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B-cell activation plays a crucial part in the immune system and is initiated via interaction between the B cell receptor (BCR) and specific antigens. In recent years with the help of modern imaging techniques, it was found that the cortical actin cytoskeleton changes dramatically during B-cell activation. In this review, we discuss how actin-cytoskeleton reorganization regulates BCR signaling in different stages of B-cell activation, specifically when stimulated by antigens, and also how this reorganization is mediated by BCR signaling molecules. Abnormal BCR signaling is associated with the progression of lymphoma and immunological diseases including autoimmune disorders, and recent studies have proved that impaired actin cytoskeleton can devastate the normal activation of B cells. Therefore, to figure out the coordination between the actin cytoskeleton and BCR signaling may reveal an underlying mechanism of B-cell activation, which has potential for new treatments for B-cell associated diseases.
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INTRODUCTION

B cells are an important set of immunocompetent cells. They have two main functions: 1. to participate in the immune response directly by humoral immunity (antibody production) (1), and 2. to participate in the T-cell immune response as specific antigen presenting cells that selectively capture and present antigens to T cells (2, 3). These two functions of B cells are achieved through activation of the surface BCR. Just like the TCR/CD3 complex, the BCR is also a complex of oligomers (4). It has been verified that the BCR is composed of the surface membrane immunoglobulin (mIg) including IgM and IgD in the naive B cell and IgG in the memory B cell, which functions as the antigen-binding part, and the signaling components consisting of non-covalently associated Igα and Igβ (CD79a and CD79b) heterodimer (4, 5). Both mIg and Igα/β contain transmembrane heavy chains with the cytoplasmic tails extending into the cell cortex (6). The length of the cytoplasmic tail of the antigen-binding part differs according to its isotypes. The cytoplasmic domain of mIgM and mIgD contain three amino acids, while in mIgG, the length is nearly 28 amino acids (4). The cytoplasmic tail of the signaling part contains immunoreceptor tyrosine-based activation motifs (ITAMs) (5, 7, 8), but there is no intrinsic kinase activity in BCR, and thus recruitment of the tyrosine kinase is necessary for BCR signaling. Both multivalent soluble antigens (sAg) and membrane-bound antigens (mAg) can be recognized by BCRs (9), while the mAg has a lower threshold for B-cell activation. This is consistent with the mode of in vivo antigen recognition which is mainly through antigen-presentation by dendritic cells, follicular dendritic cells, and macrophages (10, 11). It has been observed that monovalent mAg but not monovalent sAg can induce B-cell activation (9, 12, 13). Different from the T cell, the MHC molecular on the antigen presenting cell is not required by B cell during antigen recognition (7), so new models should be built to understand how the mAg is given the priority compared with the sAg. After effective stimulation of antigens, the tyrosines of ITAM in the BCR are phosphorylated by tyrosine kinase Lyn, one of the Src family proteins, and the spleen tyrosine kinase (Syk) (14–18). The interaction between BCR-associated Src-family kinase and CD19 results in CD19 and PI3K phosphorylation (7, 17). Signaling molecules including PLC γ and Vav are also phosphorylated and recruited through Syk (16, 19, 20). Under the catalysis of PLCγ, phosphatidylinositols releases IP3 which is important for Ca2+ release, and DAG which promotes the activation of PKC (21). GTPases including Ras and Rap1 are activated, and participate in the activation of MAP kinases such as JNK, Erk, and p38 (22). Activation of the BCR finally leads to B-cell proliferation and antibody production.

Disorders of BCR signaling can lead to immunological diseases. Studies have proved several diseases related with the dysregulation of the actin cytoskeleton, including the Wiskott-Aldrich syndrome (WAS), an immunodeficiency disease resulted from the deficiency of WAS protein (WASP), an important actin regulator in haematopoietic cells, or WASP interacting protein (WIP) (23–26). Diffuse large B cell lymphoma (DLBCL) has been showed highly associated with unusually high levels of phosphorylated actin binding proteins Ezrin-Radixin-Moesin (ERM) (27). The studies indicate the potential role of actin in both up-regulation and down-regulation of BCR signaling. Recent studies using biochemical or microscopy technologies have showed during B-cell activation, awell-regulated actin-cytoskeleton reorganization is required to achieve processes including receptor clustering, signaling-molecule recruitment, and B-cell morphological changes, which is in turn accurately controlled by BCR signaling. In this review, firstly we provide a glance of the structure of the actin cytoskeleton in B-cell cortex. BCR dynamics on a nanoscale is also introduced on a nanoscale. Then we discuss the potential role of actin in the initiation of BCR triggering. Later we introduce how the actin cytoskeleton participates in the formation of BCR microclusters and the immune synapse. Finally we talk about the regulation of BCR signaling on actin-cytoskeleton reorganization.

STRUCTURE OF THE CORTICAL ACTIN CYTOSKELETON

The cortical actin cytoskeleton also known as the cell cortex is a thin network just beneath the plasma membrane, and exists in most animal cells. It is the dominating actin structure in B cells, so the actin cytoskeleton we talk about in this review refers to the cortical actin cytoskeleton. The cortical actin cytoskeleton contains over a hundred actin-binding proteins (ABPs) (28). It is connected to the plasma membrane through several membrane-cytoskeleton linkers including myosin 1 and ERM proteins which contain three conserved and related proteins (ezrin, radixin and moesin) (28, 29), and is pulled on by myosin-2 which provides contractile stresses and thus produces the cortical tension (30, 31). Dynamic changes of actin filaments are required to achieve cell morphological changes. These processes are mediated by actin binding proteins including F-actin nucleators, regulators of actin assembly and disassembly, and actin crosslinkers (28, 32). F-actin nucleators include formins which nucleates and lengthens the linear F-actin (33), and the actin-related protein 2/3 (ARP2/3) complex which promotes the formation of branched F-actin (28, 34). The nucleators are important in regulating cortical elasticity and cortex tension through controlling the length of actin filaments, which allows cells to adapt to environments with different mechanical properties (30, 35). Regulators of actin assembly and disassembly include the capping proteins that can inhibit the growth of F-actin through binding to its barbed end. The actin-assembly promoting protein profilin, and the actin severing protein cofilin (28, 32, 36). The combined actions of these actin binding proteins produce different membrane protrusion structures (31, 37, 38), for example, lamellipodia, a sheet-like protrusive structure, is composed of branched F-actin, and filopodia which looks like a finger, is composed of linear F-actin (39, 40). Through controlling dynamic morphological changes, the actin cytoskeleton is crucial in the polarization, adhesion as well as migration of the B cell (41–44).

BCR DYNAMICS DURING B-CELL ACTIVATION

The technique of classicial biochemistry helps us to gain the information of interactions between individual signaling molecules and provides with the basis to investigate B-cell activation. However, to clarify the mechanisms underlying B-cell activation, more information of molecular dynamic changes under the correct cellular context is needed. Fortunately, new technologies combined of high or super-resolution imaging methods and fluorescence probes have provided us with a more detailed and quantitative description of the spatiotemporal dynamics of BCRs on B cell (45–47).

There have been methods to follow the lateral diffusion of membrane molecules, such as single particle tracking (SPT), which has been used as the total internal reflection microscopy (TIRFM) developed in recent years (48–50). Studies have showed that BCRs do not diffuse freely on the surface of the B cell, but were restricted within discrete confinement zones with a diameter of 40~200 nm (51, 52). The average diffusion coefficient of IgM-based BCRs is ~0.03 μm2/s (9, 47, 53). Besides, using direct stochastic optical reconstruction microscopy (dSTORM), it was demonstrated BCRs in the resting state existing in nanometer sized clusters called the “protein island” or the “nanocluster,” which differ in size as well as numbers of single BCR molecules (47, 54). IgM and IgD BCRs actually localize in different compartments which are class-specific, though the molecular mechanism underlying the distribution is little known (47, 55, 56). Under the restriction of BCR diffusion, only antigen-independent tonic signaling which is much lower than antigen-induced one is allowed (51, 57).

Upon the engagement of the membrane-associated antigen, the radius of the BCR nanoclusters increases, which seems to be in accordance with the growing number of the BCR in the cluster, while the density of BCR nanoclusters decreases (49, 54). Besides, BCR nanoclusters become more dispersed and the lateral mobility increases with an average speed of 0.05 μm2/s when stimulated by mAg (9, 53), leading to collisions between nanoclusters, which results in the formation of BCR microclusters which are composed of 50 ~ 500 single BCRs including both IgM and IgD BCRs (54, 58). Minutes after mAg stimulation, the B cell begins to spread on the antigen-associated membrane, which lasts for 5–10 min (59), at the same time, more BCR microclusters form and these microclusters move toward the center of the contact area (18), with an average speed of ~0.01 μm/s (59, 60). Then along with the followed B-cell contraction (59–61), the microclusters together form a central suprmolecular activation cluster (cSMAC) which is characterized as the core of immune synapse (IS) (61–63). As microclusters coalesce with each other, the lateral mobility of single BCR molecules in clusters decrease to 0.02 μm2/s, an average speed (53), similar with BCRs within nanoclusters before stimulation. The mature immune synapse takes about 10 min to assemble and is followed by BCR-antigen-complex internalization and antigen processing (64).

