initiates transcription activation of target genes ([276]; Figure 2.42A). Therefore, 

calcineurin activity can be monitored by studying the NFAT dephosphorylation or 

nuclear translocation by western blot or by studying transcription activation using the 

reporter plasmid pNFAT-SEAP ([276]; Figure 2.42B). 

 

 
 

Figure 2.42: Ca2+-calcineurin-NFAT signaling pathway and methods to measure 
calcineurin activity. (A) Ca2+-calcineurin-NFAT signaling pathway. This is adapted 
from [276]. (B) four ways to measure calcineurin activity. 
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  Calcineurin activity was first studied by monitoring NFAT dephosphorylation 

and translocation in Ramos cells. There is around 7.5% ± 2.5% NFAT 

dephosphorylated in resting Ramos B cells. This is consistent with a report of 

constitutively active NFAT in cells isolated from lymphoma and lymphoma cell lines 

such as Raji and Daudi [277]. In response to anti-IgM alone, 40 and 45% of NFAT 

was dephosphorylated at 1 and 2 h, respectively, and it returned to basal level at 4 and 

6 h, indicating anti-IgM alone induces a transient NFAT dephosphorylation (Figure 

2.43A). Both Bz-423 alone and co-treatment induced NFAT dephosphorylation at all 

the time monitored (Figure 2.43A). However, Bz-423 induced 20-40% NFAT 

dephosphorylation, and co-treatment induced 40-60% NFAT dephosphorylation. This 

observation suggests Bz-423 induces a low and sustained NFAT dephosphorylation 

and co-treatment induces an increased and sustained NFAT dephosphorylation. This 

increase in NFAT dephosphorylation results in immediate increase in nuclear fraction, 

as similar results were also observed in the NFAT nuclear translocation assay (Figure 

2.43B). Phosphorylated NFAT was also present in the nuclear fractions, as it is 

decreased by ionomycin treatment and increased by cyclosporine A treatment. This 

presence of phosphorylated NFAT in the nuclear fraction is not due to the 

contamination of cytosol fraction as cytosol protein β-tubulin is not detected. It is 

possible due to a relatively rapid rephosphorylation. This would make it essential to 

have a sustained Ca2+-calcineurin signaling to maintain NFAT activation for 

transcription activities [276]. 
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Figure 2.43: NFAT dephosphorylation and nuclear translocation induced by 
co-treatment in Ramos cells. (A) NFAT dephosphorylation induced by co-treatment. 
Whole cell lysates were isolated from treated Ramos B cells at indicated times, and 
immunoblots were performed with specific antibodies. (B) NFAT nuclear 
translocation was monitored. Nuclear fractions of treated Ramos B cells were 
obtained at indicated times. The immunoblots were performed with specific 
antibodies. The phosphorylated and de-phosphorylated forms of NFAT are indicated 
by arrow. The treatments were control Ig (1 μg/mL), anti-IgM (1 μg/mL) and Bz-423 
(5 μM) in media with 2% FBS. The experiments were repeated ≥ 3 times. 
 

  Due to the qualitative nature of western blotting, it is difficult to decide 

whether anti-IgM and Bz-423 induced an additive or supra-additive effect on 

calcineurin activation. The reporter plasmid pNFAT-SEAP was used to quantify the 

calcineurin activity induced by co-treatment. In this system, the expression of secreted 

alkaline phosphatase (SEAP) is driven by activated NFAT through binding to three 

repetitive NFAT binding sites (3x NFAT) in the promoter region (Figure 2.44A).  
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Figure 2.44: Co-treatment of anti-IgM and Bz-423 induces synergistic NFAT 
transcription activation in Ramos cells. (A) The construct of reporter plasmid 
pNFAT-SEAP. In the promoter region of pNFAT-SEAP, there are three repetitive 
NFAT binding sites. The DNA sequence in pink is that of one NFAT binding site. (B) 
The experimental scheme for SEAP assay: The SEAP collected from the media 
phosphorylates CSPD, producing light, which can be detected by chemiluminescence. 
(C) The SEAP activity induced by anti-IgM and Bz-423 co-treatment. Ramos B cells 
were transiently transfected with pNFAT-SEAP. After resting for 24 h, cells were 
treated with control Ig (1 μg/mL)+DMSO, Bz-423 (5 μM), anti-IgM (1 μg/mL), 
anti-IgM and Bz-423. 6 h later, the media was collected for assay. This experiment 
was repeated three times. 
 

SEAP is secreted into the media, which is collected for measuring SEAP activity by 

chemiluminescence (Figure 2.44B). Ramos cells were transiently transfected with 

pNFAT-SEAP. After resting for 24 h, cells were treated with anti-IgM and Bz-423 

alone or together. 6 h or 24 h later, media was collected for SEAP assay. The 

supernatant collected at 6 h or 24 h produced similar results, and 6 h data was shown 

in Figure 2.44C. Bz-423 alone induced a ~50% increase in NFAT-dependent SEAP 
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expression while anti-IgM did not increase any SEAP expression. Co-treatment 

induced ~150% increase in NFAT transcription activity. This result confirms Bz-423 

and anti-IgM induced a synergistic NFAT transcription activation. 

  Mechanism of calcineurin activation by anti-IgM and Bz-423 co-treatment: 

The mechanism of NFAT activation induced by co-treatment was probed by studying 

the effect of inhibitors on NFAT dephosphorylation. As NFAT is activated by 

calcineurin [276], it was hypothesized that NFAT dephosphorylation is mediated by 

calcineurin. This hypothesis was tested by studying the effect of calcineurin inhibitors 

on NFAT dephosphorylation induced by co-treatment. As expected, the calcineurin 

inhibitor FK506 abolished NFAT dephosphorylation induced by co-treatment (Figure 

2.45A). Calcineurin is activated by [Ca2+]i increase [276], which possibly was induced 

by Ca2+ influx. Moreover, BAPTA salt blocks Ca2+ influx and inhibits cell death by 

co-treatment [221]. It is hypothesized that Ca2+ influx induced by co-treatment results 

in NFAT dephosphorylation. This hypothesis was tested by studying the effect of 

BAPTA salt on NFAT dephosphorylation induced by co-treatment. BAPTA salt 

inhibited NFAT dephosphorylation, showing Ca2+ influx is necessary to activate NFAT 

(Figure 2.45A). As anti-oxidants inhibit cell death by co-treatment, it was 

hypothesized that ROS might dephosphorylate NFAT [221]. This hypothesis was 

tested by studying the effect of anti-oxidants on NFAT dephosphorylation induced by 

co-treatment. The anti-oxidant MnTBAP surprisingly did not inhibit NFAT 

dephosphorylation (Figure 2.45A). This result suggests that early ROS (within 1 h) is 

not involved in NFAT dephosphorylation induced by co-treatment. The involvement 
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of ROS in NFAT dephosphorylation was further studied at later timepoints (after 1 h). 

MnTBAP inhibited sustained NFAT dephosphorylation at 4 h (Figure 2.45B). This 

result indicates that late ROS is involved in the sustained NFAT activation. 

 

 
Figure 2.45: Inhibitors on NFAT dephosphorylation induced by co-treatment. (A) 
Inhibitors on NFAT dephosphorylation induced by co-treatment within 1 h. FK506 (1 
μM), BAPTA salt (500 μM), or MnTBAP (100 μM) was added 30 min before the 
treatment in Ramos with 2% FBS. At indicated times, cell lysate were harvested and 
NFAT dephosphorylation was detected by western blot. The arrow indicated the 
position of phosphorylated and de-phosphorylated NFAT. Control Ig (1 μg/mL) plus 
DMSO, and anti-IgM (1 μg/mL) plus Bz-423 (5 μM) were used. The experiment in 
panel A was repeated two times, and the experiment in panel B was done once. 
 

  Bad and Nur77 are not involved in cell death induced by co-treatment: 

Besides NFAT, calcineurin also dephosphorylates Bad at Ser 112 and Ser 136, which 

results in its dissociation of 14-3-3, a sequestering protein for phosphorylated Bad 

[278]. After dissociating with protein 14-3-3, this dephosphorylated Bad binds to 
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anti-apoptotic Bcl-xL and Bcl-2, releasing pro-apoptotic Bax and Bak for subsequent 

apoptosis [278]. As Bad is involved in apoptosis and a substrate of calcineurin, it was 

hypothesized that Bad is dephosphorylated and dissociates with 14-3-3 during the 

co-treatment. To test this hypothesis, Bad dephosphorylation and dissociation with 

14-3-3 were monitored. Anti-IgM and Bz-423 co-treatment did not change in the 

phosphorylation state of Bad or dissociation of 14-3-3 (Figure 2.46). This result 

argues against the involvement of Bad in cell death by co-treatment. 

 

 

Figure 2.46: Bad is not activated by anti-IgM and Bz-423 co-treatment. The cell 
lysate from treated Ramos were immunoprecipitated by Bad antibody. The cell lysates 
from Bad immunoprecipitation (IP) were used to detect the levels of Bad 
phosphorylation at Ser 112 and Ser 136, and of the 14-3-3. The Bad were probed as 
the loading control. Bz-423 (5 μM), control Ig (1 μg/mL) and anti-IgM (1 μg/mL) 
were used. This experiment was repeated for two times. 
 

  In response to anti-IgM stimulation, Nur77 expression is increased in a 

NFAT-dependent manner, translocates into the mitochondria, and induces cell death 

[166]. Therefore, it was hypothesized that co-treatment increases Nur77 expression 

level, which may be responsible for the cell death. This hypothesis was first tested by 

studying the expression level changes of Nur77 by anti-IgM and Bz-423 co-treatment. 

Co-treatment did not increase the expression level of Nur77 (Fig 2.46), which 
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excludes its possible involvement of Nur77 in the cell death by co-treatment. 

 

 
Figure 2.47: Nur77 expression level is not increased by anti-IgM and Bz-423 
co-treatment. The treated cells were lysed and the immunoblots were probed for 
Nur77 expression. Bz-423 (5 μM), control Ig (1 μg/mL) and anti-IgM (1 μg/mL) were 
used. This experiment was repeated for two times. 
 

  Anti-IgM stimulation sensitizes Ramos cells to chemicals that target 

mitochondria: Bz-423 binds to the OSCP (oligomycin-sensitivity conferring protein) 

subunit of the mitochondrial F0F1-ATPase, inhibits mitochondrial F0F1-ATPase 

activity, and leads to mitochondrial hyper-permeablization (MHP), causing 

superoxide generation, which signals cells to undergo apoptosis. As shown previously, 

co-treatment of Bz-423 and anti-IgM synergistically activates Bax and Bak, which 

leads to cell death by co-treatment. Chemical reagents that inhibit the mitochondrial 

F0F1-ATPase, or the mitochondrial electron transport chain (ETC) were tested to 

determine whether anti-IgM stimulation sensitizes Ramos cells to these chemical 

reagents. Based on the 24 h cell death data, several interesting observation were made: 

Firstly, co-treatment of anti-IgM stimulation and mitochondrial F0F1-ATPase 

inhibitors oligomycin (Figure 2.48E) and 3,3’-diindolylmethane (DIM)  
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Figure 2.48: Several mitochondrial reagents synergize with anti-IgM in Ramos B 
cells. Ramos B cells in media with 2% FBS were treated with Bz-423 (A), CDDP (B), 
antimycin A (C), rotenone (D), oligomycin (E), and DIM (F) in the presence of 
anti-IgM (1 μg/mL, ) or control Ig (1 μg/mL, ) for 24 h. And the cell death was 
measured by PI permeability. This experiment was repeated for ≥2 times. The 
absence of an error bar indicates ≤ 1 % standard deviation. 
 

induced cell death by co-treatment (Figure 2.48F) . Secondly, anti-IgM stimulation 

sensitizes Ramos cells to the ETC complex I inhibitor rotenone (Fig 2.47D) and 

complex III inhibitor antimycin A (Figure 2.48C). In contrast, ROS-producing 
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reagents menadione and H2O2 were previously shown not to synergize with anti-IgM 

stimulation (Figure 2.23). Thirdly, anti-IgM stimulation did not modulate cellular 

sensitivity to DNA damaging reagent CDDP (Figure 2.48B), which induces cell death 

through Fas death receptor pathway [279]. These results indicate that anti-IgM 

stimulation does modulate cellular sensitivity to these chemicals against mitochondria, 

Although Bax and Bak is thought to be a common sensor for various signaling 

pathway, anti-IgM stimulation only sensitizes cells to chemicals target mitochondria 

suggests it specificity. 

  Since anti-IgM was found to cause cell death by co-treatment specifically 

with compounds targeting the mitochondria, inhibitor experiments were performed to 

probe the mechanism of synergy induced by these reagents. Antioxidants MnTBAP, 

VitE and the extracellular Ca2+ chelator BAPTA salt were used. Pretreatment of 

MnTBAP did not modulate cell death induced by antimycin A, rotenone or 

oligomycin alone. Nor did they modulate the cell death by co-treatment induced by 

antimycin A, rotenone or oligomycin (Table 2.2). This result suggests that superoxide 

does not mediate cell death induced by antimycin A or rotenone. Nor does superoxide 

mediate cell death by co-treatment with anti-IgM. Therefore, Bz-423 induced a 

superoxide increase plays a unique way in cell death by co-treatment. VitE, which 

decrease both superoxide and H2O2, protected oligomycin-induced cell death and 

synergy, indicating the involvement of H2O2. BAPTA salt, which inhibits anti-IgM 

induced sustained Ca2+ change, inhibits the cell death by co-treatment induced by all 

the reagents tested, suggesting the involvement of anti-IgM induced Ca2+ influx in 
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establishment of cell death by co-treatment. Although various chemicals that target 

mitochondria, especially those targeting mitochondrial ETC complex, synergized with 

anti-IgM in cell death induction in Ramos cells, their mechanisms are different. 

 
Bz-423 oligomycin Antimycin A Rotenone  

Control 
Ig 

Anti-IgM Control 
Ig 

Anti-IgM Control 
Ig 

Anti-IgM Control 
Ig 

Anti-IgM

No 
inhibitor 

8 3 4 0.5 15 1 1 0.06 

MnTBAP 12.5 8.5 4.5 2.5 14.5 1 1 0.05 
VitE 10.5 6 > 8 > 8 15 1 1 0.06 

BAPTA 
salt 

8 7.5 4 2 17.5 7 1 0.1 

 
Table 2.2: Comparison of Bz-423 with oligomycin, antimycin A and Rotenone in 
anti-IgM induced synergy. EC50 (μM) were obtained for 24 h cell death (PI) induced 
by co-treatment of control Ig (1 μg/mL) or anti-IgM (1 μg/mL) and increasing 
concentrations of compounds listed in the presence or absence of inhibitors.  
 

Discussion 

  Self-reactive B cells play a central role in the pathogenesis of systemic lupus 

erythemosus (SLE) [280, 281]. Autoreactive B cells can secrete auto-antibodies, 

which mediate self-damage. They can also participate in self-damage by secreting 

cytokines or acting as antigen presenting cells (APCs), which activate self-reactive T 

cells [282]. Therefore, selective deletion of autoreactive B cells could be an effective 

and specific approach for SLE treatment. Various B cell-targeted strategies engaging 

different mechanisms have been developed and tested clinically [283]. Anti-CD20 and 

anti-CD22 were developed to induce apoptosis while anti-BAFF and TACI Ig were 

developed to block survivals [283]. Currently these agents are in phase III open trials 

studies [283].  

  Bz-423 is a non-anxiolytic benzodiazepine that binds to mitochondrial 
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F0F1-ATPase, resulting in ROS-dependent anti-proliferative and pro-apoptotic 

signaling pathways [217, 218, 284]. Abnormal expansion of germinal center (GC) B 

cells is observed in the spleen of NZB/NZW F1 lupus-prone mice, and is proposed to 

drive disease [217]. Bz-423 treatment of NZB/NZW F1 lupus-prone mice reduced 

both the numbers and the sizes of GCs in the spleen by 40% [217]. Additionally, 

terminal dUTP nick-end labeling (TUNEL) staining, a specific method to detect DNA 

fragmentation, the hallmark for apoptosis, demonstrated Bz-423 increases apoptosis 

in the spleen [217]. Thus, Bz-423 appears to selectively eliminate pathogenic 

lymphocytes in these lupus-prone mice. This in vivo observation was further studied 

in vitro using a B cell line with a GC-phenotype, Ramos B cell [221]. Since GC B 

cells are activated in vivo, and sustained activation of autoreactive B cells is important 

for the initiation and progress of SLE [285], it was hypothesized that activation could 

sensitize Ramos B cells to Bz-423 treatment. Co-treatment with sub-apoptotic 

anti-IgM and Bz-423 induced supra-additive cell death, confirming that activation can 

sensitize Ramos B cells to Bz-423 treatment [221]. This phenomenon is referred to 

anti-IgM-induced synergy. As shown in Figure 2.49, at low concentrations, Bz-423 

did not kill Ramos B cells; however, these concentrations of Bz-423 caused 

significant cell death in the presence of anti-IgM, which binds to the B cell receptor 

(BCR) causing activation. This result suggests that Bz-423 selectively kills stimulated 

Ramos B cells over resting Ramos B cells. This could explain the in vivo selectivity of 

Bz-423 for pathogenic cells. In order to elucidate the mechanism of this cell death by 

co-treatment and to identify potential new targets, the signaling pathway of anti-IgM 
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induced synergy was studied in Ramos B cells. 

  
Figure 2.49: Bz-423 selectively kills anti-IgM stimulated Ramos B cells. Ramos B 
cells were treated with series concentrations of Bz-423 in the presence of control Ig 
( , 1 μg/mL) or anti-IgM ( , 1 μg/mL). 48 h later, cell death was determined by PI 
permeability assay. 
 

  Bz-423 selectively kills activated B cells with GC or immature B cells 

phenotypes: In NZB/NZW F1 mice, GC B cells are already activated before Bz-423 

treatment. But in the in vitro model, anti-IgM and Bz-423 are co-treated 

simultaneously. Before studying the mechanism of anti-IgM induced synergy, this 

discrepancy was addressed. Cell death by co-treatment was still observed when 

Ramos B cells were pre-stimulated with anti-IgM for 14 h prior to Bz-423 treatment 

(Figure 2.49). This finding confirmed that low concentrations of Bz-423 selectively 

kill Ramos B cells regardless of whether they are pre-activated or con-currently 

activated by anti-IgM. Therefore this in vitro Ramos B cell model is appropriate for 

studying Bz-423 selectivity observed in vivo. 

  Disturbed peripheral B lymphocyte homeostasis is detected in SLE patients 
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[286-288]. There are increased percentages of transition B cells, plasma B cells and 

memory B cells detected in the peripheral blood of SLE patients [286-288]. The 

question of whether Bz-423 kills these B cell subsets was thus studied by screening 

for anti-IgM induced synergy in various B cell lines. Cell death by co-treatment was 

only observed in B cells with GC phenotype (Ramos, OCI-ly7) and in B cells with 

immature B cell characteristics (WEHI-231), but not in other Burkitt’s lymphoma (BL) 

cell lines (ST486, CA46, Namalwa, Daudi, and Raji). This result suggests that Bz-423 

not only selectively kills stimulated B cells over non-stimulated B cells, but also 

selectively kills activated B cells with GC phenotype and immature B cell 

characteristics. In the lupus-prone MRL-lpr mice which are responsive to Bz-423 

treatment, B cells that bind to self antigens such as the ribonucleoprotein Sm and 

dsDNA displayed the immature phenotype [288, 289]. This suggests the possibility 

that Bz-423 may attenuate the disease by promoting cell death in these pathogenic 

immature B cells. Although GC B cells are rarely detected in peripheral blood, 

memory B cells, which arise from GC B cells as results of GC reactions, can be used 

to indicate GC B cell activity. CD27 is a maker of memory B cells. Upon activation, 

CD27+ memory B cells can differentiate into CD27high plasma cells [290]. In human 

SLE patients, the percentages of CD27+ memory B cells and CD27high plasma cells 

are significantly increased [286]. Moreover, a close correlation of CD27high plasma 

cells with disease activity was observed [286]. Upon immunosuppressive therapy, 

CD27high plasma cells were markedly decreased in the peripheral blood, further 

supporting that CD27high plasma cells are pathogenic and actively participate in 
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disease development [286]. The increased frequencies of memory B cells observed in 

human peripheral blood from SLE patients might be the result of intensive GC B cell 

activity [291]. As Bz-423 can selectively kill activated GC B cells, Bz-423 could 

reduce these abnormal B cell subsets thus providing an effective treatment for SLE. 

  Mechanism of cell death induced by anti-IgM and Bz-423 co-treatment: 

The above results show that anti-IgM induced synergy in Ramos B cells is an 

appropriate model system to study Bz-423 selectivity observed in vivo. And therefore 

it was used to delineate the apoptotic signaling pathway of anti-IgM induced cell 

death by co-treatment. An in depth understanding of anti-IgM induced synergy will 

help to identify the critical mediators of this phenomenon and help to explain Bz-423 

selectivity. In addition, the results may help to design more specific treatment for 

autoimmune diseases. 

  Cell death induced by co-treatment is different from cell death induced by 

anti-IgM or Bz-423 alone: High concentration anti-IgM or Bz-423 induced cell death 

in a mitochondrial dependent pathway [217, 292]. Based on the kinetic changes of 

mitochondrial membrane potential (Δψm) disruption and that of cell death, anti-IgM 

induced synergy is kinetically slower than Bz-423 induced cell death but faster than 

anti-IgM induced cell death. Bz-423 washout indicates 12 h co-treatment is required 

to reach “point of no return” in cell death by co-treatment while only 6 h Bz-423 

treatment is required in Bz-423 induced cell death. These results are consistent with 

the observation that new protein synthesis is needed for anti-IgM induced synergy and 

anti-IgM induced cell death. 
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  Inhibitors experiments also indicate anti-IgM induced synergy is different 

from cell death. Calcium, ROS, new protein synthesis and caspase are previously 

involved in cell death by co-treatment. In contrast, ROS is involved in Bz-423 

induced cell death, and calcium, calcineurin, new protein synthesis and caspases are 

mediators for anti-IgM induced cell death [221]. Especially general caspase inhibitor 

zVAD-fmk does not inhibit Bz-423 induced cell death but inhibited cell death by 

co-treatment based on PI staining and cell morphology. This different protection by 

zVAD-fmk indicates that anti-IgM induced synergy and Bz-423 induced cell death 

adopted a different pathway to cause cell death, at least cell morphology and cell 

permeability changes. 

  It is possible that Bz-423 signaling and anti-IgM signaling converge at some 

points to induce cell death by co-treatment. At these intersection points, supraadditve 

changes are observed and therefore identified as converging points. Identification of 

converging points will help to understand how these two signaling pathways intersect. 

Anti-IgM and Bz-423 co-treatment does not further increase ROS change induced by 

Bz-423 [221], indicating they interact downstream of ROS. 

  MOMP is involved in cell death induced by Bz-423 and anti-IgM 

co-treatment: Anti-IgM and Bz-423 induce apoptosis in mitochondria-dependent 

pathways [217, 292]. Therefore mitochondrial pro-apoptotic factors (cytochrome c, 

AIF, Smac) release and mitochondrial membrane potential (Δψm) disruption induced 

by anti-IgM and Bz-423 co-treatment were studied. At 8 h, mitochondrial 

pro-apoptotic factors are synergistically released but no significant Δψm disruption is 

148 
 



observed. Mitochondrial pro-apoptotic factors release in the presence of intact 

mitochondrial inner membrane is defined as mitochondrial outer membrane 

permeablization (MOMP) [31]. This result indicates that Bz-423 and anti-IgM 

signaling converged at or before MOMP. The involvement of MOMP in cell death by 

co-treatment was confirmed by inhibitor experiments. Inhibitors to block calcium 

influx, calcineurin activation, ROS increase, new protein synthesis prevent synergistic 

MOMP, suggesting they act upstream MOMP. At the concentration used to prevent 

cell death by co-treatment, general caspase inhibitor zVAD-fmk does not inhibit 

MOMP, indicating caspase activation is downstream MOMP. 

  Pro-apoptotic Bcl-2 proteins are activated by Bz-423 and anti-IgM 

co-treatment: The protection of Bcl-2 or Bcl-xL against MOMP suggests the possible 

involvement of Bax and Bak in cell death by co-treatment. Once activated, Bax and 

Bak could form pores in the OMM allowing MOMP [263]. Immunofluorescence was 

used to study Bax and Bak activation induced by anti-IgM and Bz-423 co-treatment 

through staining with activation-specific antibodies. Both proteins are synergistically 

activated at 6 h after co-treatment, suggesting that they are responsible for the 

synergistic MOMP observed at 8 h. Bax and Bak double RNAi knockdown blocks 

anti-IgM induced synergy, verifying the involvement of Bax and Bak. Since mouse 

embryonic fibroblasts with deficiency of Bax and Bak are resistant to multiple 

apoptotic stimuli, Bax and Bak are considered to be an essential gateway for various 

apoptotic signals [68]. Further study of Bax and Bak in lymphocytes indicates it is 

important in deleting of unwanted or autoreactive lymphocytes and therefore essential 

149 
 



in the lymphocytes homeostasis [293]. As Bax and Bak are activated by BH3-only 

proteins, the expression levels of BH3-only proteins induced by anti-IgM and Bz-423 

co-treatment were studied. There is a synergistic increase in Bim, Bmf and truncated 

Bid (tBid) 4-6 h after anti-IgM and Bz-423 cotreatment, which might be responsible 

for the Bax and Bak activation (Figure 2.50). Bim, Bmf and tBid are shown to be 

involved in lymphocyte apoptosis induced by various apoptotic stimuli [294-296]. 

Lymphocytes from Bim-deficient mice are resistant to cell death induced by cell 

receptors [267, 293, 297]. Bmf-deficient mice develop a B cell-restricted 

lymphadenopathy due to the abnormal resistance to apoptosis induction [268]. Protein 

synthesis inhibitor cycloheximide is previously shown to inhibit cell death by 

co-treatment. When added 6 h after the co-treatment, it lost its inhibition of cell death 

by co-treatment. This result indicates that protein synthesis required for synergy 

occurs within 6 h. This is coincident with the increased expression of Bim, Bmf, 

indicating they could be the proteins required for synergy. 

  In summary, Bz-423 and anti-IgM co-treatment induced synergistic 

BH3-only proteins increase at 4-6 h, which is responsible for Bax and Bak activation 

at 6 h, MOMP at 8 h, caspases activation, and cell death by co-treatments at 24 h 

(Figure 2.50).  

