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The Journal of Immunology

Ezrin Tunes the Magnitude of Humoral Immunity

Debasis Pore,*,1 Neetha Parameswaran,*,1 Ken Matsui,*,2 Matthew B. Stone,†

Ichiko Saotome,‡ Andrea I. McClatchey,‡ Sarah L. Veatch,† and Neetu Gupta*

Ezrin is a member of the ezrin–radixin–moesin family of membrane-actin cytoskeleton cross-linkers that participate in a variety of

cellular processes. In B cells, phosphorylation of ezrin at different sites regulates multiple processes, such as lipid raft coalescence,

BCR diffusion, microclustering, and endosomal JNK activation. In this study, we generated mice with conditional deletion of ezrin

in the B cell lineage to investigate the physiological significance of ezrin’s function in Ag receptor–mediated B cell activation and

humoral immunity. B cell development, as well as the proportion and numbers of major B cell subsets in peripheral lymphoid

organs, was unaffected by the loss of ezrin. Using superresolution imaging methods, we show that, in the absence of ezrin, BCRs

respond to Ag binding by accumulating into larger and more stable signaling microclusters. Loss of ezrin led to delayed BCR

capping and accelerated lipid raft coalescence. Although proximal signaling proteins showed stronger activation in the absence of

ezrin, components of the distal BCR signaling pathways displayed distinct effects. Ezrin deficiency resulted in increased B cell

proliferation and differentiation into Ab-secreting cells ex vivo and stronger T cell–independent and -dependent responses to Ag

in vivo. Overall, our data demonstrate that ezrin regulates amplification of BCR signals and tunes the strength of B cell activation

and humoral immunity. The Journal of Immunology, 2013, 191: 4048–4058.

T
he strength of BCR signaling is a critical determinant of
bone marrow B cell development and differentiation into
mature subsets in the periphery (1, 2). In mature B cells,

the binding of cognate Ag to the BCR initiates multiple signaling
pathways that culminate in the production of Ag-specific Abs for
immunological protection from pathogens (3). In addition to the
essential role of B cells in humoral immunity, Ab-independent
functions, including Ag presentation and effector cytokine secre-
tion (4–7), have been identified as important modulators of the
immune response. Although BCR signaling is tightly controlled
through multiple mechanisms, it can go awry in certain circum-
stances. For example, BCR signaling is hyperactive in B cells
from patients with systemic lupus erythematosus (8) and occurs
at a chronic level in certain types of human lymphomas and leu-
kemias (9, 10). High-resolution live cell imaging has revealed that
a small proportion of BCRs exist as oligomers in “resting” B cells
and that Ag binding to the BCRs initiates their microclustering
and recruitment of key proteins for signal transduction (11). In-

terestingly, certain types of B cell lymphoma, which rely on chronic
BCR signaling for survival, exhibit constitutive BCR microclus-
tering (9), indicating a correlation between BCR clustering and
signaling. Differences in BCR diffusion and microclustering be-
tween resting and activated (11), healthy and diseased (9), IgM- and
IgG-expressing B cells (12, 13), and those responding to low- and
high-affinity ligands (14, 15) have led to the notion that the out-
come of BCR signaling is encoded in differential BCR microclus-
tering behavior and interaction with the plasma membrane (16).
Therefore, identification of factors that regulate the formation,
growth, and trafficking of BCR microclusters is necessary for a
better understanding of B cell behavior in health and disease.
Ezrin is a member of the highly homologous ezrin–radixin–

