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Abstract

The binding of antigen to the B cell receptor (BCR) stimulates the assembly of a signaling

complex (signalosome) composed initially of the kinases Lyn, spleen tyrosine kinase (Syk), and

Bruton’s tyrosine kinase (Btk), as well as the adaptor protein B cell linker (BLNK). Together,

these proteins recruit and activate phospholipase C–γ2 (PLC-γ2), a critical effector that stimulates

increases in intracellular Ca2+ and activates various signaling pathways downstream of the BCR.

Individuals with one copy of a mutant PLCG2 gene, which encodes a variant PLC-γ2 that lacks

the autoinhibitory C-terminal Src homology 2 (cSH2) domain, exhibit PLC-γ2– associated

antibody deficiencies and immune dysregulation (PLAID). Paradoxically, although COS-7 cells

expressing the variant PLC-γ2 show enhanced basal and stimulated PLC-γ2 activity, B cells from

PLAID patients show defective intracellular Ca2+ responses upon crosslinking of the BCR. We

found that the cSH2 domain of PLC-γ2 played a critical role in stabilizing the early signaling

complex that is stimulated by BCR crosslinking. In the presence of the variant PLC-γ2, Syk, Btk,

and BLNK were only weakly phosphorylated and failed to stably associate with the BCR. Thus,

BCRs could not form stable clusters, resulting in dysregulation of downstream signaling and

trafficking of the BCR. Thus, the cSH2 domain functions not only to inhibit the active site of

PLC-γ2, but also to directly or indirectly stabilize the early BCR signaling complex.
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Introduction

A critical effector molecule in the antigen-stimulated, B cell receptor (BCR)-dependent

activation of B cells is phospholipase C–γ2 (PLC-γ2) (1). When activated, PLC-γ2 catalyzes

the hydrolysis of phosphatidylinositol (4,5) bisphosphate [PI(4,5)P2] in the plasma

membrane, producing increased concentrations of cytosolic inositol 1,4,5 trisphosphate

(IP3), which acts to increase the concentration of intracellular Ca2+, and of diacylglycerol

(DAG), which activates various protein kinase C (PKC) isoforms (2). Together, Ca2+ influx

and activated PKC stimulate a number of signaling pathways that lead to the expression of

various genes associated with B cell activation (3). PLC-γ2 also decreases the local

concentration of PI(4,5)P2 in the plasma membrane, which affects the activities and

distribution of many regulatory and structural proteins, including the actin cytoskeleton (4,

5). Thus, PLC-γ2 plays a pivotal role in determining the outcome of engagement of the BCR

with antigen. Indeed, impaired Ca2+ signaling in B cells is linked to various

immunodeficiencies and autoimmune diseases (6).

PLC-γ2 is a member of one of six PLC families that consists of itself and PLC-γ1 (2). PLC-

γ1 and PLC-γ2 are complex, multidomain proteins, and we are just beginning to understand

the inter- and intra-molecular interactions of these domains and how such interactions serve

to regulate the activities of both isoforms (7). Similar to members of other PLC families,

PLC-γ1 and PLC-γ2 consist of a core containing an N-terminal pleckstrin homology (PH)

domain, an EF hands domain, a split triosephosphate isomerase (TIM)-barrel catalytic

domain, which is composed of an X and a Y domain and a C2 domain. The family of PLC-

γ1 and PLC-γ2 is unique in that the X and Y domains that form the TIM-barrel catalytic

domain are separated by a large multi-domain insert, termed the PLC-γ–specific array (γ-

SA)(8). The γ-SA is a highly structured region that includes a split PH domain, which is

composed of residues at either end of the insert that fold into a structural PH domain. The

loop that emerges from the split PH domain contains N-terminal Src homology 2 (nSH2)

and C-terminal SH2 (cSH2) domains, as well as an SH3 domain (9). The cSH2 domain

interacts with the surface of the PLC-γ core above the active site, masking and inactivating

the enzyme (10). Phosphorylation of Tyr783 in PLC-γ1 or Tyr759 in PLC-γ2 in the linker

region between the cSH2 domain and the SH3 domain prevents this interaction, which

enables the active site of the kinase domain in the core to gain access to the membrane

substrate PI(4,5)P2 (9).

Upon BCR crosslinking, PLC-γ is recruited to the plasma membrane (1), where it forms a

complex with the phosphorylated cytoplasmic domains of the immunoglobulin α (Igα) and

Igβ subunits of the BCR, the membrane-tethered Src family kinase Lyn (11), phosphorylated

spleen tyrosine kinase (Syk) (12), the phosphorylated adaptor protein B-cell linker (BLNK)

(13–15), and activated Bruton’s tyrosine kinase (Btk) (16–18). In the complex, PLC-γ2

docks on BLNK through its nSH2 domain (19, 20), and is activated by phosphorylation by

Btk. Evidence indicates that PLC-γ2 also interacts with phosphorylated BLNK through its

core C2 domain , which further stabilizes the association of PLC-γ2 with BLNK in a Ca2+ -

dependent fashion (21).
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Through an extensive series of experiments, Weber et al. (22) described the role of PLC-γ2

in the initiation and propagation of B cell signaling in response to membrane-bound

antigens. These authors had previously established that when placed on an antigen-

containing membrane, B cells first spread over the membrane and form signaling-active

BCR microsignalosomes before contracting to form an immunological synapse (23). With

this system, the authors demonstrated that PLC-γ2 is actively recruited to and functions in

the BCR microsignalosomes by a mechanism that is dependent on the SH2 domains and the

lipase activity of PLC-γ2, as well as on BLNK and Btk (22). Thus, the coordination of BCR-

induced cell-spreading is critically dependent on the assembly of complex PLC-γ2–

containing microsignalosomes.

A critical step in the regulation of B cell signaling is the unmasking of the active site of

PLC-γ2, as evidenced by the observation that most mutations in PLC-γ that are associated

with immune disorders in humans and mice involve B cell dysregulation and map to the

cSH2 domain or to the surface of the core above the active site to which the cSH2 domain

binds (10, 24–27). A study showed that in-frame deletions within the region encoding the

cSH2 domain of PLC-γ2 result in antibody deficiencies, susceptibility to infections, cold

urticarial, and autoimmunity in affected individuals, which is termed PLAID for PLC-γ2–

associated antibody deficiency and immune dysregulation (26). In that study, B cells

expressing two different PLC-γ2 deletion variants were analyzed. The first, Δ20–22, is

devoid of part of the C terminus of the cSH2 domain, the linker region, and the N-terminal

portion of the SH3 domain of the γ-SA (amino acid residues 686 to 806). The second

deletion variant, Δ19, is devoid of only the N-terminal region of the cSH2 domain (residues

646 to 685). The region of the cSH2 domain deleted in the Δ19 variant, but present in the

Δ20–22 variant, contains the residues Arg672 and Arg674, which are required for sustained

generation of IP3 in response to BCR crosslinking (28). These residues also interact both

with phosphorylated Tyr348 in Syk when Syk is phosphorylated on both Tyr348 and Tyr352

(29, 30) and with the activating tyrosine, Tyr759, in the linker region of the γ-SA (31).

