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THESIS ABSTRACT 

 

Phosphoinositide 3-kinase is a family of lipid kinases that function by phosphorylating 

the D3 position of phosphoinositide (PI) lipids generating PI(3)P, PI(3,4)P2 and 

PI(3,4,5)P3.  These D3 phosphoinositides regulate various cellular processes through the 

recruitment of effector proteins containing lipid specific pleckstrin homology (PH) 

domains.  PI phosphatases such as PTEN and SHIP function to restrain PI3K signaling 

by limiting the amount of D3 PI available for binding.  Deletion of either PTEN or SHIP 

significantly alters B cell function and humoral immune responses.  TAPP1 and TAPP2 

are dual PH domain containing adaptors which selectively bind the phosphoinositide 

PI(3,4)P2 via their C-terminal PH domains. PI(3,4)P2 is a lipid messenger generated by 

PI3K and through the inositol phosphatase activity of SHIP.  The function of PI(3,4)P2 

remains incompletely understood. To identify the functional role of TAPP-PI(3,4)P2 

interactions, we utilized a knock-in (KI) mouse bearing mutations within the PI-binding 

pocket of both TAPPs.  Our study assessed the effect of PI3K dependent KI mutation 

on B lymphocyte development, activation and antibody production.  Flow cytometry 

analyses of lymphoid tissues found that TAPP KI mice develop relatively normal 

frequencies of mature B cell populations with the exception of peritoneal B1 cells, which 

are increased by approximately 50%. Strikingly, TAPP KI mice developed substantially 

elevated serum antibody levels. TAPP KI mice were able to generate high affinity antigen-

binding antibodies upon immunization with NP-OVA in alum adjuvant; however, total 

immunoglobulin production was markedly increased under this immunization condition.  
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We further assessed the germinal centre (GC) response, which are known to require PI3K 

signaling and a hallmark of T cell dependent (TD) antibody responses.  TAPP KI mice 

generated larger germinal centers (GC) upon immunization, which was associated with 

increased GC B cell survival. We further assessed whether uncoupling of TAPPs from 

PI(3,4)P2 alters B cell signaling and functional responses in vitro.  B cells purified from 

TAPP KI mice were found to have altered functional responses in vitro, with significantly 

increased survival and cell division following antigen receptor cross-linking.  Consistent 

with increased cell survival, TAPP KI B cells show increased Akt phosphorylation on 

Ser473 and Thr308 after antigen receptor cross-linking.  However, reconstitution of B cell 

deficient mice with either WT or TAPP KI B cells was found to generate similar GC 

responses, suggesting that activation of other cells may contribute to the enhanced in vivo 

responses.   Consistently, when we examined the CD4+ T follicular helper cells, a subset 

providing critical cues to GC responses, we found increased expression of ICOS 

activation marker. Our results indicate the interactions of TAPP adapters with PI(3,4)P2 

serve to restrain lymphocyte activation and limit antibody production, providing the first 

in vivo evidence that this interaction is important for immune function. 
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INTRODUCTION 

 

1.1.0 The immune system 

 

The immune system is a collection of cells, tissues and organs that protects the body from 

invading foreign pathogens and cancer.  The mammalian immune system is comprised of 

an innate component, capable of rapid non-specific response, and an adaptive component, 

which provides a slower, more highly specific longer lasting response.  The adaptive 

immune response has evolved in vertebrates due to the shortcoming of the innate immune 

response and rapidly evolving nature of pathogens.  The adaptive immune response is 

mediated by two main cell types, the B and T lymphocytes.  Lymphocytes contain 

antigen specific receptors that promote their differentiation into effector cells following 

engagement by antigen (Ag). 

 

B lymphocytes originate in the bone marrow, where they undergo extensive selective 

pressures and maturation.  B cells emigrating from the bone marrow display an antigen 

specific antibody known as a B cell antigen receptor (BCR).  B cells then home to 

secondary lymphoid tissues where they continue the maturation process.  Mature B cells 

can elicit responses to either T cell dependent (TD) or T cell independent (TI) Ags. B 

cells that encounter T cell dependent (TD) antigens require T cell specific help in order to 

mount an effective Ab response.  While T cell independent Ags can activate B cells and 

generate an Ab response in the absence of T cell help.  Antibodies also have different 

forms or isotypes depending on the type of infection.  Antibodies function to help clear 

the infection and aid in the activation of other immune cells.         
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The process of B cell development, activation and differentiation depends on intracellular 

signaling events that occur following engagement of the BCR.  The BCR functions by 

activating or inhibiting particular signaling events depending on the Ag it encounters.  

Intracellular signaling events regulate all aspects of B cell function including 

proliferation, survival, motility, growth and metabolism, and differentiation (1).  Signal 

transduction propagates extracellular cues into complex, intricately regulated signaling 

cascades involving protein and lipid kinases, phosphatases, lipases and adapter proteins.  

In B cells one of the most important signaling pathways activated downstream of the 

BCR is the phosphoinositide 3-kinase pathway (PI3K).  Regulation of the PI3K pathway 

has been shown to be critical for B cell development, activation and differentiation (2).  

However, many avenues of PI3K regulated signaling are still not well understood.  We 

are particularly interested into two adaptor proteins, TAPP1 and TAPP2, which have 

been found to selectively bind to a unique PI3K derived lipid.  

 

1.2.0  B cell development 

B cell development is an intricately regulated process, occurring within both the primary 

and secondary lymphoid organs.  Throughout B cell development, B cells pass through 

checkpoints to delete autoreactive B cells or to positively select functional B cell subsets 

(3).  Thus, even though the murine bone marrow produces approximately 1 to 2*10^7 

IgM+ B cells per day, only about 1-3% of these survive in the periphery and reach 

maturity (4, 5).  Although mature B cells are stringently selected, these checkpoints can 
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breakdown allowing the escape of autoreactive B cells leading to the development of 

autoimmune disease (6).          

 

B cell maturation proceeds through discrete stages regulated by transcription factors (7), 

cytokines (8) and cell surface receptors (9).  B cell development can be divided into two 

phases, an antigen independent phase occurring in the bone marrow and an antigen 

dependent phase occurring in the periphery (10). B cell development is a stepwise 

process beginning with pro-B cells which then transition through pre-B and immature 

stages until finally maturing into functional B lymphocytes (Figure 1).   

 

Pro-B cells transiently express recombination activation gene 1 and 2 (RAG1/2), which 

are enzymes involved in VDJ heavy chain rearrangement (11).  B cells that successfully 

recombine their heavy chains genes bind a surrogate light chain and display a pre-BCR 

complex on the surface (pre-B cell stage).  Pre-BCR signaling requires the Ig /  

complex and appears to share some common signaling mechanisms with mature BCR 

(12, 13).  Pre-B cells with productive in frame heavy chain rearrangements are positively 

selected and undergo clonal expansion (14). In contrast, mutation or deletion of the μ 

heavy chain, (9) Ig  or Ig  (15, 16) significantly decreases B cell development beyond 

the pro-B cell stage. Signaling through the pre-BCR reactivates RAG genes and induces 

light chain rearrangement (17). Following successful rearrangement, B cells replace the 

surrogate light chain with either Ig  or Ig  light chains and express a mature BCR (10).  
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Immature B cells that are capable of binding to self-antigen either undergo negative 

selection (deletion) (18), receptor editing (19, 20), or become anergic (inactivated) (21-

23).  One mechanism for inducing tolerance is through the elimination of self-reactive B 

cells.  Immature B cells are highly susceptible to apoptosis with extensive crosslinking of 

the BCR by autoantigens leading to death (18, 24). In contrast, B cells can become 

anergic, a state in which they no longer respond to antigen (B cells are hyporesponsive) 

(21, 22).  Anergy is induced through engagement of the BCR by intermediate levels of 

antigen (25). Lastly, autoreactive B cells can undergo a process termed receptor editing, 

where the heavy or light chain can undergo secondary DNA rearrangements to change 

the Ag binding specificity (19, 20, 26).  Immature B cells initially only express surface 

IgM, then emigrate from the bone marrow to the spleen to either die or complete the 

maturation process and upregulate IgD (3).  

 

Once B cells acquire IgM, they then immigrate to the spleen and are known as 

transitional B cells (27).  Transitional B cells are an intermediate population of B cells 

capable of differentiating into mature B cell subsets.  Transitional B cells can be 

subdivided into T1, T2 or T3.  These B cell subsets differ in their cell surface expression 

and functional responses.   Transitional type 1 (T1) B cells are highly susceptible to 

negative selection, eliminating B cells that react with self antigens in the peripheral 

tissues (28).  Crosslinking of the BCR on T1 B cells triggers apoptosis, while conversely 

in T2 B cells it promotes B cell proliferation and maturation (29).  Consistently, T1 B 

cells were also found to express lower levels of anti-apoptotic proteins compared to T2 B 

cells (27, 29).  Another factor important for B cell maturation is B cell activating factor 
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(BAFF).  BAFF is a cytokine of the tumor necrosis family that functions by activating the 

noncanonical NF- B pathway and influencing B cell survival by upregulating anti-

apoptotic factors (28). BAFF deficient mice were found to halt B cell development at the 

T1 stage (30), paralleling NF-KB subunit knockout mice (28, 31). BAFF influences B 

cell development by selectively enhancing the survival of T2 cells (32).  Interplay 

between BAFF and BCR signaling dictates the fate of transitional B cell, either 

eliminating autoreactive B cells or promoting further maturation.  

 

Mature B cells require both the BCR (33) and BAFF (34, 35) for maintenance. Ablation 

of the BCR using a interferon inducible cre, leads to rapid death of peripheral B cells 

(33).  Further studies elucidated that constitutive or ‘tonic’ signaling via the Ig /  

heterodimer is required for peripheral B cell survival (36). BCR deficient B cells can be 

rescued by constitutive PI3K activation, potentially inactivating FOXO pro-apoptotic 

signals (37). BCR ligation has been found to increase BAFF-R (BR3) expression in the 

late transitional and follicular B cell subsets (38). BAFF binds BAFF-R (BR3) on 

peripheral B cells and induces Akt phosphorylation and Bcl-XL (anti-apoptotic) 

expression, promoting B cell survival (35, 39, 40). Interestingly, BAFF is often found 

upregulated in patients with lupus-like autoimmune diseases (41).  Consistently, BAFF 

transgenic (Tg) mice were found to have expanded mature B cell populations and 

develop severe autoimmune manifestations (42).  In contrast though, BAFF deficient 

mice or Tg mice expressing a soluble BAFF receptor (TACI) show dramatic reductions 

in follicular and marginal zone B cells, while peritoneal B1 cells remain intact (30, 43).     
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Figure 1: B cell development 

B cell development is a stepwise process, initially occurring in the bone marrow where B 

cells progress from pro-B cells to immature B cells.  Immature B cells immigrate to the 

spleen where the maturation process continues as B cells transition through an 

intermediate before fully maturating into follicular or marginal zone B cells.  The origin 

of peritoneal B1 B cells is still relatively unknown.   
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1.2.1 Mature B cell subsets 

Mature B cell subsets can be divided into either B2 or B1 B cells.   B2 or conventional B 

cells can be subdivided into major 2 subsets: marginal zone (MZ) and follicular (FO) B 

cells.  These B cell subsets populate distinct locations and differ in their ability to respond 

to certain Ags.  These subsets differ not only in their functional responses, but also in 

their relative lifespans, with the half-life of FO B cells being approximately 4.5 months, 

while the number of MZ and B1 B cells remain relatively unchanged over a year (44).     

 

Follicular B cells  

Follicular B cells are the largest subset of mature B cells.  They primarily populate B cell 

follicles in secondary lymphoid organs, however they also recirculate between tissues and 

bone marrow (45).  Follicular B cells colonize primary follicles that become seeded by 

antigen activated germinal centre B cells, forming secondary follicles (46).   Follicular B 

cells are responsible for generating long-lived antibody producing cells in response to 

immunization with T cell dependent antigen (45, 47).    

 

Marginal zone and B1 B cells  

Specialized B cell populations known as MZ and B1 have been shown to be responsible 

for basal immunoglobulins and generating antibodies responses to T cell independent 

(TI) antigens (48, 49).  Development of B1 and MZ B cell subsets is highly dependent on 

the PI3K pathway (2, 50).  Marginal zone and peritoneal B1 B cells are ‘innate like’ B 

cells and express a limited repetitore of invariant BCRs (51).  MZ and B1 B cells exist in 

a pre-activated state and are weakly autoreactive (48, 52).               
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Marginal zone (MZ) B cells are a group of non circulating, rapidly responding B cells 

and are defined by their anatomical location within the spleen (53).  In contrast to 

follicular B cells, MZ B cells are characterized by the increased surface expression of 

CD21 (complement receptor) and IgM (54, 55), as well as adhesion molecules 2 

integrin, LFA1 and 4 1 integrin (56).  Increasing evidence suggests that marginal zone 

B cells are positively selected based on the specificity of their BCR (57).  Marginal zone 

B cells differentiate into plasmablasts upon stimulation with LPS and secrete more IgM 

and IgG3 then follicular B cells. (54, 58). 

 

B1 cells are a long-lived, self-renewing population located predominantly in the pleural 

and peritoneal cavities, with a small percentage found in the spleen (48).  The origin of 

B1 cells still remains unclear, originating from either a distinct B cell lineage precursor, 

while others argue that they are derived from follicular B2 cells (48). Consistent with MZ 

B cells, B1 cells are also suggested to be positively selected, expressing BCRs of pre-

defined specificity, reactive against phosphatidyl choline and bacterial carbohydrates 

(10). B1 cells are responsible for the production of basal antibody and are capable of 

responding to TI-II antigens (48).  B1 cells can be identified by the surface expression of 

CD5 and IgM (48).  Increases in B1 B cells have also been found to contribute to the 

development of autoimmune disease in both human and mouse (48). 

 

Signal Strength Model 
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One model of B cell development, the ‘signal strength’ model proposes that the strength 

of signal through the BCR determines the fate a particular B cell adopts. During B cell 

development, signaling through the BCR, either through interactions with self-antigens or 

ligand independent tonic signaling, functions to positively select B cells and direct 

lineage commitment (59).  In general, the signal strength model proposes that relatively 

weak BCR signals are required for MZ B cell development, while intermediate and high 

level of BCR signals are required for FO and B1 B cell development, respectively (59, 

60). However, inconsistencies have been identified, and alternatively suggest that FO B 

cells require lower level of tonic signaling as compared to MZ and B1 B cells (57). 