Multivalent sAg can induce similar dynamics of BCRs as induced by mAg. Both of the two-type antigens induce the formation of central clusters. However, the central cluster of BCRs forms at one pole when stimulated by sAg, while it forms at the center of the area contacting with antigen-associated membrane when stimulated by mAg. Besides, the morphological changes of B cell contracting after its spreading particularly take place in mAg-stimulated B-cell activation, and sAg can only induce protrusion structures at the area of BCR central cluster (41). The two-phase response is recognized as the basic morphological event during B cell activation stimulated by mAg (59, 60).

THE ACTIN CYTOSKELETON POTENTIALLY PARTICIPATES IN B CELL ANTIGEN RECEPTOR TRIGGERING

There are more than 100,000 BCR complexes expressed on the surface of a mature B cell (47). How these BCRs keep inactive and how they are triggered by antigens is a key question in B cell researches, but so long hasn't been well-understood. In recent years, several new models have been raised about this question. All of them focus on BCR conformation and BCR-BCR interactions which seem different between BCRs within nanoclusters and those within antigen-induced microclusters. The conformation induced oligomerization model (CIOM) suggests that in resting B cells, the majority of BCRs exists as monomers, and the activation is inhibited due to interactions between themselves which leads to blocking of the ITAM domain. Antigen-binding induced conformational changes expose the ITAM domain to recruit signaling molecules and allow BCR to form signaling-active oligomers (9, 49). This model may provide explanation for the signaling attenuation during the formation of BCR central cluster (later discussed), since both resting BCRs and BCRs within central clusters have similar lateral mobility which is controlled by the actin cytoskeleton (later discussed), suggesting the potential role of the actin cytoskeleton in the switch of BCR state between inhibition and activation. Other explanations include the dissociation activation model (DAM), which supports BCRs mainly existing as self-suppressed oligomers in resting B cells. The binding of antigen promotes dissociation of BCR olignomers and leads to BCR activation (13, 56, 65). During this process, BCR dissociation from oligomers and aggregation into larger clusters are considered as events happened at different level of size as well as time point. It was found treating B cells with only Lat-PLA induced the dissociation between BCR oligomers (Reth M. et al. unpublished data) (66), suggesting that it's likely that the disruption of the actin cytoskeleton results in BCR dissociation at the initiation of BCR activation.

THE ACTIN CYTOSKELETON REGULATES THE FORMATION OF BCR MICROCLUSTERS AND THE IMMUNE SYNAPSE

BCR microclusters can also be defined as the “microsignalosomes” as they recruit intracellular signaling molecules and adaptors such as Lyn, Syk, Vav, PLC-γ 2, and CD19, and thus mediate signal transduction (18, 19, 67, 68). Later BCR microclusters together with the associated antigens aggregate into a central cluster. The central cluster acts as the core of the immune synapse and the region where the later antigen extraction takes place (59). The level of BCR signaling and the quantity of antigens which are later presented to T cells depend on the process of BCR-microcluster and immune-synapse formation (61), and the extent of B-cell activation is thus determined. To achieve maximized activation in response to different antigens, the formation of BCR microclusters and the immune synapse differs according to different antigen properties including density, valency, affinity, mobility, and the stiffness and topography of the antigen-binding substrates (49, 69–71). The mechanism underlying this adaptive capacity of B cells is the regulation of actin cytoskeleton.

Regulation on BCR Mobility

As we have mentioned, in resting B cells, the mobility of BCRs is restricted. It has been showed that the cortical actin cytoskeleton acts as a barrier to confine BCR diffusion. The efficiency of the restriction on BCR diffusion depends on the cytoplasmic domain of Igβ on a large scale (51). Observations showed the mobility of BCRs is negatively related to the density of F-actin in the plasma membrane (51). Treating B cells with Latrunculin A leads to the disruption of the actin network, which can increase BCR diffusion (46, 51, 72). Furthermore, studies using high-speed dual-view acquisition TIRFM to observe the BCR as well as actin and ezrin simultaneously showed that ezrin together with actin formed the network which confines BCRs in nanoscale compartments. In resting B cells, ezrin in an open active conformation is associated with the actin cytoskeleton as well as integral membrane proteins through Csk-binding protein (Cbp), thus confine the diffusion of membrane proteins (73). The expression of ezrin with abnormal construct (Ez-DN) which is not able to bind to actin cytoskeleton can increase BCR mobility (53).

When BCRs bind to antigens, the actin cytoskeleton firstly undergoes a transient depolymerization (53, 58). At the same time, there is an increase in BCR diffusion (51). The disassembly of actin cytoskeleton is induced by cofilin-mediated severing and ezrin-dephosphorylation-mediated dissociation between F-actin and plasma membrane (53, 58). The disassembly of F-actin frees BCRs, both antigen-bound, and unbound ones from the barriers, which permits BCR nanoclusters to collide and interact with each other to form microclusters (53), thus amplify signaling (74). Recent studies found that lipopolysaccharide and CpG DNA, both of which are Toll-like receptor ligands, enhance BCR signaling through increasing cofilin activation (75). Increased BCR mobility primes B cells for more rapid microcluster formation when encountering antigens, which lower the threshold for B-cell activation. Soon after actin disassembly, there is a rapid reassembly of F-actin, while the structure becomes more dynamic and polarized than the pre-actived one. It's indicated that the flow of actin driven by myosin also promotes BCR microcluster formation (76). F-actin can be pushed into aster-like structures by myosin, which influences the diffusion of its binding proteins and potentially promotes them into clusters (77–79). Besides, during B cell activation, linear BCR movements at the periphery of filopodia which is defined as an actin-rich area have been observed (9), suggesting the diffusion of BCR clusters may be influenced by different F-actin-based structure.

Increased BCR mobility induced the interaction between the BCR and its co-receptor CD19. In resting B cells, the protein islands of BCR and CD19 are located in separated compartments, and the interaction between them is inhibited (46, 47, 80). In contrast to BCRs, the mobility of CD19 is not affected by the disruption of the actin cytoskeleton apparently. Instead, the lack of CD81 increases CD19 mobility when the actin cytoskeleton is disrupted (46, 47), indicating that the immobilization of CD19 was due to its existence in protein islands organized by CD81 on a large scale. A recent study has found WIP influenced CD19 diffusion through regulating CD81 expression rather than actin reorganization (81). Though the mobility of CD19 is limited, disruption of the actin cytoskeleton can initiate CD19 signaling pathway (47). These observations suggest that the actin cytoskeleton inhibits the interaction between BCRs and CD19 in the resting state mainly through the restriction of BCR mobility (64, 78, 82). The break of the barrier and the increase in BCR mobility allow the access of BCR to CD19, and thus induce CD19 signaling (47).

Regulation on B Cell Morphology

As we have mentioned, the B cell undergoes a two-phase morphological change in response to mAg. The two-phase change depends on actin cytoskeleton remodeling. Upon antigen stimulation, breakdown of the cortical cytoskeleton is concomitant with assembly of branched F-actin at the cell periphery (58, 59). Filopodia firstly appears to contact the antigen-associated membrane. Soon after the stimulation, F-actin accumulates at the contact area particularly in the peripheral region to generate filopodia and lamellipodia which make dynamic changes between extension and contraction (41). These dendritic actin structures promote B-cell spreading which extends the contact zone between the B cell and the antigen-associated membrane. When the filopodia and lamellipodia extend, new BCR microclusters form, often at the tip of these structures, and newly formed BCR microclusters are pushed inward when the filopodia and lamellipodia contract (41, 60). Simultaneously with the formation of the dendritic actin structure, the MTOC and microtubule networks undergo reorganizations toward the contact area, which promotes BCR microclusters aggregating into the center cluster (83). This process needs the participation of dynein motor protein and IQGAP1 which can link the microtubule and the actin cytoskeleton (84), and depends on cofilin-mediated actin severing and actin-mediated B cell spreading (85). The contact area between the B cell and the antigen-associated membrane keeps increasing as actin accumulates, during a several-minute timescale which is concerned with the nature of antigens (59). F-actin accumulation is followed by a decrease in the region nearby merging BCR clusters, while the level of F-actin maintained at the periphery of the contact area (41, 58, 74). At the same time, there is a reduction in B cell membrane dynamics, accompanied with contraction rather than extension of the filopodia and lamellipodia. These finally result in the contraction of the contact zone, during which the retrograde flow of actin and the mechanical force provided by contraction leads to the aggregation of BCR microclusters and finally the formation of the BCR center cluster (59, 60).