PLAID patients that have either variant of PLC-γ2 have various immune abnormalities in

their B cells. Even though both of the PLAID-associated variant PLC-γ2 proteins, Δ20–22

and Δ19, when expressed in COS-7 cells result in enhanced basal and Rac-activated PLC-γ2

activity, B cells from PLAID patients expressing either variant show defective Ca2+ flux and

impaired downstream phosphorylation of extracellular signal–regulated kinase (ERK) in

response to BCR crosslinking (26). Here, we provide a potential molecular explanation for

this apparent paradox by showing that the cSH2 domain of PLC-γ2 is necessary for the

assembly of stable signaling complexes that trigger B cell activation in response to BCR

crosslinking.

Results

B cells from PLAID patients show transient activation of early BCR signaling components

We evaluated the effect of the PLAID variant PLC-γ2 on early BCR-stimulated signaling

events. To do so, we took B cells from healthy donors and PLAID patients carrying a

deletion of PLCG2 exons 20–22 (Δ20–22) and incubated them with F(ab')2 goat antibodies

specific for human IgM (anti-IgM) for increasing lengths of time. The cells were then fixed,
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permeabilized, and stained with antibodies specific for phosphorylated Igα, Lyn, Syk, Btk,

BLNK, and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), as well as with

antibodies specific for IgD to identify naïve B cells, and analyzed the cells by flow

cytometry. B cells from healthy controls and PLAID patients expressed similar amounts of

surface IgM and IgD BCRs. After BCR crosslinking, the extent of phosphorylation of the

Iga subunit of BCR was substantially less in B cells from PLAID patients than it was in B

cells from healthy donors, but only at the 15-min time point (Fig. 1A), whereas the

phosphorylation of Lyn was equivalent in B cells from PLAID patients and healthy donors

(Fig. 1B), indicating that these two early B cell signaling events were not markedly

compromised by the expression of Δ20–22 variant PLC-γ2. However, as compared to B

cells from healthy donors, B cells from PLAID patients showed substantially less

phosphorylation of Syk, Btk, and BLNK at most time points (Fig. 1, C to E).

Phosphorylation of PI3K was similar in B cells from PLAID patients and healthy donors

(Fig. 1F), which excluded the possibility that a failure to activate PI3K contributed to weak

BCR-induced Ca2+ fluxes in PLAID B cells. Activated PI3K is required for PLC-γ2 activity,

because when activated, PI3K phosphorylates PI (4,5) P2 to generate PI (3,4,5) P3, which

serves as a docking site on the plasma membrane for PLC-γ2 through its core PH domain

(32, 33). Phosphorylation of the mitogen-activated protein kinase (MAPK) ERK (Fig. 2A)

was decreased, whereas the phosphorylation of nuclear factor κB (NF-κB) was increased

(Fig. 2B) in B cells from PLAID patients compared to B cells from healthy donors;

however, phosphorylation of the MAPKs p38 and c-Jun N-terminal kinase (JNK) was not

markedly affected (Fig. 2, C and D). Together, these findings suggest that the Δ20–22

variant PLC-γ2 destabilizes the assembly of the early BCR signaling complex, which results

in dysregulated signaling downstream of the BCR despite the presence of wild-type PLC-γ2

in B cells from PLAID patients.

BCRs in PLAID B cells expressing the Δ20–22 variant PLC-γ2 fail to properly traffic to
intracellular late endosomes or class II–processing compartments

Dependent on appropriate BCR signaling (34), the BCR transports antigen into intracellular

compartments in which the antigen is processed and presented on major histocompatibility

complex (MHC) class II molecules (35). To assess BCR internalization, we incubated B

cells from PLAID patients and healthy donors with biotinylated mouse monoclonal antibody

specific for human IgM on ice for 30 min and then washed and warmed the cells to 37°C for

increasing lengths of time. The amount of IgM on the surface of mature IgD+ B cells was

then quantified by flow cytometric analysis with Alexa Fluor 647–labeled streptavidin (SA-

AF 647). Both the rate of internalization and the amount of BCR internalized were similar in

B cells from PLAID patients and those from healthy donors (Fig. 3A).

To monitor the intracellular trafficking of the BCR into transferrin receptor–positive (TfR+)

early endosomes and into late lysosomal-associated membrane protein 1–positive

(LAMP1+) endosomes orclass II processing compartments, B cells from a PLAID patient

and three healthy donors were incubated with DyLight 549–labeled F(ab)'2 anti-IgM for 30

min on ice and then were warmed to 37°C for increasing lengths of time before being fixed.

Cells were permeabilized and stained with DAPI to detect nuclei and with mouse

monoclonal antibodies specific for either TfR or LAMP1, which were detected with Alexa
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Fluor 647–labeled antibodies specific for mouse IgG, before being imaged by confocal

microscopy. We then reconstructed three-dimensional (3D) confocal images from a series of

Z section images. Although entry of the BCR into early TfR+ endosomes at 7 min appeared

similar in B cells from the PLAID patient and the healthy donors (Fig. 3, B and C), the

BCRs in the B cells from the PLAID patient failed to continue trafficking to LAMP1+ late

endosomes orclass II processing compartments. As late as 30 min after warming, the BCRs

in the PLAID B cells were still localized in vesicles similar to those observed at 7 min and

they showed little co-localization with LAMP1 (Fig. 3, D and E) or with HLA-DM a

catalyst for the assembly of peptide MHC class II complexes located in the class II–

processing compartments (fig. S1). In contrast, the BCRs in B cells from the healthy donors

accumulated in large intracellular compartments that colocalized with LAMP1 (Fig. 3, D

and E) and with HLA-DM (fig. S1).