 

1.3.0 Humoral immunity 

Antigens that provoke humoral immune responses can be grouped together as either T 

cell dependent (TD) or independent (TI) antigens.  While TD responses require MHC 

class II presentation of the antigen to T cells to fully activate B cells, TI Ags are able to 

generate antibody responses in the absence of T cell Ag presentation (61). To study Ag-

specific Ab responses, antigens are conjugated to a hapten such as NP or TNP, which by 

themselves are unable to elicit a response; however, when coupled to a carrier compound 

(ie. OVA) are able to generate hapten specific antibody responses.  However, these 

conjugates are unable to generate large responses without the presence of an adjuvant.  

Adjuvants function by increasing the immunogencity of the antigen by stimulating the 

innate immune system and/or prolonging the duration of antigen release (62).    
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TD or TI antigens differ not only structurally but also in the type of response they elicit.  

In contrast to TD antigens, TI antigens generate relatively rapid responses, characterized 

by little to no affinity maturation or isotype switching (61).  Affinity maturation is 

characterized by the progressive increase in affinity of the Ab for antigen over time (due 

to somatic hypermutation (SHM) in the variable region of the Ab) (47).  Isotype 

switching is the rearrangement of the Ab heavy chain locus from IgM to an effector 

subtype (ie. IgG).  TI antigens induce rapid production of low affinity IgM and IgG3 

specific responses (63).  TI antigens activate the innate arm of the humoral immune 

system mediated by B1 and marginal zone B cells and often lack memory (63), whereas 

TD antigens activate follicular B cells and generate robust antibody responses and 

generate memory (46).   

 

1.3.1 T cell independent responses 

Antigens that can activate B cells independent of MHC class II presentation to T cells are 

known as T cell independent antigens. TI antigens often induce rapid responses by 

directly activating B cells without the need of cognate or Ag specific T cell help.  T cell 

independent antigens can be subdivided into class I and class II TI antigens and differ in 

the mechanism by which they activate B cells.  

 

Type I TI antigens are polyclonal B cell activators capable of stimulating proliferation 

and antibody secretion irregardless of the BCR antigenic specificity (64). A model type I 

TI antigen, lipopolysaccharide (LPS), a common component of bacterial cell walls, has 

been shown to stimulate antibody secretion in athymic nude mice (deficient in T cells) 
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(65). At low doses of LPS, B cells become activated in an antigen specific manner, while 

high doses of LPS induce polyclonal B cell activation (66).  C3H/HeJ mice, which 

contain a spontaneous mutation in a receptor (TLR4) that recognizes LPS, fail to 

proliferate or generate Ab responses to LPS challenge (67).  Secondary responses to 

TNP-LPS immunization showed a similar degree of response suggesting that memory B 

cell are not generated (65).                 

 

Type II T independent antigens are composed of highly repetitive (multimeric) Ag units 

such as the polysaccharide ficoll. In contrast to type I, type II TI antigens are unable to 

elicit a response in an immature or hosts deficient in Btk (downstream BCR kinase) (68).   

Type II TI antigens function by cross-linking multiple BCRs (>10) (69), leading to Btk 

activation and sustained Ca
2+

 flux (70). Although, type II TI antigens do not require 

classical antigen presentation, resting B cells still require additional factors or cytokines 

(IL-2 and IL-5) to induce antibody production and class switching (71). In contrast to 

type I TI antigens, type II TI responses can occur in the absence of functional TLR 

signaling (72), suggesting that B cells might be capable of “missing-self” recognition.  

Missing self-recognition suggests that B cells may contain inhibitory receptors to self-

antigens blunting response to self-antigens and preventing the development of 

autoimmune responses (73).  However, engagement of the BCR alone, without ligation of 

inhibitory receptors leads to a Type 2 TI response (74).    

 



12 

1.3.2 T cell dependent responses 

Most protein antigens require CD4+ T cell help in order to mount an effective response 

and are therefore called T cell dependent Ags.  In experimental immunization studies, 

adjuvants are required to generate the germinal centre response which typically reaches 

maturity and peaks around day 10 to 14 post-immunization (75, 76).  However, other 

antigens such as sheep red blood cells (SRBC) induce robust B and T cell activation in 

the absence of adjuvant (77).   Primary B cell follicles neighbor T cell rich regions or 

PALS (periarteriolar lymphoid sheath) and are responsible for responding to TD antigens. 

Dendritic cells (DC) process protein antigen and present it to antigen specific CD4+ T 

cells, resulting in their activation.  Mature B cells that encounter the protein antigen can 

process and present antigen to pre-activated T cells.  Together with BCR signaling, 

costimulation provided by B-T cognate interactions activates B cells allowing them to 

either differentiate into a plasmablast or migrate to primary B cell follicles to establish 

germinal centres (called secondary B cell follicles once the germinal centre is formed) 

(78).  Plasmablasts are short-lived plasma cells responsible for secreting Ab prior to the 

generation of long-lived plasma and memory cells.  In contrast to GC B cells, 

plasmablasts also lack somatic hypermutations in the variable regions of the Ab (79, 80). 

 

1.3.3.1 Germinal centres  

As the short lived plasma cells diminish, structures known as germinal centres form and 

generate long-lived antibody secreting cells (75). As illustrated in figure 2, germinal 

centres are microenvironments in secondary lymphoid tissues (ie. spleen, lymph nodes 

and peyers patches) where activated B cells undergo extensive proliferation, somatic 
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hypermutation and selection based on affinity of the BCR for antigen (81).  Germinal 

centres typically develop in response to infection or immunization with TD antigens (81), 

although have also be found to form spontaneously in autoimmune patients or mouse 

strains (82).  GCs are also normally present in tissues with persistent microbial exposure 

such as mesenteric lymph nodes, peyers patches and tonsils.  Germinal centre B cells are 

characterized by expression of activation markers such as Fas, GL7, PNA, and loss of 

IgD (83). As the germinal centre reaction proceeds, competition between GC B cells and 

serum Ab increases, perpetuating the continual increase in Ab affinity (47).  Although 

affinity maturation occurs in germinal centres, considerable increases in antibody affinity 

can still be observed in the absence of these structures (84). B cells with higher affinity 

for Ag receive T cell help, while lower affinity BCRs undergo apoptosis.  Surviving GC 

B cells can then differentiate into either long-lived plasma or memory B cells.       

  

Characteristic GCs form histologically distinct dark and light regions (figure 2).  The 

dark region contains densely packed B cells termed centroblasts, while the light zone 

contains a dense network of follicular dendritic cells (FDC).  Chemokines CXCL12 

(SDF-1) and CXCL13 are often upregulated within the dark and light zone of the 

germinal centre, respectively (85, 86).  CXCR4 (CXCL12 receptor) is upregulated on 

germinal centre B cells concentrated within the dark zone (85).  Centroblasts 

downregulate their surface Ig and undergo extensive proliferation (46). Although cell 

division occurs predominately in the dark zone, recent studies have also found that B 

cells within the light zone also undergo mitosis (87, 88). Activation induced cytidine 

deaminase (AID) is a DNA modifying enzyme upregulated in centroblasts and is 
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essential for SHM and CSR (89). SHM introduces single nucleotide mutations into the 

variable regions of the Ab, generating B cells of varying affinity for Ag (79). 

Centroblasts then downregulate CXCR4 (85) and migrate to the light zone, however they 

may return to the dark zone to undergo further division and selection (88).      

 

Conversely, the light zone of the GC is where B cells undergo affinity selection, class-

switch recombination and differentiation into either plasma or memory B cell subsets 

(90). Light zone germinal centre B cells or centrocytes re-express their newly generated 

surface Ig (46, 83) and compete for survival signals.  FDC capture antigen immune 

complexes through Fc and complement receptors (91).  Classical modeling suggested that 

centrocytes were selected based on their ability to capture and process antigen from 

FDCs (46, 83).  Interestingly though, mice devoid of serum Ig and detectable immune 

complex, still develop robust germinal center responses (92).  Centrocytes with higher 

affinity BCRs exhibit a competitive advantage compared to their lower affinity 

counterparts (83, 93).  However, SHM typically introduces deleterious mutations 

producing lower affinity or non-functional BCRs, resulting in a high rate of death within 

the GC (46).   Surviving centrocytes can either return to the dark zone to undergo further 

proliferation and selection, or process and present MHC-Ag to CD4+ T cells (94). A 

specialized subset of antigen experienced CD4+ T cells called T follicular helper cells 

(Tfh) provide cytokines and survival cues such as CD40L to selected B cells allowing 

them to differentiation into long-lived plasma or memory B cells (95).  Furthermore, 

blockage of B-T interactions by administration of CD40L blocking antibody prevented 
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further antibody maturation (96).  Recent studies using two photon microscopy have 

suggested that GC T cells are the limiting factor in the GC reaction (88, 97)  

 

Following processing through the germinal centre, GC B cells either differentiate into 

plasma or memory B cells, capable of secreting copious amounts of immunoglobulin or 

generating a long-lived B cell population, respectively.  However, the decision to commit 

to an effector or memory B cell subset still remains unclear (90).    Plasma cells home to 

the bone marrow where they can live up to a year (98), while memory cells can 

recirculate in the periphery where they secrete antibody upon secondary infection or 

immunization (99). 

 

T follicular helper cells 

T follicular helper cells (Tfh) are a subset of specialized CD4+ T cells that participate in 

TD responses by providing critical signals such as cytokines and cell contacts to germinal 

centre B cells (95).  Tfh cells are an antigen experienced lineage of activated T cells, 

located within B cell follicles. They are characterized by the expression of chemokine 

receptor CXCR5, the costimulatory molecule inducible costimulatory molecule (ICOS) 

and the programmed death-1 (PD-1) (100). Tfh produce cytokines such as IL-4 (101), IL-

10 (102) and IL-21 (103). IL-21 can function in both an autocrine and a paracrine 

manner, influencing both Tfh development and GC formation and differentiation, 

respectively (104-106). The cytokine milieu produced by Tfh cells supports GC B cell 

proliferation and differentiation into Ab secreting cells (100).   
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Cell contacts between GC B cells and Tfh cells are required for maintenance and 

progression of the GC response (95).  Tfh provide critical cell contacts such as CD40L 

and ICOS to GC B cells (95). Deficiency in CD40L or ICOS has been found to 

significantly impair germinal centre formation and antibody responses to TD antigens 

(107, 108).  Naïve T cells typically express low levels of ICOS; however is upregulated 

following T cell activation (109).  Previous studies have shown that co-stimulation 

through ICOS on CD4+ T cells increases CD40L expression (110).  In the absence of 

ICOS, anti-CD40 treatment restores antibody responses (110), suggesting that ICOS may 

regulate Ab production through CD40L.  ICOS functions by binding ICOSL on B cells 

(111). Elevated ICOS expression through loss of function of the ubiquitin ligase, roquin, 

results in a severe autoimmune disease paralleling systemic lupus erythematosus (SLE) 

(112).  Sanroque mice (roquin loss of function) have increased Tfh cells and have 

significantly enhanced germinal centre formation and antibody production (112).   
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Figure 2: Germinal centre 

Antigen activated B cells enter the dark zone of the germinal centre and undergo 

extensive proliferation and somatic hypermutation (SHM) in the variable regions of the 
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Ab.  Centroblasts then differentiate into centrocytes which compete for Ag on FDCs and 

survival signals from CD4+ Tfh cells.  Tfh cells also provide soluble factors that act on B 

cells to induce class switch recombination (CSR).  B cells that express higher affinity 

BCRs differentiate into either plasma or memory B cells, while those B cells with lower 

affinity BCRs fail to receive survival cues and undergo apoptosis.     
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1.4.0 Introduction to phosphoinositide 3-kinase 

Phosphoinositide 3-kinases (PI3K) are a family of enzymes that selectively phosphorylate 

the D3 hydoxyl group of the inositol head group of phosphoinositide (PI) lipids (figure 

3).  PI3Ks can be broken down into three families based on their structure and PI 

specificity. Class I PI3K enzymes are heterodimeric complexes composed of a single 

regulatory (p85 , p85 , p55 , p55 , and p50 ) and catalytic subunit (p110 , p110 , 

p110  or P110 ). While the p110  and  catalytic subunits are ubiquitiously expressed, 

the p110  (B and T cells) and  (T cells) subunits are largely restricted to leukocytes 

(113, 114).  Class I PI3K enzymes can either be activated by receptors triggering tyrosine 

kinase activity (class IA) or through G protein coupled receptors (GPCRs) (115). Class I 

PI3Ks enzymes are involved in the regulation of PI(3,4,5)P3 and PI(3,4)P2 levels and 

have been shown to play an essential role in immune cell activation (115, 116).  In 

contrast, class II PI3K enzymes selectively phosphorylate PI and PI(4)P to produce 

PI(3)P and PI(3,4)P2, whereas class III only produce PI(3)P (115).  However, little is 

known about the role of class II and III PI3Ks in humoral immune responses.  The class I 

PI3K signaling pathway is linked to a number of key cellular processes including cell 

survival, proliferation, differentiation and motility (2).     
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Figure 3: PI3K lipids 

PI3K functions by phosphorylating the D3 position of the inositol head group of PIs.  

Class I PI3K enzymes function to preferentially convert either PI(4,5)P2 or PI(4)P into 

PI(3,4,5)P3 or PI(3,4)P2, respectively.  
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1.4.1 PI3K activation in B lymphocytes  

B lymphocytes express a large array of receptors that have been shown to signal through 

PI3K including antigen receptors, costimulatory molecules, adhesion molecules, toll like 

receptors and cytokine receptors (2, 117).  However, our understanding of the mechanism 

by which many these receptors activate PI3K is still poorly understood.  One of the most 

extensively studied receptors in activation of PI3K is the B cell antigen receptor (BCR) 

(figure 4). The BCR signaling complex is composed of a membrane bound 

immunoglobulin and a heterdimeric Ig /  (ITAM containing complex) signal 

transducing complex. Crosslinking of the BCR either by antigen or receptor agonist 

results in phosphorylation of the ITAM motifs of the Ig /  via Src family tyrosine 

kinases (Lyn, Fyn or Blk) (118).  These phospho-tyrosine (p-tyr) residues function as 

docking sites for protein tyrosine kinases such as Syk (115). Deletion of Syk impairs 

BCR induced PI(3,4,5)P3 accumulation (119).  Activated Syk phosphorylates tyrosine 

residues on CD19, cbl and BCAP, which function as docking sites for p85 regulatory 

subunit of PI3K (120-122). Defective BCR signaling can result in impaired B cell 

development, activation and differentiation (123). 