The regulation of actin cytoskeleton on B cell morphological changes produces both positive and negative effects on BCR signaling. During B cell spreading, the B cell contacts with the antigen-associated membrane to recognize and combine as many antigens as possible, and promotes the formation of new BCR microclusters, which amplifies BCR signaling. During B-cell contraction, BCR microclusters as well as the bound antigens merge into the central cluster (59). This coalescence is associated with BCR signaling attenuation at B cell surface, which can be inhibited by blocking B cell contraction (60), suggesting BCR central cluster formation promoted by the actin cytoskeleton is a mechanism for the down-regulation of BCR signaling.

Regulation on the Interaction Between Signaling Molecules

The actin cytoskeleton regulates the interaction between signaling molecules through its influence on the diffusion of membrane molecules. The transient disassembly and later assembly of the actin cytoskeleton apply distinct influence in different stage of BCR signaling. Dissociation of the actin cytoskeleton increases the mobility of proteins and thus promotes collisions between them (80). As mentioned above, the reorganization of the actin cytoskeleton induces the interaction between CD19 and BCRs by increasing BCR mobility. Besides, the function of the negative co-receptor CD22 on BCR is also regulated by the actin cytoskeleton. Different from CD19, the regulation is through CD22 itself, which seems be associated with a sialic acid-binding domain which was found closely correlated with CD22 lateral mobility and nanocluster organization (46). CD22 performs its inhibitory function through the recruitment of SH2-domain-containing phosphatase-1 (SHP-1) and the inositol phosphatase SHIP, downstream signaling molecule of FcγRIIB which is a negative co-receptor of BCRs, to its immune-receptor tyrosine-based inhibitory motifs (ITIMs) after BCR activation (82, 86, 87). Studies have proved that during BCR activation led by the disruption of the cortical actin, the lateral mobility of CD22 is increased and resulted in a relatively low level of BCR signaling compared with BCR crosslinking (41, 46), suggesting that the negative function of CD22 on BCR signaling is partly inhibited by the actin cytoskeleton. Besides the co-receptor of BCRs, the actin cytoskeleton regulates dynamics of lipid rafts through the actin-binding protein ezrin (72, 73), and thus influence the interaction between BCRs and various signaling molecules anchored to or associated with lipid rafts. In resting B cells, BCRs are separated from lipid rafts and there is little affinity between them (72). The binding of antigens to BCRs which induces a transient ezrin dephosphorylation leads to a detachment of lipid rafts from the actin cytoskeleton, and promotes the interaction between BCRs and lipid rafts (18, 73) where downstream molecules such as Src family kinases are anchored (72). Soon after the transient dephosphorylation, there is a rephosphoryation of ezrin, leading to the reassembly of the actin cytoskeleton (53). Reassembly of the actin cytoskeleton stabilizes the interaction between BCR and other signaling molecules through trapping and stabilizing the raft-localized signaling complex (53, 72).

Besides, downstream signaling molecules can interact indirectly with the actin cytoskeleton and the recruitment of these molecules to BCR clusters can be promoted by actin associated proteins. For example, Grb2, the BCR signaling adapter, can be recruited through WASP, and promotes BCR signaling (88). The recruitment of molecules through actin cytoskeleton also down-regulates BCR signaling. As we have discussed earlier, BCR central-cluster formation is accompanied with the attenuation of BCR signaling. The molecular mechanism underlying this process has not been clearly understood, but a possible explanation is that actin regulators or adapters promote the inhibitory signaling molecules being collected to BCR clusters. From our unpublished data, it was found that during BCR signaling attenuation, neural WASP (N-WASP), an actin nucleation promoting factor, and the actin adapter protein Abp1 are recruited to BCR microclusters. Abp1 was found negatively regulate T-cell signaling through recruiting HPK1, a negative signaling molecule, to the immune synapse of T cell (89). Besides, N-WASP was found promoting the localization of SHIP to F-actin in poxviruses (90). To conclude these findings, it's supported that actin regulators involved in the signaling attenuation stage are likely to promote inhibitory signaling-molecule recruitment and down-regulate signaling.

BCR SIGNALING REGULATES ACTIN REMODELING

During these processes of B-cell activation, the actin cytoskeleton undergoes dynamic, directional, and coordinated reorganization, which needs to be precisely regulated in response to extracellular clues. The polymerization of actin has been detected where the formation of BCR microclusters take place (41, 60, 74), and tyrosine kinase inhibitors could block actin remodeling induced by antigen stimulation (51), suggesting the regulation of the actin cytoskeleton actually depends on BCR signaling (Figure 1).
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FIGURE 1. Overview of BCR signaling molecules involved in actin remodeling. CD19, PIP2, PLCγ2,PKC, the Rho family, and Rap GTPase, Btk, calcium, and WASP are major BCR signaling molecules involved in actin remodeling. These signaling molecules as well as their regulators form a network to participate in actin-cytoskeleton reorganization during B-cell activation.



BCR Signaling Regulates the Disassociation of Actin Cytoskeleton From the Plasma Membrane

BCR signaling firstly induces the disassociation between the cortical actin and the plasma membrane through the regulation of the ERM proteins (53, 73, 91). ERM proteins interact with the plasma membrane through a common FERM region within the N -terminal domain and bind to F-actin through the actin-binding domain within the C terminus (42, 92). The phosphorylation of the critical threonine residue in the C terminal domain of ERM proteins induces the opening and exposure of the FERM structure and the actin-binding domain, and enables ERM proteins binding to both cortical actin cytoskeleton and plasma membrane. While the dephosphorylation in this domain leads to a closed conformation which both of the N- and C- terminal ends are engaged in an intramolecular association (93, 94), and results in ERM proteins uncoupling with F-actin and the plasma membrane. The conformational changes are controlled by phospholipids and kinases-mediated phosphorylation (29, 91). PIP2 promotes the recruitment of ERM to the membrane and the exposure of threonine residues within the C terminal domain which are phosphorylated by other signaling protein kinases including myotonic dystrophy kinase-related Cdc42-binding kinase, Rho-associated protein kinase (ROCK), protein kinase C, Nck interacting kinase, and lymphocyte-oriented kinase (LOK) (95–100). Activation of PLC γ which transforms PIP2 to IP3 induces the closed conformation of ERM proteins and disassociation of ERM proteins from the plasma membrane (101). Decreased level of PIP2 resulted from increased PLCγ activity was found enough to induce ERM dephosphorylation (102) (Figure 2). The following model of the regulation of ERM proteins during B-cell activation is suggested: during B cell activation by antigen stimulation, BCR signaling firstly induces a transient dephosphorylation of ERM, which increases the mobility of BCRs and lipid rafts by the disruption of spatial confinements (53). Followed BCR clustering and interaction with lipid rafts amplify tyrosine phosphorylation, and the continuous BCR signaling leads to rephosphorylation of ERM (53).
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FIGURE 2. Regulation of BCR signaling on the actin cytoskeleton. The association of the actin cytoskeleton with the plasma membrane is mediated by activated ERM proteins. The ERM proteins are first recruited to the plasma membrane by PIP2, and then phosphorylated by PKC, LOK, and effector proteins of RhoA, CDC42, and Nck. PLCγ2 induced inactivation of the ERM proteins through its down-regulation on PIP2. Activation of cofilin induces F-actin severing, which is regulated by the Rho family and Rap1 GTPase, and also intracellular calcium. BCR signaling regulates actin polymerization mainly through the actin-nucleation promotion factor WASP and WAVE, both of which can promote the nucleation effect of Arp2/3. Profilin and DIAPH1, which are regulated by RAP1 and RhoA, respectively, are suggested to participate in actin polymerization during B-cell activation. BCR signaling also influences contraction of the actin cytoskeleton through the regulation of RhoA on myosin.