Expression of the Δ20–22 variant PLC-γ2 affects both B cell spreading and BCR clustering
in antigen-stimulated B cells

To enable visualization of PLC-γ2, we transiently transfected peripheral blood B cells from

healthy donors with plasmids encoding chimeric proteins of green fluorescent protein (GFP)

fused to the C-terminus of either wild-type PLC-γ2 or the Δ20–22 variant PLC-γ2, and then

we purified GFP-expressing cells by FACS. Cells expressing either wild-type PLC-γ2-GFP

or Δ20–22 PLC-γ2-GFP had similar amounts of cell surface BCR (Fig. 4A). In contrast to

cells expressing wild-type PLCγ2-GFP, cells expressing Δ20–22 PLCγ2-GFP showed

reduced phosphorylation of Syk, BLNK, and Btk when incubated with F(ab')2 anti-IgM

antibodies, and failed to flux Ca2+ in response to BCR crosslinking on bilayers containing

anti-IgM (Fig. 4, B and C). Thus, the transient expression of Δ20–22 PLC-γ2-GFP in

peripheral blood B cells from healthy donors recapitulated the defects in BCR signaling

observed in B cells from PLAID patients.

B cells expressing Δ20–22 PLC-γ2 were imaged by total internal reflection fluorescence

(TIRF) microscopy as they first encountered anti-IgM antibody incorporated into fluid lipid

bilayers (anti-IgM bilayers). TIRF microscopy provides a high-resolution image of the

plasma membrane, which enabled an assessment of the effect of Δ20–22 PLC-γ2 on the

dynamics of BCR clustering and the association of PLC-γ2 and other signaling components

with clustered BCRs. As previously described for wild-type human peripheral blood B cells

(36), B cells transiently expressing wild-type PLC-γ2-GFP first contacted the anti-IgM

bilayer at discrete points, which led to further contact of the B cell with the bilayer,

spreading of the cell over the bilayer, and stable accumulation of BCRs in the contact area

(Fig. 5, A to C and movie S1). In contrast, B cells expressing Δ20–22 PLC-γ2-GFP showed

greater spreading over the bilayer and achieved substantially larger contact areas (Fig. 5, A

and B). Because B cell spreading is an actin-dependent process, and PLC-γ2 regulates actin

dynamics through several pathways, we attribute this enhanced spreading to a dysregulation

of actin polymerization. However, although the BCRs in B cells expressing Δ20–22 PLC-

γ2-GFP rapidly accumulated in the contact area during the first 120 s, the accumulation was

transient, and these cells had substantially less BCR in the contact area 240 to 300 s after

contact than did B cells expressing wild-type PLC-γ2-GFP (Fig. 5C).
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The transient accumulation of BCRs in the contact area suggested a possible failure of BCRs

in cells expressing Δ20–22 PLC-γ2 to form stable clusters. To quantify BCR clustering, we

labeled cells with DyLight 649-Fab anti-IgM to visualize the BCRs, placed the cells on anti-

IgM bilayers, and imaged them by TIRF microscopy every 2 s beginning with the initial

contact of the cells with the bilayer. To obtain accurate information on the size and

fluorescence intensity of each microcluster, the 2D fluorescence intensity profiles of

individual BCR clusters at each time point were fitted by a 2D Gaussian function, and 3D

surface plots for each image were obtained as previously described (37). To minimize

tracking and Gaussian fitting errors, only the first 120 s of each microcluster track was

analyzed, although most of the tracks persisted for a maximum of 60 s. We prepared TIRF

images and pseudocolor 3D surface plots of representative BCR clusters that were

monitored for 120 s (Fig. 5D and movie S2), as well as of the size (Fig. 5E) and average

fluorescence intensity (Fig. 5F) of a large number of BCR clusters that were monitored for

60 s. As compared to BCRs on cells expressing Δ20–22 PLC-γ2-GFP, BCRs on cells

expressing wild-type PLC-γ2-GFP increased in both fluorescence intensity and size more

rapidly, and they eventually formed larger clusters of increased fluorescence intensity.

B cells expressing Δ20–22 PLC-γ2 fail to colocalize signaling components with the BCR
after antigen binding to the BCR

To determine whether the failure of BCRs in B cells expressing Δ20–22 PLCγ-GFP to

robustly cluster reflected defects in the recruitment or co-localization of Δ20–22 PLC-γ2-

GFP with the BCR after receptor crosslinking, we used TIRF microscopy to image both the

BCR and PLC-γ2-GFP in B cells placed on anti-IgM bilayers. We observed no differences

in the amounts of wild-type PLC-γ2-GFP and Δ20–22 PLC-γ2-GFP at the plasma membrane

after BCR stimulation with antigen (Fig. 6A), consistent with the observation that PI3K

activation was similar in PLAID B cells and in B cells from healthy donors. However, the

extent of colocalization of PLC-γ2 and the BCR was substantially less in B cells expressing

Δ20–22 PLC-γ2-GFP incubated on an anti-IgM bilayer than that in cells expressing wild-

type PLC-γ2-GFP (Fig 6, B and C and movie S3). After B cells were placed on the anti-IgM

bilayers for 15 min, the colocalization of PLC-γ2 and the BCR was substantially lower in B

cells expressing Δ20–22 PLC-γ2-GFP than in B cells expressing only wild-type PLC-γ2-

GFP (Fig. 6D).

The failure of Δ20–22 PLC-γ2-GFP to colocalize with the BCR suggested that other

components of the early BCR signaling complex with which PLC-γ2 directly or indirectly

interacts might also fail to colocalize with the BCR. To test this possibility, we labeled B

cells transiently expressing either wild-type PLC-γ2-GFP or Δ20–22 PLC-γ2-GFP with

DyLight 649-Fab anti-IgM and placed them on anti-IgM bilayers for 5 or 15 min. We then

fixed, permeabilized, and stained the cells with antibodies specific for pLyn, pSyk, pBtk, or

pPI3K. When comparing B cells expressing wild-type PLC-γ2-GFP with B cells expressing

Δ20–22 PLC-γ2-GFP, we found that there were no substantial differences in the amount of

pLyn in the contact areas or in the extent of colocalization of pLyn with the BCR (Fig. 7A).

However, less pBtk was recruited to the plasma membrane in B cells expressing Δ20–22

PLC-γ2-GFP than was recruited in B cells expressing wild-type PLC-γ2-GFP, whereas

substantially less pSyk and pBtk colocalized with the BCR at the 15-min time point in cells
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expressing Δ20–22 PLC-γ2-GFP than occurred in cells expressing WT PLCγ2-GFP (Fig. 7,

B, and C). There was no difference in the amount of pPI3K in the contact areas of B cells

expressing wild-type PLC-γ2-GFP or Δ20–22 PLC-γ2-GFP, nor was there any difference in

its colocalization with the BCR (Fig. 7D). Together, these results suggest that stable,

signaling-competent BCR clusters containing pSyk, pBLNK, pBtk and PLC-γ2 fail to form

in B cells expressing Δ20–22 PLC-γ2-GFP.