 

The recruitment and membrane localization of class I PI3K results in the rapid 

accumulation of PI(3,4,5)P3 and PI(3,4)P2 (124) and activation of complex signaling 

cascades.  CD19 is a transmembrane co-receptor that associates with the BCR and 

primarily functions in the recruitment and activation of PI3K (120).  CD19 functions in a 

complex with CD21 and CD81 complement receptors to lower the threshold of BCR 

activation by approximately 100 fold (125). Deficiencies in CD19 significantly abrogate 
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PI3K activation in B cells (126) and activation of PI3K regulated protein kinases, such as 

Akt and Btk (127, 128).  The p85 regulatory subunit of PI3K binds to p-Tyr residues on 

CD19 via it SH2 domains.  Of the eight tyrosines of CD19, residues Y482 and Y513 have 

been shown to be critical in the recruitment and activation of PI3K (120, 129).  The 

binding of the p85 regulatory subunit to pTyr motifs on CD19 allows Ras-GTP induced 

activation of the p110 catalytic subunit (130). Although CD19 is involved in PI3K 

activation, CD19 deficiency does not completely abrogate PI3K signaling in B cells 

(127), suggesting that there are alternate mechanisms of PI3K activation. B cell activator 

adapter for PI3K (BCAP) was identified as a novel adapter protein containing four 

YxxM, phospho-tyrosine binding motifs. These motifs are phosphorylated by Syk and 

can be bound by the SH2 domain of the p85 subunit of PI3K (121).  Furthermore, BCAP 

deficient DT40 cells show a 50% reduction in PI(3,4,5)P3 production (121).  

Consistently, when CD19 and BCAP are simultaneously deleted, there is a dramatic 

reduction in Akt phosphorylation, which is indicative of reduced PI3K activity (131).     
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Figure 4:  PI3K activation in B cells 

Engagement of the BCR by antigen initiates phosphorylation of the Ig /  complex 

recruiting Syk kinase.  Syk kinase phosphorylates the YxxM motif of CD19 and other 

adapter proteins recruiting PI3K.  PI3K functions to selectively phosphorylate the D3 

position of PI(4,5)P2 and PI(4)P, generating PI(3,4,5)P3 and PI(3,4)P2, respectively.  

These lipid second messengers function as docking sites for PH domain proteins.  

Recruitment of Btk to the plasma membrane initiates the formation of a signalosome 

complex resulting in Ca
2+

 mobilization and MAPK activation.  On the other hand, TAPP 

adapter bind specifically to PI(3,4)P2, however their role in B cell activation and humoral 

immune responses remains to be defined.     
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1.4.2 Phosphoinositide dynamics 

Phosphoinositides are a class of membrane phospholipids containing an inositol head 

group. PI3K functions by phosphorylating the D3-position of membrane 

phosphoinositides, generating PI(3)P, PI(3,4)P2 and PI(3,4,5)P3 (132).  Interestingly, 

while only 10% of the total eukaryotic lipids are phosphoinositides, less than 0.25% of 

total inositol lipids are phosphorylated at the D3 position (133). Of the D3 

phosphoinositides, the PI(3)P is the most abundant and remains relatively stable before 

and after antigen stimulation (116, 123, 124, 133). In contrast, PI(3,4)P2 and PI(3,4,5)P3 

levels are transiently increased following BCR crosslinking (116, 124). These D3-

phosphoinositides regulate various cellular processes through the recruitment of effector 

proteins containing specialized domains. Interestingly, while PI(3,4,5)P3 is clearly 

implicated in activation of key mitogenic signaling pathways, the unique signaling events 

downstream of PI(3,4)P2 are still not well understood (116).       

 

1.4.3 Phosphoinositde phosphatases 

Regulation of D3 phosphoinositides is crucial for the prevention of leukocyte-derived 

cancers as well development of autoimmune diseases (134, 135).  PI phosphatases 

function by restraining PI3K signaling by limiting the amount of PI(3,4,5)P3 and 

PI(3,4)P2 available (figure 5).  PTEN (phosphatase and tensin homolog deleted on 

chromosome 10) and SHIP (SH2- domain containing inositol polyphosphate 

phosphatase) function by metabolizing PI(3,4,5)P3. PTEN is a tumor suppressor and 

functions to directly antagonize PI3K signaling by dephosphorylating the D3 phosphate 
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of PI(3,4,5)P3 (136). Homozygous PTEN deletion in mice results in embryonic lethality 

(137), while heterozygous mice survive but develop malignances (137) and autoimmune 

disease (138). In contrast, SHIP selectively dephosphorylates the D5 phosphate of 

PI(3,4,5)P3 generating PI(3,4)P2 (139).  SHIP is classically activated following 

recruitment to the immunoreceptor tyrosine based inhibitory motif (ITIM) of Fc RIIB 

(140).  SHIP deficient mice are viable but show significant mortality by 14 weeks of age 

due to expansion and infiltration of myeloid cells into the lungs (141).  Hematopoetic 

cells from the bone marrow of SHIP deficiency mice were found to have enhanced 

responsiveness to various cytokines, suggesting that SHIP is also an important negative 

regulator of cytokine signaling (141).   

 

Inositol 4-phosphatases (4-Pases) are another family of phosphatases that have emerged 

as critical negative regulators of the PI3K pathway.  4-Pases function to preferentially 

dephosphorylate the D4 phosphate of PI(3,4)P2 to generate PI(3)P (142).  Recent studies 

have found that type 2 4-Pases function as tumor suppressors (143) and have been found 

lost in breast (144) and prostate cancers (145).  However, the function of 4-Pases in the 

immune system is still poorly understood. 
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Figure 5: Phosphoinositide phosphatases 

Phosphoinositide phosphatases function to selectively remove phosphate groups from the 

inositol ring of PIs.  PTEN directly antagonizes PI3K signaling by removing the D3 

phosphate.  SHIP selectively dephosphorylates the D5 position of PI(3,4,5)P3, generating 

PI(3,4)P2.  INPP4 or inositol polyphosphate 4-phosphatases selectively remove the D4 

phosphate of PI(3,4)P2, generating PI(3)P.    
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1.4.4 Phosphoinositide-binding proteins domains 

Phosphoinositides promote responses to extracellular stimuli by binding specialized lipid 

binding domains of kinases, lipases or adaptor proteins. The pleckstrin homology (PH), 

phox-homology (PX), or Fab1, YOTB, Vac1, and EEA1 (FYVE) domains demonstrate 

binding to phosphoinositides and initiate activation of acute signaling cascades or 

participate in membrane and protein trafficking (146).  

 

The pleckstrin homology (PH) domain is a specialized region composed of 

approximately 100 to 120 amino acids that are found in more than 200 proteins in the 

human proteome (146).  PH domains have a characteristic seven strand beta sandwich 

structure composed of basic amino acids that allow for electrostatic stabilization and 

hydrogen bonding to negatively charged molecules, including lipids (147).  PH domains, 

unlike other PI binding domains, can specifically bind with high affinity and specificity 

to PI with adjacent phosphates (148).  Although certain PH domains are known for their 

high affinity and specificity for phosphoinositides, it is estimated that only 10% may 

actually participate in such highly specific interactions (148). The role of the remaining 

90% remains relatively unknown, however some may participate in low affinity 

interactions with various phosphoinositides or may facilitate protein-protein interactions 

(147, 149, 150).  However, the functional consequences of these low affinity interactions 

is still under debate. Among the PH domains that have high affinity and selectivity for 

PI3K products, a unique recognition motif in the 1 and 2 loop of the PH domain is 

present and is critical for binding to phosphoinositides (151). Interestingly, mutations that 
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abolish or promote PH domain binding are associated with the development and 

progression of certain diseases (146).  

 

1.5.0 Function of PI3Ks and PI-binding proteins in B cell biology 

 

1.5.1 The role of PI3K signaling in B cell development 

As discussed above, the pre-BCR and BCR expressed on the B cell surfaces regulate 

developmental checkpoints and select for functional lymphocytes. BCR-induced PI3K 

signaling events play critical roles in early B cell selection and differentiation into mature 

B cell subsets, including follicular, marginal zone and B1 subsets.  Deletion, genetic 

inactivation or pharmacological inhibition of the subunits of PI3K have been used to 

elucidate the role of the class I isoforms in B cell development, activation and 

differentiation.   

 

All class I catalytic isoforms are expressed within leukocytes, however, deletion of the 

p110  or p110  results in early embryonic lethality (152, 153).  Mutations targeting the 

predominant p85  regulatory or p110  catalytic subunits have been shown to retard B 

cell maturation at the pro B cell stage within the bone marrow (154-156). Subsequently, 

there is a profound reduction in mature B cells within the spleen and lymph nodes, and 

decreased B1a B cells within the pleural and peritoneal cavities (154-158).  In contrast, 

deletion of p110  did not affect B cell development, however it did have a profound 

impact on thymocyte development and mature T cell activation (159).  
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B cell development is regulated by both positive and negative signaling events. 

Interestingly, although CD19 has an important role in B cell responsiveness, CD19-/- 

mice develop normal B cell populations within the bone marrow (160).  However, 

examination of peripheral lymphoid tissues shows dramatically reduced peritoneal B1a 

and marginal zone B cells (160).  Conversely, enhancing PI signaling by conditional 

deletion of PTEN in B cells results in the expansion of B1 and marginal zone B cell 

subsets (161).  Interestingly, deletion of PTEN can restore the marginal zone and B1 

subsets within CD19 deficient mice, suggesting that PI3K pathway activation is a key 

function of CD19 in driving MZ and B1 B cell development (161).  However, deletion of 

PTEN only partially restores the marginal zone subset in p110  deficient mice (162).  

CD19/BCAP double knockout mice show a significant reduction in the number of 

peripheral B cells and show severe impairment in the generation of immature and mature 

B cell subsets within the spleen and bone marrow (131).  

 

Another phosphatase known to negatively regulate PI3K signaling is the inhibitory 

phosphatase SHIP.  SHIP functions by limiting the amount of PI(3,4,5)P3 by selectively 

removing the D5 phosphate, producing PI(3,4)P2 (139).  Deletion of SHIP results in a 

significant reduction in B cell development within the bone marrow (163).  However, 

despite the decrease in B cell precursors, SHIP deficient mice have increased frequency 

and number of mature B cells within the spleen (164).  Furthermore, analysis of the 

kinetics of B cell reconstitution after irradiation found that SHIP deficiency accelerates 

mature B cell development (164).         
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1.5.2 Role of PI3K on humoral immunity  

PI3K activation has been shown to be critical in the induction of humoral immune 

responses.  Inactivation of either the p85 regulatory or p110 catalytic subunits has been 

found to significantly perturb B cell functional responses, including reduced proliferation, 

increased susceptibility to apoptosis and dramatically reduced both basal and antigen 

induced antibody production (2, 155).  Consistent with the defects in B cell development 

and activation, p110  mutant mice were found to have significantly diminish GC 

formation and antibody production in response to TD antigens (157, 158).  In parallel, 

deletion of CD19 was also found to significantly impair GC differentiation and Ab 

responses to TD antigens (165).  However, inactivation of PTEN in CD19 deficient mice 

was found to restore GC formation upon immunization with TD antigens (161).  

Interestingly, increasing PI3K signaling through B cell specific deletion of PTEN has 

been found to impair CSR resulting in increased IgM production while inhibiting 

switching to IgG isotypes (166).  Deletion of SHIP, however, resulted in increased basal 

Ig and enhanced Ab responses to TD antigens (163).  Consistent with the impairments in 

TD humoral immune responses, p110  mutant and p85  deficient mice were also found 

to have severely diminished antibody responses to TI-2 antigens (155, 158).    
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Table 1: Summary of PI3K mutations on humoral immunity 
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Targeted 

Subunit 
Viability Immunological Defects 

p110  Embryonic 

Lethal 

N/A (152)   

p110  Embryonic 

Lethal 

N/A (153)  

p110  Viable Severe reduction in B cell development, with 

absence of marginal zone and B1 B cells.  

Corresponding reductions in basal and TI II 

antibody responses.  Reduced B cell proliferation 

to mitogenic stimuli.  Reduced germinal centre 

formation and TD antibody responses (156-158). 

C
at

al
y

ti
c 

p110  Viable Regulates thymocyte development, T cell 

activation, and neutrophil migration (159) 

R
eg

u
la

to
ry

 

p85 Viable Reduced mature B cells.  Reduced basal Ig and TI 

II responses. Reduced B cell functional responses, 

including decreased proliferation to various 

mitogenic stimuli.  Intact TD responses  (154, 

155).   
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1.5.3 Tec kinases 

Pleckstrin homology domain containing effector proteins are recruited to D3 PIs on the 

plasma membrane and initiate intracellular signaling cascades.  The Tec (tyrosine kinase 

expressed in hepatocellular carcinoma) kinases are a family of non-receptor tyrosine 

kinases activated downstream of various cell surface receptors that phosphorylate target 

proteins involved in various cellular processes including adhesion, migration, actin 

reorganization, apoptosis and cellular transformation (167).  The Tec kinase family is 

largely restricted to cells of hematopoetic origin and is made up of Tec, Btk, Itk, Rlk and 

Bmx.  These kinases are highly expressed in leukocytes and are characterized by a 

proline rich region and a PH domain highly specific for PI(3,4,5)P3 (168).  

 

Activation of Tec kinases is most well understood in the context of antigen receptor 

signaling.  Activation of Tec kinases occurs in part by plasma membrane localization 

(169) followed by phosphorylation by Src family of kinases (170).  Btk is one of the most 

well studied Tec kinases and is expressed predominately in the B cell lineage (171). 