  Ca2+-calcineurin pathway is involved in cell death induced by anti-IgM and 

Bz-423 co-treatment: B cell receptor ligation induces a rapid calcium release from ER, 

which triggers CRAC channel opening and leads to a sustained calcium influx [107, 

298]. In Ramos B cells anti-IgM alone rapidly increase [Ca2+]i to ~120 nM and 
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calcium slowly declines to the resting level, which is ~50 nM. After 15 min, only 2% 

cells are above the resting level. Anti-IgM and Bz-423 cotreatment induced [Ca2+]i 

reaches up to ~200 nM. 15 minutes later, 64% cells are above resting level. No 

significant calcium change is induced by Bz-423 alone [221]. This early calcium 

increase induced by Bz-423 and anti-IgM indicates that anti-IgM and Bz-423 signals 

converge at or upstream of the intracellular calcium increase.  

  In this chapter, the involvement of this early calcium increase in cell death by 

co-treatment was further studied. Btk is known to mediate the calcium increase 

induced by BCR ligation based on the result that a specific Btk inhibitor LFM-A13 

inhibits this calcium change [299, 300]. Pre-incubation with LFM-A13 also inhibits 

the early intracellular Ca2+ increase induced by anti-IgM and Bz-423 co-treatment. 

However, LFM-A13 does not inhibit cell death by co-treatment, suggesting the 

possibility that early calcium increase is not required for cell death by co-treatment. 

This result is also confirmed using the extracellular calcium chelator BAPTA salt. 

When applied 1 h after co-treatment, BAPTA salt does not block the early calcium 

change, but it still inhibits cell death by co-treatment to the same level as it does when 

pre-incubated 30 minutes before co-treatment. These results suggest that early 

calcium increase is dispensable for cell death by co-treatment.  

  Despite the dispensable role of early calcium increase in cell death by 

co-treatment, the involvement of calcium in establishing cell death by co-treatment is 

well established. Extracellular calcium chelator BAPTA salt inhibits the cell death by 

co-treatment, suggesting the involvement of calcium influx. One mechanism for 
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extracellular calcium to enter cells is through calcium release activated calcium 

(CRAC) channel [301]. B cell receptor crosslinking induces sustained calcium change 

through CRAC channel [105, 302]. Deficiency in Orai1, one potent subunit of CRAC 

channel, results in decreased calcium influx in response to B cell receptor stimulation 

[302]. Therefore, the CRAC channel inhibitor YM-58483 was used to determine if 

CRAC is involved in cell death by co-treatment. Pre-incubation of Ramos B cells with 

YM-58483 inhibited anti-IgM induced synergy. This result not only confirms the 

critical role of calcium influx in cell death by co-treatment, but also indicates this 

calcium influx occurs through CRAC channel. As CRAC channel is involved in 

sustained calcium increase, it was hypothesized that the duration of calcium increase, 

but not the amplitude of calcium increase, is critical for cell death by co-treatment. 

The role of calcium in cell death by co-treatment was therefore studied by varying the 

addition time of BAPTA salt and studying its effect on cell death by co-treatment. 

BAPTA salt still inhibited cell death by co-treatment when added 1-8 h after 

co-treatment, suggested a sustained calcium change in establishing the cell death by 

co-treatment. Attempts to study this calcium change within 1-4 h after co-treatment 

are not successful. Part of the reasons is that Bz-423 interferes with calcium indicator.  

  As sustained calcium increase is critical for the cell death by co-treatment, it 

was therefore hypothesized that calcium itself could be sufficient to induce cell death 

by co-treatment with Bz-423 treatment. To test this hypothesis, cells were treated with 

reagents that induce sustained calcium influx along with Bz-423. Ionomycin is an 

ionophore which allows calcium to passively enter cells continuously [303, 304]. 
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Tharpsigargin is an inhibitor for sacro/endoplasmic reticulum calcium ATPase 

(SERCA). Tharpsigargin depletes calcium in the ER, which subsequently opens 

CRAC channel for sustained calcium influx [305]. Both ionomycin and tharpsigargin 

synergize with Bz-423 in apoptosis induction, suggesting calcium increase is 

sufficient to sensitize cells to Bz-423. Although there are no literature reports of 

abnormal high calcium level in B cells from SLE patients, abnormal proximal B cell 

signaling is well established [186]. In response to anti-IgM stimulation, there is an 

enhanced calcium increase in lupus B cells [186]. Bz-423 treatment may enhance cell 

death by prolonging anti-IgM induced calcium change. 

  Calcium mediates a diverse array of cell functions by activating various 

transcription factors depending on its amplitude and duration [248]. A Low sustained 

calcium increase induced transcriptional activation of nuclear factor of activated T 

cells (NFAT) [248]. Calcium binds to calmodulin, which activates serine/threonine 

phosphatase calcineurin. The activated calcineurin then dephosphorylates NFAT, 

resulting in its nuclear translocation and increased transcription activation of target 

genes [106]. Dephosphorylated NFAT only has a lifetime of several minutes before it 

is rephosphorylated by constitutive active NFAT kinases [306]. Therefore, a prolonged 

calcium increase is therefore critical for NFAT-dependent transcription activation. 

Besides the translation inhibitor cycloheximide, the transcription inhibitor 

actinomycin D inhibits cell death by co-treatment. Together with the fact that 

sustained calcium increase is required for cell death by co-treatment, it is therefore 

hypothesized that cell death by co-treatment is induced by activating NFAT-dependent 
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transcription in a calcium-calcineurin manner. In fact, Bim, one of the BH3-only 

proteins whose expression is increased under synergistic condition, is also induced in 

response to cell receptor stimulation and ionomycin treatment [167, 169, 307].  

  T cell receptor mediated Bim increase was inhibited by pre-treatment of 

calcineurin inhibitor FK506 or cyclosporine A [167]. The involvement of calcineurin 

in cell death by co-treatment was studied using calcineurin inhibitors FK506 and 

cyclosporine A [308]. They inhibited anti-IgM induced Bax and Bak activation, 

MOMP, and cell death by co-treatment, confirming the hypothesis that calcineurin is 

involved in cell death by co-treatment. To determine if anti-IgM and Bz-423 

co-treatment induces a synergistic effect on calcineurin activity, NFAT 

dephosphorylation, nuclear translocation and reporter plasmid pNFAT-SEAP were 

studied. Anti-IgM and Bz-423 co-treatement induced a sustained NFAT 

dephosphorylation, which results in a sustained NFAT nuclear translocation. The 

sustained NFAT activation leads to a synergistic effect on NFAT-dependent SEAP 

expression. Interestingly, anti-IgM induces transient NFAT activation and does not 

induce NFAT-dependent SEAP expression. Bz-423, which induces a low but sustained 

NFAT activation, does induce NFAT-dependent SEAP expression. These results 

highlight the critical role of sustained calcium increase and calcineurin activation in 

triggering NFAT-dependent transcription. This prolonged calcineurin activity may in 

part induce Bim transcription, which is responsible for Bax and Bak activation, 

cytochrome c release, and cell death (Figure 2.50). It is not clear yet whether this 

prolonged calcineurin activity is involved in Bmf increase or Bid cleavage. Further 
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experiments, including studying the effect of inhibitors for the cell death by 

co-treatment on the increases of BH3-only proteins, are needed to elucidate the 

mechanisms of BH3-only proteins changes induced by anti-IgM and Bz-423 

co-treatment.  

  In summary, anti-IgM and Bz-423 co-treatment induces a sustained calcium 

increase, which activates calcineurin. This prolonged calcineurin activation may be 

responsible for transcriptional activation of BH3-only proteins Bim and Bmf, possibly 

through activated NFAT. Together with increased Bid cleavage to tBid through an 

unknown mechanism, Bim and Bmf activate Bax and Bak, which are responsible for 

the MOMP and subsequent cell death (Figure 2.50). 

 
 

 
Figure 2.50: The apoptotic signaling pathway induced by co-treatment of Bz-423 
and anti-IgM in Ramos B cells. Calcineurin A, CnA; calcineurin B, CnB; 
calmodulin, CaM; oligomycin sensitivity conferring protein, OSCP. 
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  Bim and Bmf are potential therapeutic targets for autoimmune disease: 

It is well-established that pro-apoptotic BH3-only proteins regulates Bax and Bak 

activation [85, 90]. As a result of this activity, deletion of BH3-only proteins results in 

abnormal survival of autoreactive lymphocytes, leading to development of 

autoimmune disease [309]. Due to the redundancy of BH3-only proteins, not all mice 

with deficient BH3-only protein develop the autoimmune disease [309]. Mice 

deficient with Bad, Bik, Bid, Noxa or Hrk does not develop immune abnormalities 

[309]. In contrast, loss of Bim, Bmf or Puma affects the cellular sensitivity of 

lymphocytes to various apoptotic stimuli [309]. Bim-deficient mice and Bmf-deficient 

mice develop lupus-like disease, indicating their critical role of B cells homeostasis 

and normal function [67, 268]. The expression levels of Bim and Bmf are increased 

by anti-IgM and Bz-423 co-treatment. This finding is significant as it suggests Bz-423 

may restore normal immune function by promoting apoptosis in B lymphocytes. 

  Bim is a potential target for SLE treatment as it is required for deletion of 

autoreactive lymphocytes: Bim was identified as a binding partner for the Bcl-2 like 

proteins Bcl-2 and MCl-1 [310-312]. in vitro studies showed that Bim can directly 

activate Bax and Bak [313], although the binding of Bim to Bax or Bak with high 

affinity has not yet been demonstrated under physiological conditions [309]. The Bim 

gene undergoes alternative splicing to produce three major isoforms: Bim extra long 

(BimEL), Bim long (BimL) and Bim short (BimS). They have different potency in 

apoptosis induction and various regulation mechanisms, which will be discussed 

below in details [314].  
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  Studies of Bim-deficient mice have uncovered the key role of Bim in B cell 

homeostasis and function. Bim-deficient mice have a 3- to 5-fold increase in B cell 

numbers [267, 315]. Lymphocytes from Bim-/- mice are highly resistant to apoptosis 

induced by cytokine deprivation, ionomycin and cell receptor stimulation but not to 

phorbol ester treatment [267, 315]. These data indicate that different cytotoxic stimuli 

trigger apoptosis through activation of different BH3-only proteins (Figure 2.8) in 

introduction). Moreover, Bim-deficient mice develop lupus-like autoimmune disease 

[267], which suggests Bim might have a role in apoptosis of autoreactive B cells and 

T cells. Consistent with the in vitro observation that Bim-deficient B cells are 

refractory to BCR-induced apoptosis [169], Bim-deficient mice have defective 

autoreactive B cell deletion [316]. When lethally irradiated mHEL transgenic mice 

were reconstituted with bone marrow (BM) from Bim-deficient anti-HEL MD4 

transgenic mice, 2-fold more donor B cells were recovered from BM and 6-fold more 

from spleen compared to the Bim+/+ control mice. These results suggest that Bim 

deficiency increases the numbers of both immature B cells and mature B cells [169]. 

When lethally irradiated sHEL transgenic mice were reconstituted with BM from 

Bim-deficient MD4, 17-fold more self-reactive B cells in the spleens of Bim-/- 

recipients compared with Bim+/+ control [169]. These results show that Bim is 

essential for deletion of autoreactive B cells. 

  Due to it critical role in Bax and Bak activation, Bim is tightly regulated at 

the transcriptional and post-translational levels. In response to survival factor 

withdrawal and cell receptor stimulation, the mRNA and protein levels of Bim 
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increase [169, 317, 318]. Loss of cytokine-receptor stimulation causes inactivation of 

the kinase AKT, which in turn leads to activation of the transcription factor forkhead 

box O3A (FoxO3A), resulting in the increased level of Bim mRNA [318]. In response 

to T-cell or B-cell receptors stimulation, increased Bim mRNA and protein have been 

observed [169, 317]. Pre-treatment with FK506 and cyclosporine A inhibit Bim 

increase induced by T cell receptor stimulation, indicating that calcineurin activity is 

necessary for Bim increase [167]. In addition to transcriptional regulation, Bim can be 

post-translationally regulated. BimEL and BimL can be sequestered by the 

microtubular dynein-motor complex through binding to the dynein light chain (DLC1). 

BimEL and BimL could be regulated by phosphorylation by MAPK kinases including 

JNK and ERK (Figure 2.51; [319-321]). 

  Among the three major Bim isoforms, BimS is the most potent. Unlike BimEL 

and BimL, BimS can not be sequestered by microtubular dynein-motor complex 

(Figure 2.51, [319]). BimS lacks of ERK1/2 and JNK binding domain and could not 

be regulated by these MAPK phosphorylation (Figure 2.51, [319]). BimS is selectively 

induced by anti-IgM and Bz-423 co-treatment. Although the detailed mechanism of 

the BimS induction  induced by anti-IgM and Bz-423 co-treatment is not clear, it is 

proposed that calcium-calcineurin may be responsible because calcineurin is known to 

be necessary in Bim expression increase in response to TCR stimulation and 

ionomycin treatment [167]. As Bim plays a critical role in deleting autoreactive B 

cells [169, 316], it is highly possible that Bz-423 can selectively induce cell death of 

autoreactive B cells through increasing BimS. 
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Figure 2.51: Bim isoforms and their regulations. (A) The carton structure of three 
isoforms of Bim. The numbers below BimEL are the exon numbers. Exon 3 is the 
region for ERK phosphorylation. and Exon 4 is the region binding to DLC1 and 
phosphorylation site inside this region is labeled. Exon 5 is BH3 region. Exon 6 is the 
region for hydrophobic tail. (B) regulation of different isoforms. They are 
transcriptionally regulated. In response to taxol treatment or JNK phosphorylation, 
BimL can be dissociated with DLC1 for its pro-apoptotic activity. BimEL can be 
phosphorylated by ERK to signal the proteasomal degradation. Both panel A and 
Panel B are adapted from [319]. 
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  Bmf is a potential target for SLE treatment as it is important for B cell 

homeostasis: Bmf is a BH3-only protein that shares a conserved amino-terminal DLC 

binding motif with Bim [322]. It is sequestered by the myosin V motors [322]. 

Phosphorylation of Bmf by MAPK increases binding to DLC2 in the cytoskeleton. 

MAPK inhibition induces translocation of Bmf from DLC2 to cytosol or 

mitochondria and promotes apoptosis [94]. Bmf expression is also preferentially 

upregulated in response to histone deacetylase inhibitors, suggesting that histone 

hyperacetylation causes Bmf transcription activation [296]. In response to oxidative 

stress by arsenic trioxide (ATO), Bmf expression is increased and results in cell death 

[323]. Glutathione (GSH) depletion and anti-oxidant N-acetylcysteine (NAC) 

regulated ATO-induced Bmf level and subsequent cell death [323], indicating the 

critical role of ROS in Bmf transcription activation. 

  Bmf-deficient mice develop a B cell-restricted lymphadenopathy [268], 

which is consistent with high expression in B cells [324]. Analysis of various B cell 

subsets revealed significant increases in pre-B cells, transitional T1 cells, and mature 

B cells in Bmf-deficient mice [268]. This result shows the critical role of Bmf in B 

cell homeostasis. Pre-B cells isolated from Bmf-deficient mice are resistant to a range 

of apoptotic stimuli such as dexamethasome and the histone deacetylase inhibitor 

(SAHA). This phenotype may be responsible for B cell hyperplasia observed in the 

Bmf-deficient mice [268]. ATO induces apoptosis through transcriptional activation of 

Bmf in a ROS dependent manner [323]. Interestingly, apoptotic Bz-423 also induces 

ROS production and Bmf increase [316]. Thus Bz-423 might increase Bmf in a 
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ROS-dependent way similar to ATO.  Although Bz-423 at low concentrations (≤ 5 

μM in 2% FBS media) alone did not increase Bmf expression, co-treatment with 

anti-IgM induced a Bmf increase, possible by modulating ROS-mediated Bmf 

increase. How oxidative stress induced by ATO and Bz-423 increases Bmf is not clear. 

However, the correlation of ROS increase to Bmf expression suggests the possible 

role of ROS in the Bmf increase. Considering the critical role of Bmf in B cell 

homeostasis, Bmf increase induced by anti-IgM and Bz-423 co-treatment may 

contribute to Bz-423 efficacy observed in vivo. 

  In addition to the Bim and Bmf increases induced by co-treatment, there is a 

tBid increase. As Bid can be cleaved and activated to tBid by calpain, caspases, 

granzyme B and cathepsins [99]. General caspase inhibitor zVAD-fmk does block Bid 

cleavage, excluding caspase involvement in Bid cleavage. Calpain can be activated by 

calcium [325, 326]. Therefore it is possible calpain is activated by anti-IgM and 

Bz-423 co-treatment and contributes to Bid cleavage. However, calpain inhibitor II 

did not inhibit Bid cleavage, which eliminates the involvement of calpain in tBid 

increase. At high concentration both Bz-423 and anti-IgM also induce Bid cleavage, 

although the mechanisms are still elusive. More studies are needed to answer the 

following questions: How is Bid cleaved by anti-IgM and Bz-423 co-treatment? Does 

Bid cleavage by co-treatment adopt the same mechanism as Bz-423 or anti-IgM 

induced Bid cleavage? Although Bik is upregulated by anti-IgM stimulation (this 

thesis, [91]) and is involved in anti-IgM induced cell death [91], co-treatment with 

Bz-423 does not further increase Bik, indicating it is not a converging point. However, 
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this does not exclude the involvement of Bik in cell death induced by anti-IgM and 

Bz-423 co-treatment. 

  Bmf activates Bax and Bak by neutralizing Bcl-2 and Bcl-xL, tBid activates 

Bax and Bak by neutralizing to Mcl-1 and A1, and Bik activates Bax and Bak by 

neutralizing Bcl-xL and A1 [90]. Considering Bmf, tBid and Bik are weak activators 

of Bax and Bak and each of them alone might be insufficient to activate Bax and Bak. 

Therefore, Bmf, tBid and Bik may work together to activate Bax and Bak, which 

provides another interaction point for Bz-423 signaling and anti-IgM signaling to 

work together to activate Bax and Bak. The collaborative actions by BH3-only 

proteins were also reported in the literatures [327-329]. During neisseria gonorrhoeae 

infection, Bim and Bmf synergize to induce apoptosis [327]. Bid and Bim act together 

to induced apoptosis [328, 329].  

  Data presented in this chapter show that BH3-only proteins (Bim, Bmf, tBid 

and Bik) are induced by anti-IgM and Bz-423 co-treatment. They may work together 

to activate Bax and Bak, which is responsible for the cell death by co-treatment. 

Among these BH3-only proteins, Bim and Bmf are particularly interesting as their 

deficiency leads to the development of autoimmune diseases. BH3 mimetics, peptides 

and small molecules such as ABT-737, are cytotoxic to B lymphoid tumors and 

chronic lymphocyte leukemia [85]. ABT-737, which binds to Bcl-2 and Bcl-xL in low 

nanomolar affinity [330], kill acute myeloid leukemia (AML) cells but not normal 

hematopoietic progenitor cells in vitro, and delay leukemia in xenografts without 

collateral damage [331]. Due to the specific role of Bim in deleting autoreactive 
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lymphocyte and non-redundant function of Bmf in B cells homeostasis, small 

molecules mimicking Bim and Bmf or selectively increasing their expression may be 

effective and selective for the autoimmune therapies. Recently a BH3 

peptideomimetic for Bim was shown to selectively kill pathogenic lymphocytes from 

B-cell chronic lymphocyte leukemia (B-CCL) over those from healthy individuals 

[332]. Adenoviral vector with BimS induces apoptosis in tumor cells C666-1 in a 

time- and dose-dependent manner. C666-1 cells with overexpressed BimS do not form 

tumors in severe combined immunodeficient (SCID) mice [333]. 

  Calcineurin is a potential therapeutic target for lupus treatment: FK506 

and cyclosporine A suppress immune function by inhibiting calcineurin [334, 335]. 

During lymphocyte activation, the rise in [Ca2+]i activates calcineurin, a phosphatase 

which activates the transcription factor NFAT by dephosphorylation [336]. NFAT is 

responsible for the transcription of genes involved in activation such as IL-2, IL-4 

[337]. As a result, calcineurin inhibitors FK506 and cyclosporine A block lymphocyte 

activation, and are used to treat a range of immune diseases [334, 338-340]. Due to 

their renal toxicity, FK506 and cyclosporine A are rarely used alone for SLE nephritis 

treatment [341]. Instead, calcineurin inhibitors are used in combination with other 

immunosuppressant reagents to minimize their side effects [342]. Compared to other 

conventional immunosuppressive treatments, calcineurin inhibitors are general 

immunosuppressants and do not have much advantage when for SLE [343].  

  Further studies suggest calcineurin mediates apoptosis induced by agents that 

increase [Ca2+]i [244]. In both T cells and B cells, calcineurin activity is increased 
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during the apoptosis induced by receptor ligation and ionomycin [344, 345]. This 

observation suggests the possible involvement of calcineurin in apoptosis. FK506 and 

cyclosporine A inhibit calcineurin activity and prevent calcium-dependent cell death 

[166, 344-347], which confirms the involvement of calcineurin in apoptosis. 

Activated calcineurin may dephosphorylate and activate BH3-only protein Bad, which 

may be responsible for apoptosis [170]. Moreover, Bim and Bik are increased in 

response to cell receptor stimulation [91, 167]. Calcineurin inhibitors antagonize the 

increased expression of Bim and Bik, suggesting the involvement of calcineurin in 

Bim and Bik expression [91, 167]. Co-treatment of anti-IgM and Bz-423 induced 

NFAT-dependent transcription in a synergistic manner, indicating that co-treatment 

induces a synergistic increase in the calcineurin activity. Moreover, the cell death 

induced by co-treatment was inhibited by FK506 and cyclosporine A. These results 

suggest the involvement of calcineurin, which might be responsible for Bim and Bik 

increase by anti-IgM and Bz-423 co-treatment, possible through activating 

transcription factor NFAT. However, the involvement of other transcription factors 

could not be excluded.  

  In addition to regulating BH3-only proteins, the N-terminus of calcineurin 

can directly bind to BH4 domain of Bcl-2 [348], which suggests the possibility that 

calcineurin mediates apoptosis through simply sequestering Bcl-2 protein to inhibit 

synergy. NFAT, one substrate of calcineurin, is involved in apoptosis by inducing 

transcription of molecules involved in apoptosis, including FasL and Nur77 [166, 

349]. Anti-IgM stimulation increases Nur77 expression, which then translocates to the 
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mitochondria and triggers cytochrome c release and apoptosis [166]. FK506 and the 

NFAT inhibitor VIVIT peptide block anti-IgM-induced Nur77 expression and 

subsequent cell death [166]. Being substrates of calcium-calcineurin signaling, Bad 

dephosphorylation, Nur77 expression and FasL expression induced by anti-IgM and 

Bz-423 co-treatment were studied. However, no Bad dephosphorylation, Nur77 or 

FasL increase were observed, limiting their involvement in cell death by co-treatment. 

More experiments need to be conducted to identify NFAT-regulated proteins involved 

in cell death by co-treatment. For example, the effects of calcineurin inhibitor FK506 

and cyclosporine A on Bim, tBid and Bmf increase by anti-IgM and Bz-423 

co-treatment could be conducted to confirm whether calcineurin is involved in 

activating these BH3-only proteins. 

  The observation that activated calcineurin can mediate apoptosis in 

lymphocytes suggests another strategy for autoimmune disease treatment. Instead of 

suppressing its activity to block lymphocytes activation, calcineurin can be activated 

to promote lymphocyte apoptosis. Compared with immunosuppression, this strategy 

is more selective in that calcium signaling is abnormal in pathogenic lymphocyte. In 

response to BCR stimulation, enhanced and sustained calcium increase was induced 

in lupus B cells [185, 350]. However, this hyperactivity of BCR signaling does not 

lead to apoptosis as lupus B cells are refractory to BCR-induced apoptosis [351]. 

Bz-423 may promote apoptosis mediated by BCR ligation. In SLE patients or lupus 

mice, self-antigen binds to self-reactive B cells. As anti-IgM sensitizes Ramos B cells 

to Bz-423, the binding of self-antigen to self-reactive B cells may also sensitizes cells 
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to Bz-423. Calcineurin expression was increased in PBMCs from SLE patients [352]. 

This increased calcineurin expression may be responsible for Bz-423 sensitivity as 

Bz-423 activates calcineurin. Moreover, estrogen stimulation is shown to increase 

calcineurin expression in a dose-dependent manner [353].  

Materials and Methods 

  Materials: Chemicals were obtained from Sigma-Aldrich unless indicated. 

The basic information on inhibitors and several chemicals is listed in Table 2.3.  

  Cell lines and culture: Human Burkitt’s lymphoma cell lines Ramos, ST486, 

Raji, Daudi, Namalwa, CA46 and the mouse immature B cell line WEHI-231, were 

purchased from American Type Culture Collection (ATCC). Ramos, ST486, Raji, 

Daudi, Namalwa, and CA46 were maintained in RPMI 1640 (Mediatech) 

supplemented with 10% heat-inactivated fetal bovine serum (10% FBS, Mediatech), 

penicillin (100 U/mL), streptomycin (100 μg/mL) and L-glutamine (290 μg/mL) (1x 

PSG, Mediatech) in a humidified incubator (37oC, 5% CO2). WHEI-231 were cultured 

in ATCC-formulated Dulbecco’s modified Eagle’s medium supplemented with 10% 

FBS, 1x PSG, non-essential amino acid (Mediatech) and 0.05 mM 2-mercaptoethanol. 