B cells expressing Δ19 PLCγ2-GFP fail to flux Ca2+ or to exhibit colocalization of PLC-γ2
with the BCR after antigen binding

We next determined whether B cells expressing the Δ19 PLC-γ2 variant, which is devoid of

only the N-terminal part of the cSH2 domain, showed similar signaling defects as those

observed for B cells expressing the Δ20–22 PLC-γ2 variant, which is devoid of the C-

terminal part of the cSH2 domain, the linker region, and the SH3 domain. We transiently

transfected peripheral blood B cells from healthy donors with plasmids encoding chimeric

proteins of GFP fused to the C terminus of either wild-type PLC-γ2 or the Δ19 PLC-γ2

variant. We first purified cells expressing either wild-type PLC-γ2-GFP or Δ19 PLC-γ2-GFP

by FACS and then showed that they expressed similar cell surface amounts of BCR (Fig.

8A). When placed on anti-IgM–containing bilayers, B cells expressing Δ19 PLC-γ2-GFP

showed only weak Ca2+ flux compared to that of B cells expressing wild-type PLCγ2-GFP

(Fig. 8B), similar to what was observed for B cells expressing Δ20–22 PLC-γ2-GFP (Fig.

4C). Although PLC-γ2 was recruited to the plasma membrane equivalently in cells

expressing Δ19 PLC-γ2-GFP or wild-type PLC-γ2-GFP (Fig. 8C), there was decreased

antigen-dependent colocalization of PLC-γ2 with the BCR in B cells expressing Δ19 PLC-

γ2-GFP (Fig. 8D), as was observed for B cells expressing Δ20–22 PLC-γ2-GFP (Fig. 6C).

However, B cells expressing Δ19 PLC-γ2-GFP appeared to spread over the anti-IgM–

containing bilayers to the same extent as did B cells expressing wild-type PLC-γ2-GFP (Fig.

8E), which was unlike B cells expressing Δ20–22 PLC-γ2-GFP, which showed enhanced

spreading (Fig. 5B). This difference suggests the possibility that the SH3 domain present in

Δ19 PLC-γ2, but absent from Δ20–22 PLC-γ2, is necessary for the regulation of actin

dynamics. B cells expressing Δ19 PLC-γ2-GFP also accumulated substantially fewer BCRs

in the contact area over the first 60 s of antigen stimulation than did B cells expressing wild-

type PLC-γ2-GFP (Fig. 8F), which is similar to what was observed for B cells expressing

Δ20–22 PLC-γ2-GFP.

Together, these results suggest that deletion of the C-terminal part of the cSH2 domain, the

linker region, and the SH3 domain of the γ-SA (in the Δ20–22 PLC-γ2 variant) produced a

similar phenotype to that caused by deletion of the N-terminal region of the cSH2 domain

(in the Δ19 PLC-γ2 variant). Moreover, deletion of either the C- or N-terminal region of the

cSH2 domain of PLC-γ2 was sufficient to reduce the ability of B cells to flux Ca2+ or to

exhibit colocalization of PLC-γ2 with antigen-stimulated BCRs.

Cbl, a suppressor of Ca2+ signaling, is aberrantly colocalized with the BCR in B cells
expressing Δ20–22 PLC-γ2-GFP

In addition to acting as an adaptor for Syk, Btk, and PLC-γ2, BLNK also associates with the

suppressor of B cell signaling, Cbl, which blocks the association of PLC-γ2 with BLNK
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(38). Indeed, in human B cells, the Cbl-interacting protein of 85 kD (CIN85) constitutively

associates with Cbl and BLNK, and functions to increase the phosphorylation of Cbl, which

results in decreased phosphorylation of PLC-γ2 and inhibition of Ca2+ flux (39). These

observations raised the possibility that the failure of BLNK to form a stable complex with

Syk, Btk, and PLC-γ2 directly or indirectly enables the increased association of Cbl with

BLNK, further inhibiting PLC-γ2 activity. To investigate this possibility, we imaged the

BCR and phosphorylated Cbl (pCbl) in B cells transiently expressing either wild-type PLC-

γ2-GFP or Δ20–22 PLC-γ2-GFP 5 and 15 min after the B cells were placed on anti-IgM

bilayers. At each time point, the B cells on the bilayer were fixed, permeabilized, and

stained with fluorescent anti-IgM or fluorescent antibodies specific for pCbl, and then were

imaged by TIRF microscopy. In B cells expressing wild-type PLC-γ2, pCBL was present at

the plasma membrane 5 min after BCR crosslinking, and it colocalized with BCRs that were

distributed across the entire contact area (Fig. 9). However, at 15 min after BCR

crosslinking, when the B cells had further spread, the BCRs were concentrated in the center

of the contact area, and pCBL was markedly excluded from this area, which resulted in a

decrease in the extent of its colocalization with the BCR. In contrast, in B cells expressing

Δ20–22 PLC-γ2-GFP, less pCBL was present in the contact area 5 min after BCR

crosslinking, which resulted in decreased colocalization with the BCR. However, after 15

min, the amount of pCBL present in the contact area was similar to that in B cells expressing

wild-type PLCγ2-GFP, but pCBL was not excluded from the BCR area, which led to its

enhanced colocalization with the BCR. These findings suggest that more pCBL is recruited

to the relatively unstable BCR-containing clusters found in B cells expressing Δ20–22 PLC-

γ2-GFP, and that it remains colocalized with these clusters.

Discussion

B cells in PLAID patients expressing both a wild-type and a constitutively active variant

PLC-γ2 show impaired Ca2+ fluxes and ERK signaling in response to BCR crosslinking

(26). These signaling deficits were attributed to the loss of the cSH2 domain in PLC-γ2, in

part, because PLAID patients expressing either a Δ20–22 variant, which results in loss of

part of the cSH2 domain as well as the linker region and the SH3 domain, or a Δ19 variant,

which results in the loss of only part of the cSH2 domain, showed indistinguishable PLC-γ2

enzyme activity, as well as impaired Ca2+ flux and downstream signaling to ERK in

response to BCR crosslinking. Here, we provided a detailed characterization of the effect of

the expression of either the Δ20–22 PLC-γ2 variant or the Δ19 PLC-γ2 variant on early

events in BCR signaling. The picture that emerged from this analysis is one in which the

variant PLC-γ2 acts in a dominant-negative manner to prevent the formation of stable,

signaling-competent BCR clusters consisting of pSyk, pBLNK, pBtk, and PLC-γ2. Together

with the failure to form stable signaling complexes, the spatial and temporal association with

the BCR of the inhibitor of Ca2+ signaling, Cbl, was dysregulated in B cells expressing the