Primary phosphorylation of the Y551 residue leads to the subsequent 

autophosphorylation on Y223 residue, resulting in Btk activation (170).   Once activated 

Btk can bind BLNK and can phosphorylate and activate PLC- , a phospholipase involved 

in the cleavage of PI(4,5)P2 into IP3 and DAG (172).  IP3 and DAG are involved in the 

release of endoplasmic reticulum calcium stores and activation of PKC-MAPK pathway 

(123).  Btk deficiency results in decreased PLC-  phosphorylation and reduced calcium 

flux (70). In addition to diminishing PI(4,5)P2, Btk can also replenishes PI(4,5)P2 levels 

through the membrane localization of phosphatidylinositol-4-phosphate-5-kinase (PIP5K) 



33 

(173).  Btk can be inhibited by activation of SHIP through the Fc RIIB which reduces the 

availability of PI(3,4,5)P3 for binding (174, 175).  

 

Btk has been shown to be a critical regulator of B cell development and maturation (176).  

Initially identified in a screen of cytoplasmic tyrosine kinases involved in B cell 

development, BPK or Btk was cloned and found to be expressed in B cell lines at various 

stages of development  (171).  Interestingly, patients with X-linked agammagloblemia 

(XLA), an inherited humoral immunodeficiency characterized by a blockage in early B 

cell development (177), showed reduced or absent Btk mRNA and protein (171).  

Consistent with this, CBA/N mice were found to carry an X-linked immunodeficiency 

(Xid) mutation mapped to a conserved region of the Btk PH domain (178, 179).  In 

contrast to XLA patients, Xid mutant and Btk deficient mice develop a milder phenotype, 

although still have impairments in B cell activation and cannot respond to type II T cell 

independent antigens (180-182).  To determine redundant features of the Tec family of 

kinase, knockout of both the Tec and Btk have been shown to greatly diminish B cell 

development as compared to either KO alone (183).  

1.5.4 Akt 

 Akt (also referred to as PKB) is a proto-oncogene serine/threonine protein kinase, often 

dysregulated in many human cancers (184) and metabolic disorders (185, 186). Three 

isoforms of Akt have been identified and are all ubiquitously expressed (187).  Akt 

contains an N-terminal PH domain capable of interacting with both PI(3,4,5)P3 and 

PI(3,4)P2 (188) and is targeted to the plasma membrane in a PI3K dependent manner 

(189-191). Mutations within the PH domain of Akt have been found to abrogate cell 
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activation (189, 192). Interestingly though, N-terminal myristoylation of Akt caused 

constitutive activation in the absence of a functional PH domain, suggesting that the main 

role of the PH domain is to mediate membrane localization (192). Binding of Akt to the 

plasma membrane induces a conformational change exposing sites for phosphorylation 

(193).  

 

In order for Akt to become fully activated it must be dually phosphorylated in the 

activation loop (Thr308 – PDK) and regulatory hydrophobic motif (Ser473 – mTORC2) 

(190). Interestingly, substitution of these regulatory sites with negatively charged aspartic 

acid residues, mimicking phosphorylation, resulted in constitutive Akt activation (190).  

Phosphorylation of the threonine 308 and serine 473 residues is carried out by PDK1 and 

mTOR kinases, respectively. PDK1 (3-phosphoinositide-depenedent protein kinase-1) 

contains a PH domain and is capable of interacting with PI(3,4,5)P3 and PI(3,4)P2 (194).  

PDK1 functions by phosphorylating the activating threonine 308 residue of Akt (195).  

Mutation of the PH domain of PDK1, preventing PDK1-phosphoinositide interactions, 

diminished Akt phosphorylation on the threonine 308 residue (196). Interestingly, the 

serine 473 residue of Akt is insensitive to acute rapamycin treatment, although 

knockdown of either mTOR (mammalian target of rapamycin) or its binding partner 

rictor, decreased the total phosphorylation of Akt (197). Furthermore, the 

phosphorylation status of the serine 473 residue of Akt appears to be critical in allowing 

threonine 308 phosphorylation, therefore components affecting 473 phosphorylation were 

also found to affect 308 phosphorylation (197, 198).  
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Akt is linked to a number of key cellular processes including cell survival, proliferation 

and metabolism (199).  Akt functions by phosphorylating a number of downstream 

effector kinases and transcription factors (200). Engagement of the BCR activates Akt in 

a PI3K dependent manner (201, 202). B cells deficient in p110  catalytic subunit shows 

decreased Akt activation and are highly susceptible to apoptosis (158).  Conversely, 

overexpression of Akt in B cell lymphoma  (DT40 – immature B cell line) cell line 

inhibited BCR induced apoptosis, suggesting Akt plays an important role in B cell 

survival (203).  One of the important downstream targets of Akt is the forkhead box, 

class O (FoxO) family of transcription factors, known to regulate both pro-apoptotic and 

anti-proliferative proteins (204). Three FoxO transcription factors are expressed in B cells 

including FoxO1, FoxO3a, and FoxO4.  FoxO transcription factors are inactivated 

downstream of the PI3K-Akt signaling axis, resulting in nuclear export to the cytosol and 

degradation (204).  Overexpression of Akt independent Foxo mutants in activated 

primary murine B lymphocytes leads to increased cell cycle arrest and apoptosis (205).  

 

Negative regulation of the PI3K-Akt signaling axis is important for the prevention of 

various types of cancers (134).  Co-ligation of the BCR and the inhibitory receptor, 

Fc RIIB1, reduces Akt membrane localization and activity (downstream 

phosphorylation) in a SHIP-dependent manner (202, 206). Expression of mutant 

Fc RIIB1, lacking the ITIM motif, or in B cells lacking SHIP fail to negatively regulate 

Akt activation (207).  SHIP deficient B cells show enhanced and prolonged Akt 

phosphorylation (163). Consistently, PTEN deficient cell lines show enhanced Akt 

phosphorylation through upregulation of PI(3,4,5)P3 lipid (161), whereas expression of 
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PTEN in tumor cell lines led to decreased Akt phosphorylation and enhanced cell death 

(208, 209). In vitro stimulation of PTEN deficient splenic B cells with F(ab)2 anti-IgM 

showed increased PI(3,4,5)P3 lipid levels and a corresponding increase in Akt activation 

(161).  Lastly, deficiency or knockdown of either type I or type II 4-pases, which 

generate PI(3)P,  were found to have a significant increase in Akt phosphorylation 

following growth factor stimulation(143, 210).  

  

1.5.5 PI binding adapter proteins 

Adapter proteins play essential roles in orchestrating intracellular signaling events by 

facilitating protein-protein or protein-lipid interactions (211). Adapter proteins can 

function within the cytosol or on the membrane.  Although adapter proteins lack intrinsic 

enzymatic activity, they possess multifunctional binding domains such as src homology 

2/3 (SH2/3), pleckstrin homology (PH), or PDZ binding domains allowing them to 

function as molecular scaffolds (212).  The phosphorylation status of adapter proteins 

also allows interaction with other proteins within the cell (211, 212).  Adapter proteins 

can function in the recruitment and binding of essential kinases and phosphatases 

facilitating their localization in the cell (211, 212).  Adapter proteins have been found to 

function both positively and negatively in immune cell development and activation (211, 

212).  

 

PI3K dependent adapter proteins are a set of highly specific adapter proteins found to be 

recruited to the plasma membrane upon 3-PI generation.  Interaction with 3-PI occurs 

through interaction with specialized domains, such as the PH, PX and FYVE.  While 
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these domains are wide spread throughout the genome, only a limited number of adapters 

families can be classified as ‘PI3K regulated adapters’ (213). The Gab, SKAP and 

Bam32/DAPP1/TAPP families of adapters have all been found bind D3 PI and be 

recruited to the plasma membrane in a PI3K dependent manner (213).  However, the 

function of these adapter proteins in humoral immunity is still not well understood and 

they may have differential roles depending on their cellular context.              

 

Bam32 is an adapter protein originally isolated from human GC B cells which has been 

found to be recruited to the plasma membrane in a PI3K dependent fashion (214, 215).  

Bam32 deficient mice were found to develop normal B cell populations within the spleen 

and bone marrow, however they were found to have a significant reduction in peritoneal 

B1 B cells (216).  Consistent with the reduction in peritoneal B1 B cells, Bam32 deficient 

mice were found to have deficiencies in TI-II responses (216).  As for TD responses, 

Bam32 deficient mice show premature dissolution of the germinal centre, showing 

increased GC B cell apoptosis and decreased Ab affinity maturation (217).  Further 

analysis of spleen sections from TD immunized Bam32 deficient mice found less CD4+ 

T cell recruitment to the GC (217).  Administration of anti-CD40 agonist was found to 

restore the GC response and bypassed the requirement of Bam32 (217).  These results 

demonstrate the importance of adapter proteins in regulating humoral immune responses.   

 

1.5.5.1 Structure and expression of TAPPs 

TAPP1 and TAPP2 are dual PH domain containing proteins initially identified by a 

database search for putative 3-PI binding domains proteins (218).  In parallel, the 
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Marshall lab identified TAPP1 and TAPP2 based on sequence homology to a related 

adapter protein, Bam32 (215).  TAPP adapters are ubiquitously expressed proteins, with 

TAPP2 being more highly expressed in hematopoetic cells (215).  TAPP adapters are 

highly homologous structures containing a highly conversed N-terminal region, termed 

the ‘TAPP conserved region’ (215).  Additionally, TAPP1 and TAPP2 contain two 

consecutive PH domains and a PDZ (postsynaptic density protein) binding motif at the C-

terminus (218, 219).  While only the C-terminal PH domain has shown strong PI binding, 

the function of the N-terminal PH domain remains to be defined.  TAPP1 also contains a 

proline rich motif in the C-terminal region resembling an SH3 binding domain (215).                                
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Figure 6:  TAPP adapter proteins 

Schematic representation of the major domains of TAPP adapters.  The C-terminal PH 

domain of TAPP1 and TAPP2 have shown to preferentially bind PI(3,4)P2, while the 

function of the N-terminal PH domain has yet to determined.  TAPP1 also contains a 

proline rich motif resembling an SH3 domain.   TAPP1 and TAPP2 also contain a PDZ 

binding motif.   
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1.5.5.2 TAPP-PI(3,4)P2 interactions  

PH domains can mediate both protein-protein or protein-lipid interactions. However, only 

a subset of PH domains have been found to bind D3 PIs strongly (146). BCR stimulation 

of BJAB cells, a B cell lymphoma cell line, expressing EGFP labeled TAPP1 and TAPP2 

showed recruitment of TAPPs to the plasma membrane, which was abolished following 

treatment with PI3K inhibitors (215). Interestingly, only the C-terminal PH domain of 

TAPPs was necessary for membrane recruitment, while the N-terminal PH domain 

showed no detectable membrane interactions (215). Similarly, in T cells stimulation 

through the CD28 costimulatory molecules led to recruitment of TAPP -PH domain to 

the plasma membrane (220).  In vitro PI interaction assays demonstrated highly selective 

binding of TAPP C-PH domain to PI(3,4)P2 (218).  Mixed vesicles of various 3-PI, 

demonstrate that TAPP adapters specifically bind PI(3,4)P2 in vitro (221).  Consistently, 

TAPP2 recruitment in BCR stimulated BJAB cells demonstrated membrane recruitment 

paralleling PI(3,4)P2 production, showing delayed but sustained recruitment kinetics 

(215).  

 

The crystal structure of the C-terminal PH domain of TAPP1 has provided insight into 

the specificity and affinity for PI(3,4)P2 (222).  Although TAPPs were discovered based 

on sequence homology to Bam32 their PH domains show unique PI binding specificity 

(218).  While Bam32 shows relatively equal affinity for PI(3,4,5)P3 and PI(3,4)P2 (218), 

TAPPs are highly specific for PI(3,4)P2 (218, 221, 222).  Crystal structures of Bam32-

PH domain and TAPP1 C-PH domain revealed an alanine residue in TAPP1 C-PH 

domain sterically hindering its ability to bind PI(3,4,5)P3 (222).  Substitution of the 



41 

alanine with a glycine residue converts Bam32 into a PI(3,4)P2 TAPP like PH containing 

domain protein (222). Point mutations R212L and R218L in the C-terminal PH domains 

of TAPP1 and TAPP2, respectively, completely abolished binding to PI(3,4)P2 (215, 

223).    

 

1.5.5.3 Regulation of TAPP membrane recruitment 

Phosphoinositide phosphatases function by selectively removing phosphates from the 

inositol ring in turn activating or inhibiting particular cellular processes.   SHIP functions 

by selectively removing the D5 phosphate of PI(3,4,5)P2 generating PI(3,4)P2 (140), the 

binding lipid of TAPP1 and TAPP2. SHIP dephosphorylation alters membrane 

phospholipids dynamics, shutting down certain PI3K dependent pathways while 

activating others (113).  Coligation of BCR and Fc RII was found to inhibit Btk 

recruitment, but did not affect TAPP2 membrane localization (224). Therefore, SHIP 

activation can terminate Btk recruitment, while increasing levels of PI(3,4)P2 and 

enhancing recruitment of TAPPs (224).  In contrast, 4-phosphatases have been shown to 

preferentially dephosphorylate the D4 position of PI(3,4)P2, generating PI(3)P (142, 

143). Membrane recruitment of GFP-PH-TAPP1 was significantly reduced when co-

transfected with wild-type 4-phosphatases as compared to empty vector control (225), 

terminating PI(3,4)P2 signaling.    

 

Hydrogen Peroxide or H2O2 has been found to regulate PI3K dependent proteins through 

the generation of PI(3,4)P2 (226).  Peroxide stimulation induces preferential increases of 

PI(3,4)P2 over PI(3,4,5)P3 (226).  Transient transfection of BJAB lymphoma cell line 
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with EGFP labeled PI(3,4)P2 binding proteins, including TAPP2, showed plasma 

membrane recruitment following dose dependent stimulation with peroxide (227).  

Interestingly, costimulation through the antigen receptor and treatment with hydrogen 

peroxide leads to synergistic increases in TAPP2 membrane recruitment (227).       