moesin (ERM) family of proteins that possess an N-terminal four-
point-one, ezrin, radixin, moesin (FERM) domain and C-terminal
actin-binding domain. ERM proteins are highly versatile because
they regulate cell motility, protein localization, cellular architec-
ture, and signaling. Phosphorylation of a conserved C-terminal
threonine residue is critical for their conformational activation
and membrane-actin cross-linking function (17). A role for ezrin
in regulating BCR and membrane dynamics was suggested in view
of our findings that ezrin responds to BCR ligation by undergoing
dephosphorylation at T567, and it facilitates lipid raft coalescence
(18). Subsequently, it was shown that expression of dominant
negative and constitutively active mutants of ezrin in B cells alters
BCR diffusion and Ag gathering (19, 20). Ezrin also undergoes
dephosphorylation at T567 in response to chemokine exposure,
and this is important for resorption of microvilli and generation of
lamellipodia. Thus, ezrin also regulates the morphological and
cytoskeletal polarization events that are associated with B cell
chemotaxis (21). In addition to its ability to regulate cellular pro-
cesses that involve plasma membrane–actin cytoskeletal remodel-
ing, ezrin undergoes Syk-dependent phosphorylation at Y353,
which enables it to act as a spatial adaptor coupling BCR signaling
to JNK activation in the endosomes (22). Furthermore, several re-
cent studies reported a correlation between increased expression and
T567 phosphorylation of ezrin and the development of aggressive,
metastatic human cancers (23), indicating a significant relationship
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between the expression and active conformation of ezrin and in vivo
cellular behavior. These studies underscore the importance of un-
derstanding how BCR signaling, B cell activation, and humoral
immunity proceed in the absence of ezrin.
In this study, we addressed the role of ezrin in the B cell Ab

response by generating conditional knockout mice that lack ezrin
expression exclusively in the B cell lineage. We report that the size
of BCRmicroclusters and the magnitude of BCR signaling and Ag-
specific Ab production are increased in the absence of ezrin. Our
data demonstrate the physiological relevance of ezrin-mediated
control of BCR microclustering and membrane dynamics in op-
timizing the B cell response to Ag.

Materials and Methods
Mice

Ezfl/fl mice (24) were backcrossed with C57BL/6 mice for seven gen-
erations before breeding with MB1cre/+ mice (25) to generate the Ezfl/fl

MB1cre/+ mice (ezrin-deficient [Ez-def]). MB1cre/+ mice were used as
controls in all experiments. All animals were used in compliance with the
guidelines approved by the Cleveland Clinic Institutional Animal Care and
Use Committee.

Flow cytometry, B cell subset analysis, and immunization

Purified B cells were stained with FITC-, PE- or allophycocyanin-conju-
gated Abs to surface IgM, CD19, CD21, CD40, CD62L, and ICAM2 (BD
Pharmingen) for marker analysis. Developmental stages of B cells and
mature B cell subsets were identified based on previously described gating
strategies (26). Plasma cells in the bone marrow were identified as B220lo

CD138+ cells. All flow cytometry data were analyzed using FlowJo soft-
ware (TreeStar). MB1cre/+ and Ez-def mice were immunized with either
50 mg 4-hydroxy-3-nitrophenyl (NP)-Ficoll or 50 mg NP–chicken g glob-
ulin (CGG) along with 10 mg LPS. Sera were collected every week, and
NP-specific IgG Abs were quantified by ELISA.

B cell stimulation and immunoblotting

Splenic B and T cells were MACS purified by negative selection (Miltenyi
Biotec). B cells were stimulated with 10 or 50 mg/ml (for JNK activation) of
anti-IgM or primed with 10 mg/ml LPS for 48 h, followed by stimulation
with 10 or 50 mg/ml (for JNK activation) of anti-IgM for the indicated
times. Lysates were prepared, and immunoblotting was performed as de-
scribed (18). To assess cell proliferation, purified B cells were labeled with
1 mM CFSE and stimulated with 10 mg/ml anti-IgM for 5 d. Cells were
analyzed every 24 h by flow cytometry, and the number of cells at each
division was quantified using FlowJo.

ELISPOT assay

Purified B cells were primed with 0.1 mg/ml LPS for 48 h, followed by
stimulation with 10 mg/ml anti-IgM for 24 h, and transferred to ELISPOT
plates precoated with unlabeled anti-mouse Ig for 16–18 h at 37˚C. The
plates were washed, incubated with HRP-conjugated anti-IgM and anti-
IgG Abs for 2 h at room temperature, and developed with AEC Chromogen
(BD Biosciences). The plates were imaged and analyzed using an Im-
munospot plate reader (Cellular Technology).