Δ20–22 PLC-γ2 variant. This apparent requirement for the interactions of multiple

components to form stable BCR signaling complexes is similar to that suggested by Weber

et al. (22) who used TIRF microscopy to demonstrate a requirement for the recruitment of

PLC-γ2 to antigen-engaged BCRs through a BLNK- and Btk-dependent mechanism for the

formation of microsignalosomes and the coordination of BCR-induced spreading of B cells.
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How might the expression of a gain-of-function variant PLC-γ2 result in a loss-of-function

phenotype in B cells? One possibility is that the cSH2 domain that is deleted in the Δ20–22

variant PLC-γ2 acts not only to autoinhibit the catalytic domain of PLC-γ2, but once

phosphorylated and released from its interaction with the catalytic domain, it also functions

as an interaction domain that stabilizes the PLC-γ2:pSyk:pBLNK:pBtk complex. Support

for this possibility comes from the characterization of a gain-of-function point mutation

(S707Y) in the cSH2 domain of PLC-γ2 in what are termed autoinflammation and PLAID

(APLAID) patients (27). Crosslinking of the BCR on B cells from APLAID patients results

in substantially increased phosphorylation of ERK as compared to that in B cells from either

healthy donors or PLAID patients. In this case, the expression of a constitutively active

mutant PLC-γ2 resulted in enhanced PLC-γ2 signaling, which is in contrast to the decreased

PLC-γ2 signaling that resulted from the expression of a constitutively active PLC-γ2 variant

devoid of the cSH2. This suggests that the cSH2 domain serves a function in immune cell

signaling in addition to its role in masking the active site of PLC-γ2. Indeed, the cSH2

domain of PLC-γ2 interacts with Syk when both Tyr342 and Tyr346 of Syk are

phosphorylated (29). In addition, the cSH2 domain of PLC-γ1 docks with Btk through an

acidic patch centered on the G helix of Btk, and mutations of these critical residues in Btk

impairs the efficacy of the phosphorylation of PLC-γ1 by Btk, not by altering its catalytic

activity, but by altering its ability to recognize PLC-γ1 as a substrate (40). One could

imagine that interactions between the cSH2 domain of PLC-γ2 and Syk and Btk act to

stabilize the complex consisting of the BCR, pSyk, pBLNK, pPLC-γ2, and pBtk. We

observed that Cbl, an inhibitor of PLC-γ2 (39), was aberrantly colocalized with the BCR in

B cells expressing Δ20–22 PLC-γ2, but not in B cells expressing wild-type PLC-γ2. The

altered association of Cbl with the BCR could affect PLC-γ2 activity by targeting Syk for

ubiquitination and degradation, a function we previously described for Cbl (41). A second,

nonexclusive, possibility is that constitutively active PLC-γ2 establishes a strong inhibitory

response that reduces the enzymatic activity of PLC-γ2 by some unknown mechanism.

The data presented here paint a highly dynamic picture of the BCR signalosome in which

multiple interactions between the domains of the signaling components serve to stabilize the

complex and enhance signaling. Cruz-Orcutt et al. (42) presented a model for the activation

of PLC-γ1 in T cells in which PLC-γ1 and the adaptor protein LAT transiently interact to

catalyze the activation of PLC-γ1, which then translocates to the T cell receptor (TCR)

complex or to other structures. Such dynamic spatial organization of PLC-γ2 is certainly

possible in B cells. Indeed, we observed equivalent recruitment of Δ20–22 PLC-γ2, Δ19

PLC-γ2, and wild-type PLC-γ2 to the plasma membrane of B cells after BCR engagement,

but we found less colocalization of Δ20–22 PLC-γ2 and Δ19 PLC-γ2 with the BCR as

compared to wild-type PLC-γ2, which suggests an initial association of PLC-γ2 with

unstimulated BCR structures; however, what these structures might be is not yet known.

In addition to demonstrating the failure of B cells expressing Δ20–22 PLC-γ2 to form stable

BCR signaling complexes, we also provided evidence that the BCRs, although internalized

normally into TfR+ early endosomes after BCR crosslinking, failed to properly traffic to the

LAMP1+ late endosome/class II processing compartments. Various studies have established

that the internalization and proper trafficking of the BCR into antigen-processing
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compartments requires BCR signaling (34), and the failure of PLAID B cells to form a

stable signaling complex could clearly influence trafficking. In addition, Schnyder et al. (43)

demonstrated that Cbl, together with Grb2 and Dok-3, is recruited to BCR microclusters,

and that although Cbl is dispensable for the formation of microclusters and B cell spreading,

Cbl is necessary for B cell contraction and the process of concentration of BCR-bound

antigen on the B cell surface through its association with the microtubule motor protein

dynein. It is an interesting possibility that the aberrant colocalization of Cbl with BCR

clusters in B cells expressing Δ20–22 PLC-γ2 might eventually affect proper antigen-

gathering and trafficking of the BCR and antigen. The inability to properly traffic BCR-

bound antigen could contribute to the PLAID syndrome by decreasing antigen-specific

interactions between B and T cells, which are necessary for the activation of B cells and

their differentiation into antibody-secreting cells and the generation of memory B cells.

Materials and Methods

Study subjects

Subjects were admitted to the National Institutes of Health Clinical Center, where they were

enrolled in clinical protocols approved by the institutional review board of the National

Institute of Allergy and Infectious Diseases, as previously described (26).

Cells, plasmids, and transient transfections

B cells were isolated from PBMCs by negative selection with a MACS human B cell

isolation kit II (Miltenyi Biotec). B cells were transiently transfected with plasmids encoding

wild-type (WT) PLC-γ2-GFP, Δ20–22 PLC-γ2-GFP, or Δ19 PLC-γ2-GFP, which were

constructed as previously described (26), with an Amaxa human B cell Nucleofection Kit

(Lonza) and program U-015. Transfected B cells were cultured overnight, and GFP+ cells

were obtained by FACS.