 

1.5.5.4 TAPP interacting partners 

Identification of the TAPP-phosphoinositide interaction has provided the first insights 

into the functional roles of these adapters; however, the downstream signaling 

mechanism remains to be determined.  Biochemical studies of TAPP protein interaction 

partners have tried to characterize the signaling complexes associated with TAPP 

adapters.  A yeast two hybrid screen of the C-terminal PDZ binding motif of TAPP1 

identified MUPP1, a multi-PDZ containing protein with no known catalytic activity 

(219).  TAPP mutants lacking C-terminus PDZ binding motif abolished MUPP1 binding 

(219).  TAPP1 has also been shown to interact with PTPL1 or protein tyrosine 

phosphatase like protein-1 (228), a phosphatase possessing both positive and negative 

regulatory roles (229).  Although TAPP-PTPL1 interaction did not appear to influence 

phosphatase activity, TAPP1 was found to colocalize with PTPL1 in the cytosol of 

unstimulated cells and at the plasma membrane following stimulation H2O2 (228). 

Depletion or knockout of PTPL1 also showed enhanced Akt and STAT4/6 

phosphorylation suggesting that this phosphatase play an important negative regulatory 

role (230, 231).  Consistently, TAPP1 knockdown in IGF1 stimulated HEK-293 cells 

showed enhanced Akt phosphorylation (228), suggesting it may have a regulatory role by 
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targeting the localization of PTPL1.  The functional significance of these interactions in 

the immune system has yet to be investigated.         

 

To determine the role of TAPP adapters in lymphocytes a mass spectrometry analysis of 

TAPP2 interacting proteins identified 40 potential partners involved in signal 

transduction, cytoskeletal rearrangement and endocytic trafficking (232).  TAPP2 was 

found to interact with the cytoskeletal protein utrophin and utrophin associated protein, 

2-syntrophin (232).  Utrophin, a homologue of dystrophin, is often found to be 

upregulated in patients with muscular dystrophy (233), while syntrophin function as 

scaffold protein binding to utrophin and dystrophin. The utrophin/synthrophin complex 

has been shown regulate adhesion through interactions with the dystrophin-glycoprotein 

complex (234).  Interestingly, BCR stimulated BJAB cells overexpressing wildtype or 

membrane targeted TAPP2 showed enhanced adhesion to both fibronectin and laminin 

(232).  In contrast, knockdown of TAPP1/2 or inhibition of PI3K showed dramatic 

reduction in adhesion to ECM proteins (232). The C-terminal PDZ binding motif of 

TAPP1 was also found to interact with the PDZ domains of 1-, 1- and 2-synthrophin 

isoforms in circular membrane ruffles (235), suggesting that complex may play a role in 

regulating actin dynamics.  Additionally, siRNA knockdown of PTPL1 in MCF breast 

cancer cells decreased adhesion to ECM proteins, including fibronectin and showed 

increased invasiveness on matrigels (236).  Although TAPPs have been found to regulate 

adhesion, the mechanism is still unclear.     
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1.6.0 Thesis Overview 

1.6.1 Study rationale  

Phosphoinositide 3-kinase (PI3K) signaling pathway is linked to a number of key cellular 

processes including cell survival, proliferation, differentiation and motility (2). 

Regulation of this pathway in immune cells is crucial for prevention of leukocyte-derived 

cancers as well as development of autoimmune diseases (138, 237-239).  The BCR 

activates PI3K (240)  and this receptor plays critical roles in B lymphocyte development 

and induction of antibody responses (154, 158).  PI3K functions by phosphorylating the 

D3-position of membrane phosphoinositides generating PI(3)P, PI(3,4)P2 and 

PI(3,4,5)P3.  These secondary messengers regulate various cellular activities by 

functioning as membrane docking sites for PH domain containing proteins.  While 

PI(3,4,5)P3 is clearly implicated in activation of key mitogenic signaling pathways, the 

unique signaling events downstream of PI(3,4)P2 are not well understood. TAPP1 and 

TAPP2 are ubiquitously expressed PH domain containing adaptor proteins, which have 

been found to selectively bind to PI(3,4)P2 in a delayed but sustained fashion following 

BCR stimulation (215).  Interestingly, TAPP1 was previously reported to associate with 

PTPL1 (228), a phosphatase known to play a critical role in STAT (230) and Akt (231) 

activation, indicating that TAPPs may function as a negative regulator of immune cell 

activation.  
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1.6.2 Study hypothesis 

TAPP adaptor proteins function as negative regulators of B cell activation.  Genetic 

disruption of TAPP protein recruitment will result in abnormally enhanced B cell 

functional responses.     

   

1.6.3 Experimental approach  

To identify the functional role of TAPP-phosphoinositide interactions, a knock-in (KI) 

mouse model was generated bearing mutations within C-terminal PH domains of both 

TAPP1 and TAPP2 preventing their binding to PI(3,4)P2 (223).  Here we report the 

impact of these mutations on humoral immune responses and B lymphocyte activation.  
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Figure 7:  TAPP KI model 

TAPP1/2 KI mice were created by introduction of mutations into the C-terminal PH 

domains of TAPP1 (R211L) and TAPP2 (R218L), and then crossed to TAPP1 and 

TAPP2 double homozygous mutants.  The mutations introduced substituted critical 

arginine residues with leucines and were found to abolish TAPP-PI(3,4)P2 interactions.  

TAPP1
R211L/R211L

 and TAPP2
R218L/R218L

 mutate proteins were expressed at normal levels 

in various tissues.    
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1.6.4 Significance  

 Dysregulation of the PI3K pathway, leading to excessive activation, has been linked to a 

number of diseases including allergy and asthma (241, 242), lymphomas and leukemias 

(243, 244), and autoimmune disorders (138).  However, many avenues of PI3K signaling 

are still not well understood and are required for increasing our understanding about the 

origin of PI3K related diseases, as well as for the development of more safe and effective 

drug treatments.  These studies will help define a specific downstream signaling pathway 

and cellular functions regulated by TAPP-PI(3,4)P2 interactions in lymphocytes. In 

addition, they could provide insights into the functional roles of TAPP1 and TAPP2 in 

the immune system and identify new regulatory mechanisms governing germinal centre 

and antibody responses.  
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MATERIALS AND METHODS 

Mice 

TAPP1R211L/R211L TAPP2R218L/R218L mutant mice were generated as described (223). Mice were 

generated and maintained on a C57BL6 background and a TAPP wild-type line generated 

from littermates was used as controls in all experiments. μMT mice (Igh-6tm1cgn) were 

purchased from The Jackson Laboratory. All animals were housed at the Central Animal 

Care Facility (University of Manitoba, Winnipeg, MB.) in compliance with the guidelines 

established by the Canadian Council on Animal Care. 

 

Immunizations 

To study T cell-dependent antibody responses, TAPP KI or littermate control mice were 

injected intraperitoneally (i.p.) with either 10ug of NP-OVA precipitated in 2.0mg of 

alum or 500ul of 10% sheep red blood cells (Innovative Research) diluted in PBS. In the 

indicated experiments, mice were boosted on day 29 post-immunization with 10ug of NP-

OVA without alum. To study T cell-independent antibody responses, mice were 

immunized by intraperitoneal injection with either 12.5ug of NP(41)-AECM-Ficoll 

(Biosearch Technologies, Inc.) or NP(0.7)-LPS (Biosearch Technologies, Inc.) in HBSS. 

Blood samples were collected at the indicated days from either the tail vein or by cardiac 

puncture. 
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Serum antibody measurements 

Serum was harvested from blood samples by incubation at 37°C for 30 min or 4°C 

overnight to clot red blood cells and then centrifugation at 3000 rpm for 5 min. For ELISA 

assays, ninety-six well assay plates were coated overnight at 4°C with capturing antibody 

or antigen diluted in carbonate coating buffer (0.015M Na2CO3, 0.035 M NaHCO3, 

0.05% NaN3, pH 9.6).  Antibodies binding to nitrophenyl (NP) were assayed by coating 

wells with NP3-BSA or NP20-BSA (Biosearch Technologies, Inc.) to detect antigen-

specific antibody responses. Total antibodies levels were determined by coating with 

either anti-mouse IgM (Jackson ImmunoResearch Laboratories), IgG (Jackson 

ImmunoResearch Laboratories) or IgE antibodies (BD Pharmigen). Coated plates were 

then incubated with blocking buffer (2% BSA in washing buffer) for 2 hours at 37°C and 

then washed (PBS, 0.05% Tween 20, 0.02% NaN3, pH 7.4).  Serum samples and 

standards were serially diluted using ELISA dilution buffer (1:10 dilution of blocking 

buffer with wash buffer) and incubated at 37°C for 2 hours or overnight at 4°C. Plates 

were washed and bound antibody levels were detected using biotinylated anti-mouse IgM, 

IgG1, IgG2c or IgG3 antibodies (all Southern Biotech). After incubating overnight at 4°C, 

plates were washed and incubated with streptavidin alkaline phosphatase for 50 minutes 

at room temperature (RT). Following washing, p-nitrophenyl phosphate tablets (Sigma 

Aldrich) were dissolved in ELISA substrate solution and then added to each well. 

Absorbance at 405nm and 690nm was read using a Molecular Devices plate reader. 
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Table 2:  ELISA 

 

 

Flow cytometry analyses 

Single cell suspensions were generated from the spleen, lymph nodes, bone marrow or 

peritoneal cavity. Erythrocytes were depleted using ACK lysis buffer (0.15M NH4Cl, 1 

mM KHCO3, 0.1mM Na2EDTA-2H20, pH 7.4) for 2 minutes on ice, followed by 

neutralization with PBS.  Suspensions were filtered using cell strainers (BD Falcon 40μm 

nylon) and counted using hemocytometer. Cells were incubated with 2.4G2 antibody for 

10 minutes on ice to block Fc receptors and then washed with FACS buffer (PBS+2% 

FBS). Approximately 2x106 cells were incubated with biotinylated Abs for 25 minutes on 

ice. Following washing with FACS buffer, directly conjugated Abs and streptavidin 

conjugates were incubated for 15 minutes on ice. Cells were then washed and resuspended 

Total Ig Coat Sample Dilution Standard Detection 

IgM 5ug/ml Basal 1:5K 

Primary 1:10K 

Secondary 1:100K 

20ng/ml 0.13ug/ml 

IgG1 5ug/ml Basal 1:5K 

Primary 1:10K 

Secondary 1:100K 

20ng/ml 0.1ug/ml 

IgG2c 5ug/ml Basal 1:5K 

Primary 1:10K 

Secondary 1:100K 

20ng/ml 0.66ug/ml 

IgE 0.5ug/ml Basal 1:10 

Primary 1:50  

100ng/ml 0.1ug/ml 
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in approximately 350ul of FACS buffer and acquired immediately on a FACS Canto II 

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

(TreeStar).   

 

The following antibodies used for flow cytometry were purchased from BD Pharmingen, 

unless otherwise stated: fluorescein isothiocyanate (FITC) Rat-Anti-Mouse CD4, 

Phycoerythrin (PE) anti-mouse B220, FITC anti-mouse CD21, PE anti-mouse CD19, 

APC Streptavidin, PE antimouse CD5, PE anti-mouse CD23, APC Rat anti-mouse 

CD45R/B220, PerCP Rat anti-mouse CD45R/B220, PE conjugated Hamster Anti-Mouse 

CD95 (Fas), PE anti-mouse CD5FITC anti-mouse T-and B-Cell activation antigen GL7, 

Biotin Rat Anti-Mouse CXCR5 Rat anti-mouse CD19-APC (Southern Biotechnology 

Associates, Inc.), rat Anti-mouse IgD-Biotin (Southern Biotechnology Associates, Inc.), 

Pacific Blue conjugated anti-mouse/human CD45R/B220 (eBioscience) ), PE conjugated 

anti-mouse ICOS (Cat. No. 12-9942-81; eBioscience), and AlexaFluor647 anti-mouse 

CD4 (eBioscience). 

 

Ex vivo apoptosis was determined using Annexin V-FITC (Biovision) and DAPI 

(Invitrogen) staining. Cells were collected and stained according to the manufacturers 

protocol. Briefly, approximately 1x106 cells were resuspended in Annexin V Binding 

Buffer (BD Pharmingen), and incubated with 1ul of Annexin V-FITC and 1ul DAPI 

(100ng/ul working solution) at RT for 10 minutes. Cells were then analyzed immediately 

on the FACS Canto II. 
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BrdU labeling and detection 

To measure in vivo DNA synthesis of germinal center B cells, TAPP KI and littermate 

controls were immunized with 10ug NP-OVA precipitated in 2mg of alum. Five hours 

before sacrifice on day 14, mice were injected with 5mg of 5-bromo-2’-deoxyuridine 

(BrdU) (Sigma Aldrich) in PBS. After cell surface staining of splenocytes as described 

above, cells were fixed and permeabilized on ice for 30 min using BD Cytofix/Cytoperm 

solution, washed with PBS containing 0.1% saponin, and then incubated in PBS+1% 

saponin for 10 minutes. Fixed and permeabilized cells were treated with 

deoxyribonuclease I (0.15M NaCl, 4.2 mM MgCl2, 10uM HCl, 50 Kunitz units/ml 

DNase I) (Sigma Aldrich) for 30 minutes at 37°C to expose the incorporated BrdU. 

Incorporated BrdU was detected using a FITC labeled anti-BrdU antibody (eBioscience). 

 

Tissue sectioning, confocal microscopy and image analysis 

Spleens were harvested 14 days after NP-OVA immunization, embedded in O.C.T. 

compound (Tissue Tek) and snap frozen in liquid nitrogen. Sections were cut at 8μm 

using a cryostat and placed onto glass slides (Fisher Superfrost/Plus). Frozen sections 

were fixed for 15-20 minutes using ice cold acetone, blocked with 5% goat serum for 30 

minutes at room temperature and then incubated with biotinylated anti-IgD for 2 hours at 

RT or overnight at 4oC. Sections were then washed with PBS+0.1% Tween20 and stained 

with streptavidin-Alexa 647, anti-GL7-FITC, and anti-CD4-PE in PBS+2% BSA for 
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approximately one hour at RT. After washing, anti-fade mounting solution (Prolong Gold, 

Molecular Probes) and cover slips were applied. Sections were imaged using a confocal 

microscope (Ultraview LCI, Perkin-Elmer). The size of germinal centers was determined 

using Ultraview image analysis software to calculate the relative areas of GL7+IgD- 

regions and the number of GCs per section was determined by visual inspection. 