Total internal reflection fluorescence imaging

Purified B cells were labeled with 2 mg/ml Cy5-conjugated goat anti-mouse
IgM (m chain-specific) Fab fragment for 20 min at 4˚C. For stimulation,
cells were added to glass-bottom petri dishes (MatTek) coated with 10
mg/ml goat anti-mouse IgM (H+L specific) F(ab9)2 fragment. Cells were
allowed to settle for 2–3 min, and images were collected every 5 s for
a period of 15 min. Images were acquired in warm imaging buffer (RPMI
1640 without phenol red, 10% FBS, 2 mM glutamine, 10 mM N-2-
hydroxyethylpiperazine-N9-2-ethanesulfonic acid) using a Leica-AM total
internal reflection fluorescence (TIRF) microscope DMI6000 (Leica
Microsystems) with an attached Hamamatsu EM-CCD camera and Leica
acquisition software LAS AF Version 2.2.0. An HCX PL APO 1003 oil
objective (NA = 1.47) was used at an additional 1.63 magnification with
appropriate filter cubes. The images were digitally deconvolved using
Metamorph and analyzed further for cluster area, intensity, and velocity
with ImagePro Plus 7.0. BCR cluster stability was measured at 8 min of
stimulation by quantifying the subsequent number of frames for which
each BCR cluster persisted. To test the association of BCRs with tyrosine-

phosphorylated proteins (pY), B cells were stimulated with 10 mg/ml
biotinylated goat anti-mouse IgM (H+L specific) F(ab9)2 fragment for
3 min. Cells were fixed, stained with streptavidin Alexa Fluor 647, per-
meabilized, and stained with anti-phosphotyrosine Ab (4G10). The surface
plane of labeled B cells was imaged by epifluorescence microscopy using
the microscope described above. The images were digitally deconvolved
and analyzed further for cluster area, intensity, and Pearson correlation
coefficient using Volocity 6.0. For BCR-capping studies, B cells were la-
beled with 25 mg/ml biotinylated goat anti-mouse IgM (H+L specific) F
(ab9)2 fragment for 20 min. During the labeling period, cells were left
unstimulated at 4˚C or stimulated at 37˚C for 5 and 10 min. Cells were
fixed and stained with streptavidin Alexa Fluor 568. To image lipid rafts,
B cells were stimulated with 25 mg/ml goat anti-mouse IgM (m chain-
specific) F(ab9)2 fragment for 5 and 10 min. Cells were fixed and stained
with 0.1 mg/ml Alexa Fluor 488–conjugated cholera toxin subunit B
(Molecular Probes) for 15 min at 4˚C. B cells were stained with DAPI
(Invitrogen) and washed, and image slices were acquired through the z-axis
with an interval of 0.2 mm. The images were digitally deconvolved and
“extended focus” view of the images was generated using Volocity 6.0.
“Extended focus” view displays a single image by making a brightest point
merge of all the Z-slices of an image volume.

Stochastic optical reconstruction microscopy imaging

Purified B cells were added to glass-bottom wells precoated with poly-D-
lysine (MatTek), and surface BCR was stained with 10 mg/ml Alexa Fluor
647 and biotin-labeled Fab fragment of anti-mouse IgM. Cells in Fig. 3A
were stimulated for 5 min by addition of 1 mg/ml streptavidin (Life
Technologies) and fixed with 4% paraformaldehyde and 0.1% glutaralde-
hyde (Ted Pella) prior to imaging in fixed cell imaging buffer, as described
(27). Cells in Fig. 3C were imaged in live cell imaging buffer (30 mM Tris,
10 mg/ml glucose, 100 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM
CaCl2, 4 mg/ml glutathione, with 40 mg/ml catalase and 500 mg/ml glu-
cose oxidase [pH 8]). BCR was cross-linked by addition of 1 mg/ml sol-
uble streptavidin, which served to stimulate the cells, as evidenced by
calcium response in control cells. Imaging was performed on an Olympus
IX81-XDC inverted microscope with a cellTIRF module, a 1003 UAPO
TIRF objective (NA = 1.49), and active Z-drift correction (Olympus
America), using an EMCCD camera (iXon-897; Andor). Excitation and
photoswitching of Alexa Fluor 647 was accomplished using 640-nm laser
excitation (CUBE 640-74FP; Coherent). Laser intensities were adjusted
such that single fluorophores could be distinguished in individual images.