Flow cytometric analysis

The cell surface expression of the BCR in B cells expressing WT PLC-γ2-GFP, Δ20–22

PLC-γ2-GFP, or Δ19 PLC-γ2-GFP was quantified by labeling the cells on ice with Alexa

Fluor 647–conjugated goat Fab anti-human IgM. Propidium iodide (PI) was added to

distinguish between live and dead cells. The PI−, GFP+, and IgM+ cells were gated to

analyze cell surface BCR expression. To detect intracellular phosphorylated proteins, cells

were incubated with F(ab')2 anti-IgM (10 µg/ml), fixed with 4% paraformaldehyde (PFA),

permeabilized with 90% methanol, and stained with rabbit antibodies specific for pCD79A

(Iga, Tyr182) (pIgα), pSyk (Tyr352), pPI3K p85 (Tyr458)/p55 (Tyr199) (all of which were

obtained from Cell Signaling); pLyn (Tyr396, Abcam); pNF-κB p65 (Ser536, Santa Cruz);

pJNK (Thr183/Tyr185, BD Pharmingen); or pp38 MAPK (Thr180/Tyr182, R&D Systems).

Rabbit antibodies were detected with phycoerythrin (PE)- or Alexa Fluor 647–conjugated

goat antibodies specific for rabbit IgG (Jackson ImmunoResearch Laboratories). PE-

conjugated rabbit monoclonal antibody specific for pp44/p42 MAPK (ERK1/2, Thr202/

Thr204, Cell Signaling) and PE-conjugated mouse monoclonal antibody specific for pBtk

(Tyr223) or pBLNK (Tyr84) (both from BD Biosciences) were also used. The internalization

of cell-surface BCR was quantified as described previously (44). Briefly, B cells were
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incubated with biotinylated mouse monoclonal antibody specific for human IgM (10 µg/ml)

on ice for 30 min, washed, and incubated at 37°C. Cells were stained on ice with Alexa

Fluor 647–conjugated streptavidin (SA-AF 647) and fluorescein isothiocyanate (FITC)-

conjugated F(ab)'2 anti-IgD to gate on naïve B cells, and the amount of cell surface BCR

was quantified by flow cytometry.

Confocal microscopy and 3D colocalization analysis

To analyze the intracellular trafficking of the BCR, confocal microscopy was performed as

previously described (45). Briefly, PBMCs from either a healthy donor or a PLAID patient

were placed on poly-D-Lysine–coated chamber slides (BD Biosciences) and incubated with

DyLight 549–labeled F(ab')2 anti-IgM (20 µg/ml) on ice, washed, and chased at 37°C for the

indicated times. Cells were fixed with 4% PFA, permeabilized with 0.1% Triton X-100, and

labeled with mouse monoclonal antibodies specific for CD107a/(LAMP1) (BD

Biosciences), CD71/TfR (BD Biosciences), or HLA-DM (Santa Cruz), which were then

detected with either Alexa Fluor 647– or Alexa Fluor 488–conjugated goat antibodies

specific for mouse IgG. DAPI was used for nuclear staining. A Zeiss 710 laser scanning

microscope (LSM) equipped with a 63×, 1.45 NA oil objective lens was used for three-color

Z stack images with three laser lines (UV, 568 nm, and 633 nm) under the setting of image

acquisition without crosstalk between two colors, and 0.46-µm optimal Z sections controlled

by ZEN software (Carl ZEISS). The reconstruction of 3D surface images for BCR, either

TfR or LAMP1, colocalized voxels, and merged images, and the analysis of 3D Pearson’s

colocalization coefficient (R) were obtained with Imaris software (Bitplane) using the

surface reconstruction tool and the 3D colocalization analysis tool, respectively, with an

automatic background threshold–setting algorithm provided by Imaris at the above

background level for each 3D image. The colocalization coefficient of the BCR and HLA-

DM (the ratio of the number of pixels that contain both HLA DM and BCR to the total

number of pixels that contain BCR) was calculated from 2D images using the colocalization

analysis program in ZEN software 2010 (Carl ZEISS) after setting the threshold on the

background region of interest.

Ca2+ flux assay in cells on a planar lipid bilayer

Human peripheral blood B cells were transiently transfected with plasmids encoding WT

PLC-γ2-GFP, Δ20–22 PLC-γ2-GFP, or Δ19 PLC-γ2-GFP and then were sorted to isolate the

GFP+ naïve B cells. Cells were labeled with the calcium indicator dye Fluo-4 (Invitrogen),

placed on anti-IgM bilayers pre-warmed to 37°C, and live-cell images were acquired at 2-s

intervals by epifluorescence microscopy. Images were quantified by calculating the ratio of

the mean fluorescence intensity (MFI) of Fluo-4 at each time point to the MFI of the first

frame in which the cell appeared in the image field, after subtracting the MFI of the

background region of interest.

Total internal reflection fluorescence (TIRF) microscopy

Planar lipid bilayers containing biotinylated F(ab')2 anti-IgM bound to streptavidin-lipids

(anti-IgM bilayers) were prepared as described previously (46). Time-lapse, live-cell TIRF

imaging was performed with an Olympus IX-81 TIRF microscope system, as detailed

previously (36, 37, 47). For fixed-cell imaging, cells were placed on anti-IgM bilayers at
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37°C for the times indicated in the figure legends and then were fixed in 4% PFA,

permeabilized, and stained with rabbit anti-pLyn (Tyr396, Abcam), anti-pBtk (Tyr551,

Abcam), anti-pSyk (Cell Signaling), anti-pPI3K (Cell Signaling), or anti-pCbl (Santa Cruz),

followed by Alexa Fluor 568–conjugated F(ab')2 goat antibodies specific for rabbit IgG (H

+L). To analyze the contact area of B cells with the anti-IgM bilayers, the MFI values of

BCR, pLyn, pSyk, pBtk, pPI3K, and pCbl within the contact area (per unit area) were

analyzed by Image Pro Plus (Media Cybernetics), ImageJ (NIH), or Matlab (Mathworks)

software. The Pearson’s colocalization coefficients (R) between any two molecules were

obtained from background-subtracted images by intensity correlation analysis with the

Wright Cell Imaging Facility plugin of ImageJ, as described previously (36, 48, 49).

Analysis of the fluorescence intensities and sizes of BCR microclusters

Tracking of single BCR microclusters and 2D Gaussian analyses were performed as

described previously (37, 47). Briefly, each BCR microcluster in time-lapse TIRF images

was processed by means of least-square fitting of a 2D Gaussian function at each time point

(50). For each microcluster, the fit yields the integrated fluorescence intensity (FI) and

generalized full width at half-maximum peak height (FWHM) of the intensity distribution in

the x and y direction. Only microclusters that were successfully tracked for at least 10 steps

and only the first 30 steps (60 s) of each microcluster track in transfected primary B cells

were selected for analysis to avoid tracking and Gaussian fitting errors that arise from spots

merging and overlapping at later stages of the observed processes. Values belonging to the

same track were normalized to the first position.