 

B cell isolation, cultures and adoptive transfer experiments 

Spleen or pooled lymph nodes (mesenteric, inguinal, popliteal) were harvested from naïve 

TAPP KI or littermate control mice. Erythrocytes were depleted using ACK buffer for 2 

minutes on ice.  Splenic B cells were purified by MACS depletion of CD43+ cells using 

magnetic beads, according to manufacturers protocol (Miltenyi Biotech). Briefly, cell 

suspensions were incubated with anti-CD43 microbeads on ice for 15 minutes, washed 

and passed through a magnetic column with 0.5% BSA/PBS solution. 

 

For cell division assays, purified splenic or lymph node B cells were resuspended in 2% 

FBSPBS solution at 6 million cells/ml and labeled using 2.5μM of carboxy-fluorescein 

diacetate succinimidyl ester (CFSE; Molecular Probes) for 5 minutes. Cells were then 

washed with 5% FBS-PBS and resuspended at 2 million/ml in complete medium (RPMI 

1640 containing penicillin-streptomycin, 2-mercaptoethanol and 10% FBS). Purified B 

cells (4x105 cells/200ul) were then stimulated and cultured for 72 hours in 96 well round 

bottom tissue culture plates. For microscopic assessment of homotypic adhesion cells 
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were plated in flat-bottomed plates and cultured for 3hr or 20hr. Stimulants included: 

Purified anti-mouse CD40 (HM40-3) (BD Pharmingen), F(ab’)2 goat anti-mouse IgM 

(Jackson ImmunoResearch Laboratories, Inc.), lipopolysaccharides from Escherichia coli 

026:B6 (Sigma Aldrich) and IL-4 (PeproTech).  For assessment of cell viability, splenic or 

lymph node B cells were resuspended in complete medium at 2 million/ml and plated in 

96 well round bottom plates and stimulated with the indicated stimuli for approximately 

72 hours. During the last 2 hours of incubation, 20ul of 5mg/ml working solution of 

thiazoylyl blue tetrazolium bromide (MTT) (Alfa Aesar) was added to each well and 

mixed thoroughly. At the end of culture, formazen crystals generated in the cell pellets 

were dissolved in 200ul of DMSO and transferred to an ELISA plate. Absorbance were 

determined at both 560nm and 670nm using ELISA plate reader. 

 

For adoptive transfer experiments, purified splenic B cells from either TAPP KI or WT 

mice were injected intravenously (22.5-30 *10
6
/recipient) into the tail vein of B cell 

deficient hosts (μMT).  Five day post-transfer, reconstituted mice were immunized 

intraperitoneally with 10ug of NP-OVA precipitated in 2mg of alum.  Fourteen days post-

immunization, recipient mice were analyzed for germinal centre B cell formation and T 

cell activation.      

 

Western blotting 

Purified splenic or lymph node B cells were stimulated with F(ab)2 anti-IgM for the 

indicated times and then immediately lysed using NP40. Protein samples were mixed with 
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laemmli buffer (Sigma), boiled for 5 minutes and then run on 4-15% polyacrylamide 

gradient gels (Biorad) and then transferred to nitrocellulose membranes. Membranes were 

blocked for 1 hour at RT with TBS containing 0.1% tween-20 and 3-5% skim milk (Santa 

Cruz). Membranes were then washed 3 times with TBST and then incubated with 

primary antibodies (anti-phosphoAkt Ser 473 or Thr 308 or total Akt; Cell Signaling) in 

TBST containing 5% BSA and kept gently shaking overnight at 4 degrees. Blots were 

then washed 3 times with 1X TBS with 0.1% tween-20 and primary Abs were detected 

using anti-rabbit-HRP (Cell Signaling). Blots were then developed using enhanced 

chemiluminescence substrate (GE Healthcare) and signals were detected with the 

Fluorchem 8800 chemiluminescence imager (Alpha Innotech). 

 

Intracellular phosphoprotein staining 

Fresh splenocytes were equilibrated for 1 to 2 hr at 37°C in complete medium, stimulated 

for 5 min with 10 ug/ml F(ab)2 goat anti-mouse anti-IgM, then immediately fixed using 

pre-warmed BD Cytofix buffer (BD Biosciences) incubated at 37°C for 15 min. Cells 

were then washed with FACS staining buffer (PBS, 0.2% BSA) and permeabilized with 

BD Phosflow Perm Buffer III (BD Biosciences) on ice for at least 30 min or -20°C 

overnight. Cells were then washed twice and equilibrated at RT in FACS staining buffer 

for 15 min prior to staining for 30 min using a 1:10 dilution of labeled anti-

phosphoprotein Abs (all BD Bioscience): PE-mouse anti-Akt (pT308), Alexa488 mouse 

anti-Akt (pSer473), PE mouse anti-Syk (pY348), Alexa647 mouse anti-PLC 2 (pY759), 
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PE mouse anti-BLNK (pY84), pacific blue mouse anti-ERK1/2 (pT202/pY204) Ab. Cells 

were washed once, suspended in 250 ml FACS buffer and analyzed on a FACSCanto-II 

instrument (BD Biosciences). 

Statistical analysis 

T-tests were performed using GraphPad Prism 4. *< 0.05; **< 0.01; ***<0.001 
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RESULTS 

B cell populations in TAPP1
R211L/R211L 

TAPP2
R218L/R218L 

mutant mice 

We investigated B lymphocyte development and function in TAPP1R211L/R211L 

TAPP2R218L/R218L (TAPP KI) mice, in which TAPP proteins are expressed at normal 

levels but cannot bind PI(3,4)P2 due to mutations in the PI-binding pocket of their C-

terminal PH domains (223). PI3K signaling is known to affect development of mature B 

cell subsets (2), but the contribution of PI(3,4)P2 binding proteins TAPP1 and TAPP2 to 

this process has not been determined. Initial examination of the lymphoid tissues of 

TAPP KI mice did not reveal substantial alterations in the proportions of B and T 

lymphocytes within lymphoid tissues or blood, however a small reduction in the 

proportion of B cells within the spleen was observed (Figure 8).   Absolute cell numbers 

from the spleens of TAPP KI mice were similar to those of the WT mice.  The 

composition of B cell subsets within the spleen was further assessed by flow cytometry, 

and it was found that TAPP KI mice have intact populations of both mature follicular and 

marginal zone B cells (Figure 9). Interestingly, significant decreases in newly-generated B 

cell subsets (transitional 1 and 2) were seen in TAPP KI spleens (Figure 9). Small 

reductions in the frequencies of pro-B, pre-B and immature B cells in the bone marrow 

were also observed (Figure 10). We also examined B1 cells, a B cell subset residing in the 

peritoneal cavity whose development is known to be highly dependant on PI3K signaling  

(2, 161). It was found that TAPP KI mice have a significant increase in the percentage of 



58 

B220+CD5+IgM+ B1 cells in the peritoneal cavity (Figure 9). These data indicate that 

TAPP-PI(3,4)P2 interactions are not essential for development of mature B cell 

populations, but may influence the dynamics of early B cell maturation or selection 

within the spleen, bone marrow and peritoneal cavity. 
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Figure 8:  Frequency of B220+ and CD4+ cells in the spleen, mesenteric lymph node 

and blood 

Frequency of B220+ B cell and CD4+ T cell populations were assessed in the blood, 

spleen and mesenteric lymph node using flow cytometry. The indicated cell populations 

were gated as indicated and graphed as proportion of total live cells. Graphs represent the 

mean and standard deviation with a minimum of 4 mice per group. 
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Figure 9:  B cell population in TAPP KI mice 

A. Flow cytometry analyses were performed on splenocytes and peritoneal wash cells of 

8-10 week old TAPP KI and control mice. The indicated cell populations were gated on 

singlet live cells. The top panel shows staining for B220+ B cells and CD4+ T cells. In 
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the middle two panel, total live cells were gated on either CD23- or CD23+ populations 

and further characterized by IgM and CD21 staining to differentiate transitional – type 1 

(CD21-IgM+), transitional – type 2 (CD21+IgM+), marginal zone (CD21+IgM+) and 

follicular B cells (CD21loIgMlo). In the bottom panel, peritoneal wash cells were stained 

for B1 cells (B220+CD5+IgM+). FACS plots are representative of 4-8 mice examined per 

group. B. Mean percentages of B lymphocyte populations within the spleen and 

peritoneal cavities. The graphs indicate the frequency of B cell (B220+CD4-) 

subpopulations as a percentage of total live cells (singlets, DAPI-). Data represent the 

mean and standard deviation of 4-8 mice per group. 
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Figure 10:  B cell development in the bone marrow and spleen of TAPP KI mice  

A. Flow cytometry analyses were performed on the bone marrow of naïve 8-10 week old 

TAPP KI and control mice. The top panel shows plots of IgM negative cells, gating 

B220+CD43+ pro- B and B220+CD43- pre B cells. The bottom panel shows gating of 

immature (B220loIgMhi) and recirculating mature (B220hiIgM
lo

) B cells. The indicated cell 

populations were gated on singlet live cells. FACS plots are representative of 4 mice per 

group and the mean percentages of cell populations are shown the right panel. B. IgM and 

IgD staining of splenocytes from naïve 8-10 week old TAPP KI and control mice was 
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used to distinguish immature (IgDlo, IgMhi), mature (IgDhi, IgMlo) and transitional 

(IgDhiIgMhi) B cells. Plots of 8 mice per group are shown, with right panel showing the 

mean and standard deviation. The indicated cell populations were gated on B220+DAPI- 

cells and graphed as a percentage of total live cells (DAPI-). 
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Antibody responses in TAPP1
R211L/R211L 

TAPP2
R218L/R218L 

mutant mice 

As an initial assessment of mature B cell function we examined the impact of TAPP PH 

domain mutations on serum antibody levels. Serum from TAPP KI and control mice was 

collected and analyzed for the levels of immunoglobulin (Ig) isotypes. Interestingly, 

TAPP KI mice showed a significant increase in basal levels of all Ig isotypes examined 

(Figure 11). We went on to determine whether TAPP KI mutations also affected 

antibody production after immunization with antigen (NP-OVA). Serum was collected at 

various time points post-immunization and levels of total IgM, IgG1 and IgG2c antibody 

were measured. Compared to control mice, TAPP1/2 KI mice produced significantly 

higher quantities of serum IgM, IgG1 and IgG2c, over the 35 day period post-

immunization (Figure 12A). Similar increases in total serum Ig levels were observed after 

immunization with 10% sheep red blood cells (Figure 12B).  Consistent with the 

increases in total Ab titres, TAPP KI mice were also found to have increased frequency of 

plasma cells within the spleen at day 14 post-immunization (Figure 13). Together these 

results demonstrate that uncoupling TAPP adaptors from PI(3,4)P2 leads to substantial 

increases in antibody production.  

 

Immunization with T-dependant Ags such as NP-OVA leads to selective production of 

antibodies binding the Ag with high affinity, and the average Ab affinity increases over 

time as rare B cells producing high affinity antibody gain a selective advantage during the 

response. To examine the levels of antigen-specific antibodies generated in TAPP KI 



65 

mice, we used NP3-BSA and NP20-BSA coated ELISA plates to measure Abs binding the 

NP molecule with high or low affinity, respectively. The results indicated that, despite 

elevated levels of total antibody, levels of NP3- (Figure 14A) and NP20-binding Abs 

(Figure 14B) were not markedly altered in the TAPP KI mice.  

 

We further examined Ag specific Ab production after immunization with either type 1 or 

type 2 T-independent Ags.  We also found that levels of NP-binding Abs produced after 

immunization with T-independent Ags were relatively normal (Figure 15A,B).  Together 

these results indicate that TAPP KI mice are capable of mounting antigen-specific 

antibody responses but exhibit a dysregulation in controlling overall Ab production. 
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Figure 11:  Enhanced basal antibody levels in TAPP KI mice 

Sera from naïve TAPP KI or control mice were collected and analyzed for total IgM, 

IgG1, IgG2c and IgE immunoglobulin production using specific ELISA assays. Individual 

mice are plotted as single dots, with black lines representing the means. 
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Figure 12:  TAPP KI mice show increased total antibody production  

A.  Control or TAPP KI mice were immunized i.p. with NP-OVA-alum and boosted on 

day 29. Blood was collected and sera were collected over a 35 day period and analyzed 

for total antibodies using specific ELISA assays. B. Similarly, mice were also immunized 

i.p with 10% sheep red blood cells. At day 14 post-immunization, sera was collected and 

levels of the indicated immunoglobulin isotypes measured using specific ELISA assays  
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Figure 13: Increased plasma cell differentiation in TAPP KI mice 

Flow cytrometry analysis of splenocytes from day 14 NP-OVA immunized mice were 

found to have increased B220+CD138
lo

 plasma cell population.  FACS plots are 

representative of 4 mice per group. The indicated cell populations were gated on CD4- 

singlet cells and graphed as a percentage of live lymphocytes (DAPI-).  
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Figure 14: NP specific antibody responses in TAPP KI mice 

Mice were immunized with NP-OVA-alum and boosted on day 29. Blood was collected 

and sera analyzed for NP-binding (A,B).  To measure generation of antibodies binding NP 

with high affinity or low affinity, sera were analyzed using NP3-BSA (A) and NP20-BSA 

(B) coated ELISA plates respectively. Note that specific antibody responses remain 

relatively unaltered in the TAPP KI mice. Graphs represent the mean and standard 

deviation of at least 4-6 mice per time point. 
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Figure 15: T-independent antibody responses in TAPP KI mice 

Mice were immunized i.p. with either (A) NP-Ficoll or (B) NP-LPS.  Blood was 

collected at day 6 and 14 by tail vein or cardiac puncture, respectively.  Serum was 

analyzed for NP specific IgM or IgG3 by using NP20-BSA coated ELISA plates.  A.  