The Bcl-2 over-expressing and Bcl-xL over-expressing Ramos cells were maintained 

in complete media containing 1.5 mg/mL G418 (Gibco). Human diffuse large B-cell 

lymphoma (HDLBL) OCI-Ly7 was kindly provided by Dr. H. A. Messner [354], and 

was cultured in Iscove’s modified Dulbecco’s medium supplemented with 10% 

human serum and 1x PSG. Chicken DT40 B cells and Btk deficient DT40 B cells 

were purchased from ARIKEN bioresource center and were cultured in RPMI1640 
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Reagent Final Conc. Source Stock solution 

11R-VIVIT peptide 100 μM Calbiochem 10mM in dH2O 

Actinomycin D 2 ng/mL Sigma-Aldrich 1 mg/mL in DMSO 

BAPTA salt 500 μM Sigma-Aldrich 500mM in water 

Bongkrekic Acid 50 μM Calbiochem 100 mM in DMSO 

cycloheximide 1 μg/mL Sigma-Aldrich 1mg/mL in dH2O 

Cyclosporin A 0.5 μM Sigma-Aldrich 10 mM in DMSO 

DCFH-DA 5 μM Invitrogen 10 mM in DMSO, freshly 

prepared 

Dihydroethidium 

(DHE) 

7.5 μM Invitrogen 10 mM in DMSO, 

protected from light 

DIOC6(3) 20 nM Invitrogen 10 mM in DMSO, 

protected from light 

FK506 0.5 μM Tecoland corporation 12.4 mM in EtOH 

Fluo-3 AM 2 μM Invitrogen 2 mM in DMSO, 

protected from light 

Fura-2 AM 2 μM Invitrogen 2 mM in DMSO, 

protected from light 

JNK inhibitor II 2.5 μM Calbiochem 5 mM in DMSO 

LFM-A13 100 μM Sigma-Aldrich 100 mM in DMSO 

LY-58483 0.5 μM Sigma-Aldrich 10 mM in DMSO 

MnTBAP 100 μM Alexis Biochemicals 100 mM in 50% EtOH, 

freshly prepared 

PMA 10 ng/mL Sigma-Aldrich 1 mg/mL in DMSO 

TMRM 50 nM Invitrogen 10 mM in DMSO, 

protected from light 

Vitamin E 100 μM Sigma-Aldrich 30 mM in EtOH, freshly 

prepared 

zVAD-fmk 100 μM Sigma-Aldrich 100 mM in DMSO 
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Table 2.3: Effective concentration, source, stock preparation for chemical 
reagents. 

 

containing 4 mM Glutamine, 10% FBS, 1% chicken serum, and 50 μM 

2-mercaptoethanol. 

  Treatments: To detect ROS, mitochondrial membrane potential (Δψm) 

change and cell death (PI and subG0 analysis) induced by anti-IgM and Bz-423 

co-treatment, cells were plated in 96-well plates at a density of 5x105 cells /mL in 

media containing 2% FBS, were then treated with a dose response of chemicals in the 

presence of 1 μg/mL anti-IgM (Cat#109-006-129, Jackson ImmunoResearch), using 1 

μg/mL control Ig (Cat#005-000-036, Jackson ImmunoResearch) as a negative control. 

At indicated timepoints, cells were processed for specific assay. Inhibitors were 

pre-incubated for 30 min before treatment.  

  Detection of dead cells and hypodiploid DNA: At the endpoint, cells were 

stained with 1 μg/mL propidium iodide (PI) for 10 min at room temperature. Unlike 

live cells, dead cells are permeable to PI. Once PI binds to DNA, its fluorescence is 

enhanced. This enhanced PI fluorescence was measured by the FACSCalibur flow 

cytometry (BD Biosicence, San Diego,CA) in the FL3 channel. SubG0 peak analysis 

is able to detect the apoptotic cells in the dead cells. Cells were first stained in subG0 

buffer [50 μg/mL PI, 0.2% (v/v) Triton-X, 10 μg/mL RNase A in phosphate buffered 

saline (PBS)] for at least 12 h at 4oC. Then the apoptotic hypodiploid subG0 peak was 

detected by the flow cytometry in the FL2 channel on a linear scale. For each sample, 

5000 events were recorded and the data were analyzed by cellquest software. 
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  ROS measurement: Dihydroethidium (DHE) and 4’, 

7’-dichlorodihydrofluorescin diacetate (DCFH-DA) were used to monitor superoxide 

and hydrogen peroxide, respectively. For superoxide measurement, 30’ before the 

reading, DHE (7.5 μM) was applied to treated cells. The conversion of DHE to oxy-E 

by superoxide was detected in the FL2 channel of flow cytometry. For hydrogen 

peroxide measurement, cells were pre-loaded with DCFH-DA (5 μM) at 37oC for 30 

min. After one wash with excess PBS, the DCFH-DA pre-loaded cells were treated.  

At the desired timepoints, the fluorescence of the oxidized product 2’, 

7’-dichlorofluorescin (DCF) was monitored in the FL1 channel of flow cytometry. For 

each sample, 3000 events were recorded and the data were analyzed by the cellquest 

software. 

  Mitochondrial membrane potential (Δψm) measurement: Δψm was measured 

either by tetramethyl rhodamine methyl ester (TMRM) or by 3, 

3’-dihexyloxacarbocyanine, iodide [DIOC6 (3)]. 30 min before reading in the flow 

cytometry, either DIOC6(3) (20 nM) or TMRM (50 nM) was loaded to treated cells. 

The fluorescence of DIOC6 (3) was measured by FL1 channel while that of TMRM 

was monitored in FL2 channel. Mitochondria uncoupler 

carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP) was used as a positive 

control for Δψm disruption. For each sample, 5000 events were recorded and the data 

were analyzed by the cellquest software. 

  Bz-423 washout Experiment: Ramos cells were plated in the round-bottom 

96-well plates at density of 5x105 cells /mL in media containing 2% FBS. And the 
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cells were treated with a series concentration of Bz-423 in the presence of 1 μg/mL 

anti-IgM or 1 μg/mL control Ig. At indicated time, cells were spun at 1000 g for 7 min, 

and were washed once with media containing 10% FBS. The After being resuspended 

in 2% FBS media containing either 1 μg/mL anti-IgM or 1 μg/mL control Ig, the 

washed cells were then incubated for the remainder of the experiment, and viability 

was determined by PI permeability assay and subG0 peak analysis. 

  Cell surface staining: Half a million of treated Ramos cells were harvested 

and resuspended in 100 μL staining buffer [PBS + 2% FBS + 0.02% (w/v) NaN3]. 

FITC-conjugated anti-IgM or FITC-conjugated anti-Fas was applied to cells and cells 

were incubated on ice for 30 min. After washing once with staining buffer, the FITC 

fluorescence was measured in the FL1 channel of flow cytometry. FasL on the cell 

surface was stained with mouse anti-human FasL in 100 μL staining buffer on ice for 

30 min. After three washes, cells were incubated with PE-conjugated anti-mouse IgG1 

in 100 μL staining buffer on ice for another 30 min. After one wash, FasL expression 

was determined by measuring the PE fluorescence in the FL2 channel of flow 

cytometry. For each sample, 6000 events were recorded. 

  Continuous Ca2+ measurement: The kinetic intracellular [Ca2+] change 

induced by anti-IgM and Bz-423 co-treatment was measured using either ratiometric 

Ca2+ indicator fura-2 in a fluorescence plate reader or another Ca2+ indicator fluo-3 

through the flow cytometry. Fura-2 is excited at 340 nm and 380 nm and the ratio of 

the emission at those wavelengths is directly correlated to [Ca2+]. The ratiometric 

character of Fura-2 corrects artificial difference in the fluorescence signal due to 
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unequal dye loading and dye bleaching [355]. Another Ca2+ indicator fluo-3 is excited 

at 506 nm and emitted at 526 nm, which is used for Ca2+ measure in the flow 

cytometry. The ester forms (AM) of both dyes were used to assist the dye loading into 

the cells, where they were de-esterified by esterase, causing them to be retained in the 

cells. Ramos cells (1x106 cells /mL) were loaded with calcium indicator (fluo-3 AM, 

fura-2 AM) in loading buffer (1 mM CaCl2, 1 mM MgCl2 and 2% FBS in PBS) at 

37oC for 30 min. After dye-loaded cells were washed with PBS, they were 

resuspended in the loading buffer at 5x105 cells /mL and ready for treatment. For 

intracellular [Ca2+] measurement by flow cytometry, fluo-3-loaded Ramos cells were 

firstly incubated with 5 μM Bz-423 or its vehicle control DMSO. Right before 

stimulation by anti-IgM, the baseline of fluo-3 fluorescence was monitored in the FL1 

channel. Immediately following anti-IgM stimulation, fluo-3 fluorescence change was 

recorded for 8-10 min. For intracellular [Ca2+] measurement by plate reader, fura-2 

loaded cells were plated in the 96 black-well plate (cat# 237108, Fisher). 10 min after 

5 μM Bz-423 or DMSO incubation with cells at 37oC for 10 min, the baseline was 

read. Immediately after addition of 1 μg/mL control Ig or 1μg/mL anti-IgM, fura-2 

fluorescence change was monitored. The fluorescence at maximal [Ca2+] was 

determined by the addition of ionophore Br-A23187 (2 μg/mL) and the fluorescence 

at minimum [Ca2+] was determined by addition of 5 mM ethylene glycol tetraacetic 

acid (EGTA) to Br-A23187-treated cells. The [Ca2+] was calculated based on the 

following equation: [Ca2+] =Kd*Q*[(R-Rmin)/(Rmax-R)], In this equation, Kd is the 

dissociation constant, which was measured to be 120 nM in Ramos cells using Ca2+ 
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calibration buffer kit #1 (c-3008, Invitrogen) based on the manufacture’s protocol; R 

represents the ratio of the fluorescence intensity at 340 nm over that at 380 nm, that is 

F340/F380; Rmin and Rmax correspond to F340/F380 at the minimum and maximum [Ca2+], 

respectively; Q is the ratio of fluorescence intensity excited by 380 nm at minimum 

[Ca2+] over that at maximum [Ca2+], that is Fmin/Fmax at 380 nm. 

  Mitochondria isolation: Two methods were used to isolate mitochondria: 

the needle method and the digitonin permeablization method. The needle method 

produces relative purer mitochondria while the digitonin method produces cytosol 

fraction with less contamination of broken mitochondria. For both methods, the purity 

of fractions was tested by immunoblotting with cytosol specific antibody β-tubulin 

and mitochondria specific antibody β-subunit of F0F1-ATPase. 

  The needle method takes advantage of the size difference between swollen 

cells and mitochondria. When passed through a needle, the swollen cells are broken 

open while mitochondria are kept intact. 5x106 Cells were swollen on ice for 20 min 

in 100 μL hypotonic Buffer A (20 mM Hepes-KOH, pH7.5, 10 mM KCl, 10 mM 

β-glycerophophate, 5 mM NaF, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM 

DTT, 1 mM Na3VO4, 250 mM sucrose, 0.1 mM PMSF) with complete cocktail 

protein inhibitors (Roche). The swollen cells were disrupted by 8 strokes through a 

28.5 gauge needle. The homogenate was spun down at 500x g for 10 min at 4oC to 

pellet nuclei and unbroken cells. The supernatant was centrifuged at maximum speed 

in a microcentrifuge for 30 min at 4oC to yield supernatant (cytosol fraction) and 

pellet (mitochondria fraction). The mitochondria pellet was further lysed in 50 μL 1x  
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WCE buffer (25 mM Hepes, pH 7.7, 150 mM NaCl, 2.5 mM MgCl2, 0.2 mM EDTA, 

0.1% Triton X-100, 20 mM β-glycerophophate, 0.5 mM DTT, 3.3 mM NaF, 0.1 mM 

Na3VO4, 1 mM PMSF) with protease inhibitor.  

  At the proper concentration, digitonin selectively permeablizes plasma 

membrane and could be used for isolating cytosolic fraction [356]. The digitonin 

permeablization method was adopted from the method measuring cytochrome c 

release using the flow cytometry [357]. At harvested time point, 5 x 106 Cells were 

harvest, rinsed with PBS, and permeablized in 100 μL of ice-cold cell lysis and 

mitochondria intact (CALMI) buffer (120 mM KCl, 1 mM EDTA, 175 μg/mL 

digitonin) on ice for 5 min. Then the permeablized cells were centrifuged at 500 g for 

10 min at 4oC. The cytosolic fraction (supernatant) was removed. The pellet 

containing mitochondria was lysed in 50 μL 1x WCE buffer. The efficiency of plasma 

membrane permeablization by digitonin was verified by trypan blue staining to be 

greater than 95%.  

  Cytosol and nuclear fractionation: At indicated treatment times, 1x107 

cells were washed once with ice-cold PBS,  resuspended in 200 μL ice-cold low-salt 

buffer (10 mM Hepes-KOH pH 7.9, 10 mM KCl, 0.2 mM EDTA, 1 mM DTT, 0.5 

mM PMSF plus protease inhibitor cocktail), and incubated on ice for 20 min. The 

homogenate was then centrifuged at 500 g for 10 min at 4oC. The supernatant 

(cytosolic fraction) was removed, and the nuclear pellet was resuspended in 200 μL 

ice-cold high-salt buffer (20 mM Hepes-KOH pH 7.9, 400 mM NaCl, 0.2 mM EDTA, 

1 mM DTT, 0.5 mM PMSF plus protease inhibitor cocktail). The nuclear fraction was 
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vigorously vortexed for 5 min, followed by incubation on ice for another 5 min. This 

vortexing and ice-incubation steps were repeated for 5 times. This nuclear extracts 

were spun down and the supernatants were collected as the nuclear fractions. The 

successful separation between cytosol and nuclear was confirmed by immunoblotting 

for cytosol-specific antibody β-tubulin and nucleus-specific antibody CREB.  

  Western Blot: 5x106 treated cells were harvested and washed once in 

ice-cold PBS and lysed in 50 μL 1x WCE buffer with complete protease inhibitor 

cocktail. Following incubation on ice for 30 min, the supernatant was collected by 

centrifugation at full speed for 30 min. The protein concentration was quantified by 

bradford protein assay, using bovine serum albumin (BSA) to make a standard curve. 

Equal amounts of the whole cell lysates were heat-denatured at 95oC for 5 min in 30 

μL total volume containing 5 μL of  6x SDS loading buffer (350 mM Tris-HCl pH 

6.8, 10.28 % SDS, 36 % (v/v) glycerol, 0.6 M DTT, 0.012 % (w/v) bromophenol 

blue). The heated sample was loaded to polyacrylamide gel. After transferring into the 

PVDF membrane (Bio-Rad), it was blocked in 5% milk in PBS containing 0.5% (v/v) 

tween 20. Primary antibody was incubated at 4oC overnight in 1% non-fat milk in 1x 

PBS plus 0.5% (v/v) tween 20. After 3 extensive 5 min washing in 1x PBS plus 0.5% 

(v/v) tween 20, secondary antibody (GE healthcare) was applied and incubated for 1 h 

at room temperature. The blots were then developed using ECLTM western blotting 

detection reagents (GE healthcare). The detailed information of antibodies used was  

174 
 



 

Reagent dilution Source Catalog # 

FITC-conjugated anti-IgM 1:50 Jackson ImmunoResearch 109-096-043 

FITC-conjugated Fas 1:50 BD Bioscience 340479 

PE-conjugated anti-mouse IgG1 1:50 BD Bioscience 555749 

Mouse anti-human FasL 1:100 BD Bioscience 556374 

CREB 1:2000 Millipore AB3006 

Cytochrome c 1:1000 BD Bioscience 556432 

AIF 1:1000 BD Bioscience 551429 

Smac 1:1000 Alexis Biochemicals 210-788-C100 

β-subunit of F0F1-ATPase 1:3000 Invitrogen A-21351 

Bcl-2 1:1000 Dakocytomation M0887 

Bcl-xL 1:1000 BD Bioscience 556361 

Bmf 1:1000 abgent AP1309a 

Bad 1:1000 BD Bioscience 610392 

Blk 1:1000 Santa Cruz Biotech sc-329 

Bid 1:1000 Cell Signaling Technology 2002 

Bim 1:1000 BD Bioscience 559685 

Noxa 1:1000 Calbiochem OP180 

Puma 1:1000 eBioscience 14-6041 

Bak 1:2000 Millipore 06-536 

Bax 1:2000 Millipore 06-499 

Mcl-1 1:1000 Santa Cruz Biotech sc-12756 

A1 1:1000 Santa Cruz Biotech sc-8351 

Calcineurin 1:1000 BD Bioscience 556350 

NFATc2 (4G6-G5) 1:250 Santa Cruz Biotech sc-7296 

NFAT1 1:1500 BD Bioscience 610702 

β-tubulin 1:3000 Sigma-Aldrich T4026 

Nur77 1:1000 Santa Cruz Biotech sc-5569 
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GAPDH 1:10000 Chemicon MAB374 

Bad 1:40 Santa Cruz Biotech sc-942 

14-3-3 1:1000 Santa Cruz Biotech sc-629 

Phospho-Bad at Ser 112 1:1000 Upstate biotech 06-853 

Phosphor-Bad at Ser 136 1:1000 Upstate biotech 06-846 

 
Table 2.4: Information of antibodies applied in western blots, 
immunoprecipitation, immunofluorescence and flow cytometry. 

 

listed in Table 2.4. Specifically, for detection of NFATc2 using antibody from Santa 

cruz biotech, to maximize the NFATc2 signaling and to minimize background, the 

membrane were blocked in 5% non-fat milk overnight followed by 2 h incubation of 

NFATc2 antibody (1:200 dilution) at room temperature. 

  Immunoprecipitation: At the indicated time, 1x107 Ramos cells were lysed 

for 30 min on ice in 200 μL of Nondiet P-40 lysis buffer (50 mM Tris, pH 7.5, 140 

mM NaCl, 0.1% Nondiet P-40, 5 mM EDTA, 5 mM NaF, 1 mM Na3VO4, 0.1 mM 

PMSF with complete cocktail protein inhibitors). The whole cell lysate was collected 

after 30 min spin at max speed in the microcentrifuge at 4oC. Before 

immunoprecipitation with Bad antibody, the lysate was first pre-cleared with 20 μL 

protein A/G plus agarose beads (sc-2003, Santa Cruz Biotech). After 30’ incubation at 

4oC with gentle agitation, the cell lysate was spun down and the supernatant was kept 

for immunoprecipitation. The pre-cleared cell lysate was incubated with 1 μg anti-Bad 

antibody (sc-942, Santa Cruz Biotech) overnight at 4oC with gentle agitation, using 

normal rabbit IgG (sc-2027, Santa Cruz Biotech) as a negative control. 20 μL of 

protein A/G plus agarose beads were then added to each sample. After 4 h incubation 
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of lysate-beads at 4oC with gentle agitation, lysate were centrifuged to remove the 

supernatant. After 10 min washing beads with lysis buffer for three times, they were 

resuspended 80 μL of 2x loading buffer (0.125 M Tris-Cl, pH 6.8, 2% SDS, 10% 

glycerol, 5% (v/v) 2-mercaptoethanol, 0.0025% (w/v) bromophenol blue). The 

samples were then boiled at 95oC for 5 min to release the pulled-down proteins from 

the protein-A/G beads and to denature them. In each gel, 25 μL per sample were 

loaded for western blot. The antibodies detecting phosphor-Bad at Ser 112 and Ser 

136 were used for bad de-phosphorylation. And dissociation of Bad with 14-3-3 was 

studied using 14-3-3 antibody. The detailed information of antibodies used was shown 

in table 2.4. 

  Immunofluorescence to detect activated Bax and Bak: At indicated times, 

treated Ramos cells were harvested and dried on slides. Cells were then fixed by 2% 

paraformaldehye in PBS (16% solution, cat # 15710, Electron Microscopy Science) 

for 15 min at room temperature. To remove the fixative and to block the non-specific 

binding, cells were washed for 6 times, each time 5 min, with blocking buffer [0.05 % 

(w/v) saponin, 5% FBS in PBS]. Cells were then stained with 1 μg/mL antibody 

against activated Bax (06-499, Upstate) or 1 μg/mL antibody against activated Bak 

(06-536, upstate) in the blocking buffer overnight at 4oC. The following day, after six 

5-min extensive washes with blocking buffer, the cells were incubated with 

FITC-conjugated anti-rabbit antibody (554020, BD bioscience) for 30 min at room 

temperature. After the same washing step, the samples were mounted in prolong 

anti-fade kit (p7481, invitrogen). Images (630x) were captured using SPOT advance 
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program and a SPOT RS slider digital camera (Diagnostic Instruments Inc) in a Leica 

DM-LB microscope.  

  Transient transfection for Bax and Bak RNAi knockdown: siGENOME 

SMARTpool regents for human Bax and Bak were purchased from Dharmacon. 

siGENOME. And none-targeting siRNA#1 (D-001210-01-05, Dharmacon) was used 

as a negative control. These siRNA oligos were dissolved in 1x siRNA buffer (0.2 

mM MgCl2, 60 mM KCl, and 6 mM Hepes-pH 7.5) at a concentration of 20 μM, 

aliquoted and kept at -80oC. Before electroporation, 8x106 Ramos cells were washed 

once with ice-cold PBS and then resuspended in 100 μL of electroporation buffer T 

(Amaxa) with 5 μL of 20 μM Bax RNAi or Bak RNAi. Cells were electroporated 

using program N-16 on the amaxa nucleofector apparatus. The shocked Ramos cells 

recovered in the pre-warm RPMI1640 media containing 10% FBS at 37oC for at least 

8 h before the following shock. Electroporation was done twice during the 1st day, 

once the 2nd day. 24 h after the final shock, Ramos cells were treated. RNAi 

knockdown efficiency was determined by western blotting for Bax and Bak 

expression level.  

  Transient transfection and SEAP activity measurement: pNFAT-SEAP, 

pNFκB-SEAP, pAP1-SEAP are mammalian expression vectors (clontech) for 

reporting specific transcription activities, in which transcription of secreted alkaline 

phosphatase (SEAP) is driven by 3 copies of NFAT response element, 4 copies of 

NFκB consensus sequence and 4 copies of AP1 enhancer, respectively. 8x106 cells 

were washed with ice-cold PBS, resuspended in 100 μL electroporation buffer T 
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(Amaxa) with 2 μg of indicated reporter plasmids, and subjected to electroporation 

using amaxa nucleofector apparatus using program G-16. Immediately electroporated 

cells were transferred into media with 10% FBS and recovered for 24 h. The 

following day, cells were then resuspended in 2% FBS media for treatment. At the 

indicated time, the supernatant was harvested for the SEAP activity measurement, 

which was performed using the Great EscAPe SEAP chemiluminescence kit (clontech) 

according to the manufacture instruction. 

  Statement of collaboration: Dr. Tom Sunderberg constructed Bcl-2 

overexpressing Ramos cells and Bcl-xL overexpressing Ramos cells. Costas A 

Lyssiotis tested cell death induced by anti-IgM and Bz-423 co-treatment in OCI-Ly7 

cell line. 
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CHAPTER 3 
 

ACTIVATION OF NFAT BY BZ-423 
 
 

 

Introduction 

  A diverse lymphocyte repertoire is critical for immunity against pathogens. 

However, diversity increases the chances of these cell receptors to be self-reactive. 

Therefore, balance between diversity and self-reactivity is tightly regulated [1]. About 

50-75% of newly produced B cells are self-reactive [2]. During B cell development, a 

series of checkpoints must exist to maintain tolerance to self antigens [2, 3]. These 

checkpoints mainly include receptor editing, clonal deletion and functional 

inactivation (anergy, regulatory T cells, inhibitory cytokines) [2, 3]. Among these 

tolerance mechanisms, 15-40% self-reactive cells are silenced by anergy [2] . 

  Anergy: There are a portion of autoreactive B cells detected in the periphery, 

but they do not generate autoantibodies as autoantibodies are detected. This 

observation suggests these autoreactive B cells are functionally inactivated [4]. 

Although these autoreactive cells retain their ability to bind to self antigen, their 

response to antigenic stimulation is greatly reduced [4], which may be responsible for 

the functional inactivation observed. This hypo-responsive state to antigen stimulation 

of autoreactive lymphocytes is defined as anergy [4]. Anergy is usually caused by 
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incomplete activation, such as chronic self-antigen stimulation in the absence of 

co-stimulation [5]. B cell receptor (BCR) ligation mediates tolerance by prompting 

receptor editing, apoptosis, or anergy [6]. Apoptosis and receptor editing are likely 

induced if self-antigen binds to BCR in a high affinity or avidity while anergy is likely 

induced if the self-antigen binds to BCR with a low affinity or avidity [6]. Unlike 

apoptosis and receptor editing, which permanently eliminates self-reactive BCRs and 

reduces cell receptor diversity, anergy maintains BCR diversity by functionally 

inactivating self-reactive BCRs with low affinity or avidity [7]. Anergy can also be 

reversed quickly by displacement of antigen [7]. 

  Transgenic mouse models for anergy: Numerous transgenic mouse models 

have been developed to study B cell or T cell anergy under physiological and 

pathological conditions [7-18]. In these models, an engineered cell receptor for known 

antigen is introduced to produce the immunoglobulin (Ig) transgenic mouse, which 

produces sufficient lymphocytes with the desired specificity and affinity for given 

antigens [19]. The antigens used to study anergy are either foreign antigens (e.g. hen 

egg lysozyme (HEL), ovalbumin (OVA)) or derived from the pathogenic antigens 

involved in autoimmune diseases (e.g. dsDNA, ssDNA, Sm, insulin) ([9, 20-23]; 

Table 3.1). Below, two examples of transgenic mouse models for B cell anergy are 

discussed: one is HEL-specific model; the other one is DNA-specific model. 

  B cells from MD4 transgenic mice express BCR with a high affinity for HEL 

[8, 24], and soluble HEL (sHEL) is produced in ML5 transgenic mice [8, 24]. 

Breeding MD4 and ML5 generates double transgenic mice MD4 x ML5, the most 
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widely studied transgenic mouse model used to study B cell anergy [10]. In this 

model, sHEL is the neo-self antigen and anti-HEL B cells are self-reactive [10]. 

Co-expression of sHEL evidently increases the percentage of  transitional 3 (T3) B 

cells [10]. As T3-B cells display reduced response to BCR stimulation, they are 

anergic B cells in these transgenic mice. Consistent with the reduced BCR response 

observed in T3 B cells, these mice fail to secrete anti-HEL antibodies following 

immunization with exogenous HEL plus adjuvant [10]. The presence of self-reactive 

cells but no production of autoantibodies suggests that they are functionally 

inactivated. 

  The presence of autoantibodies for double-stranded DNA (dsDNA) and 

single-stranded DNA (ssDNA) autoantibodies is a defining feature for both SLE 

patients and lupus-prone mice [25, 26]. Transgenic mice with engineered BCRs to 

bind self-antigens including dsDNA and ssDNA are generated, which are 

physiologically more mimic self-reactive B cells observed in the SLE patients [27]. A 

DNA-specific immunoglobulin-heavy-chain variable region (3H9) is derived from 

MRL-lpr mice [27], and B cells from VH3H9 mice have a polyclonal B-cell repertoire 

enriched for ssDNA and dsDNA [11]. When the VH3H9 heavy chain is forced to pair 

with ssDNA-specific light chain (VκB) in VH3H9 x VκB double transgenic mice, 

self-reactive B cells for ssDNA are generated [12, 13]. Similarly, self-reactive B cells 

for dsDNA are generated in VH3H9 x Vλ2 double transgenic mice [12]. In all these 

three DNA-specific transgenic mouse models for anergy, there are no autoantibodies 

for ssDNA, dsDNA detected [11-13], indicating these self-reactive B cells are 
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rendered anergic. DNA-specific autoantibodies were detected in the VH3H9 x 

MRL-lpr mice, which mirrors the autoantibodies in non-transgenic MRL-lpr mice and 

can be used to study the anergy mechanism [28]. 