Stochastic optical reconstruction microscopy analysis

Single-molecule fluorescent events were localized by fitting local maxima
in background-subtracted images to Gaussian functions using standard
methods. Superresolution images were reconstructed from single-molecule
localizations, and autocorrelation curves were calculated as described (28).
In fixed cells, measured autocorrelation functions were fit to a single ex-
ponential, g(r) = 1 + Aexp(2r/j), where A is the amplitude, j is the char-
acteristic size of clusters, and

R
2p(g(r) 2 1)dr = 2pAj2 is proportional to

the number of proteins in clusters (28). Single-molecule trajectories were
determined using standard tracking algorithms, which search for localiza-
tions within 400 nm in subsequent frames and remove ambiguous trajec-
tories. Diffusion coefficients for single-molecule trajectories persisting$10
frames (0.1 s) were tabulated by fitting a line to early time points (20–
40 ms) of the mean squared displacement curve.

Statistical analysis

All analyses were performed using Prism 4 software (GraphPad Software)
using an a-level of 0.05.

Results
B cell development is unaffected by the loss of ezrin

To investigate the physiological role of ezrin in B cell development,
Ag-induced activation, and humoral immune response, we bred
Ezfl/fl (24) and MB1cre/+ (25) mice to generate B cell–specific
conditional deletion of ezrin. Loss of ezrin expression in B cells
from Ez-def mice was confirmed by Western blotting of lysates
(Fig. 1A). Expression of the related protein moesin and its phos-
phorylation at the regulatory threonine residue were unaffected by
the loss of ezrin (Fig. 1A), indicating a lack of compensation. The
deletion of ezrin was specific to B cells, because purified splenic
T cells from Ez-def and MB1cre/+ mice showed similar expression
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of ezrin (Fig. 1B). The absence of ezrin did not alter the steady-
state expression level of the BCR (surface IgM) or other important
transmembrane receptors, such as CD19, CD21, and CD40. The
basal expression of CD62L (L-selectin) was not altered by the ab-
sence of ezrin, but expression of MHC class II was 2-fold higher
on Ez-def B cells (Fig. 1C). Similar numbers of IgM+CD19+ B cells
were detected in the spleen, lymph nodes, and bone marrow of
MB1cre/+ and Ez-def mice (Fig. 1D). The developmental stages of
B cells in the bone marrow (Fig. 1E) and the follicular, marginal
zone, and B1 mature B cell subsets in the spleen (Fig. 1F) were
also unaffected by the loss of ezrin. These data show that ezrin is
dispensable for B cell development, homeostasis, and expression
of cell surface receptors. However, Ez-def cells appear to be par-
tially preactivated, as indicated by higher basal MHC class II ex-
pression.

Absence of ezrin increases the size of Ag-induced BCR
microclusters

Because dominant negative and constitutively active mutants of
ezrin were reported to alter BCR dynamics (20), we used TIRF
microscopy to examine the effect of ezrin deficiency on Ag-
induced BCR microclustering in naive B cells. To simulate
physiological Ag binding along with innate stimulation through
TLRs, we also examined LPS-primed B cells that were stimulated
with anti-IgM. As expected, the BCRs clustered in response to
immobilized anti-IgM in both naive (Fig. 2A) and LPS-primed
(Fig. 2F) B cells from MB1cre/+ and Ez-def mice. In naive Ez-
def B cells, the clusters occupied a 2-fold larger area (Fig. 2B) and
showed increased pixel intensity (Fig. 2C) than in MB1cre/+ cells,
suggesting that they contained more BCR molecules. The velocity

of migration of the BCR clusters was lower in Ez-def B cells (Fig.
2D), causing them to be visualized for a greater number of frames
than those in MB1cre/+ B cells (Fig. 2E). Like naive B cells, LPS-
primed Ez-def B cells also responded to BCR ligation by forming
bigger (Fig. 2G), more intense (Fig. 2H), slower (Fig. 2I), and
more stable (Fig. 2J) BCR clusters than did LPS-primed MB1cre/+

B cells.