BCR Signaling Regulates F-Actin Severing

The transient dephosphorylation of ezrin is accompanied with a decrease of F-actin induced by actin severing proteins (58, 72). The severing of pre-existing F-actin produces barbed ends and enough actin monomers for the formation of new branches of F-actin. Cofilin, one of the actin-severing proteins, takes a major part in actin severing during the activation of the B cell (58). In resting B cells, its actin-binding activity is inhibited due to phosphorylation of the serine 3 residue. The dephosphorylation at this region through Slingshot phosphatase (SSH) (103), which is inhibited by 14-3-3 protein-mediated sequestration, leads to the activation of its F-actin severing ability. BCR signaling molecules including GTPase Rap1 and the Rho family are suggested to participate in regulating cofilin activity. RhoA can inhibit the activity of cofilin through ROCK1 which activates LIM domain kinase 1 (LIMK1) which directly phosphorylates the ser 3 residue (104), while Rac and CDC42 activate the kinase PAK1 which also induces the phosphorylation of LIMK1 (105). In the contrast, GTPase Rap1 has been found to directly promote cofilin dephosphorylation (58). The mechanism underlying cofilin dephosphorylation induced by Rap has not been made clear. Since cofilin is phosphorylated mainly by LIMK1 which is not reduced by BCR signaling, the activation of cofilin may be a result of increased activity or release of SSH through various effector proteins of Rap1 GTP (58). Studies have proved that during B cell activation, the regulation of Rap on cofilin is crucial in B-cell spreading and BCR-microcluster formation, and also in the regulation of both actin and microtubule network at the immune synapse (58, 85). Besides, it is showed that dephosphorylation of cofilin relies on cytoplasmic Ca2+ in different types of cell (105, 106). Increased level of intracellular Ca2+ promotes cofilin activation through direct or indirect interactions with the calcium-dependent phosphatase calcineurin. In B cells, the level of cytoplasmic Ca2+ has been found to directly correlate with the generation and disruption of the protrusive actin structures, and was implicated indispensable in both B cell adhesion and spreading to antigen-presented surface (106). The increase of Ca2+ induces the depolymerization of F-actin in the membrane protrusions, while the sequestering of Ca2+ leads to the growth of F-actin. The regulation of Ca2+ on cofilin may be one of the molecular mechanisms underlying the link between cytoplasmic Ca2+ and actin dynamics (106, 107) (Figure 2).

BCR Signaling Regulates Actin Polymerization

Regulation of BCR signaling on actin polymerization is mainly mediated by the actin-nucleation promotion factor WASP and WASP-family verprolin homologous protein WAVE (43, 78, 108) which are directly regulated by the Rho family GTPase (109). WASP binds to and activates Arp2/3, and thus induces actin polymerization (110). WASP contains the CDC42/Rac-interactive (CRIB) and the C-terminal verprolin homology/cofilin-homology/acidic (VCA) region. The two regions interact with each other and lead to a basely inactive auto-inhibitory conformation of WASP (110), and the binding of WIP to the WASP homology 1 region (WH1) stabilizes this inactive conformation (23, 24). When BCR is stimulated, activated CDC42 binds to the CRIB region and PIP2 combined with the basic region of WASP, inducing conformational changes. The changes allow the conserved tyrosine and serine of WASP be phosphorylated by the Src family kinases, which can further stabilize its open conformation. Opening and activated WASP binds to G-actin and Arp2/3 via the VCA region, and leads to the branching of F-actin (110). WASP deficient B cells showed impaired formation of central clusters, internalization of antigen and increasing BCR signaling (60). Additionally, N-WASP which is 50% homologous with WASP also functions in B cells (111, 112). Studies showed that deficiency of both WASP and N-WASP resulted in more severely disrupted B cell spreading and BCR microcluster formation compared with WASP-deficient only B cells (113, 114). However, the influence on the amount of F-actin was opposite in WASP and N-WASP-deficient B cells, suggesting redundancy but also distinct functions of WASP, and N-WASP (113). The binding of WIP stabilizes WASP and protects it from degradation, and thus participates in actin reorganization. Besides, WIP directly binds to and promotes polymerization of F-actin in a WASP-independent way (81, 115). It was found that binding of WIP to actin influences CD19 diffusion through the regulation of CD81 expression (116, 117). In T cells, WIP acts as a bridge to bring dedicator of cytokinesis protein 8 (Dock8), a GEF for CDC42 to WASP and actin, and may be another mechanism for the regulation of WIP on the actin cytoskeleton in B cells (118).

BCR signaling molecules Btk and SHIP-1 play an important role in WASP regulation. During B cell activation, Btk is recruited to the plasma membrane and is phosphorylated, which requires PI3K activation (CD19 signaling pathway), and kinase Lyn or Syk (119, 120). Phosphorylated Btk later activated PLCγ2 and triggers Ca2+ signaling (20, 61). Besides, Btk acts as the scaffold which brings PIP5KI to the plasma membrane and thus leads to the production of PIP2 (121, 122). Btk has been confirmed as an important signaling molecule in promoting WASP activation via Vav and PIP2 (123) or through direct interaction with WASP (124). It was found that Btk is indispensible in BCR cluster formation and B cell spreading. The activation of Btk is inhibited by SHIP-1 (120, 125), and participates in BCR central cluster formation and BCR signaling attenuation (60). There exists a balance between CD19-Btk and FcγRIIB-SHIP mediated signaling (60). Abnormal changes of the signal strength is concerned with immunological diseases. It has been found that BCR signaling molecules including Dock8, Mst1, and WASP positively regulate cd19 transcription (116, 126, 127). Deficiency of these proteins all leads to decreased CD19-Btk signaling, which results in reduced BCR clustering and B cell spreading on antigen-associated membrane. These findings provide with new mechanisms for the symptoms of immunodeficiency diseases (116, 117, 126–128).

The WAVE complex is combined of five subunits in B cell, including specifically Rac-associated protein 1 (Sra1), Nck-associated protein 1-like (NCKAP1L), ABL interactor 1 (ABI1), WAVE2, and hematopoietic stem/progenitor cell protein 300 (HSPC300) (129). This complex undergoes changes from inactive to active state during the stimulation of BCR. When stimulated, the binding of Rac-GTP to Sra1 of the WAVE complex potentially induces the conformational changes and permits access of WAVE to the Arp2/3 complex and G-actin, which leads to actin polymerization, and thus the WAVE complex participates in the formation of membrane protrusion during B cell mobility (130, 131). The Rac-GTP contains Rac1 which is universally expressed and Rac2 which is expressed only in the hematopoietic system. Both of them are activated during BCR signaling. It was found that Rac2 rather than Rac1 plays an important role in both B-cell adhesion to ICAM-1 and immune-synapse formation during B-cell activation, and Rac2-deficient B cells exhibit impaired actin polymerization (43). Rac1 and Rac2 can compensate each other to some extent, but either of their deficiency can lead to failure in B-cell maturation (132). The different functions as well as the redundancy between these two Rac proteins need further studies.

Other proteins involved in BCR signaling mediated actin polymerization include profilin which can be recruited through GTP Rap1 effector proteins RIAM and AF-6 (22). The Rho family member RhoA is suggested to promote actin polymerization through its effector diaphanous homolog 1 (DIAPH1) which takes a part in regulating dynamics of F-actin (133). Besides, RhoA regulates the flow of F-actin through ROCK which increases levels of phosphorylated myosin light chains (MLCs) (134) which binds to and stimulates contraction of the ends of F-actin (Figure 2).

CONCLUDING REMARK

In vivo, B cells are activated mainly by membrane-associated antigens which differ in various properties including density, distribution, mobility, valence as well as the topography and stiffness of the presenting membrane, and thus require exquisite regulation to adjust to different environment. The cooperation between BCR signaling and the actin cytoskeleton is the mechanism underlying this innate regulation of B cells (71). During B cell activation, the actin cytoskeleton undergoes reorganization which is essential for changes in BCR mobility, B cell morphology and molecular interaction, and thus influences the formation of BCR microclusters and the immune synapse, which are important for BCR signaling and antigen accumulation. The dynamic of the actin cytoskeleton is in turn modulated by BCR signaling, and thus forms a feedback loop. In the network composed of BCR signaling molecules, different molecules may have similar effects on the cytoskeleton, while one molecule may have opposite functions through regulating different actin-binding proteins, and there exists regulatory relationship between these molecules, which makes it difficult to study the specific regulating mechanism underlying the entire process of B cell activation. Besides, it needs to be explored in the future whether or how the actin cytoskeleton participates in triggering BCR signaling initiation and in the distinct response to antigens of different B cell subsets, and how the actin cytoskeleton is influenced by the milieu of stimuli. Understanding of the cooperation between the actin cytoskeleton and BCR signaling will help us to find new mechanisms and targets in B-cell related immunological diseases.

AUTHOR CONTRIBUTIONS

CL and BR organized the article. JL and WY wrote the draft. YJ, DK, LY, JC, ZY, ZP, XL, YW, and XS revised the draft.

FUNDING

This work was supported by Natural Science Foundation of China (81722002, 81861138002, and 31500709).

ACKNOWLEDGMENTS

We gratefully thank Heather Miller for giving many useful advice.