  Anergy is observed in both mature and immature B cells [4]. Heterogeneous 

phenotypic characteristics of anergic B cells have been reported from various 

transgenic mouse models [8]. The specific increase in certain B cell population 

observed in immunoglobulin transgenic mice indicates that self-reactive B cells are 

arrested at several stage of B-cell development. This inhibition of self-reactive 

differentiation will limit the generation of high affinity pathogenic autoantibodies. As 

shown in Table 3.1, dsDNA-specific B cells from VH3H9 and VH3H9 x Vλ2 mice 

arrest at an immature and/or transitional stage, limiting self-reactive B cells entering 

the mature B-cell population. In MD4 x ML5 and Ars/A1 mice, self-reactive B cells 

are arrested at the T3 B-cell stage. Similarly, Sm-specific B cells arrest at early 

pre-plasma cells; interestingly, self-reactive B cells for ssDNA and Sm-specific B 

cells from VH3H9 x VκB mice and VH2-12 x VκB, which have a low affinity for 

self-antigens, do not exhibit a block in development. The detailed mechanism of these 

heterogeneous observations is not clear. The cell stage at which anergic B cells are 

arrested likely depends on the affinity of BCR for self-antigens, the nature and 

availability of self-antigens and the differentiation state of auto-reactive lymphocytes. 

It seems likely that B cells with low affinity and/or avidity for self antigen, such as 

VH125 x Vκ125, VH3H9 x Vκ8, VH2-12 mice, are allowed to proceed through 

development [8]. 
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Mouse 
model 

Resting Anergic 
cells 

In vivo observation 
(phenotype) 

Response of anergic B cells to 
in vitro stimulation 

MD4 x 
ML5 (nM 
affinity for 
HEL) [10] 

High [Ca2+]i and high 
ERK phosphorylation
low IgM, low CD86, 
short life span 

No anti-HEL 
autoantibodies 
Growth arrest at T3 B 
cells 

Reduced phosphorylation of Igα, 
Igβ, SYK; no Ca2+ mobilization; 
no activation marker expression; 
no proliferation 

VH3H9 x 
Vλ2 

(dsDNA) 
[11, 12] 

Reduced IgM, CD80-, 
CD86-, reduced life 
span HSA /CD44 
/MHC class II 
increase,  

No anti-dsDNA 
autoantibodies, 
Growth arrest at 
immature B-cell stage 

Reduced SYK phosphorylation, 
no activation marker expression, 
no proliferation 

VH3H9 x 
Vκ8 

(ssDNA) 
[11, 13] 

Reduced IgM and 
IgD, normal life span 

No autoantibody 
secretion 

Normal SYK phosphorylation, 
normal Ca2+ mobilization, 
intermediate proliferation 
No autoantibody secretion 

Ars/A1 
(μM 

affinity for 
ssDNA) [7, 

14] 

High [Ca2+]i and high 
ERK phosphorylation, 
reduced IgM, high 
CD80/MHC class II 

Growth arrest at T3 B 
cells 
No autoantibody 
secretion  

Reduced Igα and Igβ and SYK 
phosphorylation, no Ca2+ 
mobilization, no activation 
marker expression, no 
proliferation, no autoantibody 
secretion 

VH2-12 
(various 

affinity for 
ssDNA, 
Sm) [15, 

16] 

Increased CD80, 
CD40 and slight 
increase in ERK 
phosphorylation 
Reduced IgM 

No autoantibody 
secretion, growth arrest at 
pre-plasma-cell stage 

Normal SYK phosphorylation, 
weak proliferation 

VH2-12 x 
Vκ8 (low 
affinity for 
Sm) [17] 

Increased MHC class 
II, reduced IgM 

No autoantibody 
secretion, reduced 
marginal-zone B cells 

Normal SYK phosphorylation 

VH125 x 
Vκ125 (μM 
affinity for 
insulin)[18] 

reduced IgM No autoantibody 
secretion 

Normal Igα/Igβ/SYK 
phosphorylation and Ca2+ 
mobilization, no proliferation 

An1 (mixed 
antigen) [3] 

reduced IgM No autoantibody 
secretion, growth arrest at 
T3 B cells 

Reduced Ca2+ mobilization, no 
activation marker expression 

 
Table 3.1: Summary of transgenic mouse models for B cell anergy. In the mouse 
model column, the mouse model name is followed by the self-antigen in parenthesis 
and citation. The 2nd column is the phenotype of resting anergic B cells. The 3rd 
column is the phenotype observed in vivo and the 4th column is the response of 
anergic B cells to IgM–specific antibodies. 
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  Characteristics of anergic B cells: Anergic B cells have elevated 

intracellular calcium levels [10, 29], reduced membrane immunoglobulin expression 

[30], and/or shortened life span [8, 31]. In response to stimulation, reduced calcium 

mobilization and decreased tyrosine phosphorylation are observed [7, 14]. The 

attenuated proximal BCR signaling may leads to reduced proliferation (growth arrest 

in vivo), diminished activation marker, and decreased immunoglobulin production [7, 

14]. 

  As anergy is reversible, reduced survival is important for maintaining 

tolerance. Anergic B cells have a half-life of 1-5 days [20], which is considerably 

shorter than non-self-reactive mature B cells (40 days) [32]. This decreased survival 

in anergic B cells might be due to their increased dependence on B cell activating 

factor belonging to the TNF family (BAFF), coupled with their inability to compete 

with non-self-reactive cells for this survival factor [33]. Elevated BAFF can rescue 

anergic B cells from rapid elimination, which is confirmed by the observation that 

BAFF overexpression increases the numbers of autoreactive B cells [34]. However, 

Mice with BAFF overexpression do not develop SLE-like disease [34], indicating that 

BAFF is involved in pathogenesis of autoimmune disease, but not sufficient for the 

onset of autoimmune disease. Autoreactive B cells, which normally arrest at various 

stages in normal mice, develop into the mature B cells and produce autoantibodies in 

mice with defective apoptotic signaling pathway, such as MRL/lpr mice [35] and 

Bim-deficient mice [36]. These results indicate that abnormally extended survival of 

anergic B cells predisposes to autoimmune disease. 
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  Anergic B cells display abnormal proximal BCR signaling in response to 

stimulation [7, 14]. As both the affinity of the BCR and the nature of self-antigen 

regulate anergy induction, the down-regulation of the BCR observed in anergic B 

cells may be partially responsible for diminished downstream signaling and 

immuno-responses [37]. In anergic B cells, dampened proximal BCR signaling of 

anergic B cells may also result from dysregulated immunoreceptor tyrosine-based 

activated motifs (ITAMs) phosphorylation [8]. Normal BCR stimulation induces 

phosphorylation of two tyrosine residues in the Igα and Igβ ITAMs, which recruits 

and activates the tyrosine kinase SYK, resulting in productive BCR signaling ([8]; 

Figure 3.1A). However, in anergic B cells, BCR stimulation only induces 

monophosphorylation of tyrosines, which does not support the recruitment of SYK 

and the subsequent SYK-dependent signaling pathway. Instead, ITAM 

monophosphorylation leads to constitutive engagement of RasGAP-associated 

docking protein p62 (Dok) and SHIP-1 [8], which negatively regulates BCR signaling 

and prevents any productive BCR signaling ([31, 38]; Figure 3.1B). Moreover, higher 

basal phosphorylation levels of the tyrosine phosphatase SHIP and SHP-1 were 

observed in anergic B cells from MD4 x ML5 and Ars/A1 transgenic mice [39, 40]. 

Anergy is lost in SHIP-1 deficient self-reactive B cells from Ars/A1 [31]. How 

monophosphorylation of ITAM occurs in anergic B cells is not clear. It may result 

from ineffective BCR aggregation. It may also result from the increased dissociation 

of Igα/Igβ from the BCR, as decreased co-immunoprecipitation of membrane Ig with 

Igα /Igβ signal-transducing complex is observed in anergic B cells [31, 41]. 
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Mutations in other molecules involved in BCR signaling also interfere with anergy 

induction. For example, in the absence of CD72, which negatively regulates BCR 

signaling, autoreactive B cells are inappropriately expanded [24]. Similar anergy 

breakdown is observed in mice defective in negative BCR regulator CD5 [42] and in 

mice overexpressing the positive BCR regulator CD19 [43]. 

 

 

 

Figure 3.1: B-cell signaling in response to acute foreign antigen or chronic 
self-antigen stimulation. A: Foreign antigen binds to BCR and induces 
phosphorylation of two tyrosine residues in the ITAMs of Igα and Igβ by LYN. This 
results in subsequent recruitment and activation of SYK, BLNK, BTK, resulting a 
productive BCR signaling. B: In anergic B cells, chronic binding of self-antigen 
triggered a monophosphorylation of ITAM tyrosines by LYN, which limits the 
recruitment and activation of SYK. LYN also enhances the activation of an inhibitory 
complex containing SHIP1 and DOK. These proteins acts as negative regulators for 
BCR signaling and dampen any productive BCR signaling. This picture is adapted 
from [8] 
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  Identification of anergic B cells in normal mice: The physiological 

importance of anergy in silencing self-reactive B cells was highlighted by the 

identification of naturally occurring anergic B cells. Through an unique sets of cell 

surface markers, T3 cells (B220+ CD93+ CD23+ IgMlow) were identified as anergic B 

cells within a wild-type repertoire [3]. Instead of being a development intermediates, 

they are a major population of anergic B cells. Therefore these T3 cells are renamed 

as An1 B cells [44]. An1 B cells have the characteristics of anergic B cells from 

transgenic mouse models: they have high basal [Ca2+]i and short half-life time (4-5 d) 

[30]; and they display diminished BCR proximal signaling and reduced immune 

responses to BCR stimulation [3]. Further analysis the BCR from An1 cells indicates 

an enrichment of BCR reactive with dsDNA, indicating they are self-reactive [3]. All 

these characteristics suggest An1 cells are naturally occurring anergic B cells. They 

can be detected in the spleen, lymph nodes, and peripheral blood, which account for 

5-10% of peripheral blood B cells in wild type mice [3]. As the half-life of An1 cells 

is 4-5 d, comparing to 40 d of normal peripheral B cells, it is estimated as many as 

50% of newly produced B cells are expected to become anergic [3]. 

  An1 might not be the only physiologically existed anergic B cells, as they are 

negligible in Sm- and insulin-specific models [3]. To support this, a subpopulation of 

naïve B cells expressing IgD but not IgM is identified as anergic B cells in healthy 

humans [45]. They display several characteristics of anergic B cells [45]. For example, 

in response to BCR stimulation, a reduced capacity to mobilize calcium and decreased 

levels of tyrosine phosphorylation were observed [45]. A pool of DNA-reactivate B 
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cells or anti-nuclear reactive memory cells with several characteristics of anergic B 

cells were also detected in peripheral blood of healthy humans [2, 46] 

  Characteristics of anergic T cells: Anergy is induced as a result of 

incomplete or suboptimal T cell activation [47, 48]. Unlike B cells, naïve T cells are 

more resistant to anergy induction than memory T cells both in vivo and in vitro 

[49-51]. The first description of anergic T cells arose from the observation that T cell 

clones that were initially stimulated with formaldehyde fixed APCs failed to 

proliferate or produce IL-2 upon rechallenged with live APCs plus peptide [52]. 

Similar to anergic B cells, elevated basal [Ca2+]i is also observed in anergic T cells. In 

response to stimulation, they display attenuated proximal TCR signaling, including 

reduced calcium mobilization and decreased tyrosine phosphorylation [48, 53-55]. 

The hallmarks of anergic T cells are reduced proliferation and cytokine production 

(IL-2) in response to receptor activation such as anti-CD3 and anti-CD28 

co-stimulation [56]. Similar to the anergy induction in B cells, anergy can be 

developed in vivo by applying soluble self-antigen. For example, intravenous 

administration of soluble ovalbumin (OVA) peptide renders OVA-specific T cells 

tolerant, as defective proliferation response and decreased IL-2 production are 

observed following OVA plus adjuvant CFA stimulation [57]. In vitro they can be 

induced by delivery of a strong T cell receptor stimulation in the absence of 

co-stimulation, by calcium ionophore ionomycin, or by weak agonist and altered 

peptide ligand [58]. 

  Molecular mechanism of anergy induction and maintenance:  
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  Desensitized cell receptor signaling: In several anergic T cells and B cells, 

attenuated cell receptor-mediated signaling is observed. Chronic stimulation of 

lymphocytes leads to constitutive [Ca2+]i increase and high basal level of tyrosine 

phosphorylation [3, 55]. These changes lead to biased activation of inhibitory 

signaling [55, 59, 60]. Similar to anergic B cells, increased LYN activity also be 

observed in anergic T cells [55]. Moreover, studies of TCR signaling in anergic T cells 

indicate the involvement of other TCR signaling molecules [61, 62]. Increased 

Diacylglycerol kinase (DGK) is observed in anergic T cells [61]. DGK phosphorylates 

diacylglycerol (DAG) and inhibits the subsequent DAG-mediated signaling. This 

observation suggests DGK may participate in anergy by modulating DAG-mediated 

signaling. Consistent with this observation, DGKα-overexpressed T cells are anergic 

while DGKα-deficient T cells are resistant to anergy induction [61]. Two key 

signaling proteins PKCθ and PLCγ were also diminished in anergic T cells [62]. At 

the same time, increased E3 ubiquitin ligases (Itch, Cbl-B) were observed [62]. As 

PKCθ and PLCγ are targets of E3 ubiquitin ligases Itch, Cbl-B, decreased PKCθ and 

PLCγ1 are possibly due to increased proteolytic degradation by E3 ubiquitin ligases 

Itch, Cbl-B, which leads to attenuated TCR signaling observed in anergic T cells [62]. 

  The involvement of Calcium-calcineurin-NFAT in anergy: Elevated [Ca2+]i is 

observed in anergic T cells and B cells [3, 55], suggesting Ca2+ plays a critical role in 

anergy induction. Ionomycin, an ionophore to increase [Ca2+]i, induces anergy in T 

cells in vitro [63], confirming the critical role of calcium. Calcineurin inhibitor 

cyclosporine A (CsA) or FK506 blocks anergy [48, 63-65], suggesting calcineurin is 
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involved in anergy. Overexpression of a active form of calcineurin promotes anergy 

induction [66], further supporting essential role of calcineurin in anergy. Anergy 

induction is compromised in both NFATc2-deficient T cells and NFATc2-deficient B 

cells [63, 67], indicating the involvement of NFAT. In addition, Jurkat T cells 

transfected with vectors encoding constitutively active NFATc2 mutant are resistant to 

anti-CD3 plus anti-CD28 stimulation, a characteristic of anergic T cells [68]. In 

summary, calcium-calcineurin-NFAT signaling pathway is involved in both anergy 

induction in T cells and B cells.  

  Anergy-associated genes: Transcription inhibitor actinomycin D and protein 

inhibitor cycloheximide inhibit anergy, suggesting macromolecular synthesis is 

required for anergy induction and maintenance [69]. What genes are transcribed and 

post-translated under anergic conditions has been studied [70]. By studying gene 

expression in both anergic T cells and B cells, a set of anergy-associated genes was 

identified ([71, 72]; Table 3.2). The majority of anergy-associated genes are regulated 

by activated NFAT in the absence of AP-1 activation [63, 68, 73]. This selective NFAT 

activation is induced by low sustained [Ca2+]i, which is not sufficient to activate other 

transcription factors such as NFκB and AP-1 [39]. Furthermore, Primary T cells with 

a retroviral expression of a constitutively active NFATc2 that is unable to interact with 

AP-1 results in strong anergy induction [63]. In response to anti-CD3 and anti-CD28 

stimulation, both NFATc2 and AP-1 are activated [63]. However, the defective 

interaction between NFATc2 and AP-1 makes it impossible for NFATc2 to form 

transcriptional complex with AP-1, which resulted in diminished IL-2 production and 
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proliferation [63]. Several anergy associated genes are also induced, which indicates 

anti-CD3 and anti-CD28 induce anergy instead of activation in these mutant cells. 

These results suggest that NFAT alone induces synergy and AP-1 binding is not 

necessary as well [63]. 

  Both upregulated and downregulated anergy genes were identified [3, 71, 73, 

74]. In anergic T cells, the upregulated anergy associated genes collectively act to 

repress TCR signaling [58]. Based on their function, they are divided into 3 categories: 

E3 ubiquitin ligases (gene related to anergy in lymphocytes (GRAIL), Casitas B cell 

lymphoma-b (Cbl-b), Itch) [75], transcriptional repressor (GRG4, Ikaros, Jumonji, 

EGR2, EGR3), and receptor involved in T cell receptor signaling such as receptor 

tyrosine phosphatase and diacylglycerol kinase (DAKα) [74]. Similar to the 

transcription program in T cell anergy, a subset of anergy genes are identified in 

anergic B cell, although their functions in anergy induction and maintenance are not 

clear [3, 71, 73]. Among these anergy-associated genes identified in anergic B cells, 

EGR-2, NAB-2 and neurogranin are induced via a calcineurin-NFAT pathway [3, 71, 

73].  

  E3 ubiquitin ligases are most studied anergy associated gene. E3 ubiquitin 

ligase transfers ubiquitin to target proteins to mark them for degradation [76]. In 

response to tolerant stimuli, E3 ubiquitin ligases, including Itch, Cbl-b and GRAIL, 

are upregulated in a CsA-sensitive manner [77]. Cbl-b- or Itch-knockout mice develop 

SLE-like disease, suggesting a breakdown of tolerance contributes to the development 

of autoimmune disease [77]. T cells from those mice are resistant to anergy induction 
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at low doses of ionomycin [77], suggesting that E3 ligases are necessary for tolerance.  

 

Gene category Activation Modes Reference
Itch 
Cbl-b 
Grail 

E3 ubiquitin 
ligases 

Ca2+-calcineurin for activation, 
increased in anergic lymphocytes, 
involved in anergy induction and 
maintenance by enhanced proteolytic 
degradation of PKCθ and PLCγ1. 
Itch-deficient mice develops 
autoimmune disease 

[77-80] 

Ikaros Transcriptional 
repressor 

Ca2+-calcineurin-NFAT for 
activation, increased in anergic T 
cells. It inhibits IL-2 transcription by 
binding to IL-2 promoter and 
inducing histone deacetylation,  

[63, 81, 
82] 

Grg4 Transcriptional 
repressor 

Ca2+-calcineurin-NFAT for activation 
increased in anergic T cells. It acts as 
co-repressor. In lymphocytes, it binds 
to Pax5 to convert it from activator 
to repressor 

[63, 83] 

Rptp-κ 
Ptp1b 

Protein 
tyrosine 
phosphatase 
 

Ca2+-calcineurin-NFAT for activation 
increased in anergic T cells. It may 
antagonize protein tyrosine kinase, 
therefore, inhibiting proximal TCR 
signaling 

[63] 

Diacylglycerol 
kinase (DGK) 

to repress 
DAG signaling 
and 
GTPase-Ras 
signaling 

Ca2+-calcineurin-NFAT for activation 
increased in anergic T cells. It 
phosphorylates DAG and inhibits its 
subsequent signaling. It also inhibits 
GTPase Ras signaling. DGKα 
overexpression induces synergy and 
anergy induction is impaired in 
DGKα-deficient mice 

[63, 84, 
85] 

Egr2/Egr3 NFAT partners 
for repression 

Ca2+-calcineurin-NFAT for 
activation, increased in anergic B 
cells and T cells. Negative regulator 
for T cell activation, impaired anergy 
induction if EGR2 reduced. 
Increased EGR2/3 associated with 
effective lupus treatment. 

[61, 
86-88] 

 

Table 3.2: Anergy-associated genes.
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GRAIL overexpression also renders T cells anergic [80]. Recently, a B cell specific 

ablation of both c-Cbl and Cbl-b results in enhanced BCR-proximal signaling and 

defective B cell tolerance, which might be responsible for SLE-like symptoms 

observed in the these Cbl double-deficient mice [89]. 

  E3 ubiquitin ligases play a critical role in maintaining the anergic state by 

promoting proteolytic degradation [62]. The accelerated degradation of PLC-γ1 and 

PKC-θ expression by E3 ubiquitin ligases leads to attenuated proximal T cell 

signaling, which eventually results in IL-2 production in response to stimulation [62]. 

Overexpression of Itch or Nedd4 led to the ubiquitination and degradation of PLC-γ1 

and PKC-θ in HEK293 cells [80, 90]. PLC-γ1 cleaves phosphatidylinositol 

4,5-biphosphate (PIP2) to produce diacyl glycerol (DAG) and inositol 

1,4,5-triphosphate (InsP3), important for DAG- and calcium-mediated signaling [91]. 

PKC-θ is activated by DAG and important for activations of AP-1 and NFκB [92]. In 

addition to signaling for proteasome degradation, ubiquitin modification is also 

involved in the endocytosis pathway of protein tyrosine kinases (PTKs) for lysosomal 

degradation [93], further suppressing TCR signaling. Cbl-b downregulates TCR 

surface expression by promoting its endocytosis via mono-ubiquitination, which may 

be partially responsible for T cell receptor downregulation in anergic T cells [94].  

  Transcription factors including early growth response gene 2 (EGR2) and 

early growth response gene 3 (EGR3) are upregulated in tolerant lymphocytes in a 

Ca2+-calcineurin dependent manner [86, 87]. Their increase expression in turn 

regulates transcription of anergy-associated genes. For example, EGR2 may activate 
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Cbl-b as overexpression of EGR2 or EGR3 leads to increased Cbl-b while EGR3 

deficiency results in lower expression of Cbl-b [86]. EGR2 also up-regulates cell 

cycle inhibitors p21 and p27, which may be associated with reduced proliferation in 

anergic lymphocytes [95]. EGR2 reduction by EGR2-specific RNA interference 

(RNAi) rendered cells resistant to anergy induction [87], suggesting the critical role of 

EGR2 in anergy induction. However, anti-CD3 induces anergy is normal in 

EGR3-deficent T cells, possibly because of functional redundancy between EGR2 and 

EGR3 [86].  

  NFAT in regulatory T cells: regulatory T cells (Tregs, Foxp3+CD4+CD25+) 

actively suppress T cell activation and play an important role in T cell anergy [96]. 

NFAT plays a critical role in the suppressor function of regulatory T cells (Treg, 

Foxp3+CD4+CD25+) cells [97]. NFAT interacts with Foxp3 and forms the 

transcription complex, which binds to the promoters to repress IL-2 expression and to 

activate transcription of Treg markers CTLA4 and CD25 [98]. Structure-based 

mutation of Foxp3, disrupts its interaction with NFAT and decreases the transcription 

activity of Foxp3, which results in the impairment of Tregs’ regulatory function and 

leads to the development of autoimmune disease [98]. In mice lacking NFATc2 and 

NFATc3, CD4+ T cells are resistant to suppression mediated by wild type Treg cells 

[99], which further supports the critical role of NFAT in the suppressor functions of 

Treg cells.. 

  Nuclear factor of activated T cells (NFAT) family: In addition to its 

involvement in tolerance, activated NFAT participates in lymphocyte development 
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and effector function. There are five members of the NFAT family: NFATc1 (NFAT2, 

NFATc), NFATc2 (NFAT1, NFATp), NFATc3 (NFAT4, NFATx), NFATc4 (NFAT3) and 

NFAT5 [100-103] (Figure 3.2). Among them, NFATc1-4 are dephosphorylated and 

activated by serine/threonine phosphatase calcineurin [104]. NFATc1a, one isoform of 

NFATc1, is under control of an NFAT-dependent inducible promoter [105]. Therefore, 

activated NFAT binds to the promoter of NFATc1a and promotes to its expression 

[105, 106]. Although NFATc1-3 are expressed in peripheral lymphocytes [104], 

NFATc2 accounts for 80-90% of total NFAT activity in resting lymphocytes [63]. 

NFATc3 is highly expressed in thymocytes [107]. NFATc4 is implicated mainly in 

cardiac hypertrophy [108].  

  NFAT proteins contain a transactivation domain (TAD), a moderately 

conserved regulatory domain and a highly conserved DNA binding domain (RSD) 

(Figure 3.2). Within the regulatory domain, there is a conserved calcineurin binding 

region, a nuclear localization sequence (NLS) and a series of conserved serine-rich 

sites. NFAT kinase and calcineurin tightly regulates NFAT activity by phosphorylating 

and dephosphorylating these serine residues, respectively ([109, 110]; Figure 3.2). 
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Figure 3.2: NFAT family proteins and their structures. Panel A shows schematic 
structures of NFAT member proteins. Panel B is the detailed domain structure of 
NFAT. The N-terminal transactivation domain (TAD-N), regulatory domain, DNA 
binding domain and c-terminal domain are indicated. The regulatory domain is 
enlarged to show conserved sequence motif as colored boxes. PxIxIT is a major 
calcineurin docking site. NLS is the nuclear localization sequence. The 
phosphorylation sites are indicated as red filled circle based on study results from 
NFATc2 [111]. This figure is adapted from [112]. 
 

  NFAT activation signaling pathway: Calcineurin is a heterodimeric protein 

of a catalytic subunit (CnA) and a regulatory subunit (CnB). The autoinhibitory 

domain in CnB obscures the phosphatase domain CnA [113]. In resting cells, 

calcineurin is inactivated, and NFAT is phosphorylated, with low affinity for DNA, 

and located in the cytoplasm [114]. [Ca2+]i can be increased by immunoreceptor 

ligation (BCR, TCR, CD40, and etc), calcium ionophores (ionomycin, A23187), or 
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the endoplasmic reticulum calcium-ATPase (SERCA) inhibitor (tharpsigargin) [114]. 

Tharpsigargin inhibits SERCA and causes calcium release of ER stores [114]. The 

increased Ca2+ then binds to calmodulin, which activates the serine/threonine 

phosphatase activity of calcineurin by displacing the autoinhibitory domain in CnB 

and exposing the active sites in the CnA [115]. The activated calcineurin activates 

NFATs in three steps: dephosphorylation, nuclear import and promoter binding 

(Figure 3.3; [114]). Activated calcineurin first dephosphorylates 13 or more residues 

in the regulatory domain of NFAT, which triggers a conformational change, 

unmasking its NLS resulting in nuclear translocation [104]. Once in the nucleus, as 

dephosphorylated NFAT has higher affinity for DNA, it binds to the promoter of 

target genes and activates transcription [104, 116-118]. FK506 and CsA inhibit 

calcineurin-mediated NFAT dephosphorylation and block all three steps of activation, 

indicating that dephosphorylation is the initial and critical step of activation [116]. 