Mobility of individual BCRs is reduced in Ez-def B cells

To explore whether the lower velocity of migration of BCR clusters
observed in Ez-def cells was indicative of reduced mobility of
single BCR molecules, we performed superresolution fluorescence
localization microscopy to measure BCR diffusion in live primary
cells. This imaging method, frequently referred to as stochastic
optical reconstruction microscopy (STORM), exploits the revers-
ible photo-switching capability of cyanine dyes in reducing buffers
with low oxygen content (27). Because the reducing nature of the
buffer does not allow for stimulation with F(ab9)2 fragment of anti-
IgM, soluble streptavidin was used to cross-link biotins conjugated
to the labeling Fab anti-IgM Ab (seeMaterials and Methods). To
verify that this stimulation method produced BCR clusters with
physical properties similar to those stimulated with anti-IgM as
in Fig. 2, we imaged BCRs in MB1cre/+ and Ez-def cells that were
fixed 5 min after stimulation with soluble streptavidin. The rep-
resentative STORM images shown in Fig. 3A suggested that
BCR microclusters were larger in Ez-def cells compared with the
control MB1cre/+ cells. This visual observation was confirmed by
subjecting reconstructed images of multiple cells to quantification
using autocorrelation functions, as described previously (28). By
this method, we found that the average size of BCR microclusters

FIGURE 1. Absence of ezrin in B cells does not

affect B cell development. Lysates from purified B

cells (A) or splenocytes and purified T cells (B) from

MB1cre/+ or Ez-def mice were probed for ezrin,

pThrERM, moesin, cre recombinase, and actin. (C)

Expression of indicated surface receptors on purified B

cells from MB1cre/+ and Ez-def mice. Median fluo-

rescence intensities for the surface proteins are shown

for a representative of four independent experiments.

(D) CD19+IgM+ B cells were quantified in the spleen,

lymph node (LN), and bone marrow (BM) fromMB1cre/+

and Ez-def mice. Absolute numbers of pro/pre, imma-

ture, and plasma cells (PC) in the bone marrow (E) and

transitional 1 (T1), transitional 2 (T2), follicular (Fo),

B1, and marginal zone (MZ) B cells in the spleen (F).

Each symbol corresponds to an individual mouse.
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formed upon Ag stimulation was larger in Ez-def B cells (jEz-def =
90 nm) compared with MB1cre/+ cells (jMB1cre/+ = 65 nm) (Fig.
3B). Ez-def cells also have a greater integral (IEz-def = 330,000
versus IMB1cre/+ = 290,000), determined from the integrals of fixed-
cell BCR correlation functions, indicating that clusters in Ez-
def cells contain ∼14% more BCRs than do clusters in MB1cre/+

cells (Fig. 3B). We note in this study that the images in Fig. 3A
and quantification in Fig. 3B are subject to overcounting artifacts,
because the Alexa Fluor 647 fluorophore photo-switches revers-
ibly under our imaging conditions (28). In the context of these
data, we likely underestimated domain size and overestimated
the clustering amplitude for both cell types to roughly the same
extent.
Next, we measured the localization and mobility of single BCR

proteins in unstimulated and stimulated live B cells. Fig. 3C shows
representative images reconstructed from live cell data before Ag
addition (left panels) and between 5 and 9 min after Ag addition
(right panels), depicting the time-average positions of localized
BCR proteins. Rainbow color-coded single-molecule trajectories
are superimposed on these images. The increased number of
slower blue trajectories for the Ag-stimulated Ez-def cell in Fig.
3C suggests that the BCRs in Ez-def B cells are less mobile,
consistent with observations made with microclusters (Fig. 2D,
2H). Fig. 3D shows the cumulative probability distribution of
BCR trajectory diffusion coefficients observed over multiple
unstimulated cells and those stimulated between 5 and 9 min. The

midpoint of this distribution (cumulative probability = 0.5) indi-
cates the median diffusion coefficient. The median diffusion co-
efficient of the BCRs for unstimulated MB1cre/+ cells (0.16 mm2/s)
and Ez-def cells (0.14 mm2/s) was similar (Fig. 3D). In con-
trast, the BCRs exhibited a 2-fold lower diffusion constant in
Ag-stimulated Ez-def cells (0.017 mm2/s) than in MB1cre/+ cells
(0.034 mm2/s) (Fig. 3D).