TAPP KI mice displayed no significant difference in antigen specific IgM and IgG3 in 

response to NP-Ficoll. B.  TAPP KI mice show a trend towards in increase in response to 

NP-LPS.  Graphs are representative of 8-12 mice per group. 
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TAPP interactions with PI(3,4)P2 modulates B cell activation and survival 

To determine if TAPP KI B cells have altered functional responses to antigen receptor 

stimulation, B cell activation, proliferation and survival were assessed in vitro.  Analyses 

of cell division using CFSE dilution assay showed that TAPP KI B cells underwent more 

divisions than control B cells during a 3 day stimulation period (Figure 16A). Spleen or 

lymph node B cells show similarly increased cell division induced by anti-IgM (Figure 

16A); however, no consistent differences in division were found using other mitogens 

such as LPS, anti-CD40 or IL4. Additional experiments using MTT assay to measure cell 

proliferation and viability supported the conclusion that TAPP KI B cells mount more 

robust proliferative responses when stimulated with F(ab)2 anti-IgM (Figure 16B). 

 

Co-ligation of the BCR with the inhibitory receptor Fc RIIB was previously found to 

increase membrane recruitment of TAPP2 associated with increased generation of 

PI(3,4)P2 by SHIP (215). We thus asked whether TAPP-PI(3,4)P2 interaction may 

contribute to the inhibitory action of Fc RIIB on B cell proliferation. B cells were 

stimulated with various doses of intact anti-IgM, co-ligating both the BCR and Fc RIIB. 

As expected, wild-type B cells show reduced viability and fewer divisions when 

stimulated with intact anti-IgM, compared to F(ab)2 anti-IgM (Figure 17A). TAPP KI B 

cells appear to be partially resistant to the inhibitory effect of Fc RIIB co-ligation, and 

show substantially improved cell viability and more divisions than control cells (Figure 

17B,C).  These data suggest that TAPP interactions with the SHIP product PI(3,4)P2 
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may contribute to B cell regulation via Fc RIIB. 

 

B cell activation is well known to induce the expression of Fas (245), a cell surface 

receptor that triggers apoptosis following ligation.  To determine whether TAPP KI B 

cells are defective in their ability to undergo Fas induced apoptosis, we activated TAPP 

KI and WT B cells with anti-CD40 and IL-4 for 2 days and then treated these B cells 

with an anti-Fas Ab for the last 18 hours.  We then measured their ability to undergo Fas-

induced cell death using annexin V and DAPI to detect early and late apoptosis, 

respectively.  However, in contrast to Ag induced B cell survival, TAPP KI B cells 

exhibited similar levels of Fas induced B cell survival as compared to WT B cells, when 

treated with apoptotic stimuli (Figure 18).  Taken together, these results suggest that 

although TAPP KI B cells survive better after Ag induced activation, however they are 

still susceptible to extrinsic apoptotic signals.    
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Figure 16:  TAPP KI B cells show increased proliferative responses in vitro 

Purified splenic or lymph node B cells from TAPP KI or control mice were labeled with 

CFSE and stimulated in vitro with the indicated mitogens for 72 hours. A. TAPP KI B 

cells show increased division (CFSE dilution) in response to BCR cross-linking using 

F(ab)2 anti-IgM, however, did not show consistent differences when stimulated with anti-

IgM plus anti-CD40+IL-4. FACS histograms are representative of a minimum of 4 

independent experiments. B. Cell proliferation was assessed 3 days after stimulation 

using the MTT colorimetric assay. Proliferation index was calculated by normalizing to 

unstimulated control B cells. Results represent mean and standard deviation of 4 

independent experiments. 
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Figure 17: TAPP KI B cells are partially resistant to the inhibitory actions of the 

Fc RIIB 

To compare the response of B cells following engagement of the BCR alone or in 

combination with Fc RIIB, purified splenic B cells were stimulated with 10ug of intact or 

F(ab)2 anti-IgM for 72 hours and CFSE dilution was measured by flow cytometry. A. 

FACS plots indicating that TAPP KI B cells have enhanced cell division in the presence 
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of intact anti-IgM. Results are representative of 5 independent experiments. B. Relative 

CFSE dilution values (calculated as CFSE MFI unstimulated / CFSE MFI stimulated), 

indicating that TAPP KI B cells are partially resistant to reduced cell division following 

intact Ab stimulation. C. Viability of purified splenic and lymph node B cell cultures 

after 3 days of stimulation as assessed by flow cytometry. 
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Figure 18: Fas mediated apoptosis of TAPP KI B cells 

Purified splenic B cells from TAPP1/2 KI or control mice were stimulated for 48 hours 

with 1ug/ml of anti-CD40 and 10ng/ml of IL4.  B cell cultures were treated with 

logarthimic doses of anti-Fas for the last 18 hours of culture.  Cell survival was 

determined using Annexin V and DAPI staining.  Cell viability was plotted as a 

percentage of Annexin V and DAPI negative. Graphs are representative of one 

independent experiment.   
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TAPP interactions with PI(3,4)P2 modulate Akt phosphorylation 

To determine whether disruption of TAPP-PI(3,4)P2 interactions affects PI3K-

dependent signaling pathways in B cells, we examined the ability of TAPP KI B cells to 

activate the Btk/PLC 2 and Akt signaling axes after antigen receptor (BCR) cross-linking. 

Initially we determined whether there are any differences in signaling events immediately 

downstream of the BCR by stimulating splenic B cells with F(ab)2 anti-IgM and 

measuring phosphorylation of Syk and BLNK by flow cytometry. Consistent with the 

relatively late membrane recruitment of TAPPs (215), no significant differences were 

observed in these early tyrosine phosphorylation events (Figure 19). We also found that 

PLC 2 phosphorylation and calcium flux responses appeared normal in TAPP KI B cells 

(Figure 19A,B). We then examined serine-threonine phosphorylation of Akt, which is 

known to contribute to B cell survival (203). We observed significantly increased 

phosphorylation of the serine 473 and threonine 308 residues of Akt upon BCR cross-

linking using F(ab)2 anti-IgM, as assessed by Western blot (Figure 20) and flow 

cytometry (Figure 19A).  These results suggest that TAPP interactions with PI(3,4)P2 

are not essential for initiation of BCR signaling but can impact downstream signaling 

events involving Akt. 
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Figure 19: Early BCR signaling events in TAPP KI splenocytes 

A. Splenocytes were stimulated with 10ug/ml of F(ab)2 anti-IgM for 5 minutes or left 

unstimulated, and then fixed, permeabilized and stained with the indicated phospho-

specific antibodies. The graph presents fold increases in mean fluorescence intensity 

(MFI) of staining after stimulation, pooled from two independent experiments. Phosflow 

performed by Kennedy Makondo B. Calicum flux was measured by loading purified 

splenic B cells with calcium sensitive dyes Fluo-4 and Fura-Red, and stimulated with 

10ug of F(ab)2 anti-IgM. The Fluo-4/Fura-Red ratio was monitored by flow cytometry.  

Results are representative of two independent experiments.   
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Figure 20: Increased Akt phosphorylation in TAPP KI B cells following BCR cross-

linking 

Purified splenic (A) or lymph node (B) B cells were stimulated with F(ab)2 anti-IgM for 

the indicated time (min) and Akt phosphorylation on ser473 and thr308 was detected by 

Western blotting. C. Graphs showing pooled quantitative data from 3 independent 

experiments (phospho/total Akt signals normalized to control unstimulated cells).  

Western blots performed by Sen Hou. 
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Germinal center responses in TAPP1
R211L/R211L 

TAPP2
R218L/R218L 

mutant mice 

B cell responses to T cell-dependent antigens involve extensive B cell proliferation and 

selection within germinal centers (GC), which is dependant on signaling via PI3K (158, 

161). We therefore examined the GC response generated in TAPP KI and control mice 

after immunization. Flow cytometric analysis of the spleen revealed a significant increase 

in the frequency of germinal center B cells on days 7 and 14 post-immunization, however, 

the response declined to normal levels by day 21 (Figure 21A). Immunofluorescence 

microscopy of spleen sections revealed visibly larger clusters of activated B cells 

expressing the GC marker GL7 at day 14 post-immunization (Figure 21B). 

Quantification of GL7+ cell clusters revealed that TAPP KI mice have a 1.6-fold increase 

in average GC size, whereas the number of GC observed per section was similar to 

controls (Figure 21C). We assessed whether the increased GC size is associated with 

enhanced GC B cell division or decreased GC B cell apoptosis. To assess cell division, we 

labeled cells undergoing DNA replication by administering the thymidine analog BrdU at 

day 14 after immunization. Five hours later, spleens were harvested and BrdU-labeled 

cells were detected by flow cytometry. Splenic GC B cells (B220+Fas+) showed similar 

frequencies of BrdU incorporation in TAPP1/2 KI and control mice (Figure 22A), 

indicating similar rates of DNA synthesis. We then examined GC B cell apoptosis by 

staining splenocytes at day 14 post-immunization with annexin V and DAPI, to detect 

loss of plasma membrane and nuclear integrity respectively. As expected, GC B cells 

(B220+Fas+) show a high frequency of cells expressing apoptosis markers compared to 

non-GC B cells (Figure 22B). However, the GC B cell population from TAPP KI mice 
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contained significantly more viable cells (Figure 22B). These results indicate that the 

increased GC response resulting from disrupted TAPP-phosphoinositide interaction is 

associated with increased GC B cell survival. 
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Figure 21: Increased germinal center responses in TAPP KI mice 

A. Flow cytometry analysis of splenocytes at day 7, 14 and 21 after NP-OVA 

immunization, indicating increased GC B cell frequencies. FACS plots are representative 

of day 14 NP-OVA immunized mice and illustrate the increased frequency of GL7+Fas+ 
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among B220+DAPI- lymphocytes. The graph below indicates that TAPP KI mice have a 

significant increase in the frequency of germinal centre B cells on day 7 and 14, but no 

difference by day 21 post-immunization. Data represent the average and standard 

deviation of a minimum of 3 mice per time point. B. Germinal centers were visualized 

using immunofluorescence microscopy. Spleen sections from day 14 NP-OVA 

immunized mice were stained with anti-GL7 (green), anti-CD4 (red) and anti-IgD (blue). 

GL7+ clusters were quantified as number per section and relative GL7+/IgD- staining area 

of GCs from 4 different mice per group. 
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Figure 22: Increased germinal centre B cell survival in TAPP KI mice 

A. TAPP KI GC B cells show normal levels of DNA synthesis. At day 14 post-

immunization, TAPP KI and control mice were injected with BrdU and sacrificed 5 hours 

later. Isolated splenocytes were cell surface stained, then fixed, permeabilized, and stained 

using anti-BrdU antibodies. Left: DNA synthesis among GC (B220+Fas+) or non-GC 

(B220+Fas-) lymphocyte populations was determined as percentage of BrdU 
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incorporation. Right: Similar average BrDu incorporation among GC B cells from TAPP 

KI or control mice. B. Splenocytes from day 14 NP-OVA/alum immunized mice were 

stained using Annexin V and DAPI to detect cell survival, early apoptosis and loss of 

nuclear integrity.  Representative FACS plots illustrate the cell survival profile among 

B220+Fas+ and B220+Fas- lymphocytes. Right: Graph showing percent viability 

(Annexin V-DAPI-) among GC B cells from a group of 4 mice. A similar trend was found 

in 2 independent experiments with 4 mice/group. 
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Analysis of humoral immune responses in B cell deficient mice reconstituted with 

TAPP1
R211L/R211L 

TAPP2
R218L/R218L 

B cells 

To determine if the enhanced germinal centre and antibody responses in TAPP KI mice is 

due to a B cell-intrinsic signaling defect, we performed adoptive transfer experiments by 

reconstituting B cell deficient hosts (μMT) with purified TAPP KI or WT B cells.  TAPP 

KI and WT recipient mice were found to have no significant differences in B cell 

reconstitution in the spleen (Figure 23). Immunization of recipient mice with NP-

OVA/alum, revealed no significant difference in the frequency of germinal centre B cells 

at day 14 post-immunization (Figure 24A).  Consistently, TAPP KI and WT recipient 

mice were found to have similar levels of GC B cell (B220+Fas+) apoptosis as assessed 

by annexin V and DAPI staining (Figure 24B). However, analysis of the 

immunoglobulin production revealed enhanced switched IgG1 in TAPP KI recipient mice 

sera (figure 25).  Taken together, these results suggest that abnormal activation of other 

immune cell types may contribute to enhanced GC responses within TAPP KI mice.  On 

the other hand, disruption of TAPP-PI(3,4)P2 interactions only in B cells has a 

measurable impact on IgG1 secretion in an adoptive transfer model.     
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Figure 23: Reconstitution of TAPP KI and WT B cells in B cell deficient hosts. 

Purified B cells from either TAPP KI or WT mice were injected into B cell deficient 

μMT hosts.  Five days after reconstitution mice were immunized to with NP-OVA/alum. 

At day 14 post-immunization, B cell reconstitution in the spleen was then measured using 

flow cytometry. Graph showing the percentage of CD19+ live lymphocytes. Individual 

mice are plotted as a single dot, with black lines representing the means.               
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Figure 24: Germinal centre response in B cell deficient mice reconstituted with 

TAPP KI B cells 

Fourteen days after NP-OVA/alum immunization, frequency of germinal centre B cells 

and survival was determined using flow cytometry.  A. Germinal centre B cells were 

gated on CD19+DAPI- singlet lymphocytes. Representative plots and percentages of GC 

B cells are shown.  B.   Splenocytes from day 14 NP-OVA/alum immunized recipient 

mice were also stained using Annexin V and DAPI to detect cell survival, early apoptosis 

and loss of nuclear integrity.  Representative FACS plots illustrate the cell survival 

profile among CD19+Fas+ and CD19+Fas- lymphocytes. Right: Graph showing percent 

viability (Annexin V-DAPI-) among GC B cells from a group of 8-9 mice. 
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Figure 25: Antibody response in adoptive transfer mice 

Purified TAPP KI or control B cells were injected into B cell deficient μMT hosts. 