NFAT returns to its original phosphorylated state with 5-15 min upon addition of 

calcium chelator EGTA or CsA [116, 117, 119]. This rapid reversal of NFAT 

activation implies that sustained calcium influx and calcineurin activity are required 

for NFAT-mediated transcription [114]. This re-phosphorylation of NFAT is mediated 

by constitutive NFAT kinases, including glycogen synthase kinase 3 (GSK3) [111], 

casein kinase 1 (CK1) [120] and dual-specificity tyrosine-phosphorylation regulated 

kinase (DYRK1 and DYRK2) [121]. 
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Figure 3.3: NFAT activation. See text for details. TAD (transcription activation 
domain), NLS (nuclear localization sequence), DBD (DNA binding domain), CnA 
(calcineurin A), CnB (calcineurin B), CaM (calmodulin). This picture is adapted from 
[114]. 
 

  The activity of calcineurin is not only regulated by calcineurin B and 

calmodulin, but also by several endogenous calcineurin inhibitors [122] including 

calcineurin-binding protein 1 (cabin1, cain) [123], A-kinase anchoring protein 

AKAP79 [124], calcineurin B homolog protein (CHP) [125], and modulatory 

calcineurin-interacting proteins (MCIPs, calcipressin) [126-128]. These proteins bind 

to calcineurin and inhibit its phosphatase activity [122]. For example, calcipressin 1 

(Csp1) binds to CnA and inhibits calcineurin activity [128]. Csp1 deficiency will 

presumably lower the threshold for calcineurin activation. In response to TCR 

stimulation, T cells from Csp1-deficient mice produce more cytokines and display 
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increased FasL expression [128]. As FasL expression is controlled by NFAT, increased 

FasL expression indicates increased NFAT activation. It is therefore concluded that 

Csp1 deficiency lowers the threshold for calcineurin activation and subsequent NFAT 

activity, which leads to increased FasL expression in response to TCR stimulation 

[128]. 

  CRAC channel in calcium influx of lymphocytes: In lymphocytes, the 

calcium release activated calcium (CRAC) channel is the main mechanism for 

calcium influx across the plasma membrane (Figure 3.4; [129, 130]). The importance 

of calcium influx through CRAC channel is highlighted by three families of patients 

with severe combined immunodeficiency (SCID), who have major defects in CRAC 

channel function and display severely compromised lymphocyte function [131-133]. 

As the molecular composition of the CRAC channel is not totally resolved, the CRAC 

channel is defined by its unique electrophysiological characteristic: high selectivity of 

calcium over other cations, activation by depletion of intracellular calcium stores 

(such as ER depletion), low single channel current, and inhibition by heavy metals 

such as La3+ and intracellular calcium [110].  

  Three independent groups have identified Orai as a pore subunit of CRAC 

channel [134-136]. So far, three isoforms (Orai1, Orai2, and Orai3) have been 

identified (Figure 3.5B, [110]). A single mismutation R91W in Orai1 is detected in 

SCID patients, which may contribute to the reduced calcium influx [134]. Expression 

of wild type Orai1 in SCID T cells restores SOCE, confirming the involvement of 

Orai in calcium influx [134]. Using genome-wide RNA interference screen, stromal 
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interaction molecule (STIM) was also identified to participate in regulation of CRAC 

 

 

Figure 3.4: NFAT activation signaling. Cell receptor ligation leads to increased 
production of inositol triphosphate (IP3), which binds to IP3 receptor located in the 
ER, leading to the depletion of ER calcium store. The ER depletion triggers the 
opening of CRAC, resulting extracellular calcium influx and sustained intracellular 
calcium increase. The increased calcium binds to calmodulin (CaM), which activated 
calcineurin. Activated calcineurin dephosphorylated NFAT, resulting in its nuclear 
translocation and subsequent NFAT-dependent gene expression. The depleted ER is 
refilled with calcium using SERCA. Thapsigargin, a specific inhibitor for SERCA, 
prolongs calcium increase by inhibiting ER calcium refilling. CsA and FK506 inhibit 
calcineurin activity. The dephosphorylated NFAT returns to its resting level by 
constitutive active NFAT kinase. This figure is adapted from [110] 
 

channel opening [135, 136]. STIM (STIM1 and STIM2) is located in the ER lumen, 

where the N-terminal EF hand, a helix-loop-helix structure domain found in calcium 

binding proteins, binds to calcium and senses calcium change in the ER (Figure 3.5 A; 

[137, 138]). Following ER calcium depletion, STIM1 aggregates into small clusters in 

the ER membrane [139], which signals opening of the CRAC channel (Figure 3.5C). 

Further studies are needed to answer whether there are other proteins in the CRAC 
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channels. 

 
 

Figure 3.5: Proposed model of STIM and Orai in CRAC channel opening. Panel 
A is the schematic structure of STIM1. In the ER lumen side, there is an EF-hand, 
which binds to and senses ER calcium level, and it is followed by a sterile α-motif 
(SAM) domain, which possible transmit the ER calcium binding signals to cytosol. 
The STIM structure on cytosol side is not clear. Pane B is the schematic structure of 
Orai1. It is a plasma membrane protein with four transmembrane domains (TM). The 
red rectangle indicates R91W mutation identified in SCID patients. Panel C is the 
proposed model of STIM-orai signaling. The ER calcium sensor STIM1 is distributed 
throughout the ER in the resting cells. Once the ER is depleted from ER, bound 
calcium dissociates from STIM1, which results in conformational changes in the 
STIM1 and aggregation. At sites of ER-plasma membrane, signal from STIM1 (red 
arrows) activate calcium influx through CRAC channel. This picture is adapted from 
[110]. 
 

  In addition to Orai, bioinformatics approaches for potential CRAC channel 

subunit have identified transient receptor potential (TRP) proteins [140]. However, 

further detailed studies reveal that their effects on CRAC channel activity are only 
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modulatory [141]. TRPC1 is shown to interact both STIM and Orai, therefore, it is 

proposed to serve as a molecular link [142]. 3,5-bis(trifluoromethyl)pyrazole 

derivative YM-58483 (BTP2) specifically inhibit CRAC channel, as it inhibited 

calcium influx through CRAC channel by 30-fold increase when compared with 

voltage-operated calcium channels [143]. YM-58483 inhibits calcium influx with an 

IC50 of approximately 10-300 nM [143-145], and it also inhibits calcium influx 

through TRPC with an IC50 of approximately 300 nM [145]. Based on these findings, 

it is proposed that TRP proteins may modulate CRAC channel and can be a regulatory 

site for CRAC channel. 

  NFAT transcriptional regulation: NFATs are transcription factors that can 

activate and repress gene transcription. NFAT was discovered through studying IL-2 

expression. In the promoter of IL-2, there are two high-affinity and several 

low-affinity NFAT binding sites [146]. Introduction of mutations that abolish NFAT 

binding to the two high-affinity NFAT-binding sites results in a dramatic reduction in 

the promoter activity [147], indicating the critical activating role of NFAT in IL-2 

expression. The IL-2 transcription activation requires cooperative interaction between 

NFAT and AP-1, as cells harboring NFAT1 mutant that are unable to interact with 

AP-1 but still bind to DNA do not produce IL-2 in response to stimulation [148]. In 

addition to IL-2, NFAT can also induce other cytokines and co-stimulating molecules 

(CD40L, CTLA-4, FasL), which are crucial for lymphocytes activation, 

differentiation and cell death induction [149-152]. 

  In addition to activating transcription, NFATs can repress transcription [58]. 
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NFATs can repress IL-2 expression by upregulating Ikaros [82]. The increased Ikaros 

binds to the IL-2 promoter and recruits histone deacetylase (HDAC). HDAC then 

removes acetyl groups from core nucleosome histones, decreasing the accessibility of 

transcription factors to the IL-2 promoter and reducing IL-2 transcription [82]. NFAT 

itself negatively regulates the expression of cyclin-dependent kinase 4 (CDK4) [153, 

154]. NFATc2-deficient mice have elevated CDK4 protein levels, and this elevated 

CDK4 expression is inhibited by ectopic expression of NFATc2 [153]. Being an 

important protein in regulating cell cycle, the increased CDK4 is proposed to be 

associated with hyperproliferative phenotype in NFATc2-deficient mice [153]. 

  The role of NFAT in immune response: Inhibition of NFAT activation by 

CsA significantly suppresses T cell proliferation in response to stimulation, indicating 

its critical role in T cell activation [155]. Due to their redundant role, single knockout 

of calcineurin catalytic domain CnAα or CnAβ does not affect the overall lymphocyte 

functions (Table 3.3; [156, 157]). It is surprising that knockout of calcineurin 

regulatory domain CnB does not induce dramatic defects in lymphocyte function 

either [158]. Knockout mice that lack individual NFAT isoform show only mild 

alteration in immune function, and severe changes become apparent only when more 

than one NFAT isoforms is deleted, indicating functional redundancy in the NFAT 

family (Table 3.3; [159-166]). However, single NFAT deletion causes a variety of 

phenotype. This observation indicates that individual isoforms have distinct immune 

functions. For example, NFATc1 was induced upon activation, and its knockout 

attenuated T-cell proliferative response [160, 167], indicating the positive role of 
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Gene Null phenotype associated with immune function 

NFATc1 
(NFATc, 
NFAT2) 

Embryonic Lethal due to failure of cardiac morphogenesis [159] 
Reduced B and T cell proliferative response, impaired Th2 response, 
defective T cell development and Th2 differentiation [160],  

NFATc2 
(NFATp, 
NFAT1) 

Enhanced B and T cell response, Th2 bias with increased Th2 cytokine 
[161, 162] 

NFATc3 
(NFATx, 
NFAT4) 

Impaired CD4+/CD8+ SP thymocytes due to increased CD4+CD8+ DP 
apoptosis, hyperactive peripheral T cells response [163]. 

NFATc4 
(NFAT3) 

Viable, no apparent defects in immune function[164]  

NFATc3/c4 Embryonic lethal due to vascular developmental abnormalities [164]. 
NFATc1/c2 Hyperactive B cells with elevated antibodies, expanded plasma cells and 

filtration while hypoactive in response to activation, impaired T cell 
function (reduced Th1 and Th2 cytokines) [166]. 

NFATc2/c3 Lymphoproliferative disorder (hyper-reactive TCR, defect in T cell 
apoptosis) [165] 

CnAα Normal T cell and B cell development, normal overall T cell function, 
slightly defective antigen-specific T cell response [156]. CnAα accounts 
for 70-80% of overall calcineurin activity in T cells [168] 

CnAβ Defective T cell development (decreased CD3, CD4+/CD8+ SP), slightly 
impaired T cell function [157]   

CnB Abnormal immunogenic B cell response [158] 
 
Table 3.3: The phenotypes of calcineurin- and NFAT-deficient mice.  
 

NFATc1 in lymphocyte proliferation. In contrast, deficiency of NFATc2 and/or 

NFATc3 results in increased B cell and T cell proliferation in response to antigen 

stimulation, and an increased percentage of activated cells in observed in these mutant 

mice [161, 162, 165]. As FasL expression is reduced, together with defective 

anti-CD3-induced apoptosis, the increase in activated cells is possibly due to lack of 

activation-induced cell death (AICD) [169]. These observations indicate a negative 

role of NFATc2 or NFATc3 in lymphocytes proliferation and activation. 
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Results 

  Bz-423 induces NFATc2 activation 

  Bz-423 induces NFATc2 dephosphorylation in a dose- and time-dependent 

manner. NFATc2 (NFAT1/NFATp) is a member of the nuclear factor of activated T 

cells (NFAT) family plays a central role in transcriptional activation of numerous 

genes concerned with the immune response [152]. In B cells, NFATc2 regulates 

cytokine production [162], suppresses B cell proliferation [170], and promotes B cell 

tolerance [67]. Bz-423 induces NFATc2 dephosphorylation in Ramos B cells (Chapter 

2). Considering the critical role of NFAT in modulating immune function, Bz-423 

induced NFAT dephosphorylation was studied.  

  First, the concentration dependence and the timecourse of Bz-423 induced 

NFAT dephosphorylation were investigated. As serum reduction from 10 to 2% 

induces transient NFAT dephosphorylation, media containing 10% (v/v) fetal bovine 

serum (FBS) was used for these experiments. As Bz-423 binds to serum protein and 

its effective concentration is reduced [171], [Bz-423] was increased for those studies. 

The effective concentration of 16 μM Bz-423 in 10% FBS is equivalent to that of 5 

μM Bz-423 in 2% FBS as they both induces equivalent amount of cell death in 

anti-IgM-stimulated Ramos B cells (Figure 3.6). In Ramos cells, Bz-423 induces 

NFATc2 dephosphorylation in a dose-dependent manner (Figure 3.7A). At 15 min, 

20% of NFATc2 was dephosphorylated by Bz-423 (8 μM), and 35% of NFATc2 was 

dephosphorylated by Bz-423 (16 μM). Bz-423 also induced NFATc2 

dephosphorylation in a time-dependent manner. At 15 min, 35% of NFATc2 was 
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dephosphorylated by Bz-423. Then it declined to the resting level at 0.5 and 1 h. At 2 

to 6 h, the dephosphorylated NFAT maintained at around 20-30% (Figure 3.7B). 
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Figure 3.6: Anti-IgM induced synergy in media with different [serum]. Ramos B 
cells in media with either 2% FBS (blue) or 10% FBS (magenta) were treated with 
various concentration of Bz-423 in the presence of control Ig (1 μg/mL, ) or 
anti-IgM (1 μg/mL, ). 24 h later, cell death were determined by PI permeability. This 
experiment was repeated for 2 times. The absence of an error bar indicates ≤ 1 % 
standard deviation 
 
 

  Bz-423 induces NFATc2 nuclear translocation in Ramos cells: Once 

dephosphorylated, NFAT translocates into the nucleus and initiates transcription of 

NFAT-dependent genes [110]. To test the hypothesis that dephosphorylated NFATc2 

translocates from cytosol to nucleus, the cytosol and nuclear fractions of Bz-423 

treated Ramos cells were immunoblotted with NFATc2 specific antibody to study the 

sub-cellular distribution change. β-tubulin and cAMP response element binding 

(CREB) were used as cytosol and nuclear marker, respectively. Ionomycin, an 

ionophore which increases [Ca2+]i increase, and activates calcineurin and NFAT [172], 
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Figure 3.7: Bz-423 induces NFATc2 dephosphorylation in Ramos cells. (A) Ramos 
cells were treated with a dose response of Bz-423 in media containing 10% FBS. 15 
min later, the whole cell lysate was harvested and NFATc2 dephosphorylation was 
detected in western blot. Both the phosphorylated and dephosphorylated NFAT are 
quantified using Image J program and the % NFAT dephosphorylation was calculated 
by the equation 100%*dephosphorylated NFAT / (dephosphorylated NFAT + 
phosphorylated NFAT). The dose response of Bz-423 induced NFAT 
dephosphorylation at 15 min was shown. (B) Ramos cells were treated with Bz-423 
(16 μM) in media containing 10% FBS. At indicated times the whole cell lysate was 
harvested for immunoblotting using NFATc2. The time course of Bz-423 induced 
NFAT dephosphorylation and the quantification of % NFAT dephosphorylation are 
shown. Both panels are representative of two experiments. 
 

was used as a positive control. In whole cell lysates, ionomycin induced NFATc2 

dephosphorylation.  This dephosphorylated NFAT translocated into the nucleus as 

dephosphorylated NFATc2 disappeared in the cytosol fraction and was increased in 

the nuclear fraction (Figure 3.8A). Absence of β-tubulin in the nuclear fraction and 

CREB in the cytosol fraction demonstrated the fraction obtained were pure (Figure 

3.8A). Some dephosphorylated form of NFAT was detected in the nucleus of 

untreated Ramos cells (Figure 3.8A), suggesting NFATc2 is partially activated in 

Ramos B cells. This finding is consistent with the literature reports that constitutive 
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Figure 3.8: Bz-423 induces NFATc2 nuclear translocation in Ramos cells. (A) 
Ionomycin induced NFAT nuclear translocation in Ramos B cells:  Ramos cells were 
treated ionomycin (iono, 1 μg/mL) for 20 min, using DMSO as a vehicle control. 
Then non-treated-, vehicle- and ionomycin-treated Ramos cells were harvested, and 
whole cell lysate, cytosol and nuclear fractions were obtained. The cell lysates were 
immunoblotted with antibodies specific for NFATc2, nuclear specific protein CREB, 
cytosol specific β-tubulin. (B) The cytosol and nuclear fractions from vehicle /Bz-423 
(16 μM) treated for 15 min or 1 h were immunoblotted with NFATc2. Panel A is from 
a single experiment and Panel B is representative of three experiments. 
 

NFAT activation and nuclear translocation is observed in diffuse large B-cell 

lymphomas (DLBCL) and Burkitt’s lymphomas [173]. In addition, phosphorylated 

NFAT was also observed in the nucleus of Ramos cells (Figure 3.7A), which is 

blocked by CsA. This presence of dephosphorylated NFAT in the nucleus has been 

previously reported in T cells during ionomycin removal or EGTA addition [117]. As 

NFAT can be rephosphorylated by NFAT kinase and translocates back to the cytosol, 

the phosphorylated form of NFAT observed in the nucleus is possibly due to the 

relative slow NFAT nuclear export as NFAT nuclear export is a relatively slower than 

NFAT rephosphorylation [174]. Therefore, to maintain a sustained NFAT activation, a 
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sustained NFAT activating signal is required. Bz-423 also induced NFAT nuclear 

translocation as increased dephosphorylated NFAT was detected in the nucleus 

(Figure 3.8B). At 15 min, Bz-423 induces ~10-fold increase in dephosphorylated 

NFAT over vehicle control. Thus, these results confirm that Bz-423 induced NFAT 

dephosphorylation, which translocates to the nucleus.  

  Bz-423 induces NFAT-dependent transcription: NFAT activated by Bz-423 

is expected to induce transcription. A commercially available NFAT reporter plasmid 

pNFAT-SEAP was used to test the hypothesis. As described in Chapter 2, in the 

plasmid pNFAT-SEAP, three copies of consensus NFAT binding element are 

constructed in the promoter region of reporter gene secreted alkaline phosphatase 

(SEAP) (Figure 2.44). Activated NFAT binds to these consensus NFAT-binding 

elements and induce SEAP expression [175]. SEAP is secreted into the media and its 

activity can be measured [176]. Hence, in this reporter plasmid, SEAP activity 

directly reflects the NFAT transcription activity. Ramos B cells were transiently 

transfected with pNFAT-SEAP. After 24 h, B cells were treated with Bz-423 in media 

with 2% FBS. Lower FBS was used here because serum is reported to interfere SEAP 

assay (communication with Clonetch). At indicated times, the media of treated cells 

were collected and the SEAP activity was measured. Bz-423 (5 μM) only induces 

35% increase in SEAP expression after 8 h treatment (Figure 3.9), which is 

significantly lower than the literature reported 3-20 folds changes in response to 

NFAT activation [177]. 
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Figure 3.9: Bz-423 induces NFAT-dependent transcriptional activation using 
pNFAT-reporter plasmid. Ramos cells were transiently electroporated with 
pNFAT-SEAP. 24 h later, cells was treated with various concentrations of Bz-423 and 
ionomycin (0.5 μg/mL) in 2% FBS media. 8 h later, the supernatant was harvested 
and SEAP activity was monitored. The SEAP activity change were shown, assuming 
SEAP activity of vehicle treated Ramos is 100%. This panel is one representative 
experimental data of four experiments. 
 

  There are several possibilities to explain the low level of SEAP expression. 

First, Bz-423 is not a strong activator for NFAT activation. As Bz-423 only induced 

35% NFAT dephosphorylation at 16 μM, it was hypothesized that a strong NFAT 

activator would induce a higher increase in SEAP transcription. However, ionomycin 

(0.5 μg/mL), which induces 75% NFATc2 dephosphorylation, only induced a 25% 

increase in SEAP activity (Figure 3.9), which is comparable to SEAP activity increase 

by Bz-423. This result eliminates this possibility that Bz-423 induces small 

NFAT-dependent transcription due to the fact that it is a weak NFAT activator. Second, 

co-treatment of protein kinase C (PKC) activator PMA and ionomycin induces IL-2 

expression. In contrast, ionomycin alone does not increase IL-2 expression [178]. This 

observation suggests that both PKC activation and calcineurin activation are required 

for IL-2 expression. As the consensus NFAT binding element is derived from human 
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IL-2 enhancer sequences between -286 and -257 [179], it was thus hypothesized that 

pNFAT-SEAP is not optimized for transcriptional activity only induced by NFAT. To 

test this hypothesis, CCRF-CEM T cell line was chosen based on two reasons. First, 

NFAT dependent transcription in the reporter plasmid is well-established in T cells 

[180]. Second, Bz-423 induces NFAT dephosphorylation in CCRF-CEM T cells 

(Figure 3.27B). PKC activator PMA plus ionomycin co-treatment was shown to 

increase IL-2 level and pNFAT-SEAP transcription activation [177], and was used as a 

positive control. Consistent to ionomycin-induced low NFAT-dependent SEAP 

transcription in Ramos cells, ionomycin alone only induces 50% increase in SEAP 

activity (Figure 3.10). Although PMA does not further enhance ionomycin-induced 

NFAT dephosphorylation, PMA plus ionomycin co-treatment increases SEAP activity 

by 23-fold (Figure 3.10), which is similar to literature reports [177]. PMA activates 

transcription factor AP-1 [181] and NFκB [182], which form a transcription complex 

with NFAT [58]. This finding suggests that NFAT-mediated transcription in this 

plasmid can be increased significantly assisted by other transcription factors like 

NFκB, AP-1. Although PMA itself does not activate NFAT [183], it is surprised to 

observe that PMA alone induces the NFAT-dependent SEAP expression in 

CCRF-CEM T cells (Figure 3.10). This is possible due to the fact that there is several 

portion of constitutively active NFATc2 in CCRF-CEM cells [173]. This constitutive 

active NFATc2 may interact with NFκB or/and AP-1 activatedby PMA, which result 

in a SEAP expression. This result confirms the speculation that low transcription 

activation of pNFAT-SEAP induced by Bz-423 may be due to the low sensitivity of 
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this plasmid to NFAT activation. 

 

 
 

Figure 3.10: The plasmid pNFAT-SEAP responds poorly to ionomycin 
stimulation but well to PMA and ionomycin co-stimulation. CCRF-CEM cells 
were transiently transfected with pNFAT-SEAP, 24 h later, cells in 2% FBS were 
treated with ionomycin in the presence (gray bar) or absence (blank bar) of PMA. 6 h 
later, supernatants were harvested for SEAP activity. The SEAP activity change by the 
treatment was shown. Cartoons are proposed to explain transcription activity of 
pNFAT-SEAP in response to stimulation by ionomycin alone or PMA plus ionomycin. 
This panel is from one experiment. This experiment was repeated 2 times. 
 

  As pNFAT-SEAP responds poorly to NFAT activation alone, this 

pNFAT-SEAP system was modified to study the concentration dependence of Bz-423 

on NFAT-dependent transcription activation. During the Bz-423 treatment, PMA was 

concurrently applied. Consistent with previous findings, Bz-423 (5 μM) increased 

SEAP activity by 39% over the vehicle control. When compared with SEAP increase 

by PMA alone, co-treatment induced a 28% increase at 2 μM, 85% increase at 4 μM, 

and 114% increase in SEAP activity at 5 μM (Figure 3.11). These results confirm that 
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Bz-423 promotes transcriptional activation in a NFAT-dependent pathway. 

 

 

Figure 3.11: Bz-423 induces NFAT-dependent transcription. CCRF-CEM cells 
were transiently transfected with pNFAT-SEAP, 24 h later, cells in 2% FBS were 
treated with a dose response of Bz-423 in the presence (gray bar) or absence (white 
bar) of PMA. 8 h later, supernatants were harvested for SEAP activity. The SEAP 
activity change by the treatment is shown. This panel is from one experiment. This 
experiment was repeated 2 times. 
 