REFERENCES

 1. Rajewsky K. Clonal selection and learning in the antibody system. Nature (1996) 381:751–8. doi: 10.1038/381751a0

 2. Mitchison NA. T-cell-B-cell cooperation. Nat Rev Immunol. (2004) 4:308–12. doi: 10.1038/nri1334

 3. Barr TA, Gray M, Gray D. B cells: programmers of CD4 T cell responses. Infect Disord Drug Targets (2012) 12:222–31. doi: 10.2174/187152612800564446

 4. Venkitaraman AR, Williams GT, Dariavach P, Neuberger MS. The B-cell antigen receptor of the five immunoglobulin classes. Nature (1991) 352:777–81. doi: 10.1038/352777a0

 5. Reth M. Antigen receptor tail clue. Nature (1989) 338:383–4. doi: 10.1038/338383b0

 6. Hombach J, Lottspeich F, Reth M. Identification of the genes encoding the IgM-alpha and Ig-beta components of the IgM antigen receptor complex by amino-terminal sequencing. Eur J Immunol. (1990) 20:2795–9. doi: 10.1002/eji.1830201239

 7. Weiss A, Littman DR. Signal transduction by lymphocyte antigen receptors. Cell (1994) 76:263–74. doi: 10.1016/0092-8674(94)90334-4

 8. Cambier JC. New nomenclature for the Reth motif (or ARH1/TAM/ARAM/YXXL). Immunol Today (1995) 16:110. doi: 10.1016/0167-5699(95)80105-7

 9. Tolar P, Hanna J, Krueger PD, Pierce SK. The constant region of the membrane immunoglobulin mediates B cell-receptor clustering and signaling in response to membrane antigens. Immunity (2009) 30:44–55. doi: 10.1016/j.immuni.2008.11.007

 10. Carrasco YR, Batista FD. B cells acquire particulate antigen in a macrophage-rich area at the boundary between the follicle and the subcapsular sinus of the lymph node. Immunity (2007) 27:160–71. doi: 10.1016/j.immuni.2007.06.007

 11. Gonzalez SF, Pitcher LA, Mempel T, Schuerpf F, Carroll MC. B cell acquisition of antigen in vivo. Curr Opin Immunol. (2009) 21:251–7. doi: 10.1016/j.coi.2009.05.013

 12. Avalos AM, Bilate AM, Witte MD, Tai AK, He J, Frushicheva MP, et al. Monovalent engagement of the BCR activates ovalbumin-specific transnuclear B cells. J Exp Med. (2014) 211:365–79. doi: 10.1084/jem.20131603

 13. Volkmann C, Brings N, Becker M, Hobeika E, Yang J. Molecular requirements of the B-cell antigen receptor for sensing monovalent antigens. EMBO J. (2016) 35:2371–81. doi: 10.15252/embj.201694177

 14. Rolli V, Gallwitz M, Wossning T, Flemming A, Schamel WW, Zurn C, et al. Amplification of B cell antigen receptor signaling by a Syk/ITAM positive feedback loop. Molecular Cell (2002) 10:1057–69. doi: 10.1016/S1097-2765(02)00739-6

 15. Hong JJ, Yankee TM, Harrison ML, Geahlen RL. Regulation of signaling in B cells through the phosphorylation of Syk on linker region tyrosines. A mechanism for negative signaling by the Lyn tyrosine kinase. J Biol Chem. (2002) 277:31703–14. doi: 10.1074/jbc.M201362200

 16. Kurosaki T, Hikida M. Tyrosine kinases and their substrates in B lymphocytes. Immunol Rev. (2009) 228:132–48. doi: 10.1111/j.1600-065X.2008.00748.x

 17. Cheng AM, Rowley B, Pao W, Hayday A, Bolen JB, Pawson T. Syk tyrosine kinase required for mouse viability and B-cell development. Nature (1995) 378:303. doi: 10.1038/378303a0

 18. Sohn HW, Tolar P, Pierce SK. Membrane heterogeneities in the formation of B cell receptor-Lyn kinase microclusters and the immune synapse. J Cell Biol. (2008) 182:367–79. doi: 10.1083/jcb.200802007

 19. Weber M, Treanor B, Depoil D, Shinohara H, Harwood NE, Hikida M, et al., Phospholipase C-gamma2 and Vav cooperate within signaling microclusters to propagate B cell spreading in response to membrane-bound antigen. J Exp Med. (2008) 205:853–68. doi: 10.1084/jem.20072619

 20. Kim YJ, Sekiya F, Poulin B, Bae YS, Rhee SG. Mechanism of B-cell receptor-induced phosphorylation and activation of phospholipase C-gamma2. Molecul Cell Biol. (2004) 24:9986–99. doi: 10.1128/MCB.24.22.9986-9999.2004

 21. Kurosaki T, Shinohara H, Baba Y. B cell signaling and fate decision. Ann Rev Immunol. (2010) 28:21–55. doi: 10.1146/annurev.immunol.021908.132541

 22. Bos JL. Linking rap to cell adhesion. Curr Opin Cell Biol. (2005) 17:123–8. doi: 10.1016/j.ceb.2005.02.009

 23. Stewart DM, Tian L, Nelson DL. Mutations that cause the Wiskott-Aldrich syndrome impair the interaction of Wiskott-Aldrich syndrome protein (WASP) with WASP interacting protein. J Immunol. (1999) 162:5019–24.

 24. Lanzi G, Moratto D, Vairo D, Masneri S, Delmonte O, Paganini T, et al. A novel primary human immunodeficiency due to deficiency in the WASP-interacting protein WIP. J Exp Med. (2012) 209:29–34. doi: 10.1084/jem.20110896

 25. Thrasher AJ. New insights into the biology of Wiskott-Aldrich syndrome (WAS). Hematology. Am Soc Hematol Educ Program (2009) 2009:132–8. doi: 10.1182/asheducation-2009.1.132

 26. Pfajfer L, Seidel MG, Houmadi R, Rey-Barroso J, Hirschmugl T, Salzer E, et al. WIP deficiency severely affects human lymphocyte architecture during migration and synapse assembly. Blood (2017) 130:1949–53. doi: 10.1182/blood-2017-04-777383

 27. Pore D, Bodo J, Danda A, Yan D, Phillips JG, Lindner D, et al. Identification of Ezrin-Radixin-Moesin proteins as novel regulators of pathogenic B-cell receptor signaling and tumor growth in diffuse large B-cell lymphoma. Leukemia (2015) 29:1857–67. doi: 10.1038/leu.2015.86

 28. Chugh P, Paluch EK. The actin cortex at a glance. J Cell Sci. (2018) 131:jcs186254. doi: 10.1242/jcs.186254

 29. Ponuwei GA, A glimpse of the ERM proteins. J Biomed Sci. (2016) 23:35. doi: 10.1186/s12929-016-0246-3

 30. Chugh P, Clark AG, Smith MB, Cassani AD, Dierkes K, Ragab A, et al. Actin cortex architecture regulates cell surface tension. Nat Cell Biol. (2017) 19:689–97. doi: 10.1038/ncb3525

 31. Logue JS, Cartagena-Rivera AX, Baird MA, Davidson MW, Chadwick RS, Waterman CM. Erk regulation of actin capping and bundling by Eps8 promotes cortex tension and leader bleb-based migration. Elife (2015) 4:e08314. doi: 10.7554/eLife.08314

 32. Biro M, Romeo Y, Kroschwald S, Bovellan M, Boden A, Tcherkezian J, et al. Cell cortex composition and homeostasis resolved by integrating proteomics and quantitative imaging. Cytoskeleton (2013) 70:741–54. doi: 10.1002/cm.21142

 33. Lu Y, Zhang Y, Pan MH, Kim NH, Sun SC, Cui XS. Daam1 regulates fascin for actin assembly in mouse oocyte meiosis. Cell Cycle (2017) 16:1350–6. doi: 10.1080/15384101.2017.1325045

 34. Bovellan M, Romeo Y, Biro M, Boden A, Chugh P, Yonis A, et al. Cellular control of cortical actin nucleation. Curr Biol. (2014) 24:1628–35. doi: 10.1016/j.cub.2014.05.069

 35. Fritzsche M, Erlenkamper C. Actin kinetics shapes cortical network structure and mechanics. (2016) 2:e1501337. doi: 10.1126/sciadv.1501337

 36. Ichetovkin I, Grant W, Condeelis J. Cofilin produces newly polymerized actin filaments that are preferred for dendritic nucleation by the Arp2/3 complex. Curr Biol. (2002) 12:79–84. doi: 10.1016/S0960-9822(01)00629-7

 37. Diz-Munoz A, Romanczuk P, Yu W, Bergert M, Ivanovitch K, Salbreux G, et al. Steering cell migration by alternating blebs and actin-rich protrusions. BMC Biol. (2016) 14:74. doi: 10.1186/s12915-016-0294-x

 38. Paluch EK, Raz E. The role and regulation of blebs in cell migration. Curr Opin Cell Biol. (2013) 25:582–90. doi: 10.1016/j.ceb.2013.05.005

 39. Welch MD, DePace AH, Verma S, Iwamatsu A, Mitchison TJ. The human Arp2/3 complex is composed of evolutionarily conserved subunits and is localized to cellular regions of dynamic actin filament assembly. J Cell Biol. (1997) 138:375–84. doi: 10.1083/jcb.138.2.375

 40. Peng J, Wallar BJ, Flanders A, Swiatek PJ, Alberts AS. Disruption of the diaphanous-related formin Drf1 gene encoding mDia1 reveals a role for Drf3 as an effector for Cdc42. Curr Biol. (2003) 13:534–45. doi: 10.1016/S0960-9822(03)00170-2