Loss of ezrin in B cells results in delayed BCR capping and
accelerated lipid raft coalescence

It is well established that continuous BCR cross-linking leads to
progressive patching and polarized capping of the BCRs (3).
Because the BCR microclusters appeared to be heavier, slower,
and more stable in Ez-def B cells, we tested whether this com-
promised their ability to aggregate into patches and caps. We
stimulated naive MB1cre/+ and Ez-def B cells with anti-IgM and
stained the surface IgM to visualize its distribution in the absence
of stimulation or at 5 and 10 min of stimulation. In this stimulation
scheme, B cells showed three types of distribution: mostly uni-
form, two patches, or fully capped (Fig. 4A). We quantified the
fraction of cells displaying each pattern of distribution at different
times and observed that, in the unstimulated state, the BCR was
uniformly distributed in both MB1cre/+ and Ez-def B cells (Fig.
4B). A majority of MB1cre/+ and Ez-def B cells showed capped
BCRs at 5 min of stimulation, with ∼20% showing two patches.
At 10 min, 100% of MB1cre/+ B cells had fully capped their BCRs,

FIGURE 2. Ez-def B cells form

bigger, more stable, and slower-mov-

ing BCR microclusters upon Ag stimu-

lation. BCRs on naive (A) or LPS-

primed (F) MB1cre/+ and Ez-def B cells

were imaged live by TIRF microscopy.

Still images of BCR clusters formed

after 8 min of anti-IgM stimulation are

shown. Individual clusters were quan-

tified for area (B, G), pixel intensity (C,

H), velocity (D, I), and the number of

frames for which the clusters persisted

(E, J). Scale bar, 5 mm. Data are rep-

resentative of three independent ex-

periments with ∼10 cells imaged per

experiment and 40–60 individual clus-

ters/experiment analyzed for quantifica-

tion. **p 5 0.001–0.01, ***p , 0.001.
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but 20% of Ez-def B cells still showed two patches (Fig. 4B).
These data indicate that the slower motility and increased stability
of BCR clusters and patches may have prevented them from
forming polarized caps in the absence of ezrin. We demonstrated
previously that Ag-induced dephosphorylation of ezrin at the
conserved T567 residue causes it to dissociate from lipid rafts and
the cortical actin, and this facilitates lipid raft coalescence (18).
Expression of a phosphomimetic mutant of ezrin irreversibly links
rafts with F-actin and prevents raft coalescence (18). This led us to
predict that loss of ezrin would release lipid rafts from the con-
straint imposed by membrane-actin cross-linking and may affect
their aggregation. We tested this by stimulating MB1cre/+ and Ez-
def B cells with anti-IgM for different times and visualizing lipid
rafts with fluorescent cholera toxin B. At each time of stimulation,
B cells exhibited three patterns of lipid raft staining (Fig. 4C).
Lipid rafts were punctate but not coalesced, partially coalesced, or
fully coalesced (capped) (Fig. 4C). The fraction of MB1cre/+ and
Ez-def B cells displaying each of these patterns was comparable
in the absence of anti-IgM stimulation (Fig. 4D). After 5 min of

stimulation, none of the Ez-def B cells had noncoalesced rafts,
whereas ∼10% of MB1cre/+ cells still showed noncoalesced rafts.
Seventy percent of Ez-def B cells showed fully coalesced rafts
compared with 50% of MB1cre/+ B cells at 5 min (Fig. 4D). At 10
min of anti-IgM cross-linking, only 20% of Ez-def B cells had
partially coalesced rafts at 10 min, whereas 50% of MB1cre/+ cells
still showed this pattern of distribution. Eighty percent of Ez-def
had fully coalesced rafts at this time as opposed to 50% of MB1cre/+

cells. These data indicate that Ag-induced lipid raft coalescence is
enhanced in the absence of ezrin. Overall, our data suggest that
greater stability of BCR clusters, delayed BCR capping, and in-
creased raft coalescence may promote stronger signaling in Ez-def
B cells than in MB1cre/+ B cells.