Statistical analyses

Statistically significant differences between datasets were determined with either the

unpaired Student’s t test (when comparing two variables) or ANOVA (for more than two

variables) with Prism 6 software (GraphPad). All P values were two-sided, and P < 0.05 was

considered to be statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Altered early BCR signaling after BCR crosslinking in PLAID B cells
(A to F) PBMCs from either healthy control (HC) donors (n = 8 for pSyk; n = 12 for pPI3K;

n = 9 for pBtk, pIgα, and pBLNK; and n = 5 for pLyn) or PLAID patients (n = 4 for pSyk; n

= 5 for pPI3K; n = 4 for pBtk, pIgα, and pBLNK; and n = 3 for pLyn) were stimulated with

F(ab')2 goat antibodies specific for human IgM (anti-IgM, 10 µg/ml) at 37°C. At the

indicated times, cells were fixed on ice, permeabilized, and incubated with antibodies

specific for (A) pIgα (Tyr182), (B) pLyn (Tyr396), (C) pSyk (Tyr352), (D) pBtk (Tyr223), (E)

pBLNK (Tyr84), or (F) pPI3K p85 (Tyr458), as well as with FITC-labeled F(ab')2 goat

antibodies specific for human IgD to enable gating on naïve B cells. Three-color flow

cytometric analyses were performed. Graphs shown means ± SEM for fold-increases in the

MFI for each phosphorylated protein at the indicated times relative to that of cells at time 0.

*P < 0.05 by student’s t test. Representative flow cytometry plots for unstimulated cells
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(blue line) and for cells stimulated for 5 min with anti-IgM (red line) are shown to the right

of each graph.
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Fig. 2. Altered intermediate kinase signaling upon BCR crosslinking in PLAID B cells
(A to D) PBMCs from HC donors (n = 3 for pERK; n = 8 for pJNK and pNF-ΚB; and n = 9

for pp38) or PLAID patients (n = 3 for pERK; n = 2 for pJNK and pNF-ΚB; and n = 3 for

pp38) were analyzed by flow cytometry as described in Fig. 1 for the phosphorylation of (A)

ERK, (B) NF-ΚB, (C) p38 and (D) JNK. Cells were treated with F(ab')2 anti-IgM (10 µg/µl) at

37°C for the indicated times, fixed, permeabilized on ice, and incubated with the appropriate

phospho-specific antibodies, as well as with FITC-F(ab')2 anti-IgD to enable gating on naïve

B cells. The MFIs of the phosphorylated proteins at the indicated times for IgD+ naïve B
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cells were obtained. Data are means ± SEM of the MFI. *P < 0.05, **P < 0.01, as

determined by the student’s t test.
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Fig. 3. The effect of the PLAID Δ20–22 variant PLC-γ2 on the internalization and intracellular
trafficking of the BCR
(A) B cells from PLAID patients (n = 3) and HC donors (n = 6) were incubated with

biotinylated mouse monoclonal antibody specific for human IgM (10 µg/ml) on ice for 30

min, washed to remove unbound antibody, and incubated at 37°C for the indicated times.

Cells were put on ice and incubated with Alexa Fluor 647–labeled streptavidin to quantify

the cell surface abundance of the BCR, as well as with FITC-F(ab)'2 anti-IgD to identify

naïve B cells. Data are means ± SEM of the percentage of the BCR that was internalized. (B
to E) B cells from three HC donors and one PLAID patient were incubated with Alexa Fluor
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549–labeled F(ab)'2 anti-IgM on ice for 30 min to crosslink the BCR, washed, and warmed

to 37°C for the indicated times. Cells were permeabilized, stained with the nuclear stain

DAPI, as well as with mouse monoclonal antibodies specific for either TfR or LAMP1,

which were detected with Alexa Fluor 647–labeled antibodies against mouse IgG. Cells

were then fixed and imaged by confocal microscopy. Shown are the reconstituted 3D

surface images from a single HC donor and the PLAID patient of BCR (green), TfR (red),

colocalization voxels (yellow), and merged images of the three targets with DAPI (blue)

from Z stack confocal images taken at (B) 7 min and (D) 30 min after warming to 37°C.

Pearson’s colocalization coefficients (R) were calculated for all three HCs and the PLAID

patient for the 3D images at (C) 7 min and (E) 30 min after warming to 37°C. The 3D

surface images were reconstituted and the Pearson’s colocalization coefficient (R) per cell

was calculated. Graphs show means ± SEM for B cells from HC1 (n = 64 cells), HC2 (n =

30 cells), HC3 (n = 36 cells), and the PLAID patient (n = 49 cells) for the time point

represented in (B), as well as from HC1 (n = 56 cells), HC2 (n =67 cells), HC3 (n =74 cells),

and the PLAID patient (n = 69 cells) for the time point represented in (D), and are from one

of two repeated experiments. ****P < 0.001 by unpaired student’s t test. Scale bar: 2.5 µm.
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Fig. 4. The transient expression of Δ20–22 PLC-γ2 in B cells from healthy donors recapitulates
the signaling defects of PLAID B cells
(A) B cells transiently transfected with plasmids encoding either WT PLC-γ2-GFP (WT) or

Δ20–22 PLC-γ2-GFP (Δ20–22) were analyzed by flow cytometry to determine the cell

surface abundance of the IgM BCR. Data rea representative of three independent

experiments. (B) B cells expressing either WT PLC-γ2-GFP or Δ20–22 PLC-γ2-GFP were

stimulated with anti-IgM for the indicated times, and then the MFIs of pSyk (top), pBLNK

(middle), and pBtk (bottom) in GFP+ and IgM+ B cells were determined by flow cytometric

analysis. Graphs show Box and Whiskers plots with the median, as well as the minimum and

maximum, for the fold-increase in the MFI of the indicated phosphorylated proteins at the

indicated times relative to the MFI of cells expressing WT PLC-γ2-GFP at time zero. Data

Wang et al. Page 22

Sci Signal. Author manuscript; available in PMC 2015 March 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



are from five independent experiments for pSyk and pBtk, and three independent

experiments for pBLNK. *P < 0.05. (C) B cells expressing either WT PLC-γ2-GFP (n = 9)

or Δ20–22 PLC-γ2-GFP (n = 4) were labeled with Fluo4, and Ca2+ flux in the cells was

monitored by epifluorescence microscopy over time in response to incubation on anti-IgM–

coated bilayers. Data are the average of the results of three independent experiments.
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Fig. 5. The effect of the Δ20–22 PLC-γ2 variant on BCR clustering and B cell spreading
(A) Human peripheral B cells transiently transfected with plasmids expressing either WT