Fourteen days after NP-OVA/ alum immunization blood was collected and sera analyzed 

for total immunoglobulin production using ELISA. Individual mice are plotted as a single 

dot, with black lines representing the means.       
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TAPP-phosphoinositide interactions regulate ICOS expression on CD4+ T cells 

Another critical component of germinal centre response is CD4+ T cells or T follicular 

helper cells (Tfh), which are a specialized subset of T lymphocytes that participate in the 

germinal centre response by providing critical signals, such as cytokines and cell contact-

dependants to germinal center B cells (95).  We thus examined markers associated with 

Tfh, including CXCR5 and ICOS.  Flow cytometry analysis of the CD4+ T cell 

population within the spleens of TAPP KI mice revealed a significant increase in ICOS 

expression on day 14 post-immunization (Figure 26). Nonetheless, transfer of TAPP KI 

B cells into B cell deficient hosts was unable to augment the increased ICOS expression 

in host CD4+ T cells (Figure 27), suggesting that the enhanced T cell activation found in 

the TAPP KI mice is not due secondary to B cell defects. 
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Figure 26: Analysis of T follicular helper cell population in TAPP KI mice. 

Flow cytomety analysis of the spleens of day 14 NP-OVA immunized mice were stained 

with the indicated markers. Cells were gated on CD4+B220- singlet live lymphocytes. 

Representative FACS plots are shown. Mean fluorescence intensity (MFI) of PE-anti-

ICOS was used to determine the relative shift. Individual mice are plotted as a single dot, 

with black lines representing the means. Similar trends have been found in 2 independent 

experiments with 4 mice/group. 
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Figure 27:  T follicular helper cells in μMT recipient mice  

Flow cytometry analysis of CD4+ T cell population in the spleens of μMT recipient mice. 

Cell population was gated on CD4+DAPI- lymphocytes. Mean fluorescence intensity 

(MFI) of PE-anti-ICOS was used to determine the relative shift.  Individual mice are 

plotted as a single dot, with black lines representing the means. 
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Chapter 2  

DISCUSSION 

 

Previous studies have indicated that PI3K-dependent generation of PI(3,4)P2 is a feature 

of B cell antigen receptor signaling (124, 215, 246); however the function of this 

phosphoinositide in B cell activation is unknown. In the absence of functional data, 

PI(3,4)P2 is often considered to represent an intermediate by-product generated when 

PI3K signaling is terminated by inhibitory phosphatases SHIP1 and SHIP2 which 

hydrolyze PI(3,4,5)P3 (139). However, several studies have indicated that PI(3,4)P2 can 

be selectively generated under certain conditions including oxidant stimulation (219, 247)  

and integrin outside-in signaling (248). The specific binding of PI(3,4)P2 by TAPP 

adaptors suggests that these molecules mediate cellular functions that are sensitive to 

levels of this lipid messenger. The present results provide the first direct evidence that the 

interaction of TAPPs with PI(3,4)P2 indirectly impacts B cell activation, differentiation 

and survival. Moreover, disruption of this interaction results in significant systemic 

perturbations in antibody production. 

 

B cell development and maintenance is clearly dependent on “tonic” BCR signals that 

require PI3K activity (37, 249).  In particular, the marginal zone and B1 B cell subsets 

appear to require a higher threshold of PI3K signal, as these cells are selectively absent in 

mice deficient in p110  catalytic subunit of PI3K (158), or treated with PI3K inhibitors 

(50). Our data indicate that TAPP interactions with PI(3,4)P2 are not essential for 

development of mature B cell subsets within the spleen.  Development of B1 B cells also 
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did not require TAPP interaction with PI(3,4)P2; however our data suggest a role in 

regulating the accumulation or expansion of this population within the peritoneal cavity. 

The observed subtle reductions in B cell precursors within the bone marrow and spleen 

might be related to altered pre-BCR or BCR signaling leading to accelerated differentiation 

into mature B cell subsets and increased clonal deletion at the immature/transitional B cell 

stages. 

 

Despite the relatively small effect of the TAPP PH domain mutations on mature B cell 

populations, serum Ab responses were significantly elevated, and this affected all Ag 

isotypes tested. Levels of serum Abs were also strikingly elevated in TAPP KI mice after 

immunization.  These results clearly suggest that absence of TAPP-PI(3,4)P2 interactions 

does not impair B cell activation, but rather de-regulates Ab production at some level. 

Interestingly, the levels of Ag binding Abs produced after immunization are in the normal 

range, suggesting that excess serum Ig production originates from low affinity or 

polyclonal B cell activation.  Consistent with this idea, we find that TAPP KI mice have 

increased plasma cell differentiation in the spleen.  Furthermore, in adoptive transfer 

studies, B cell deficient hosts receiving TAPP KI B cells were also found to have 

increased IgG1 as compared to hosts receiving WT cells.  

 

B cell proliferation in germinal centres of TAPP KI mice seems to follow normal kinetics, 

however GC B cells accumulated to significantly higher levels at the peak of the response. 

One possibility to explain this finding is that GC B cells of low affinity for the 
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immunizing Ag survive and accumulate to a greater extent in TAPP KI mice. Consistent 

with this idea, we find that a lower proportion of GC B cells expressing markers of 

apoptosis in the TAPP KI mice.  In adoptive transfer experiments where we 

reconstituted B cell deficient hosts with either TAPP KI or WT B cells, we found that the 

TAPP KI recipients elicited similar germinal centre responses as compared to those 

receiving WT cells, suggesting that the enhanced germinal centre response found in the 

TAPP KI mice is not solely due to the absence of TAPP-PI(3,4)P2 interactions in B cells.  

However, it should be noted that the B cell adoptive transfer system may not be sensitive 

enough to detect subtle differences in GC B cell survival and proliferation.  Alternatively, 

competitive adoptive transfer experiments with mixtures of WT and TAPP KI B cells 

might be more sensitive to detect any advantage of TAPP KI.         

 

While our findings suggests that the enhanced germinal centre response in the TAPP KI 

mice may in part be due to increased activation of other immune cells, we examined the 

CD4+ cell population in the TAPP KI mice.  Consistent with the hyper-responsiveness 

of B cells, we found that CD4+ T cells had increased expression of the inducible co-

stimulator molecule (ICOS) following immunization with TD antigen.  Previous studies 

have shown that co-stimulation through ICOS contributes to CD40L expression (110), 

potentially contributing to the increased GC survival in the TAPP KI mice.  While it is 

possible that this increased expression of ICOS on CD4+ T cells may directly contribute 

to the survival of the TAPP KI GC B cells, it is still possible that activation of by other 

immune cells may contribute to the enhanced ICOS expression and GC response found in 
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the TAPP KI mice.  However, it should be noted that transfer of TAPP KI B cells into B 

cell deficient hosts was insufficient to induce upregulation of ICOS on WT T cells.          

 

Examination of BCR signaling in TAPP KI B cells indicated that early signaling events are 

intact, whereas phosphorylation of Akt was increased. This result is consistent with our 

previous data implicating TAPPs in Akt activation following IGF-1 stimulation of 

HEK293 cells (228)  or insulin stimulation of MEFs (223). We observed significant 

increases in B cell viability both in vivo and in vitro consistent with enhanced Akt 

activity. However, when we treated TAPP KI B cells in vitro with CD40+IL4, we found 

that the TAPP KI B cells underwent Fas induced death comparable to that of the WT B 

cells, suggesting that TAPP KI B cells are still susceptible to extrinsic apoptotic stimuli.  

Increased numbers of cell divisions were also observed after BCR stimulation, which may 

be partly due to enhanced probability of cell survival at each division. Conversely, we did 

not see difference in proliferation with other mitogenic stimuli such as anti-CD40 or LPS; 

however the mechanism by which these stimuli activate the PI3K pathway is still not 

well understood.  We also did not see any difference in proliferation in the presence of IL-

4, suggesting that alternate survival pathways are activated, compensating the marginal 

effect seen with BCR cross-linking.  Since BCR signaling is known to simultaneously 

activate pro- and anti-apoptotic signaling pathways (28), our interpretation of the present 

data is that uncoupling TAPPs from PI(3,4)P2 leads to increased anti-apoptotic signaling, 

potentially via modulating Akt, tipping the balance towards cell survival. Our working 

model is that TAPPs exert their regulatory function by recruiting specific inhibitory 



97 

signaling molecules to the plasma membrane. For example it was previously found that 

TAPPs interact with the inhibitory phosphatase PTPL1/FAP1/PTP-BL (228), and 

disrupting TAPP-PI(3,4)P2 interactions may inactivate such a regulatory circuit. Since 

Akt interacts with both PI(3,4,5)P3 and PI(3,4)P2 (250), and its activation appears 

sensitive to PI(3,4)P2 levels (246), an additional possibility is that TAPPs operate as 

competitive inhibitors by limiting the pool of PI(3,4)P2 available for binding. 

 

Engagement of SHIP via Fc RII is known to inhibit B cell proliferation, Akt activation 

and survival (164, 251, 252). Since TAPP adaptors bind the product of SHIP, PI(3,4)P2, 

and their recruitment is enhanced by SHIP (224), it is tempting to speculate that TAPP 

recruitment may, in part, mediate inhibitory signals downstream of SHIP/Fc RIIB. 

Consistent with this idea, MEFs derived from TAPP KI mice and treated with insulin 

were found to have 1.5 to 2 fold increases in PI(3,4,5)P3 levels MEFs (223), suggesting 

that TAPPs may help mediate the inhibitory action of SHIP.  Similarly, we found that 

TAPP KI B cells were also able to proliferate and survive more effectively than wildtype 

B cells when Fc RII is co-ligated with the BCR. In addition there are striking similarities 

between TAPP KI and SHIP deficient mice, which both show reduction in B cells within 

the bone marrow and spleen, yet have increased number and frequency of mature B cells 

in the periphery (164). SHIP deficiency was also found to impact antibody production, 

leading to a significant increase in basal immunoglobulin production (163), consistent with 

that found in the TAPP KI mice. Furthermore, SHIP-/- B cells were also found to be 

resistant to F(ab)2 anti-IgM induced cell death and have increased Akt phosphorylation 
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upon BCR cross-linking (163, 164).  Together these results suggest that TAPP-PI(3,4)P2 

interaction may mediate an important component of SHIP-mediated feedback inhibition. 

 

In summary, we demonstrate here the first evidence for function of TAPP adaptors in 

regulating B cell mediated immune responses. Our results support the functional 

significance of TAPPs in B cell activation and underline the need for further investigations 

into the mechanism by which TAPPs mediate their inhibitory signaling function. 

 

 

Future Directions 

 

 

Determine the inhibitory signaling mechanism associated with TAPPs 

Previous studies have demonstrated that TAPP1 interacts via PDZ binding domain with 

the inhibitory phosphatase PTPL1 (228).  PTPL1 is a tyrosine phosphatase previously 

shown to negatively regulate Akt (231) and STAT signaling (230).  Initially we would 

need to determine whether PTPL1 is expressed in B lymphocytes and validate TAPP-

PTPL1 interaction. Then examine whether TAPP-PTPL1 interaction mediates a 

functionally significant role in lymphocytes.  

 

Alternatively, since TAPPs bind to the breakdown product of SHIP and their recruitment 

is enhanced by SHIP activity, it is interesting to speculate that TAPPs may influence 

SHIP activity through an inhibitory feedback loop.  To determine whether TAPP KI 

mutation influences SHIP activation, we will examine the phosphorylation status of SHIP 

upon BCR cross-linking alone and when co-stimulated through the Fc RIIB.  One 
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possibility is that in the absence of TAPP recruitment to the plasma membrane levels of 

PI(3,4,5)P3 could be increased due to reduced SHIP activation.   

 

Determine the immunopathological effect of Ab deregulation in TAPP KI mice  

To determine the long term effect of deregulated Ab production in TAPP KI mice, we 

will measure anti-nuclear, anti-DNA and total antibodies from serum samples collected 

over a one-year period. Anti-nuclear and anti-DNA Abs are produced in both human and 

mouse autoimmune diseases involving B cell dysregulation and tend to accumulate with 

age.  Specifically, we will determine whether aged TAPP KI mice show signs of antibody 

deposition in kidneys leading to dysfunction and excretion of creatinine and protein, 

which are known signs of lupus-like autoimmune syndromes.   

 

Determine the role of TAPPs in T cell activation and germinal centre responses 

T cells stimulated through CD28 costimulatory molecule were previously found to recruit 

TAPP1-PH domain to the plasma membrane (220); however, the functional significance 

of TAPPs in T cells has yet to be determined. To identify potential T cell-intrinsic 

defects, purified TAPP KI T cells will be cultured with anti-CD3 and anti-CD28 which 

are known activators of the PI3K pathway (253, 254).  Proliferation and apoptosis will be 

determined using cell division and cell death assays, respectively.  

 

ICOS is a homolog of CD28 that is rapidly up regulated on activated T lymphocytes 

following TCR and CD28 engagement (109). We have repeatedly observed increased 

ICOS expression in immunized TAPP KI mice.  To determine if the increased ICOS 
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expression is a T cell intrinsic defect, we will use purified CD4+ and stimulate 

TCR/CD28 and measure the kinetics of ICOS induction.  Furthermore, we would like to 

determine whether uncoupling of TAPPs from PI(3,4)P2 would alter the expression of 

other activation or co-stimulatory molecules following TCR/CD28 stimulation.  Previous 

studies have suggested that co-stimulation of ICOS on T cells leads to upregulation of 

CD40-L (110).   Furthermore, we would like to determine if the increased ICOS 

expression and enhanced germinal centre responses are due to T cell intrinsic defects, we 

will perform adoptive transfer experiments by reconstituting lymphocyte deficient mice 

with TAPP KI T cells and wild-type B cells. We predict that TAPPs may have distinct 

yet overlapping roles in regulating T lymphocyte activation versus B lymphocyte 

activation, which may both contribute to deregulated germinal centre responses.  These 

studies will help elucidate the in vivo role of TAPP1 and TAPP2 in regulating 

lymphocyte activation.   

 

Investigate the PI3K independent functions of TAPP1 and TAPP2  

To investigate PI3K-independent functions of TAPP1 and TAPP2, generate TAPP 

knockout (KO) mice.  The TAPP KI mice were designed to both mutate the PH domains 

and introduce LoxP sites flanking central exons of the TAPP genes (223).  To generate 

TAPP KO mice, Cre transgenic mice specific for B cells (CD19-Cre) will be crossed with 

floxed TAPP KI mice to generate complete B cell specific KO. Examination of TAPP 

KO B cells are expected to show a more severe phenotype than the PH mutants we have 

been working with, as both PI3K dependent and independent functions will be lost. 
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TAPP KO B cells will be examined for their ability to proliferate, survive and generate 

antibody responses.    
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