 41. Liu C, Miller H, Orlowski G, Hang H, Upadhyaya A, Song W. Actin reorganization is required for the formation of polarized B cell receptor signalosomes in response to both soluble and membrane-associated antigens. J Immunol. (2012) 188:3237–46. doi: 10.4049/jimmunol.1103065

 42. Arpin M, Chirivino D, Naba A, Zwaenepoel I. Emerging role for ERM proteins in cell adhesion and migration. Cell Adhesion Migration (2011) 5:199–206. doi: 10.4161/cam.5.2.15081

 43. Arana E, Vehlow A, Harwood NE, Vigorito E, Henderson R, Turner M, et al. Activation of the small GTPase Rac2 via the B cell receptor regulates B cell adhesion and immunological-synapse formation. Immunity (2008) 28:88–99. doi: 10.1016/j.immuni.2007.12.003

 44. Ricker E, Chowdhury L, Yi W, Pernis AB. The RhoA-ROCK pathway in the regulation of T and B cell responses. F1000Res. (2016) 5:F1000. doi: 10.12688/f1000research.7522.1

 45. Kechkar A, Nair D, Heilemann M, Choquet D, Sibarita JB. Real-time analysis and visualization for single-molecule based super-resolution microscopy. PLoS ONE (2013) 8:e62918. doi: 10.1371/journal.pone.0062918

 46. Gasparrini F, Feest C, Bruckbauer A, Mattila PK, Müller J, Nitschke L, et al. Nanoscale organization and dynamics of the siglec CD22 cooperate with the cytoskeleton in restraining BCR signalling. EMBO J. (2016) 35:258–80. doi: 10.15252/embj.201593027

 47. Mattila PK, Feest C, Depoil D, Treanor B, Montaner B, Otipoby KL, et al. The actin and tetraspanin networks organize receptor nanoclusters to regulate B cell receptor-mediated signaling. Immunity (2013) 38:461–74. doi: 10.1016/j.immuni.2012.11.019

 48. Davey A, Liu W, Sohn HW, Brzostowski J, Pierce SK. Understanding the initiation of B cell signaling through live cell imaging. Method Enzymol. (2012) 506:265–90. doi: 10.1016/B978-0-12-391856-7.00038-X

 49. Liu W, Meckel T, Tolar P, Sohn HW, Pierce SK. Antigen affinity discrimination is an intrinsic function of the B cell receptor. J Exp Med. (2010) 207:1095–111. doi: 10.1084/jem.20092123

 50. Wasim L, Treanor B. Single-particle tracking of cell surface proteins. Method Molecul Biol. (2018) 1707:183–92. doi: 10.1007/978-1-4939-7474-0_13

 51. Treanor B, Depoil D, Gonzalez-Granja A, Barral P, Weber M, Dushek O, et al. The membrane skeleton controls diffusion dynamics and signaling through the B cell receptor. Immunity (2010) 32:187–199. doi: 10.1016/j.immuni.2009.12.005

 52. Suzuki K, Ritchie K, Kajikawa E, Fujiwara T, Kusumi A Rapid hop diffusion of a G-protein-coupled receptor in the plasma membrane as revealed by single-molecule techniques. Biophys J. (2005) 88:3659–80. doi: 10.1529/biophysj.104.048538

 53. Treanor B, Depoil D, Bruckbauer A, Batista FD. Dynamic cortical actin remodeling by ERM proteins controls BCR microcluster organization and integrity. J Exp Me. (2011) 208:1055–68. doi: 10.1084/jem.20101125

 54. Lee J, Sengupta P, Brzostowski J, Lippincott-Schwartz J, Pierce SK. The nanoscale spatial organization of B-cell receptors on immunoglobulin M- and G-expressing human B-cells. Molecul Biol Cell (2017) 28:511–23. doi: 10.1091/mbc.e16-06-0452

 55. Maity PC, Blount A, Jumaa H, Ronneberger O, Lillemeier BF, Reth M. B cell antigen receptors of the IgM and IgD classes are clustered in different protein islands that are altered during B cell activation. Science Signal. (2015) 8:ra93. doi: 10.1126/scisignal.2005887

 56. Kläsener K, Maity PC, Hobeika E, Yang J, Reth M. B cell activation involves nanoscale receptor reorganizations and inside-out signaling by Syk. eLife (2014) 3:e02069. doi: 10.7554/eLife.02069

 57. Yasuda S, Zhou Y, Wang Y, Yamamura M, Wang Y. A model integrating tonic and antigen-triggered BCR signals to predict the survival of primary B cells. Sci Rep. (2017) 7:14888. doi: 10.1038/s41598-017-13993-x

 58. Freeman SA, Lei V, Dang-Lawson M, Mizuno K, Roskelley CD, Gold MR. Cofilin-mediated F-actin severing is regulated by the Rap GTPase and controls the cytoskeletal dynamics that drive lymphocyte spreading and BCR microcluster formation. J Immunol. (2011) 187:5887–900. doi: 10.4049/jimmunol.1102233

 59. Fleire SJ, Goldman JP, Carrasco YR, Weber M, Bray D, Batista FD. B cell ligand discrimination through a spreading and contraction response. Science (2006) 312:738–41. doi: 10.1126/science.1123940

 60. Liu C, Miller H, Hui KL, Grooman B, Bolland S, Upadhyaya A, Song W. A balance of Bruton's tyrosine kinase and SHIP activation regulates B cell receptor cluster formation by controlling actin remodeling. J Immunol. (2011) 187:230–9. doi: 10.4049/jimmunol.1100157

 61. Roman-Garcia S, Merino-Cortes SV, Gardeta SR, de Bruijn JW, Hendriks RW, Carrasco YR. Distinct roles for bruton's tyrosine kinase in b cell immune synapse formation. Front Immunol. (2018) 9:2027. doi: 10.3389/fimmu.2018.02027

 62. Carrasco YR, Fleire SJ, Cameron T, Dustin ML, Batista FD. LFA-1/ICAM-1 interaction lowers the threshold of B cell activation by facilitating B cell adhesion and synapse formation. Immunity (2004) 20:589–99. doi: 10.1016/S1074-7613(04)00105-0

 63. Dustin ML, Chakraborty AK, Shaw AS. Understanding the structure and function of the immunological synapse. Cold Spring Harbor Perspect Biol. (2010) 2:a002311. doi: 10.1101/cshperspect.a002311

 64. Song W, Liu C, Upadhyaya A. The pivotal position of the actin cytoskeleton in the initiation and regulation of B cell receptor activation. Biochim Biophys Acta (2014) 1838:569–78. doi: 10.1016/j.bbamem.2013.07.016

 65. Yang J, Reth M. The dissociation activation model of B cell antigen receptor triggering. FEBS Lett. (2010) 584:4872–7. doi: 10.1016/j.febslet.2010.09.045

 66. Yang J, Reth M. Receptor dissociation and B-cell activation. Curr Top Microbiol Immunol. (2016) 393:27–43. doi: 10.1007/82_2015_482

 67. Depoil D, Fleire S, Treanor BL, Weber M, Harwood NE, Marchbank KL, et al. CD19 is essential for B cell activation by promoting B cell receptor-antigen microcluster formation in response to membrane-bound ligand. Nat Immunol. (2008) 9:63–72. doi: 10.1038/ni1547

 68. Tolar P, Sohn HW, Pierce SK. The initiation of antigen-induced B cell antigen receptor signaling viewed in living cells by fluorescence resonance energy transfer. Nat Immunol. (2005) 6:1168–76. doi: 10.1038/ni1262

 69. Ketchum C, Miller H, Song W, Upadhyaya A. Ligand mobility regulates B cell receptor clustering and signaling activation. Biophys J. (2014) 106:26–36. doi: 10.1016/j.bpj.2013.10.043

 70. Rostam HM, Singh S, Vrana NE, Alexander MR, Ghaemmaghami AM. Impact of surface chemistry and topography on the function of antigen presenting cells. Biomater Sci. (2015) 3:424–41. doi: 10.1039/C4BM00375F

 71. Ketchum CM, Sun X, Suberi A, Fourkas JT, Song W, Upadhyaya A. Subcellular topography modulates actin dynamics and signaling in B-cells. Molecul Biol Cell (2018) 29:1732–42. doi: 10.1091/mbc.E17-06-0422

 72. Hao S, August A. Actin depolymerization transduces the strength of B-cell receptor stimulation. Molecul Biol Cell (2005) 16:2275–84. doi: 10.1091/mbc.e04-10-0881

 73. Gupta N, Wollscheid B, Watts JD, Scheer B, Aebersold R, DeFranco AL. Quantitative proteomic analysis of B cell lipid rafts reveals that ezrin regulates antigen receptor-mediated lipid raft dynamics. Nature Immunol. (2006) 7:625–33. doi: 10.1038/ni1337