PLC-γ2-GFP (top) or Δ20–22 PLC-γ2-GFP (bottom) were labeled with DyLight 649-

conjugated Fab anti-IgM, placed on anti-IgM bilayers (movie S1), and imaged by TIRF

microscopy. Representative time-lapse images are shown. Scale bar: 2 µm. (B and C)

Quantification of (B) the size of the contact area of the indicated B cells with the lipid

bilayers and (C) the normalized MFI of the BCR within the contact area over time was

performed for from 19 to 30 human B cells of each type obtained from three independent
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experiments. (D) Transfected B cells expressing either WT PLC-γ2-GFP or Δ20–22 PLC-

γ2-GFP were labeled with DyLight 649-conjugated Fab anti-IgM antibody and analyzed by

TIRF microscopy. Time-lapse TIRF images (see movie S2) and pseudocolored 3D surface

plot images of representative BCR microclusters are shown. Individual BCR microclusters

at each time point were fitted by 2D Gaussian fitter, and a 3D surface plot for each image

was obtained with the ImageJ 3D surface plot plugins program. For each image, the display

range is set from 0 to 1200 to enable direct comparisons to be made. Scale bar: 0.2 µm. (E
and F) Quantification of (E) the sizes and (F) the normalized fluorescence intensity (FI) of

all of the BCR microclusters analyzed as shown in (D) was performed. Data are means ±

SEM of BCR clusters in B cells expressing either WT PLC-γ2 (n = 886 cells) or Δ20–22

PLC-γ2 (n =1844 cells) from the same images taken in (A). At the indicated times, two

tailed student’s t tests were performed for statistical comparisons, and P values are indicated

in the plots.
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Fig. 6. The Δ20–22 PLC-γ2 variant is recruited to the plasma membrane after BCR crosslinking,
but only transiently colocalizes with BCR clusters
(A to D) Human B cells transiently transfected with plasmids expressing either WT PLC-γ2-

GFP or Δ20–22 PLC-γ2-GFP were placed on anti-IgM bilayers and analyzed by two-color,

time-lapse TIRF microscopy over 600 s. (A) Quantification of the MFI of the PLC-γ2-GFP

in the contact areas of the indicated cells over time. (B) Representative two-color, time-

lapse, live-cell TIRF images (see movie S3) of B cells expressing either WT PLC-γ2-GFP

(left) or Δ20–22 PLC-γ2-GFP (right). Images shown are of the BCR (red), PLC-γ2-GFP

(green), and merged images. Scale bar: 2µm. (C) Pearson’s colocalization coefficients
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between BCR and PLC-γ2 in the B cells imaged in (B) were determined as described earlier.

(D) Colocalization between BCR and PLC-γ2 in cells fixed 15 min after cells were placed

on anti-IgM bilayers. Data in C and D are means ± SEM from three independent

experiments. Two tailed student’s t test or ANOVA were performed for statistical analysis

and P values are indicated in the graphs.
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Fig. 7. The phosphorylation and colocalization of early signaling-related kinases with the BCR
(A to D) Human B cells transiently transected with plasmids expressing either WT PLC-γ2-

GFP or Δ20–22 PLC-γ2-GFP were labeled with DyLight 649-Fab anti-IgM, placed on anti-

IgM bilayers for 5 or 15 min, fixed, permeabilized, and stained with antibodies specific for

(A) pLyn, (B) pSyk, (C) pBtk, or (D) pPI3K, and then were imaged by TIRF microscopy.

Left: The MFIs of (A) pLyn, (B) pSyk, (C) pBtk, and (D) pPI3K. Right: The Pearson’s

colocalization coefficients (R) between the BCR and (A) pLyn, (B) pSyk, (C) pBtk, and (D)

pPI3K were determined as described earlier. Each data point represents the value obtained
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from an individual cell analyzed in a single independent experiment. Data are means ± SEM

from three independent experiments. P values were calculated by ANOVA analysis.
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Fig. 8. BCR signaling defects in HC donor B cells expressing the Δ19 PLC-γ2 variant are similar
to those in HC donor B cells expressing the Δ20–22 PLC-γ2 variant
(A) B cells transfected with plasmids expressing either WT PLCγ2-GFP or Δ19 PLCγ2-GFP

were analyzed by flow cytometry to determine the cell surface abundance of the BCR. Flow

cytometry profiles are representative of three independent experiments. (B) B cells

transfected with plasmid expressing either WT PLCγ2-GFP or Δ19 PLCγ2-GFP were

incubated on anti-IgM–coated bilayers, and Ca2+ flux in the cells was monitored as

described earlier. Data are means ± SEM from 10 (WT) and 14 (Δ19) cells. (C to F) B cells

transfected with plasmids expressing either WT PLC-γ2-GFP or Δ19 PLC-γ2-GFP were

placed on anti-IgM bilayers and analyzed by time-lapse, live-cell TIRF microscopy. (C)

Quantification of the MFI of the PLC-γ2-GFP in the contact area of the indicated B cells

over time. Data are means ± SEM from 18 (WT) and 16 (Δ19) cells. (D) Pearson’s
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colocalization coefficients between BCR and PLC-γ2 in the indicated cells over time were

determined. Data are means ± SEM from 18 (WT) and 19 (Δ19) cells. Each data point

represents the value obtained from a single cell analyzed in one of three independent

experiments. Statistical significance was determined by ANOVA. Quantification of (E) the

size of the contact area and (F) the normalized MFI of the BCR within the contact area. Data

are means ± SEM from 18 (WT) and 24 (Δ19) cells. Two tailed student’s t tests were

performed for statistical comparisons, and P values are provided at the indicated times in the

inset.
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Fig. 9. Spatial and temporal dysregulation of pCbl in B cells expressing the Δ20–22 variant PLC-
γ2-GFP
(A and B) Human B cells transfected with plasmids expressing either WT PLC-γ2-GFP or

Δ20–22 PLC-γ2-GFP were labeled with DyLight 649-Fab anti-IgM, placed on anti-IgM

bilayers for 5 or 15 min, fixed, stained with antibody specific for pCbl (Tyr700), and imaged

by TIRF microscopy. (A) Representative TIRF images for the BCR (red) and pCbl (green),

as well as merged images are shown. (B) Left: Means ± SEM of the MFI of pCbl. Right:

Pearson’s colocalization coefficients for the BCR and pCbl. Each data point represents the

values from a cell analyzed in one of two independent experiments. Statistical analysis was

performed by ANOVA.
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