  As Bz-423 induced NFAT-dependent gene transcription in vitro, changes in 

mRNA levels of NFAT-dependent endogenous genes by Bz-423 are expected. To test 

this hypothesis, several NFAT-dependent genes were chosen and the effects of Bz-423 

on mRNA changes of these genes were studied. By studying the potent NFAT binding 

in the promoter region of Bz-423 modulated genes from HGU133A Affymetrix gene 

chips (Table 3.4; [184]), 19 NFAT-responsive genes were identified. Among these 

genes, interferon regulatory factor 4 (IRF4, LSIRF/MUM1), myxovirus resistance 1 

249 
 



(MX1, MxA), interleukin 8 (IL-8, CXCL8), myristoylated alanine-rich protein kinase 

C substrate (MRACKs) and FMS-related tryrosine kinase 1 (FLT1) were chosen 

because the availability of validated primers for real-time reverse transcription 

polymerase chain reaction (RT-PCR) analysis. Promoter analysis of these selected 

genes using on-line program TESS 

(http://www.cbil.upenn.edu/cgi-bin/tess/tess?RQ=WELCOME) revealed potent NFAT 

binding sites in the promoter region. There was no detectable MARCKs or FLT1 

mRNA in Ramos cells as there was no difference between sample undergoing reverse 

transcription and sample not undergoing reverse transcription. The positive control 

ionomycin did not alter MX-1 or IL-8 mRNA levels, but it increases IRF4 mRNA by 

4-fold. This increase was inhibited by CsA, indicating IRF4 mRNA increase is due to 

calcineurin activation (Figure 3.12A). Similar to ionomycin, Bz-423 did not 

significantly alter MX-1 or IL-8 mRNA levels (Figure 3.12A). Bz-423 increased IRF4 

mRNA level in a dose-dependent manner (2.5-fold increase by 8 μM Bz-423, and 

4-fold increase by 16 μM Bz-423) (Figure 3.12A). At all the time points tested, 

Bz-423 induced IRF4 mRNA increase (Figure 3.12A), with the greatest increase at 2 

h (Figure 3.12B). These results suggest Bz-423 activated IRF4 transcription in a dose- 

and time-dependent manner. 
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Gene Function Potent 
NFAT 

binding 
site 

Fold 
induction

Interferon regulatory factor 4 Transcription factor Yes 8.5 
Paired box 3 Transcription factor Yes 0.59 
Forkhead box P3 Transcription factor Yes 0.59 
Zic family member 1 (odd-paired 
homolog, Drosophila) 

Transcription factor Yes 0.59 

Trichorhinophalangeal syndrome I Transcription factor Yes 0.36 
Short stature homeobox 2 Transcription factor Yes 0.50 
Tenascin XB, Ehlers-Danlos syndrome 
type IV 

Extracellular matrix protein Yes 0.54 

Collagen, type III, alpha 1 
(Ehlers-Danlos syndrome type IV, 
autosomal dominant) 

Extracellular matrix protein Yes 0.51 

Poliovirus receptor-related 1 
(herpesvirus entry mediator C) 

Extracellular matrix protein Yes 0.44 

SPARC-like 1 (mast9, hevin) Extracellular matrix protein Yes 0.40 
Myristoylated alanine-rich protein 
kinase C substrate 

Calcium signaling Yes 0.59 

Guanine nucleotide binding protein (G 
protein), alpha activating activity 
polypeptide O 

Receptor signaling Yes 0.50 

Microtubule associated 
serine/threonine kinase 2 

Serine/threonine kinase Yes 0.52 

FMS-related tyrosine kinase 1 Tyrosine kinase, apoptosis Yes 0.59 
Myxovirus resistance 1 Apoptosis  Yes 1.5 
Jumonji, AT rich interactive domain 2 Cell cycle Yes 0.50 
Transcription factor Dp-2 (E2F 
dimerization partner 2) 

Cell cycle Yes 2.19 

ADP-ribosylation factor 6 endocytosis Yes 0.25 
Interleukin 8 pro-inflammatory cytokine Yes 0.55 
 
Table 3.4: The lists of genes modulated by Bz-423 and with potent NFAT binding 
sites in the promoter. RNA was isolated from Ramos B cells treated with Bz-423 (10 
μM) for 4 h in complete media containing 2% FBS and vehicle control, and 
hybridized to a HGU133A affymetrix gene chip. Whether the promoter region 
contains NFAT binding is indicated. Fold mRNA increase is relative to vehicle. Fold 
changes represent the mean of two separate experiments.  
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Figure 3.12: Bz-423 induces IRF4 mRNA increase in a time-dependent and 
dose-dependent manner. (A) The RNAs were obtained from Ramos cells treated 
with vehicle control (█), Bz-423 (8 μM █, 16 μM █), ionomycin (0.5 μg/mL █), CsA 
(250 nM) plus ionomycin (█) for 2 h. Then IRF4 mRNA levels were then determined 
through RT-PCR. (B)The RNAs were extracted from Ramos cells treated with vehicle 
control ( ) or Bz-423 ( , 16 μM) at various time points. RNAs were first converted 
to cDNA using reverse transcriptase, and real-time RT-PCR was performed to 
evaluate IRF4 mRNA levels. β-actin was used as internal loading control. The cycle 
threshold (CT) for IRF4 was first normalized by CT for β-actin. The normalized CT 
was used to calculate the IRF4 mRNA level change based on the equation 100 x 
2^(CT-vehicle-CT-Bz-423) [185]. 
 

  IRF4 transcription is regulated by NFAT [158, 186]. As CsA inhibits 

ionomycin-induced IRF4 mRNA increases, it was hypothesized that Bz-423 induced 

IRF4 increase through activating NFAT. Due to lack of a specific NFAT inhibitor, CsA 

was used to probe the involvement of calcineurin in Bz-423 induced IRF4 increase. 
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CsA inhibited Bz-423 induced IRF4 mRNA increases both at 2 and 6 h (Figure 3.13), 

confirming the involvement of calcineurin in IRF4 increase induced by Bz-423 

treatment.  

  The data so far showed that Bz-423 activates NFAT transcription, and 

increases IRF4 mRNA levels in a calcineurin dependent manner. These data, together 

with the presence of potent NFAT binding sites in the IRF4 promoter region [158, 

186], suggest that Bz-423 induces IRF4 gene transcription via NFAT activation. To 

test this hypothesis, a chromatin immunoprecipitation (CHIP) assay was performed. 

The CHIP assay is a method used to determine the location of DNA binding sites for 

the interested protein. An antibody for the interested protein is used to pull-down a 

 

0

100

200

300

400

500

600

700

2 h 6 h
Time

%
m

R
N

A
 le

ve
l c

ha
ng

e

Figure 3.13: Bz-423 increases IRF4 mRNA level via calcineurin. CsA (250 ng/mL) 
was pre-treated with Ramos B cells for 30 min, and then treated with Bz-423 (16 μM) 
and vehicle. At indicated time point, cells were harvested and RNA was extracted. 
The IRF4 mRNA levels were studied by RT-PCR. β-actin was used as internal loading 
control. The mRNA level changes are shown as vehicle (white bar), Bz-423 (black 
bar), vehicle plus CsA (yellow bar), Bz-423 plus CsA (blue bar). CT was used to for 
IRF4 was first normalized by CT for β-actin. The normalized CT was used to calculate 
the IRF4 mRNA level change based on the equation 100 x 2^(CT-vehicle-CT-Bz-423) 
[185]. This experiment is representative of two independent experiments. 
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Figure 3.14: Outlines of chromatin Immunoprecipitation (CHIP) assay. 
Protein:DNA crosslinks are formed in treated cells with formaldehyde, followed by 
the sonication to break DNA into 0.2-1 kb in length. By using an antibody of 
interesting protein, the protein-DNA complex is pulled out. The purified protein-DNA 
complexes are reversed by heating. The identity and quantity of the DNA fragments 
are then determined by PCR. This picture was adopted from USB web site 
(http://www.usbweb.com/category.asp?cat=252&id=78460) 
 

crosslinked DNA-protein complex, and the immunoprecipitated DNA is then 

amplified by PCR using specific primers (Figure 3.14). In our case, CHIP assay was 

used to study the binding of transcription factor NFATc2 to the IRF4 promoter region. 

An increase of NFATc2 binding to the IRF4 promoter regions after Bz-423 treatment 

suggests the role of activated NFAT in Bz-423 induced IRF4 mRNA increases. 

Quantitative PCR using Syber Green revealed a 2.5- to 5-fold increase of NFATc2 
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Figure 3.15: Bz-423 increases NFATc2 binding to IRF4 promoter. Ramos B cells 
were treated with Bz-423 (16 µM). At 2 h, CHIP was performed to obtain the DNA 
pooled down by anti-NFATc2 Ab. (A) The DNA was quantified by RT-PCR. Ct was 
first normalized by NC primer, and the relative binding increase by Bz-423 (gray bar) 
to vehicle control (white bar) was then calculated based on the equation 100 x 
2^(CT-vehicle - CT-Bz-423) [185]. (B)The agarose gel electrophoresis results of PCR 
products using IRF4 primer set 4, NC primer, and β-actin primer were shown. This 
experiment is representative of two independent experiments. 
 
 

binding to IRF4 promoter region by Bz-423 (Figure 3.15A). The IRF4 primer set1 

was eliminated because it produced multiple PCR products. The results from agarose 

gel electrophoresis of PCR products were shown in Figure 3.15B. A primer that flanks 

a region of genomic DNA between GAPDH genes and CNAP1 (NC primer, [187]) 

and β-actin primer were used as negative controls. The input before the NFATc2 

immunoprecipitation was used as a positive control. Bz-423 enriched the DNA 
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containing IRF4 promoter but it did not increase the amount of DNA containing the 

region that targeted by NC primer and β-actin primer (Figure 3.15B). This result 

indicates that Bz-423 increases the binding of NFATc2 to IRF4 promoter, suggesting 

that Bz-423 increases IRF4 mRNA level by increasing NFATc2 binding to its 

promoter region. 

  CsA pre-incubation blocks Bz-423-induced IRF4 mRNA increases (Figure 

3.13), indicating the involvement of calcineurin in inducing IRF4 mRNA expression. 

As CsA inhibits NFAT activation via calcineurin, it is likely that Bz-423 increases 

NFATc2 binding to IRF4 promoter regions through calcineurin. To test this hypothesis, 

the effect of CsA on Bz-423 induced NFATc2 binding to the IRF4 promoter was 

explored. Bz-423 treatment induced 3-fold increase in NFATc2 binding to IRF4 

promoter region, which was abolished by CsA pre-treatment (Figure 3.16A). Agarose 

gel electrophoresis of the PCR products also showed CsA inhibited Bz-423 induced 

increase of PCR products in the IRF4 promoter region (Figure 3.16B). The 

observation suggests that calcineurin is involved in IRF4 mRNA increase by 

activating NFATc2 and its subsequent NFATc2 binding to the IRF4 promoter.  
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Figure 3.16: Bz-423 treatment increases NFAT binding to IRF4 promoter region, 
which is abolished by CsA pre-incubation. (A) Before Bz-423 treatment, 
calcineurin inhibitor CsA (250 nM, gray bar) was pre-treated for 30 min. Ramos B 
cells were then treated with Bz-423 (16 μM, 2 h). The crosslinks of protein and DNA 
complex were subjected to CHIP using anti-NFATc2 for immunoprecipitation. The 
IRF4 promoter was amplified by RT-PCR using primers targeting IRF4 promoter. The 
products were quantified using Sybr Green Ct was first normalized by NC primer, and 
the relative binding to vehicle control was then calculated based on the equation 100 x 
2^(CT-vehicle-CT-Bz-423) [185]. (B) The agarose gel electrophoresis results of PCR 
products using IRF4 primer set 4 were shown. Both panels are from one experiment. 
 

  In summary, Bz-423 activates NFAT, increases NFAT binding to the IRF4 

promoter region and initiates transcriptions of the IRF4 genes. Calcineurin inhibitor 

blocks Bz-423 induced NFAT increase in NFATc2 binding to the IRF4 promoter and 

its subsequent mRNA level, validating the involvement of the calcineurin-NFAT 

pathway. 
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  Mechanism of Bz-423 induced NFAT dephosphorylation: Bz-423 induced 

NFAT activation leads to transcription of genes critical for immune function, which 

may contribute to the efficacy of Bz-423 in lupus mice. A better understanding of the 

upstream signaling events leading to Bz-423 induced NFAT dephosphorylation will 

help to define the in vivo mechanism of action and potential application against 

autoimmune disease. 

  An inhibitor strategy was used to study how Bz-423 induces NFAT 

dephosphorylation. As calcineurin is involved in NFAT-dependent IRF4 transcription, 

whether it is involved in Bz-423 induced NFAT dephosphorylation was explored. CsA 

blocked Bz-423 induced NFAT dephosphorylation (Figure 3.17A), confirming that 

calcineurin activity is required for NFAT dephosphorylation. This result indicates that 

Bz-423 activated NFAT and its subsequent transcription through calcineurin. Being a 

well-known activator for calcineurin, the role of Ca2+ in Bz-423 induced NFAT 

dephosphorylation was studied next. As Bz-423 interferes with various calcium 

indicators, its effect on intracellular [Ca2+] change has not been identified despite 

considerable effort. The involvement of Ca2+ was therefore studied by the 

extracellular Ca2+ chelating agent ethylene glycol tetraacetic acid (EGTA). EGTA 

blocked Bz-423 induced NFAT dephosphorylation, indicating the involvement of 

extracellular Ca2+ (Figure 3.17A). To confirm the involvement of Ca2+ influx and to 

further study the mechanism of Ca2+ influx, a specific Ca2+ release activated Ca2+ 

(CRAC) channel inhibitor YM-58483 was applied to study its effect on NFAT 

dephosphorylation [143]. YM-58483 blocked Bz-423 induced NFAT 
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dephosphorylation (Figure 3.17A), 

 

 
Figure 3.17: Inhibitors on Bz-423 induced NFAT dephosphorylation in Ramos 
cells. (A) Ramos B cells in 10% FBS media was treated a dose response of Bz-423. 
15 min later, cells was harvested and the lysate was made to detect the NFAT 
dephosphorylation. CsA (250 nM), EGTA (1 mM), CRAC channel 
inhibitorYM-58483 (0.5 μM), MnTBAP (100 μM) were pretreated with cells 30 min 
before treatment (B) The proposed mechanism of Bz-423 induced NFAT 
dephosphorylation is proposed. The pink No sign (  ) are indicating the inhibitors 
used in panel A. The experiment from panel A is representative of two experiments. 
 

confirming the involvement of Ca2+ influx and indicating the involvement of CRAC 

channel. The results that CsA, EGTA, and YM-58483 inhibit Bz-423-induced NFAT 
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dephosphorylation indicate Ca2+-calcinuerin-NFAT signaling pathway is involved in 

Bz-423 induced NFAT dephosphorylation. As Bz-423 induces superoxide, whether 

superoxide may be involved in Bz-423 induced NFAT activation was investigated by 

exploring the effect of anti-oxidant MnTBAP on Bz-423 induced NFAT 

dephosphorylation. MnTBAP inhibited Bz-423 induced NFAT dephosphorylation 

(Figure 3.17A), suggesting the involvement of superoxide in activating NFAT. 

Whether it directly activates the CRAC channel or it indirectly signals the CRAC 

channel activation is not clear. 

  Based on the results of inhibitors experiment, a mechanism for Bz-423 

induced NFAT dephosphorylation is proposed (Figure 3.17B). Bz-423 binds to the 

oligomycin sensitivity conferring protein (OSCP) and inhibits activity of 

mitochondrial F0F1-ATPase. This leads to mitochondrial hyperpolarization and 

superoxide production. The superoxide directly or indirectly activates CRAC channel, 

resulting in extracellular Ca2+ influx, intracellular Ca2+ increase, calcineurin activation, 

NFAT dephosphorylation and transcription of NFAT responsive gene IRF4. 

 Bz-423 induced NFAT dephosphorylation is unique: The finding that 

Bz-423 inhibits the mitochondrial F0F1-ATPase and eventually causes NFAT 

dephosphorylation, prompted us to investigate whether other F0F1-ATPase inhibitors 

induce NFAT dephosphorylation. To study this question, the mitochondrial 

F0F1-ATPase inhibitors 3,3'-diindolylmethane (DIM) [188], resveratrol [189] and 

PK11195 [190] were used to study their effects on NFAT dephosphorylation in Ramos 

B cells. All of these inhibitors inhibit mitochondrial F0F1-ATPase synthase activity at 
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micromolar concentrations: the IC50 values for DIM, resveratrol and PK11195 are 20 

[188], 12-28 [189], and 33 µM [190], respectively. As shown in Figure 3.18, at 15 min, 

DIM, resveratrol, and PK1195 all induce NFAT dephosphorylation in a 

dose-dependent manner. DIM (50 µM) induced ~25% dephosphorylation of total 

NFAT; resveratrol (100 µM) induced ~10% dephosphorylation of total NFAT; and 

PK11195 (50 µM) induced ~20% dephosphorylation of total NFAT (Figure 3.18). 

However, no dephosphorylation was observed at 4 h (Figure 3.18). The results 

indicate these mitochondrial F0F1-ATPase inhibitors induce a transient NFAT 

dephosphorylation. In contrast, NFAT dephosphorylation was still observed 6 h after 

Bz-423 treatment, suggesting the different mode of NFAT dephosphorylation adapted 

by Bz-423. Since continuous NFAT dephosphorylation is required for transcription 

activation, the sustained activation by Bz-423 is particularly unique and interesting. 

 
 

Figure 3.18: Other mitochondrial F0F1-ATPase inhibitors induce transient NFAT 
dephosphorylation. Ramos cells in 10% FBS media were treated with DIM (50 μM), 
resveratrol (100 μM), PK11195 (50 μM), using DMSO as a vehicle control. At 
indicated time, cells were harvested and cell lysates were obtained for NFAT 
dephosphorylation by western blot. 
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  Bz-423 induces NFAT dephosphorylation in primary B cells: Before 

studying the functional consequences of Bz-423-induced NFAT activation, the 

question whether Bz-423 induced NFAT dephosphorylation in primary B cells was 

studied. In spleenic B cells, Bz-423 induces NFAT dephosphorylation in a 

dose-dependent manner (Figure 3.19). At 8 h, ~10 % NFAT was dephosphorylated by 

8 μM Bz-423 and ~40% NFAT was dephosphorylated by 16 μM Bz-423 (Figure 3.19). 

Bz-423 also induces NFAT dephosphorylation in a time-dependent manner (Figure 

3.19). At 16 μM, Bz-423 induced NFAT dephosphorylation at all the time points 

tested (Figure 3.19). The biphasic change of Bz-423 induced NFAT dephosphorylation 

observed in Ramos cells was not observed in spleen B cells (Figure 3.19), indicating it 

is only specific to Ramos B cells. These results demonstrate that Bz-423 induced 

NFAT dephosphorylation in primary B cells, supporting Ramos as an appropriate cell 

line to study NFAT.  

 

 
 
Figure 3.19: Bz-423 induces NFAT dephosphorylation in spleen B cells. Spleen B 
cells were isolated and positively selected from the spleen of Balb/c mice The cell 
lysates of ionomycin-treated (1 μg/mL for 20 min) or Bz-423-treated (8 or 16 μM for 
indicated time) spleen B cells were immunoblotted with specific antibodies for 
NFATc2 and β-tubulin. Before treatment, spleen B cells were recovering in DMEM 
containing 10% FBS for 1 h.  
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Figure 3.20: NFAT is not involved in Bz-423 induced growth arrest in Ramos B 
cells. (A) CsA on Bz-423 induced CDK4 decrease: Ramos B cells in 10% FBS were 
first incubated with CsA (100 nM) for 30 min before Bz-423 (16 μM) and vehicle. 
For western blot cells were harvested at the indicated times. And the cell lysate was 
obtained for western blots. The CDK4 expression level changes are indicated. (B) 
CsA on Bz-423 induced growth arrest by rhodmine assay. CsA (100 nM) was 
pre-incubated with Ramos before treatment. Bz-423 on the cell growth was monitored 
at 48 h. Bz-423 induced cell growth arrest in the presence ( ) and absence ( ) of 
CsA was shown. 
 

  NFAT is not involved in growth arrest induced by Bz-423. The functional 

consequence of Bz-423 induced NFAT dephosphorylation was explored next. NFAT 

not only induces gene expression but also suppresses gene expression [58, 149]. 

Activated NFAT suppresses CDK4 expression [153], resulting in inhibiting cell 
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growth. Bz-423 inhibits B cell proliferation, during which CDK4 expression level is 

reduced [184]. It is thus hypothesized that Bz-423 decrease CDK4 through activating 

NFAT, which may be responsible for growth arrest. To test this hypothesis, the effect 

of CsA on Bz-423 induced CDK4 decrease was determined. CsA alone induced 50% 

increase in CDK4 expression level. However it did not inhibit Bz-423 induced CDK4 

decrease, indicating that Bz-423 induced CDK4 decrease is not calcineurin dependent 

(Figure 3.20A). Moreover, pre-treatment of CsA does not inhibit Bz-423 induced cell 

growth arrest (Figure 3.20B). These results limit the possibility that Bz-423 inhibits 

proliferation through activating NFAT. 

  Possible involvement of NFAT in anergy 

 Bz-423 does not activate NFκB and JNK in Ramos cells. In response to cell 

receptor stimulation, different even controversial outcomes are observed, including 

activation, effector function, cell death, and growth arrest [92, 191]. The cell 

developmental stages and the presence of co-stimulatory molecules are important 

factors in determining the outcomes [92, 191]. They may affect the outcome by 

activating different signaling pathways, which results in activation of different 

transcriptional factors [92, 191]. On the transcriptional level, NFAT, nuclear factor 

κ-light-chain-enhancer of activated B cells (NFκB), and activator protein-1 (AP-1) 

are the three important transcriptional factors for various immune responses [73]. 

Activation of all these transcription factors results in proliferation and development of 

effector immune functions [73]. If none of them are activated, immune function is 

suppressed. Anergy occurs when NFAT is activated while AP-1 or NFκB is not [73]. 
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Therefore, to test whether Bz-423 could induce anergy, the activation state of these 

three transcriptional factors was determined. 

  AP-1 activation was studied by JNK phosphorylation. Phosphorylated active 

JNK phosphorylates and activates c-Jun, which is a subunit for the transcription factor 

AP-1 [192]. 1,4-Benzoidiazepine-2,5-dione [193], a compound known to cause JNK 

phosphorylation was used as a positive control (personal communication with Joanne 

Cleary). At 16 µM, the concentration of Bz-423 that induces NFAT dephosphorylation, 

Bz-423 did not phosphorylate the two isoforms of JNK p54 and p46 (Figure 3.21A), 

indicating that Bz-423 does not activate AP-1. NFκB is sequestered in the cytosol by 

binding to the inhibitory protein IκB [194, 195]. In response to activation signals, IκB 

is phosphorylated and tagged for proteasomal degradation. The released NFκB 

translocates into the nucleus and activates transcription [194, 195]. Thus, IκB 

degradation can be used to study NFκB activation [194, 195]. PMA plus ionomycin 

co-treatment decrease IκB protein level [196], which were used as positive controls 

for IκB degradation. At 16 µM, the concentration of Bz-423 that induces NFAT 

dephosphorylation, decreases in IκB protein were not observed (Figure 3.21B). These 

data suggest that Bz-423 does not activate JNK and NFκB in the Ramos cells. 
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Figure 3.21: Bz-423 does not induce JNK phosphorylation (A) and IκB 
degradation (B). Ramos B cells in 10% FBS media were treated with Bz-423 (16 μM) 
or vehicle. At the indicated times, cells were harvested and cell lysate was obtained 
for western blot. As positive controls, Ramos in 5% FBS media was treated with 
indicated concentration of Dione for 1 h (A). PMA (50 ng/mL) and ionomycin (50 
μg/mL) was used. P stands for PMA. Both I and Iono are short for ionomycin. 
 

  Because IκB degradation and JNK phosphorylation are one of many steps in 

AP-1 and NFκB activation [197-199], these results does not totally exclude the 

possibility that Bz-423 activates NFκB and AP-1. As an alternate, SEAP reporter 

plasmids for NFκB and AP-1 were used to monitor activations of NFκB and AP-1 

[200, 201]. Consistent with the previous results, Bz-423 induced a NFAT-dependent 

SEAP expression in a dose response manner. In contrast, Bz-423 did not induce SEAP 

expression regulated by NFκB and AP-1 (Figure 3.22), further confirming that 

Bz-423 does not activate NFκB or AP-1. 
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Figure 3.22: Bz-423 induces transcription by NFAT but not by AP-1 or NFκB. 
Ramos B cells was transiently transfected with pNFAT-SEAP (white bar), 
pAP-1-SEAP (gray bar), pNFκB-SEAP (black bar) through electroporation. 24 h later, 
cells were resuspended in 2% FBS, treated with a dose response of Bz-423 or PMA 
(50 ng/mL). 8 h later, the media was collected for SEAP assay. The % SEAP activity 
by Bz-423 treatment was shown. 
  

  Bz-423 pretreatment of Ramos B cells induces cells with anergic 

characteristics: As NFAT activation alone is a molecular characteristic of anergy, the 

observation that Bz-423 selectively activates NFAT but not NFκB and JNK suggests 

Bz-423 may induce anergy in Ramos B cells. Cell receptor down-regulation is one of 

the characteristics generally observed in anergic cells [8, 202]. Therefore, it was 

hypothesized that Bz-423 decreases IgM cell surface expression. Ionomycin was also 

included as it activates NFAT and overnight incubation was shown to induce anergy in 

T cell [63]. Ramos B cells were treated with Bz-423 (16 µM) or ionomycin for 16 h, 

and the IgM cell surface expression was monitored by FITC-IgM. Bz-423 shifted IgM 

expression to the left and decreased the Mean fluorescence intensity (MFI) by 50% 

(Figure 3.23), indicating that Bz-423 down-regulated the expression of IgM receptor. 

Ionomycindecreased the MFI of FITC-IgM by 20%(Figure 3.23A), suggesting 
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ionomycin is not as an effective as Bz-423. 

 

 

Figure 3.23: Overnight Bz-423 treatment decreases IgM receptor expression level. 
Ramos B cells in media containing 10% (v/v) FBS were treated with Bz-423 (16 μM) 
or ionomycin (1 μg/mL) or vehicle control DMSO for 16 h. The expression level of 
IgM receptor was detected by staining with FITC conjugated anti-human IgM. Only 
the live cells population was gated. (A) The histograms of IgM expression induced by 
vehicle (blue), ionomycin (green) and Bz-423 (pink) were shown. (B) The mean 
fluorescence intensity induced by ionomycin and Bz-423 treatment was plotted. This 
experiment is representative of three independent experiments.  
 

 IgM down-regulation can directly regulate cell tolerance [203]. It can also 

participate in anergy by dampening proximal BCR signaling, such as [Ca2+]i increase 

[45]. To test whether IgM downregulation by Bz-423 treatment results in decreased 
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BCR-mediated calcium change, Ramos B cells were pre-treated with Bz-423 for 16 h, 

cells were then loaded with calcium indicator Fura-2 or Fluo-3. Anti-IgM induced 

[Ca2+]i change was monitored using calcium indicator Fluo-3 in flow cytometry or 

using ratiometric calcium dye Fura-2 in the plate reader. Before anti-IgM treatment, 

Bz-423 was washed out to eliminate its interference with calcium indicators. Flow 

cytometry is a single cell analysis while plate reader can perform multiple samples at 

the same times. Bz-423 pre-treatment did not affect the mean fluorescence and 

distribution of Fluo-3 induced by anti-IgM stimulation (Figure 3.24A), indicating 

Bz-423 pre-incubation does not affect anti-IgM induced [Ca2+]i change. This 

observation was also confirmed by studying the Fura-2-loaded Ramos cells using a 

plate-based assay, as Bz-423 did not affect anti-IgM induced [Ca2+]i increase at either 

8 µM or 16 µM (Figure 3.24B). Therefore, Bz-423 pre-incubation does not affect 

anti-IgM induced [Ca2+] change, although it downregulates IgM receptor. Since not 

all anergic cells with lowered IgM expression decreased anti-IgM induced [Ca2+]i 

change [199], this experiment only rules out the possibility that Bz-423 induced 

anergy through decreasing BCR-mediated proximal signaling. 