 74. Huang L, Zhang Y, Xu C, Gu X, Niu L, Wang J, et al. Rictor positively regulates B cell receptor signaling by modulating actin reorganization via ezrin. PLoS Biol. (2017) 15:e2001750. doi: 10.1371/journal.pbio.2001750

 75. Freeman SA, Jaumouillé V, Choi K, Hsu BE, Wong HS, Abraham L, et al. Toll-like receptor ligands sensitize B-cell receptor signalling by reducing actin-dependent spatial confinement of the receptor. Nat Commun. (2015) 6:6168. doi: 10.1038/ncomms7168

 76. Chaudhuri A, Bhattacharya B, Gowrishankar K, Mayor S, Rao M. Spatiotemporal regulation of chemical reactions by active cytoskeletal remodeling. Proc Natl Acad Sci USA (2011) 108:14825–30. doi: 10.1073/pnas.1100007108

 77. Koster DV, Husain K, Iljazi E, Bhat A, Bieling P, Mullins RD, et al. Actomyosin dynamics drive local membrane component organization in an in vitro active composite layer. Proc Natl Acad Sci USA (2016) 113:E1645–54. doi: 10.1073/pnas.1514030113

 78. Tolar P. Cytoskeletal control of B cell responses to antigens. Nat Rev Immunol. (2017) 17:621–34. doi: 10.1038/nri.2017.67

 79. Haviv L, Brill-Karniely Y, Mahaffy R, Backouche F, Ben-Shaul A, Pollard TD, et al. Reconstitution of the transition from lamellipodium to filopodium in a membrane-free system. Proc Natl Acad Sci USA (2006) 103:4906–11. doi: 10.1073/pnas.0508269103

 80. Mattila PK, Batista FD, Treanor B. Dynamics of the actin cytoskeleton mediates receptor cross talk: an emerging concept in tuning receptor signaling. J Cell Biol. (2016) 212:267–80. doi: 10.1083/jcb.201504137

 81. Keppler SJ, Burbage M, Gasparrini F, Hartjes L, Aggarwal S, Massaad MJ, et al. The Lack of WIP binding to actin results in impaired B cell migration and altered humoral immune responses. Cell Rep. (2018) 24:619–29. doi: 10.1016/j.celrep.2018.06.051

 82. Clark EA, Giltiay NV. CD22: a regulator of innate and adaptive B cell responses and autoimmunity. Front Immunol. (2018) 9:2235. doi: 10.3389/fimmu.2018.02235

 83. Schnyder T, Castello A, Feest C, Harwood NE, Oellerich T, Urlaub H, et al. B cell receptor-mediated antigen gathering requires ubiquitin ligase Cbl and adaptors Grb2 and Dok-3 to recruit dynein to the signaling microcluster. Immunity (2011) 34:905–18. doi: 10.1016/j.immuni.2011.06.001

 84. Wang JC, Bolger-Munro M, Gold MR. Visualizing the actin and microtubule cytoskeletons at the B-cell immune synapse using stimulated emission depletion (STED) microscopy. J Visual Exp. (2018) 134. doi: 10.3791/57028

 85. Wang JC, Lee JY, Christian S, Dang-Lawson M, Pritchard C, Freeman SA, Gold MR The Rap1-cofilin-1 pathway coordinates actin reorganization and MTOC polarization at the B cell immune synapse. (2017) 130: 1094–1109.

 86. Schulte RJ, Campbell MA, Fischer WH, Sefton BM. Tyrosine phosphorylation of CD22 during B cell activation. Science (1992) 258:1001–4. doi: 10.1126/science.1279802

 87. Leprince C, Draves KE, Geahlen RL, Ledbetter JA, Clark EA. CD22 associates with the human surface IgM-B-cell antigen receptor complex. Proc Natl Acad Sci USA (1993) 90:3236–40. doi: 10.1073/pnas.90.8.3236

 88. She HY, Rockow S, Tang J, Nishimura R, Skolnik EY, Chen M, et al. Wiskott-Aldrich syndrome protein is associated with the adapter protein Grb2 and the epidermal growth factor receptor in living cells. Molecul Biol Cell (1997) 8:1709–21. doi: 10.1091/mbc.8.9.1709

 89. Le Bras S, Foucault I, Foussat A, Brignone C, Acuto O, Deckert M. Recruitment of the actin-binding protein HIP-55 to the immunological synapse regulates T cell receptor signaling and endocytosis. J Biol Chem. (2004) 279:15550–60. doi: 10.1074/jbc.M312659200

 90. McNulty S, Powell K, Erneux C, Kalman D. The host phosphoinositide 5-phosphatase SHIP2 regulates dissemination of vaccinia virus. J Virol. (2011) 85:7402–10. doi: 10.1128/JVI.02391-10

 91. Pore D, Gupta N. The ezrin-radixin-moesin family of proteins in the regulation of B-cell immune response. Crit Rev Immunol. (2015) 35:15–31. doi: 10.1615/CritRevImmunol.2015012327

 92. Turunen O, Wahlström T, Vaheri A Ezrin has a COOH-terminal actin-binding site that is conserved in the ezrin protein family. J Cell Biol. (1994) 126:1445. doi: 10.1083/jcb.126.6.1445

 93. Fehon RG, McClatchey AI, Bretscher A. Organizing the cell cortex: the role of ERM proteins. Nat Rev. (2010) 11:276–87. doi: 10.1038/nrm2866

 94. Fievet BT, Gautreau A, Roy C, Del Maestro L, Mangeat P, Louvard D, et al. Phosphoinositide binding and phosphorylation act sequentially in the activation mechanism of ezrin. J Cell Biol. (2004) 164:653–9. doi: 10.1083/jcb.200307032

 95. Pietromonaco SF, Simons PC, Altman A, Elias L. Protein kinase C-theta phosphorylation of moesin in the actin-binding sequence. J Biol Chem. (1998) 273:7594–603. doi: 10.1074/jbc.273.13.7594

 96. Yonemura S, Matsui T, Tsukita S, Tsukita S. Rho-dependent and -independent activation mechanisms of ezrin/radixin/moesin proteins: an essential role for polyphosphoinositides in vivo. J Cell Sci. (2002) 115:2569–80. doi: 10.1155/2012/125295

 97. Belkina NV, Liu Y, Hao JJ, Karasuyama H, Shaw S. LOK is a major ERM kinase in resting lymphocytes and regulates cytoskeletal rearrangement through ERM phosphorylation. Proc Natl Acad Sci USA. (2009) 106:4707–12. doi: 10.1073/pnas.0805963106

 98. Nakamura N, Oshiro N, Fukata Y, Amano M, Fukata M, Kuroda S, et al. Phosphorylation of ERM proteins at filopodia induced by Cdc42. Genes Cells (2000) 5:571–81. doi: 10.1046/j.1365-2443.2000.00348.x

 99. Baumgartner M, Sillman AL, Blackwood EM, Srivastava J, Madson N, Schilling JW, et al. The Nck-interacting kinase phosphorylates ERM proteins for formation of lamellipodium by growth factors. Proc Natl Acad Sci USA. (2006) 103:13391–6. doi: 10.1073/pnas.0605950103

 100. Oshiro N, Fukata Y, Kaibuchi K. Phosphorylation of moesin by rho-associated kinase (Rho-kinase) plays a crucial role in the formation of microvilli-like structures. J Biol Chem. (1998) 273:34663–6. doi: 10.1074/jbc.273.52.34663

 101. Niggli V, Andreoli C, Roy C, Mangeat P. Identification of a phosphatidylinositol-4,5-bisphosphate-binding domain in the N-terminal region of ezrin. FEBS Lett. (1995) 376:172–6. doi: 10.1016/0014-5793(95)01270-1

 102. Hao JJ, Liu Y, Kruhlak M, Debell KE, Rellahan BL, Shaw S. Phospholipase C-mediated hydrolysis of PIP2 releases ERM proteins from lymphocyte membrane. J Cell Biol. (2009) 184:451–62. doi: 10.1083/jcb.200807047

 103. Nishita M, Tomizawa C, Yamamoto M, Horita Y, Ohashi K, Mizuno K. Spatial and temporal regulation of cofilin activity by LIM kinase and Slingshot is critical for directional cell migration. J Cell Biol. (2005) 171:349–59. doi: 10.1083/jcb.200504029

 104. Maekawa M, Ishizaki T, Boku S, Watanabe N, Fujita A, Iwamatsu A, et al. Signaling from Rho to the actin cytoskeleton through protein kinases ROCK and LIM-kinase. Science (1999) 285:895–8. doi: 10.1126/science.285.5429.895

 105. Oser M, Condeelis J. The cofilin activity cycle in lamellipodia and invadopodia. J Cell Biochem (2009) 108: 1252–62. doi: 10.1002/jcb.22372

 106. Maus M, Medgyesi D, Kiss E, Schneider AE, Enyedi A, Szilagyi N, et al. B cell receptor-induced Ca2+ mobilization mediates F-actin rearrangements and is indispensable for adhesion and spreading of B lymphocytes. J Leukocyte Biol. (2013) 93:537–47. doi: 10.1189/jlb.0312169

 107. Hartzell CA, Jankowska KI, Burkhardt JK, Lewis RS. Calcium influx through CRAC channels controls actin organization and dynamics at the immune synapse. eLife (2016) 5:e14850. doi: 10.7554/eLife.14850

 108. Lin KB, Freeman SA, Zabetian S, Brugger H, Weber M, Lei V, et al. The rap GTPases regulate B cell morphology, immune-synapse formation, and signaling by particulate B cell receptor ligands. Immunity (2008) 28:75–87. doi: 10.1016/j.immuni.2007.11.019

 109. Heasman SJ, Ridley AJ. Mammalian Rho GTPases: new insights into their functions from in vivo studies. Nat Rev Molecul Cell Biol. (2008) 9:690–701. doi: 10.1038/nrm2476

 110. Padrick SB, Rosen MK. Physical mechanisms of signal integration by WASP family proteins. Ann Rev Biochem. (2010) 79:707–35. doi: 10.1146/annurev.biochem.77.060407.135452

 111. Miki H, Miura K, Takenawa T. N-WASP, a novel actin-depolymerizing protein, regulates the cortical cytoskeletal rearrangement in a PIP2-dependent manner downstream of tyrosine kinases. EMBO J. (1996) 15:5326–35. doi: 10.1002/j.1460-2075.1996.tb00917.x

 112. Westerberg LS, Dahlberg C, Baptista M, Moran CJ, Detre C, Keszei M, et al. Wiskott-Aldrich syndrome protein (WASP) and N-WASP are critical for peripheral B-cell development and function. Blood (2012) 119:3966–74. doi: 10.1182/blood-2010-09-308197

 113. Liu C, Bai X, Wu J, Sharma S, Upadhyaya A, Dahlberg IM, et al. N-wasp is essential for the negative regulation of B cell receptor signaling. PLoS Biol. (2013) 11:e1001704. doi: 10.1371/journal.pbio.1001704

 114. Volpi S, Santori E, Abernethy K, Mizui M, Dahlberg CI. N-WASP is required for B-cell-mediated autoimmunity in Wiskott-Aldrich syndrome. Blood (2016) 127:216–20. doi: 10.1182/blood-2015-05-643817

 115. Martinez-Quiles N, Rohatgi R, Anton IM, Medina M, Saville SP, Miki H, et al. WIP regulates N-WASP-mediated actin polymerization and filopodium formation. Nat Cell Biol. (2001) 3:484–91. doi: 10.1038/35074551

 116. Sun X, Wang J, Qin T, Zhang Y, Huang L, Niu L, et al. Dock8 regulates BCR signaling and activation of memory B cells via WASP and CD19. Blood Adv. (2018) 2:401–13.

 117. Keppler SJ, Gasparrini F, Burbage M, Aggarwal S, Frederico B, Geha RS, et al. Wiskott-aldrich syndrome interacting protein deficiency uncovers the role of the co-receptor CD19 as a generic hub for PI3 kinase signaling in B cells. Immunity (2015) 43:660–73. doi: 10.1016/j.immuni.2015.09.004

 118. Janssen E, Tohme M, Hedayat M, Leick M, Kumari S, Ramesh N, et al. A DOCK8-WIP-WASp complex links T cell receptors to the actin cytoskeleton. J Clin Invest. (2016) 126:3837–51. doi: 10.1172/JCI85774

 119. Saito K, Scharenberg AM, Kinet JP. Interaction between the Btk PH domain and phosphatidylinositol-3,4,5-trisphosphate directly regulates Btk. J Biol Chem. (2001) 276:16201–6. doi: 10.1074/jbc.M100873200

 120. Scharenberg AM, El-Hillal O, Fruman DA, Beitz LO, Li Z, Lin S, et al. Phosphatidylinositol-3,4,5-trisphosphate (PtdIns-3,4,5-P<sub>3</sub>)/Tec kinase-dependent calcium signaling pathway: a target for SHIP-mediated inhibitory signals. EMBO J. (1998) 17:1961.

 121. O.Corneth BJ, Klein R, Wolterink GJ, Hendriks RW. BTK Signaling in B cell differentiation and autoimmunity. Curr Top Microbiol Immunol. (2016) 393:67–105. doi: 10.1007/82_2015_478

 122. Saito K, Tolias KF, Saci A, Koon HB, Humphries LA, Scharenberg et al. BTK regulates PtdIns-4,5-P2 synthesis: importance for calcium signaling and PI3K activity. Immunity (2003) 19:669–78. doi: 10.1016/S1074-7613(03)00297-8

 123. Sharma S, Orlowski G, Song W. Btk regulates B cell receptor-mediated antigen processing and presentation by controlling actin cytoskeleton dynamics in B cells. J Immunol. (2009) 182:329–39. doi: 10.4049/jimmunol.182.1.329

 124. Baba Y, Nonoyama S, Matsushita M, Yamadori T, Hashimoto S, Imai K, et al. Involvement of wiskott-aldrich syndrome protein in B-cell cytoplasmic tyrosine kinase pathway. Blood (1999) 93:2003–12.

 125. Bolland S, Pearse RN, Kurosaki T, Ravetch JV. SHIP modulates immune receptor responses by regulating membrane association of Btk. Immunity (1998) 8:509–16. doi: 10.1016/S1074-7613(00)80555-5

 126. Bai X, Zhang Y, Huang L, Wang J, Li W, Niu L, et al. The early activation of memory B cells from Wiskott-Aldrichsyndrome patients is suppressed by CD19 downregulation. Blood (2016) 128:1723–34. doi: 10.1182/blood-2016-03-703579

 127. Bai X, Huang L, Niu L, Zhang Y, Wang J, Sun X, et al. Mst1 positively regulates B-cell receptor signaling via CD19 transcriptional levels. Blood Adv. (2016) 1:219–30. doi: 10.1182/bloodadvances.2016000588

 128. Alsufyani F, Mattoo H, Zhou D, Cariappa A, Van Buren D, Hock H, et al. The Mst1 kinase is required for follicular B cell homing and B-1 B cell development. Front Immunol. (2018) 9:2393. doi: 10.3389/fimmu.2018.02393

 129. Campellone KG, Welch MD. A nucleator arms race: cellular control of actin assembly. Nat Rev Molecul Cell Biol. (2010) 11:237–51. doi: 10.1038/nrm2867

 130. Park H, Chan MM, Iritani BM. Hem-1: putting the “WAVE” into actin polymerization during an immune response. FEBS Lett. (2010) 584:4923–32. doi: 10.1016/j.febslet.2010.10.018

 131. Suetsugu S, Kurisu S, Oikawa T, Yamazaki D, Oda A, Takenawa T. Optimization of WAVE2 complex-induced actin polymerization by membrane-bound IRSp53, PIP(3), and Rac. J Cell Biol. (2006) 173:571–85. doi: 10.1083/jcb.200509067

 132. Walmsley MJ, Ooi SK, Reynolds LF, Smith SH, Ruf S, Mathiot A, et al. Critical roles for Rac1 and Rac2 GTPases in B cell development and signaling. Science (2003) 302:459–62. doi: 10.1126/science.1089709

 133. Kuhn S, Geyer M. Formins as effector proteins of Rho GTPases. Small GTPases (2014) 5:e29513. doi: 10.4161/sgtp.29513

 134. Vascotto F, Lankar D, Faure-Andre G, Vargas P, Diaz J, Le Roux D, et al. The actin-based motor protein myosin II regulates MHC class II trafficking and BCR-driven antigen presentation. J Cell Biol. (2007) 176:1007–19. doi: 10.1083/jcb.200611147

NOMENCLATURE

Ag, antigen; BCR, B cell receptor; Btk, Brutons tyrosine kinase CD19, cluster of differentiation 19; Cdc42, cell division control protein 42; ERM, ezrin-radixin-moesin; F-actin, filamentous actin; FcγR, Fc gamma receptor; Igα, immunoglobulin α chain; Igβ, immunoglobulin β chain; IgM, immunoglobulin M; IgG, immunoglobulin G; ITAM, immunoreceptor tyrosine-based activation motif; Lyn, LYN proto-oncogene; Src family tyrosine kinase; mAg, membrane-associated antigen; MHC, major histocompatibility complex; Erk, phosphorylated extracellular regulated protein kinases; PKC, protein kinase C; PI3K, phosphatidylinositol 3-kinase; PLCγ, phospholipase C gamma 2; pSHIP, phosphorylated SH2-containing inositol phosphatase; Syk, spleen tyrosine kinase; TIRFm, total internal reflection fluorescent microscopy; TCR, T cell receptor; Vav, vav guanine nucleotide exchange factor; WASP, Wiskott-Aldrich syndrome protein.
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