  Bz-423 pre-treatment renders cells resistant to further activation: Another 

characteristic of anergic cells is the reduced response to activation signals such as 

antigen binding, PMA plus ionomycin, anti-CD3 and anti-CD28 [8, 204]. Therefore, 

the ability of Ramos cells to respond to activation signals such as anti-IgM and PMA 

plus ionomycin after Bz-423 pre-treatment was investigated. 
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Figure 3.24: Bz-423 pre-treatment on anti-IgM-induced intracellular [Ca2+] 
change. After Bz-423 (16 h) treatment, Ramos cells were loaded with Fluo-3-AM (3 
μM, flow cytometry) or Fura-2 (3 μM, plate reader) for 30 min. The cells were 
washed and resuspended in buffer (PBS + 1mM MgCl2 + 1 mM CaCl2 + 2% (v/v) 
FBS) for anti-IgM (1 μg/mL) stimulation. (A) Bz-423 on anti-IgM induced Ca2+ 
increase by fluo-3 using flow cytometry. Arrow indicates treatment. The cells with 
black underline are vehicle-pretreated Ramos B cells and the cells with red underline 
are Bz-423 (16 µM) pre-treated Ramos B cells. Increase Fluo3 fluorescence indicates 
increased [Ca2+]. (B) Intracellular Ca2+ change is monitored by Fura-2 using plate 
reader. The treatments used were control Ig (1 μg/mL, ), anti-IgM (1 μg/mL, ). 
vehicle (blue), Bz-423 (8 µM, pink; 16 µM, red). Increased F340/F380 indicates 
increased [Ca2+]i 
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  Reduced proliferation is normally used to indicate the decreased response of 

anergic cells to activation signals [8, 204, 205]. Bz-423 itself inhibits cell growth, 

making it impossible to use proliferation as an endpoint for activation. CD69 is a 

early activation marker and was used for an endpoint of activation [206]. The effects 

of Bz-423 pre-incubation on CD69 expression in response to PKC activator PMA plus 

ionomycin were studied. Bz-423 pre-treatment increased CD69 expression by 15-20%. 

In response to PMA plus ionomycin stimulation, there was ~81-96% increase in 

CD69 expression, which was decreased by Bz-423 pre-treatment to 70% increase, 

irresponsive of whether Bz-423 is present during the stimulation (Figure 3.25B). This 

finding suggests that Bz-423 pre-treatment inhibits activation-induced CD69 

expression. Moreover, the observation that Bz-423 presence is not required for 

inhibition of CD69 induction in response to stimulation suggests Bz-423 

pre-treatment may render cells anergic, and Bz-423 is not needed when stimuli were 

applied. 
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Figure 3.25: Bz-423 pre-treatment on CD69 expression in response to PMA (10 
ng/mL) plus ionomycin (50 ng/mL). (A)Experimental scheme: Ramos cells were 
pre-treated with vehicle/Bz-423 (16 μM) for 16 h. Before stimulation, they were 
washed, resuspended in 10% FBS media with Bz-423 (no wash) or in 10% FBS 
media without Bz-423 (wash). At the same time, vehicle/Bz-423 (16 μM), PMA and 
ionomycin were also added. 8 h later, the expression of CD69 was studied by the flow 
cytometry. (B)Experimental result: The mean fluorescence (MFI) of CD69 expression 
was shown. The legends are vehicle_no wash (white bar), Bz-423_no wash (black 
bar), vehicle_wash (yellow bar), Bz-423_wash (blue bar), vehicle (light blue bar) and 
Bz-423 (plum bar). Both panel A and panel B are from one experiment of two. 
 

  As CD69 expression change in response to activation in Ramos is small, 

another endpoint for activation was used to confirm the previous observation. In 

response to activation, NFκB is activated. Thus IκBα degradation was used as another 

endpoint for activation [195]. Ramos B cells were pre-treated with Bz-423 for 16 h, 

then its effect on IκBα degradation induced by PMA plus ionomycin stimulation was 
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studied. In response to PMA plus ionomycin stimulation, there was ~40% reduction in 

IκBα expression level (Figure 3.26). Bz-423 pre-incubation prevented IκBα 

degradation induced by PMA plus ionomycin, as the expression level of IκBα is even 

higher than that in vehicle-treated Ramos cells (Figure 3.26), suggesting Bz-423 

pre-treatment renders Ramos cells resistant to IκBα degradation in response to PMA 

plus ionomycin. 

  
Figure 3.26: Bz-423 pre-treatment inhibit NFκB activation induced by PMA plus 
ionomycin in Ramos cells. Ramos B cells in 10% FBS were treated with Bz-423 (16 
μM) for 16 h. The following days, these cells were treated with PMA (50 ng/mL) plus 
ionomycin (iono, 50 μg/mL) for 2 h. Then cells were harvested and lysates were 
obtained for western blot. The fold change in IκBα was indicated. 
 

  In summary, Bz-423 pretreatment renders Ramos B cells resistant to 

subsequent activation signals anti-IgM and PMA plus ionomycin. This conclusion is 

based on two observations: Bz-423 pretreatment inhibits CD69 increase in response to 

anti-IgM and PMA plus ionomycin. IκB degradation induced by PMA plus ionomycin 

was blocked by Bz-423 treatment.  
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 Bz-423 induces NFAT activation in T cells and the functional 

consequence: Beside the critical role of NFAT in B cell function, it is essential for T 

cell development, differentiation and its immune function [139, 149, 150, 207]. NFAT 

activation in T cells induces a subset of anergy genes, including c-Cbl, DGKα [58, 

208]. Once anergy is lost, autoreactive T cells either assist the abnormal activation of 

autoreactive B cells or itself directly cause self damage. Administration of Bz-423 to 

the lupus-prone MRL-lpr mice reduced the level of inflammatory cytokines IL-4, 

IL-10 and IFNγ [209]. As Bz-423 induced NFAT activation, NFAT-dependent 

transcription activation and possible anergy in Ramos B cells, it is interesting to study 

whether Bz-423 induced NFAT activation in T cells. 

 Bz-423 induces NFAT dephosphorylation in T cell lines: To study whether 

Bz-423 induced NFAT activation in T cells, Bz-423 induced NFAT dephosphorylation 

in several T cell lines was studied. Among the T cells accessible, Molt4 was 

eliminated because NFATc2 does not dephosphorylates in response to ionomycin 

treatment, and EL4 T cells were eliminated because of constitutive NFATc2 activation. 

Jurkat E6.1 and CCRF-CEM are the two T cell lines tested. In Jurkat T cells, only 

3-5% NFAT was dephosphorylated by Bz-423 (Figure 3.27A). In CCRF-CEM cells, 

Bz-423 induces NFAT dephosphorylation in a dose-dependent manner. At 15 min, 

Bz-423 induced ~10% NFAT dephosphorylation at 16 μM, and ~20% at 32 μM 

(Figure 3.27B). Bz-423 also induces NFAT dephosphorylation in a time-dependent 

manner. At all times tested, 20-40% of total NFAT was induced by Bz-423 (Figure 

3.27C). The NFATc2 resistance to dephosphorylation in Jurkat T cells may explain the 
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Figure 3.27: Bz-423 induces NFAT dephosphorylation in Jurkat E6.1 and 
CCRF-CEM cells. (A) Bz-423 induced NFAT dephosphorylation in Jurkat E6.1 cells. 
Cell lysates from Jurkat E6.1 treated with 10 minute ionomycin (1 μg/mL) and 
Bz-423 were immunoblotted by NFATc2 from BD pharmingen. The arrow indicated 
the dephosphorylated NFAT. (B) The dose response of Bz-423 induced NFAT 
dephosphorylation in CCRF-CEM cells at 10 min. Cell lysates from CCRF-CEM 
treated with CsA, ionomycin and Bz-423 were immunoblotted with anti-NFATc2. The 
arrow indicated the dephosphorylated NFAT. (C) The time course of Bz-423 induced 
NFAT dephosphorylation in CCRF-CEM. CCRF-CEM was treated with vehicle and 
Bz-423 (16 μM). At indicated times, cell lysates were obtained for immunoblotting 
with anti-NFATc2 Ab. CsA (250 nM) and ionomycin (1 μg/mL) were used as positive 
controls for dephosphorylated and phosphorylated NFATc2. The arrow indicated the 
dephosphorylated NFAT. 

275 
 



low NFAT dephosphorylation induced by Bz-423 as ionomycin only induced 30% 

dephosphorylation in Jurkat T cells but close to 100% in CCRF-CEM cells (Figure 

3.27), which is consistent to the literature reports that different endogenous inhibitor 

for calcineurin or NFAT are present in the different cells [210]. Bz-423 induced NFAT 

dephosphorylation in T cell lines tested, suggesting that Bz-423 induced NFAT 

dephosphorylation in T cells. 

  Bz-423 does not induce NFAT dephosphorylation in spleen T cells. Whether 

Bz-423 induced NFAT dephosphorylation in primary T cells were studied next. Spleen 

T cells were negatively selected. About 50% of NFATc2 is dephosphorylated in the 

spleen T cells (Figure 3.28). Bz-423 treatment did not further induced NFAT 

dephosphorylation in these spleen T cells (Figure 3.28). In contrast, ionomycin 

induced dephosphorylation of all phosphorylated form of NFATc2 (Figure 3.28), 

indicating the phosphorylation form of NFATc2 can be dephosphorylated. 

Considering Bz-423 induces NFAT dephosphorylation in T cell lines, the observation 

in spleen T cells that Bz-423 may only activate NFAT in several T cell subsets, and 

spleen T cells is not responsive to Bz-423; or the kinetics of Bz-423 induced NFAT 

activation in spleen T cells is different from other primary cells and cell lines, and 

thus the timepoints chosen here are not appropriate. 
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Figure 3.28: Bz-423 does not induce NFAT dephosphorylation in spleen T cells. 
Spleen T cells were negatively isolated from Balb/c mice. Before treatment, the 
spleen T cells were incubated in the pre-warmed DMEM media for 1 h. At indicated 
time, the whole cell lysates from cells treated with vehicle (white bar), Bz-423 (16 
µM, gray bar), ionomycin (1 µg/mL, black bar) were immunoblotted with 
anti-NFATc2. % NFATc2 was calculated based on 100 x NFATc2/(NFATc2 + 
NFATc2-p).  
 

 Bz-423 induces NFAT dephosphorylation in human peripheral T cells and 

the functional consequence. Ionomycin (16 h) renders T cells resistant to activation 

through activating NFAT [49, 211]. Similar to ionomycin, Bz-423 incubation renders 

human blood peripheral T cells resistant to anti-CD3-induced T cell blast (Figure 

3.29C; personal communication with Rod Morgan). It is therefore hypothesized that 

Bz-423 inhibited anti-CD3 induced T cell blast through activating NFAT. 

  To test this hypothesis, whether Bz-423 induced NFAT dephosphorylation in 

human blood peripheral T cell was studied by monitoring Bz-423 induced NFAT 

dephosphorylation in human blood peripheral T cells. At 10 min, Bz-423 induced 

15% increase in NFAT dephosphorylation while it induced 32% increase at 2 h 

(Figure 3.29A), which indicates Bz-423 induces NFAT dephosphorylation. Anti-CD3 
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crosslinking induced 128% increase in NFAT dephosphorylation at 10 min and 

declined to 15% increase at 2 h (Figure 3.29A). Co-treatment of Bz-423 and anti-CD3 

induced 96% increase in NFAT dephosphorylation at 10 min (Figure 3.29A), which 

indicates Bz-423 does not enhance anti-CD3 induced NFAT dephosphorylation. At 2 h, 

this co-treatment induced 69% increase in NFAT dephosphorylation (Figure 3.29A), 

indicating Bz-423 sustained anti-CD3 induced NFAT dephosphorylation. 

 Bz-423 on anti-CD3-induced T cell blast was monitored side by side with the 

NFAT dephosphorylation. Ionomycin was included as a positive control. As shown in 

Figure 3.29B, ionomycin inhibited anti-CD3-induced T cell blast from 22 % to 13 % 

while Bz-423 inhibited anti-CD3-induced T cell blast to 11 % (Figure 3.29C). This 

result suggests that Bz-423 as well as ionomycin inhibits T cell activation. As NFAT is 

shown to inhibit proliferation [153], Bz-423 inhibits anti-CD3 induced blast possibly 

by sustaining anti-CD3-induced NFATc2 dephophosphorylation.  
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Figure 3.29: Bz-423 sustains anti-CD3-induced NFATc2 dephosphorylation and 
inhibits anti-CD3 induced T cell blast. (A, B) Bz-423 induced NFAT 
dephosphorylation and its effect on anti-CD3-induced NFAT dephosphorylation in 
human T cells. Human T cells were negatively selected from human blood. Cells were 
then incubated in pre-warmed DMEM + 10% FBS for 1 h to recover the stress. Cells 
were treated with ionomycin (1 µg/mL), Bz-423 (16 µM) in the presence or absence 
of plate-bounded anti-CD3 (1 µg/mL). Cell lysate were immunoblotted with NFATc2. 
(C) Bz-423 on anti-CD3 induced T cell blast: 72 h after treatment, the treated cells 
were stained with anti-CD4 and anti-CD8 and the size was analyzed based on the 
Forward Scatter. The R2 region indicates the blast T cells. 
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Discussion 

  Mechanism of Bz-423 induced NFAT activation: Bz-423 induces NFAT 

activation in a dose-dependent manner. 40-50% of NFAT is dephosphorylated by 

anti-IgM at 1 h and 2 h, which return to basal level at 4 and 6 h. In contrast, around 

35% of the total NFAT is dephosphorylated 10 min after Bz-423 treatment. NFAT 

remains dephosphorylated at around 20% up to 6 h compared to anti-IgM alone. This 

result indicates that Bz-423 induces a low (< 40%) and sustained (> 2 h) NFAT 

activation. This NFAT dephosphorylation is significant as Bz-423 induces 

NFAT-dependent transcription activation. 

  Reactive oxygen species (ROS) mediates Bz-423 induced NFAT activation: 

Antioxidants MnTBAP and vitamin E both block Bz-423 induced NFAT 

dephosphorylation. This result shows that reactive oxygen species (ROS) is required 

for NFAT activation induced by Bz-423. There are several pieces of evidence that 

ROS can activate NFAT directly, although the mechanism is not clear. Exposure of 

lung cells to crystalline silica causes the generation of superoxide, which subsequently 

activates NFAT [212]. Similar results has been observed with nickel subsulfide [213], 

asbestos [214], doxorubicin [215], and vanadium [216]. Doxorubicin is a drug that 

induces production of mitochondrial superoxide by redox cycling. 

Doxorubicin-induced NFAT activation is inhibited by mitochondria-specific 

anti-oxidant mito-Q or intracellular calcium chelator [215], suggesting a link between 

mitochondrial ROS generation and intracellular calcium increase, which subsequently 

leads to NFAT activation. The calcium channel blocker nifedipine inhibits 
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ROS-mediated NFAT activation induced by vanadium [216], suggesting that ROS 

activates calcium influx to trigger NFAT activation. As the CRAC channel inhibitor 

YM-58483 inhibits ROS-mediated NFAT activation by Bz-423, suggesting Bz-423 

induced ROS may trigger CRAC channel opening and subsequent calcium influx. It is 

not clear whether ROS induces calcium influx by directly triggering CRAC channel 

opening or by depleting endoplasmic reticulum (ER) calcium stores. Orai is the core 

of CRAC channel [217]. STIM proteins are sensors of ER luminal calcium changes 

and rapidly translocate into near plasma membrane junctions to trigger Orai to from 

CRAC channel [218]. Transient receptor potential C (TRPC) is a proposed subunit of 

a CRAC channel as it interacts with Orai and STIM [142, 219, 220]. To further 

support this, YM-58483, the specific CRAC channel inhibitor, inhibits calcium influx 

mediated by TRPC [145]. Moreover, ROS is shown to activate TRPC and to increase 

calcium influx [221]. Therefore, it is possible that TRPC senses ROS changes induced 

by Bz-423, which may trigger the opening of CRAC channel for calcium influx. 

However, the possibility that ROS induced by Bz-423 depletes ER calcium and 

subsequently activates CRAC channel can not be excluded. 

  In summary, Bz-423 inhibits the mitochondrial F0F1-ATPase, which increases 

superoxide production. This ROS increase can either be sensed by TRPC, which 

directly activate CRAC channel, or it may deplete ER calcium stores and 

subsequently trigger CRAC channel opening. Subsequent calcium influx through the 

CRAC channel increases intracellular calcium, which activates calcineurin and 

subsequent NFAT dephosphorylation (Figure 3.30). 
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Figure 3.30: Proposed mechanism of Bz-423 induced NFAT activation: Bz-423 
induces reactive oxygen species (ROS) by inhibiting mitochondrial F0F1-ATPase. 
ROS may trigger the opening of CRAC channel directly through modulating TRPC 
activity, or indirectly through depleting ER calcium. The calcium influx increases 
intracellular calcium, which activates calcineurin. Calcineurin then dephosphorylates 
NFAT, resulting in its nuclear translocation and transcription activation of targeted 
genes, such as IRF4. 

  Mitochondria are involved in sustained NFAT activation: Inhibition of 

ionomycin-induced calcium increase by BAPTA salt leads to a rapid translocation of 

NFATc1 from nucleus to cytosol [222], which suggests the a persistent calcium 

signaling is required to maintain NFAT activation. In this section, the ability of 

Bz-423 to sustain NFAT activation will be discussed. In response to an intracellular 

calcium increase, mitochondria can rapidly take up calcium and slowly release it later 

[223], which protects cells from calcium overload [224]. The increased intracellular 

calcium can binds to IP3 receptor (IP3R) and CRAC channel, inhibiting further 

calcium release from ER and calcium influx, respectively [225, 226]. Mitochondria 

calcium uptake release these inhibition, enhancing ER calcium depletion and 
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sustaining CRAC channel opening [227]. Tharpsigargin, an inhibitor of the 

sacro/endoplasmic reticulum calcium ATPase (SERCA), depletes ER calcium stores 

and triggers calcium influx through CRAC channel [228]. The uncoupler FCCP 

dissipates mitochondrial membrane potential (Δψm), inhibits mitochondria calcium 

uptake, and blocks tharpsigargin-induced calcium influx [222]. Similar results are also 

observed with mitochondrial respiratory chain complex III inhibitor antimycin A plus 

mitochondrial F0F1-ATPase inhibitor oligomycin [229]. Mitochondrial membrane 

potential is the driving force for mitochondrial calcium uptake [230]. It is therefore 

speculated that chemicals to hyperpolarize Δψm will enhance mitochondrial calcium 

uptake and sustain calcium influx. In rat hearts, mitochondrial hyperpolarization is 

observed in isolated cardiomyocytes from right ventricular hypertrophy while normal 

Δψm is observed in isolated cardiomyocytes from right ventricle/ventricular [231]. 

Bz-423 inhibits mitochondrial F0F1-ATPase and induces mitochondrial membrane 

potential hyperpolarization [232]. Bz-423 will increase mitochondrial calcium uptake, 

which may prolong CRAC channel opening and calcium influx.  

  Bz-423 increases the expression of interferon regulatory factor 4 (IRF4) 

in a NFAT-dependent manner: Bz-423 increases IRF4 mRNA levels in a time- and a 

dose-dependent manner. Pre-treatment with CsA blocks this IRF4 increase, indicating 

the involvement of calcineurin. Chromatin immunoprecipitation (CHIP) analysis 

demonstrates increased binding of NFAT to IRF4 promoter, which is blocked by CsA, 

indicating calcineurin-NFAT in IRF4 transcription activation. IRF4 is known to be 

essential for the developments of B cells, T cells, macrophages and dendritic cells 
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[233], and increase expression of this factor could be responsible for Bz-423 efficacy 

against Lupus. Therefore, the possible consequences of Bz-423 induced IRF4 increase 

will be discussed in this section. 

  Interferon regulatory factor 4 (IRF4, LSIRF, MUM1) is a transcription factor 

expressed in normal leukocytes and various malignant human hematopoietic cell lines 

[234]. IRF4 plays an essential role in B cell development from pre-B to plasma cells 

[233]. Although IRF4-deficient mice develop progressive lymphadenopathy, they fail 

to develop germinal centers (GCs) in B-cell follicles after immunization, which may 

explain the observed profound reduction in serum immunoglobulin concentration 

[235]. Conditional deletion of IRF4 in GC B cells blocked further differentiation into 

plasma cells and memory B cells [236], indicating the critical role of IRF4 in plasma 

cell differentiation and class-switch recombination. This result is confirmed by IRF4 

overexpression, as the overexpression of IRF4 in Daudi and Raji B cells promotes 

differentiation to plasma cells [237].  

  Receptor editing is a process through which self-reactive B cell receptors is 

replaced with a newly rearranged Ig chain to avoid self-reactivity [238]. IRF4 is also 

known to participate in receptor editing through promoting secondary rearrangement 

of immunoglobulin (Ig) genes and increasing recombination activating gene 1 (RAG1) 

[233]. Therefore, Bz-423 could reduce self-reactive lymphocytes through 

IRF4-mediated receptor editing. In HEL-transgenic mice, binding of self-antigen to 

the BCR rapidly increases IRF4 expression, which promotes secondary rearrangement 

of immunoglobulin (Ig) genes for receptor editing [239, 240]. This secondary Ig gene 
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rearrangement is impaired in IRF4-deficient mice [240]. In lupus-prone New Zealand 

Black (NZB) mice there is an increased portion of cells devoid of RAG1 expression 

[241]. Since RAG1 is an important enzyme involved in receptor editing [242], this 

observation indicates that lack of receptor editing may contribute to lupus 

development in NZB mice. Cells lacking RAG1 were also found to have low IRF-4 

expression, suggesting that IRF4 may regulate RAG1 expression [241]. However, 

rag1 induction in IRF4-/-IRF8-/- pre-B cells reconstituted with IRF4 is only modest, 

indicating that IRF4 may be partially responsible for rag1 transcription [243]. 

Reduced receptor editing is also observed in MRL/lpr mice, although the mechanism 

is still unknown [244]. Further studies are needed to determine if Bz-423 promotes 

receptor editing via IRF4. Transgenic mice such as HEL-transgenic mice could be 

used to study the effect of Bz-423 on receptor editing or RAG1 expression level. Also, 

the involvement of IRF4 or NFAT can be further studied by specific inhibitors of 

NFAT or IRF4-specific RNAi knockdown. 

  In addition to its critical role in B cell development and function, IRF4 also 

plays an important role in T cell differentiation. Th2 cell differentiation is 

compromised in IRF4-deficient CD4+ T cells challenged with the pathogen 

Leishmania [245, 246], indicating that IRF4 promotes Th2 differentiation. In response 

to stimulation, Jurkat cells overexpressing IRF4 display enhanced Th2-specific 

cytokine production [247]. On the other hand, selective deletion of IRF4 in regulatory 

T cells (Treg) results in a exaggerated Th2 cytokine production such as IL-4 and 

IL-10, indicating IRF4 suppresses the Th2 response via Treg cells [247]. Previous 
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work showed that Bz-423 treatment of MRL-lpr mice significantly reduced Th2 

cytokines IL-4 and IL-10 and increased Th1 cytokine IFNγ [209]. In light of the role 

of IRF4 in Th1 and Th2 differentiation, it is possible that Bz-423 could alter IRF4 

expression in T cells in vivo and reduce Th2 cytokine production. This modulation of 

Th2 cytokine production may be mainly in the effector/memory CD4+ T cells but not 

in naïve T cells. In response to T cell receptor (TCR) stimulation, IRF4-deficient 

naïve T cells produce higher Th2 cytokine than wild-type CD4+ T cells while 

IRF4-deficient effector/memory CD4+ T cells do not exhibit increased Th2 cytokine 

[248]. 

  Exogenous oligonucleotides from bacteria bind to Toll-like receptor (TLR) 

and trigger TLR signaling, which leads to activation of NFκB and IFN family 

members for B cell activation [249]. MyD88 is an important adapter for TLR 

signaling as MyD88-deficient mice are profoundly unresponsive to ligand for TLR2, 

TLR4, TLR5, TLR7 and TLR9 [250, 251]. For example, recruitment of MyD88 to 

TLR activates IRF5, which induces transcriptions of pro-inflammatory cytokines 

[252]. In autoimmune disease, pathogenic endogenous oligonucleotides also bind to 

TLR and activate self-reactive cells, leading to the breakdown of self-tolerance [249]. 

Y-linked autoimmune accelerator (Yaa) has previously been shown to increase the 

severity of SLE in male mice [253]. Analysis of the Yaa locus demonstrated a 

duplication of the TLR7 gene [253]. IRF4 decreases IRF5-meidated production of 

pro-inflammatory cytokines including IL-6 and TNF-α by competing with IRF5 in 

MyD88 binding [254]. This inhibitory role of IRF4 in TLR signaling was confirmed 
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by reducing or overexpressing IRF4 expression [255]. IRF4 downregulation by RNAi 

reduces the production of pro-inflammatory cytokines in response to TLR stimulation 

[255]. Conversely, IRF4 overexpression enhances the production of pro-inflammatory 

cytokines in response to TLR stimulation [255]. IRF4-deficient mice display a more 

potent and lethal inflammatory response to CpG oligonucleotide, which is consistent 

with the increased pro-inflammatory cytokine production observed in vitro [254, 255]. 

  NFκB and NFAT are both involved in IRF4 expression. Binding sites for 

both NFκB and NFAT have been identified in the IRF4 promoter region [186, 256]. 

Human T cell leukemia virus-I infection increases binding of NFκB subunit p50, p65, 

and c-Rel as well as NFATc2 to IRF4 promoter. The binding of these transcription 

factors to IRF4 promoter is responsible for IRF4 induction as mutations in the binding 

sites of either NFκB or NFATc2 in IRF4 promoter reduces the IRF4 increase [186]. 

Mitogen stimulation induces IRF4 expression in a NFκB-dependent manner, as IRF4 

protein level are totally abolished in lymphocytes deficient in NFκB subunit c-Rel in 

response to mitogen stimulation including concanavalin A, PMA and 

lipopolysaccharide (LPS) [257]. In GC-like Ramos B cells, Bz-423 increases IRF4 

expression by activating NFAT alone, which is blocked by CsA. Consistent with this 

observation, IRF4 increase induced by PMA plus ionomycin is inhibited by CsA and 

by calcineurin B deficiency in the GC B cells from the mouse spleens [158]. 

Chromatin immunoprecipitation (CHIP) studies with NFATc2 indicate that Bz-423 

increases binding of NFATc2 to the IRF4 promoter, confirming Bz-423 increases 

IRF4 mRNA by NFAT activation. Similarly, IRF4 is increased by ionomycin, a  
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Figure 3.31: The proposed immunomodulatory effects by Bz-423 induced IRF4 
increase. Bz-423 increases IRF4 expression via calcium-calcineurin-NFAT pathway. 
IRF4 can induce B cell tolerance by promoting receptor editing. It also can reduce 
inflammation by inhibiting TLR signaling and production of pro-inflammatory 
cytokines. It can affect Th1/Th2 differentiation by inhibiting Th2 specific cytokines. 
   

well-known NFAT activator. In vitro, Bz-423 activates NFAT and increases IRF4 

mRNA levels in GC-like Ramos B cells, which may mimic the changes of Bz-423 in 

GC B cells. Bz-423 is therefore proposed to increase IRF4 expression level in GC B 

cells, and this IRF4 increase may promote receptor editing to eliminate the 

self-reactive B cells (Figure 3.31). It may also inhibit TLR signaling induced by 

pathogenic oligonucleotides, which may reduce the inflammatory response observed 
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in the lupus-prone mice (Figure 3.31). Moreover, Bz-423 treatment to MRL-lpr mice 

suppresses Th2 response [209], which may possible through Bz-423 induced IRF4 

increase (Figure 3.31). 

  Bz-423 may induce anergy: Bz-423 was shown to activate NFAT and 

induce NFAT-dependent transcription activation. NFAT activation is known to 

promote tolerance through anergy, growth arrest, and cell death [151, 154, 208, 258]. 

The possible involvement of Bz-423 in anergy, growth arrest and cell death was 

explored by FK506 and CsA. FK506 and CsA do not inhibit Bz-423 induced 

apoptosis. Neither do they prevent Bz-423 mediated growth arrest and CDK4 

downregulation. These results exclude the possibility that the calcineurin-NFAT 

pathway is responsible for Bz-423 induced apoptosis and cell growth in resting 

lymphocytes. However, the calcineurin-NFAT pathway is shown to be involved in 

apoptosis induced by anti-IgM and Bz-423 co-treatment, which provide the specificity 

of Bz-423 against autoimmune disease and has already been discussed in chapter 2 in 

detail. 

  Bz-423 activates NFAT but not AP-1 and NFκB: The molecular 

mechanisms for activation and tolerance has been studied by monitoring and 

comparing mRNA levels changes in activated B cells and anergic B cells [73]. NFAT, 

AP-1 and NFκB activation were observed in activated cells while only NFAT 

activation was observed in anergic cells, indicating NFAT activation leads to anergy 

while additional activation of AP-1 and NFκB results in activation [73]. The AP-1 

subunit c-Jun is activated by JNK, and NFκB activation is mediated by degradation of 
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its repressor IκB [259, 260]. Therefore, JNK phosphorylation (activation) and IκB 

degradation can be used to monitor AP-1 and NFκB activation, respectively. Bz-423 

does not induce JNK phosphorylation or IκB degradation, suggesting Bz-423 does not 

activate AP-1 or NFκB. Furthermore, reporter plasmids pNFκB-SEAP and 

pAP-1-SEAP are used to monitor NFκB- and AP-1-dependent gene transcription, 

respectively. Bz-423 does not increase SEAP expression, indicating that Bz-423 does 

not activate transcription by NFκB or AP-1. The observations that Bz-423 activates 

NFAT but not NFκB or AP-1 suggest Bz-423 may induce anergy. Ionomycin, which 

selectively activate NFAT, was therefore used for in vitro anergy induction in Jurkat T 

cells [63]. 

  Bz-423 induces anergy-associated genes change: NFAT participates in 

anergy induction by regulating a series of anergy-associated genes [71, 77, 80]. Both 

upregulated and downregulated anergy-associated genes are found in anergic B cells, 

although the expression changes are subtle (1.5 fold – 6 fold) [71]. The upregulated 

genes include SATB1, ApoE, CD83, cyclin D2, Cctg, MEF-2C, TGIF, Aeg-2, EGR-1, 

Lck, GFI-1, EGR-2, CD72, MacMARCKs, A1, NAB-2, neuorgranin and pcp-4. And 

the downregulated genes include SLAP, Ly6E.1, Vimentin, hIP-30, TRAP, Bmk, CD36, 

Evi-2 and c-Fes [71]. Among these genes, EGR-2, NAB-2, CD72, MacMARCKs, A1, 

pcp-4 and neuorgranin are NFAT-dependent [71]. And EGR-2, NAB-2, and 

neuorgranin are upregulated in other anergic B cells [3]. The gene expression changes 

upon Bz-423 treatment were explored in previous work from our lab. Ramos cells 

were treated with Bz-423 (10 μM, 3 h) in 2% FBS media, then RNA was isolated and 
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mRNA expression levels were determined by affymetrix. Analysis of affymetrix data 

from the sample identified anergy associated genes: a 1.5-fold increase in MEF2C, a 

3-fold increase in Lck and a 2-fold decreased in EVI2. These changes are consistent 

with anergy-associated genes reported in the literature. However, none of them are 

NFAT-dependent. Moreover, the exact roles of these genes in anergy are not known 

yet. In addition, several well-recognized anergy-associated genes such as EGR-2, 

NAB-2, neuorgranin and E3 ubiquitin ligases including Cbl, Itch, Grail, were 

unchanged in this experiment. Ramos B cell line might not be appropriate, 

considering that anergy-associated genes have typically been studied in primary 

anergic B cells, and little is known about their expression in transformed cell lines 

[71]. Moreover, the time and/or dose chosen here might not be appropriate for 

studying anergy. Significant changes in expression levels of anergy associated genes 

were typically observed by anergy-inducing stimuli at 6-16 h [63, 71]. Further studies 

demonstrate that Bz-423 also induces NFAT activation in mouse splenic B cells in a 

dose- and time-dependent manner. Therefore, primary splenic B lymphocytes could 

be used to study the effect of Bz-423 on the expression levels of anergy-associated 

genes. For the time and dose of Bz-423, 16 μM (10% FBS media) and 6 h would also 

be a good starting point. 

  Bz-423 downregulates surface IgM expression: Various characteristics of 

anergic B cells have been described in different transgenic mouse models [8]. Among 

these, downregulation in surface Ig expression level is generally observed [8]. Bz-423 

induces 2-fold decrease in IgM expression, which is similar to 2- to 5-fold 
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downregulation of surface Ig expression in VH3H9 x Vκ8 mice [13]. This result 

suggests Bz-423 might render Ramos B cells anergic. In several anergy mouse models, 

such as MD4 x ML5, IgM downregulation is associated with the decreased calcium 

mobilization in response to BCR stimulation. However, Bz-423 pre-incubation does 

not inhibit anti-IgM induced calcium mobilization, which is consistent with normal 

calcium change in response to BCR stimulation in VH3H9 x Vκ8 [13]. This 

discrepancy might be due to the degree of surface Ig downregulation. As in MD4 x 

ML5 mice, IgM expression is decreased by 20-100 fold decrease [37], as opposed to 

2-5 fold decrease in VH3H9 x Vκ8 mice. 

  In several tolerant B cells, impaired proximal BCR signaling, such as 

calcium mobilization, could explain the reduced response to stimulation (anergy). 

However, in other anergic B cells, normal proximal BCR signaling is observed, 

although IgM expression is still downregulated. In this case, the role of IgM 

downregulation in anergy induction is further studied by enforced BCR expression in 

self-reactive B cells from HKIR mice [203]. In the HKIR mice, an antibody H chain 

variable (VH) region gene is inserted into the endogenous H chain locus to produce an 

autoreactive B cells against DNA [261]. The anergic B cells isolated from HKIR mice 

expressed IgM ~10-fold lower than those from wild type mice [261]. In response to 

anti-IgM stimulation, normal calcium mobilization is observed [261]. Enforced 

expression of IgM retarded B cell development and enhanced receptor editing [203]. 

This result indicates IgM downregulation acts a checkpoint for tolerance. Failure to 

decrease IgM expression level triggers receptor editing. Autoantigen-induced BCR 
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downregulation plays a pivotal role in the regulation of primary B cell tolerance [203]. 

This supports the possibility that Bz-423 may promote anergy by simply decreasing 

IgM surface expression. 

  As IgM surface expression can be regulated at the transcriptional, 

translational and post-translational levels. The relative contribution of each to IgM 

downregulation in tolerant B cells has been studied. In tolerant B cells, the absence of 

any decrease in mRNA encoding membrane type μ chains (IgM) indicates IgM 

reduction is not due to reduced transcription [262]. Therefore, IgM reduction occurs at 

translational or post-translational level [262]. Studies on the processing of newly 

synthesized IgM receptor demonstrated that IgM transport from the endoplasmic 

reticulum to the medial Golgi is blocked in tolerant B cells, leading to a rapid 

degradation [262]. Another mechanism of IgM downregulation is cell receptor 

endocytosis and subsequent degradation. E3 ubiquitin ligases play a critical role in 

this pathway [94]. E3 ubiquitin ligases are increased in anergic cells in a 

NFAT-dependent manner [263]. In response to self-antigen stimulation TCR 

downregulation is impaired in T cells deficient in Cbl-b, c-Cbl or both [263], 

indicating the role of E3 ubiquitin ligase in the decreased T cell receptor expression. 

Similar defects in IgM downregulation is observed in B cells lacking Cbl-b and c-Cbl 

[89]. It is therefore speculated that Bz-423 may increase the expression of E3 

ubiquitin ligases, which may trigger IgM receptor endocytosis and result in IgM 

downregulation. 

  Bz-423 pre-treatment renders cells resistant to subsequent activation: 
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Anergic B cells are resistant to subsequent stimulation. In response to stimulation, 

anergic B cells display reduced upregulation of activation markers, including 

CD80(B7.1), CD86 (B7.2) and CD69 [7, 14, 17, 264, 265]. Moreover, elevated CD80 

and CD86 are observed in activated B cells from lupus-prone mice NZB and 

NZB/NZW F1 mice, suggesting that tolerance breakdown leads to abnormal 

activation of self-reactive B cells [266, 267]. CD69, an activation marker for both T 

cells and B cells [268], was chosen to study the effect of Bz-423 pretreatment on 

subsequent activation. In response to stimulation induced by anti-IgM or PMA plus 

ionomycin, CD69 expression is moderately reduced in Bz-423-treated Ramos B cells, 

indicating Bz-423 pre-incubation renders cells resistant to subsequent activation. This 

reduction is not due to direct inhibition by Bz-423 since no reduction in CD69 was 

observed when cells were treated with Bz-423 and anti-IgM concurrently. In contrast, 

CD69 increase induced by self-antigen is totally abolished in anergic B cells [41]. As 

this anergic B cells also displayed impaired anti-IgM induced calcium signaling [41], 

it is possible CD69 increase is shut down more efficiently in these cells than 

Bz-423-treated cells. During activation, IκBα is degraded to activate NFκB for gene 

transcription for activation [260]. To confirm that Bz-423 pre-treatment inhibit 

subsequent activation, its effect on IκBα degradation induced by anti-IgM or PMA 

plus ionomycin were explored. Bz-423 pre-treatment inhibited IκBα degradation in 

response to activation, supporting Bz-423 suppresses further activation. 

  In summary, Bz-423 activates NFAT but not AP-1 and NFκB, suggesting 

Bz-423 might induce anergy. Bz-423 induces several anergy-associated gene changes, 
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downregulates IgM surface expression, and inhibits NFκB activation and CD69 

upregulation in response to activation signals such as anti-IgM and PMA plus 

ionomycin, supporting that Bz-423 induces anergy. These findings suggest Bz-423 

induces anergy in Ramos B cells. However, whether Bz-423 induces anergy in vivo 

should be further studied. 

 
 

Materials and Methods 

 Materials: Chemicals were obtained from Sigma Aldrich unless indicated.  

    Cell culture: Human Burkitt’s lymphoma cell line Ramos, human immature 

T cell line CCRF-CEM, human mature T cell line Jurkat E6.1, rat myoblastic cell line 

H9C2, and mouse immature B cell line WEHI-231 were purchased from American 

Type Culture Collection (ATCC). Ramos, CCRF-CEM, Jurkat E6.1 were maintained 

in RPMI 1640 (Mediatech) supplemented with 10% heat-inactivated fetal bovine 

serum (10% FBS, Mediatech), penicillin (100 U/mL), streptomycin (100 μg/mL) and 

L-glutamine (290 μg/mL) (1x PSG, Mediatech) in a humidified incubator (37oC, 5% 

CO2). H9C2 were cultured in ATCC-formulated Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% FBS, and 1x PSG (Mediatech). And WHEI-231 

cells were cultured in DMEM (ATCC) supplemented with 10% FBS, 1x PSG, 

non-essential amino acids (Mediatech) and 0.05 mM 2-mercaptoethanol (2-ME).  

 Isolation of primary lymphocytes from spleen: Spleens were first 

removed from C57BL/6 (B6) mice and placed in ice-cold complete DMEM 

containing 10% FBS. The Splenocytes were then squeezed by gentle grinding 
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between two frosted microscope slides. The resulting single cell suspension was 

filtered through a 40-μM nylon cell strainer (22363547, Fisher). Cells were collected 

and resuspended in red blood cells lysis buffer (R7757, Sigma) and incubated 10 min 

at room temperature (RT) to lysis red blood cells. After two washes with complete 

DMEM media, splenocytes were spun down and resuspended in 3.3 mL buffer 1 [PBS 

containing 0.1% (w/v) BSA, 2 mM EDTA] at a density of 108 cells /mL for isolation. 

Spleen B cells were positively selected using CD45R magnetic microbeads (114-41D, 

invitrogen) [269]. Briefly, 400 μL CD45R microbeads were added to 3.3 mL 

splenocytes and incubated for 20 min at 4oC to label B cells. After washing with 

buffer 1, the cells were resuspended in 2 mL buffer 1 and loaded onto a pre-washed 

LS column (Miltenyi). The unlabelled cells pass through the column and the effluent 

included T cells and monocytes. B cells bind to the magnet of the column. The 

column was removed from the magnet and the magnetically labeled B cells were 

flushed out by firming pushing the plunger into the column. Both of the cell fractions 

were resuspended at a density of 5x106 cells/mL in DMEM containing 10% FBS and 

rested for 1 h before treatment. The purity of T cells and B cells fraction were verified 

by flow cytometry using FITC-conjugated anti-CD19 (553785, BD Bioscience) and 

PE-conjugated anti-CD3 (555275, BD Bioscience). This procedure typically resulted 

in 94% pure B cells, and 70% of negatively selected splenocytes were T cells. 

   Isolation of resting T cells from human blood: Human PBMC were 

isolation by ficoll-paque plus density centrifugation according to the manufacture’s 

instructions with minor modifications. Blood samples were diluted 1:1 with sterile 
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PBS and carefully layered onto ficoll-paque plus in a 50 mL conical tubes. The 

samples were spun at 2,200 rpm for 30 min. Four layers formed, consisting of plasma 

platelets, peripheral blood mononuclear cells (PBMCs), ficoll-paque plus, and 

granulocytes and erythrocyte from the top to bottom. The PBMCs layer was extracted 

and washed in ice-cold DMEM containing 10% FBS for three times. These 

lymphocytes were then resuspended in 14 mL PBS containing 0.5% (w/v) BSA at a 

density of 1.5 x 107 cells /mL and ready for negative T cell isolation. Briefly human 

PBMC was first labeled with biotinylated anti-CD19 (to remove B cells) and 

biotinylated anti-CD14 (to remove monocyte and macrophage) for 30 min at at 4oC 

with gentle agitation. Then cells were washed with PBS containing 0.5% (w/v) BSA 

and resuspended in 14 mL PBS containing 0.5% (w/v) BSA. 1 mL pre-washed 

streptavidin Dynabeads was added and incubated for another 30 min at 4oC. During 

the incubation, the biotinylated antibody-labeled cells bound to streptavidin 

Dynabeads. After washing, human PBMCs that bind to the beads were separated from 

the human PBMCs that do not bind to the beads through magnet. The cell suspension 

with beads-unbound human PBMCs was resuspended in 7 mL PBS containing 0.5% 

(w/v) BSA .Another 0.5 mL streptavidin Dynabeads was added and the above 

procedure was repeated to remove unwanted antibody-labeled B cells.. The 

beads-unbound PBMCs contained enriched human T cells. Therefore they were 

collected and suspended in pre-warmed DMEM media with 10% FBS. Before 

treatment, they were resting at 37oC incubator for 1 h. The purity of T cells was 

increased from 65% before purification to 80% after purification based on the flow 
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cytometry analysis of cells stained with FITC-anti-CD3.  

 Treatment and inhibitor experiments: Ramos cells were pre-treated with 

inhibitors 30 min before Bz-423 treatment. Unless specific noted, cells were treated in 

media with 10% FBS to reduce the background of NFATc2 dephosphorylation 

induced by serum reduction. The effective concentration of inhibitors were listed 

below: 100 μM superoxide dismutase mimic MnTBAP, 100 μM anti-oxidant Vitamin 

E  500 μM extracellular Ca2+ chelator BAPTA salt, 0.5 μM Ca2+ release-activated 

Ca2+ (CRAC) channel inhibitor LY-58483, 100 nM FK506 and 100 nM Cyclosporin 

A. 

  Cell surface staining: CD69 and IgM surface expression in Ramos cells 

were detected using FITC-conjugated anti-human CD69 (cat# 555530, BD Bioscience) 

and FITC-conjugated anti-human IgM (cat#109-096-043, Jackson ImmunoResearch), 

respectively. At the indicated times, 0.5x106 treated Ramos cells were resuspended in 

100 μL staining buffer (PBS + 2% FBS + 0.02% (w/v) NaN3) containing 2 μL of  

either FITC-conjugate anti-human CD69 or FITC-conjugate anti-human IgM, and 

incubated on ice for 30 min. After washing once with staining buffer, the FITC 

fluorescence was measured by FACSCalibur flow cytometry (BD Biosicence) in the 

FL1 channel. Data were collected and analyzed by the cellquest software. For each 

sample, 6000 events were recorded. 

  Cytosol and nuclear fractionation: At indicated times, 1x107 Ramos cells 

were washed once with ice-cold PBS, resuspended in 200 μL ice-cold low-salt buffer 

(10 mM Hepes-KOH pH 7.9, 10 mM KCl, 0.2 mM EDTA, 1 mM DTT, 0.5 mM 
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PMSF plus protease inhibitor cocktail), and incubated on ice for 20 min. The 

homogenate was then centrifuged at 500x g for 10 min at 4oC. The supernatant 

(cytosolic fraction) was removed, and the nuclear pellet was resuspended in 200 μL 

ice-cold high-salt buffer (20 mM Hepes-KOH pH 7.9, 400 mM NaCl, 0.2 mM EDTA, 

1 mM DTT, 0.5 mM PMSF plus protease inhibitor cocktail). The nuclear fraction was 

vigorously vortexed for 5 min, followed by incubation on ice for another 5 min. This 

vortexing and ice-incubation steps were repeated for 5 times. This nuclear extract was 

spun down and the supernatant was saved as the nuclear fraction. The successful 

separation between cytosol and nuclear was confirmed by immunoblotting for 

cytosol-specific antibody β-tubulin and nucleus-specific antibody CREB.  

  Western Blot: 5x106 treated cells were harvested and washed once in 

ice-cold PBS and lysed in 50 μL 1x WCE buffer with complete protease inhibitor 

cocktail. Following incubation on ice for 30 min, the supernatant was collected by 

centrifugation at full speed for 30 min. The protein concentration was quantified by 

Bradford protein assay, using BSA to make a standard curve. Equal amounts of the 

whole cell lysates were denatured in 30 μL total volume containing 5 μL of  6x SDS 

loading buffer (350 mM Tris-HCl pH 6.8, 10.28 % SDS, 36 % (v/v) glycerol, 0.6 M 

DTT, 0.012 % (w/v) bromophenol blue). The heated sample was loaded to CriterionTM 

Pre-cast polyacrylamide gel from Bio-Rad. After transferring of gel to PVDF 

membrane (Bio-Rad), the PVDF membrane was blocked in 5% non-fat milk in Tween 

PBS [0.5% (v/v) tween 20 in PBS] at room temperature for 45 min. Primary antibody 

was incubated at 4oC overnight in 1% non-fat milk Tween PBS. After 3 extensive 5 
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min washes in Tween PBS, secondary antibody (GE healthcare) was applied and 

incubated for 1 h at room temperature. The blots were detected using ECLTM western 

blotting detection reagents (GE healthcare). The antibodies used were listed below: 

IκB-α (sc-847, Santa Cruz biotech), NFATc2 (4G6-G5, cat# sc-7296, Santa Cruz 

biotech), NFAT1 (cat# 610702, BD Bioscience), β-tubulin (Cat#T4026 

Sigma-Aldrich,), GAPDH (cat# MAB374, Chemicon), For detecting NFAT 

dephosphorylation using anti-NFATc2 from Santa cruz biotech, to maximize the 

NFATc2 signaling and to minimize background, the membrane were blocked in 5% 

non-fat milk overnight followed by 2 h incubation with NFATc2 antibody (1:200 

dilution in 1% non-fat milk Tween PBS) at room temperature. 

  Transient transfection and SEAP activity measurement: pNFAT-SEAP, 

pNFκB-SEAP, pAP1-SEAP are mammalian expression vectors (clontech) for 

reporting specific transcription activities, in which transcription of secreted alkaline 

phosphatase (SEAP) is driven by 3 copies of the NFAT response element, 4 copies of 

the NFκB consensus sequence or 4 copies of the AP1 enhancer respectively. 8x106 

cells were washed with ice-cold PBS, resuspended in 100 μL electroporation buffer T 

(Amaxa) containing 2 μg of the indicated reporter plasmids, and subjected to 

electroporation using amaxa nucleofector apparatus using program G-16. 

Electroporated cells were immediately transferred into media with 10% FBS and 

allowed to recover for 24 h. The following day, cells were resuspended in 2% FBS 

media for Bz-423 treatment. At the indicated time, the supernatant was harvested for 

the SEAP activity measurement, which was performed using the Great EscAPe SEAP 
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chemiluminescence kit (clontech) according to the manufacture protocol. 

  RNA isolation and Reverse Transcriptase-PCR (RT-PCR):`Total RNA 

was isolated from treated cells using the RNeasy Mini Kit (Qiagen). mRNA (2 μg) in 

reaction mix (100 μL) was converted to cDNA using general mRNA primer oligo 

d(T)16 and the TaqMan Reverse Transcription kit (Applied Biosystems). The reverse 

transcription was run in a PTC100 Thermocycler (MJ Research Inc). The 

thermocycler program used is 25oC for 10 min for the d(T)16 oligo annealing to 

mRNA, 48oC for 30 min for extension and 95oC for 5 min for inactivation. The cDNA 

level was measured by Applied Biosystems ABI 7700 using SYBR Green 

(dsDNA-specific fluorescent dye) PCR Master Mix (Applied Biosystems). The PCR 

was done using 40 cycles of 95oC (60 s), 58 oC (30 s), 72 oC (30 s). The primer 

information is listed in Table 3.5. 

 

Genes Primer sequence Product size 

(bp) 

IRF4 Forward: 5’-TTAATTCTCCAAGCGGATGC-3’ 

Reverse: 5’-AAGGAATGAGGAAGCCGTTC-3’ 

289  

ActB Forward: 5’-GGACTTCGAGCAAGAGATGG-3’ 

Reverse: 5’-AGCACTGTGTTGGCGTACAG-3’ 

234 

Table 3.5: The list of Primers used for RT-PCR. 

 

  Chromatin Immunoprecipitation (ChIP) assay: Detection of binding of 
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NFATc2 to the IRF4 promoter was performed by using a commercial CHIP assay kit 

(17-295, Millipore) following the manufacture’s instructions. At indicated time, 5x107 

treated cells were fixed in 1% formaldehyde (37% stock) at room temperature to 

crosslink protein to DNA. 10 min later, the fixation was stopped by addition of 0.125 

M glycerine followed by additional five min incubation at room temperature. Cells 

were lysed in 500 μL SDS nuclei lysis buffer on ice. 10 min later, chromatin was 

sheared by sonication (power 4, 20s for 3 times with 5 min interval on ice). The lysate 

was then collected after a brief centrifugation. It was then pre-cleared using 80 μL 

salmon-agarose A beads at 4oC for 30 min. The pre-cleared lysate was 

immunoprecipitated using 10 μg mouse anti-NFATc2 (sc-7296x, Santa Cruz Biotech) 

overnight at 4oC. After sequential one wash in low salt immune complex wash buffer, 

high salt immune complex wash buffer, LiCl immune complex wash buffer and two 

washes in TE buffer, the immune complex was eluted in 500 μL freshly-made elution 

buffer (1% SDS, 0.1M NaHCO3). The crosslinks in the immune complex were 

reversed by overnight incubation at 65oC in 0.2 M NaCl solution. Proteins were 

digested with 20 μg proteinase K at 45oC for 1 h. The DNA was recovered after 

phenol/chloroform extraction and ethanol precipitation in the presence of 20 μg inert 

carrier glycogen. The DNA pellet was resuspended in 30 μL ddH2O and was used for 

quantitative PCR. Input controls, representing the starting material before the 

immunoprecipitation, were also included. The binding of NFATc2 to IRF4 promoter 

was then measured by Applied Biosystems ABI 7700 using SYBR Green 

(dsDNA-specific fluorescent dye) PCR Master Mix (Applied Biosystems). The PCR 
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cycles were 95oC (60 s), 58 oC (30 s), 72 oC (30 s) (45 cycles). The primer information 

is listed in Table 3.6. The negative control primer was designed to flank a region of 

genomic DNA between the GAPDH gene and chromosome condensation-related 

SMC-associated protein (CNAP1) gene [187]. The PCR products were also visualized 

in 1.5% agarose gels. 

 

name sequence 

IRF4 promoter 

primers set 1 

Forward 5’ GGT TTC ACC GTG TTG GCC AGG CT-3’  

Reverse: 5’-GGC TCC CTA AGG ATC CAA GTG CTT-3’ 

IRF4 promoter 

primers set 2 

Forward: 5’-CCG CCC CCA TCT CTT TCA TGC TAA-3’ 

Reverse: 5’-CCG CGG TGT TTA GAG AAC ATC GCA-3’ 

IRF4 promoter 

primers set 3 

Forward: 5’-GGC CAC ATC GCT GCA GTT TAG TGA-3’ 

Reverse: 5’-GGA CTT TGC AAG CCG AGA GCC T-3’ 

IRF4 promoter 

primers set 4 

Forward: 5’-GCA ACC TCC ACC TCC AGT TCT CTT TG-3’ 

Reverse: 5’-GGG ACT GTC ACT GGG GCC GT -3’ 

IL-2 promoter 

primers set 

Forward: 5’-CTT GCT CTT GTC CAC CAC AA-3’ 

Reverse: 5’-TGT GGC AGG AGT TGA GGT TA -3’ 

Negative control 

primers 

Forward: 5´-ATGGTTGCCACTGGGGATCT-3´  

Reverse: 5´-TGCCAAAGCCTAGGGGAAGA-3´ 

Act B primers Forward: 5’-GGACTTCGAGCAAGAGATGG-3’ 

Reverse: 5’-AGCACTGTGTTGGCGTACAG-3’ 

 
Table 3.6: Primers sequence for CHIP assay. 
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