Loss of ezrin in B cells leads to increased recruitment of
tyrosine-phosphorylated proteins to BCR microclusters

Because clustering and slowing of BCRs is associated with signal
transduction (11), we examined the relative ability of MB1cre/+ and
Ez-def B cells to undergo BCR-mediated activation. We first tested
whether the larger BCR clusters formed upon antigenic stimulation
in the absence of ezrin were passive or associated with signaling
capacity. Because the BCR interacts with tyrosine-phosphorylated
proteins upon cross-linking, we simultaneously imaged the BCR
and phosphotyrosine-containing proteins in the epifluorescence
mode in fixed and permeabilized MB1cre/+ and Ez-def B cells that
had been stimulated with anti-IgM for 3 min. Phosphotyrosine
staining was barely detectable in unstimulated MB1cre/+ and Ez-
def B cells, but it was robustly induced upon anti-IgM stimulation
(Fig. 5A). The BCR clusters formed in Ez-def B cells were larger
than in MB1cre/+ B cells, as seen before, and were associated with
phosphotyrosine-containing proteins (Fig. 5A). The intensity of
phosphotyrosine associated with BCR clusters was higher in Ez-def
B cells than in MB1cre/+ B cells (Fig. 5B), indicating an increased
signaling capacity of the larger clusters in Ez-def B cells. Further-
more, the correlation between BCRs and phosphotyrosine-con-
taining proteins was stronger in Ez-def B cells than in MB1cre/+

B cells (Fig. 5C).

Proximal BCR signaling is stronger in the absence of ezrin

Next, we stimulated naive or LPS-primed B cells with anti-IgM to
compare the profile of tyrosine-phosphorylated proteins in MB1cre/+

and Ez-def B cells. Both naive and LPS-primed Ez-def B cells
showed an increase in band intensity of many tyrosine-phos-
phorylated proteins (indicated by arrows) compared with MB1cre/+

cells (Fig. 6), indicating a global increase in proximal BCR sig-
naling. To identify the proteins that underwent higher phosphor-
ylation, we performed targeted immunoblotting analysis of key
proximal signaling proteins. We chose to test phosphorylation of
Iga, which is the earliest target of Src family kinase activation, Syk
tyrosine kinase, which is recruited to the BCR and phosphor-
ylates downstream targets, and PLCg, whose activity regulates
protein kinase C activation and calcium signaling. Naive or LPS-
primed B cells from MB1cre/+ and Ez-def mice were stimulated
with anti-IgM, and lysates were probed with phospho-specific Abs
to Iga, Syk, and PLCg. All three proteins showed higher phos-
phorylation in lysates of Ez-def B cells compared with MB1cre/+

B cells (Fig. 6), indicating that absence of ezrin increases proxi-
mal BCR signaling.

Absence of ezrin has distinct effects on different components of
distal BCR signaling pathways

To test whether a higher magnitude of tyrosine phosphorylation
impacts downstream effector pathways, we investigated the effect
of ezrin deficiency on the activation of MAPKs ERK, p38, and

FIGURE 3. BCRs exhibit differential clustering and diffusion in MB1cre/+

and Ez-def cells. (A) Representative reconstructed superresolution images

of BCR in primary cells fixed 5 min after the addition of soluble Ag.

Reconstructed images were created by iterating pixel values corresponding

to BCR localizations, where the pixel size is 25 nm (approximately the

localization resolution). Reconstructed images (left panels) were blurred

to reduce pixelation. White box in left panel shows the area selected for

higher magnification (right panels). (B) BCR clustering is quantified from

multiple images like those shown in (A) using correlation functions tab-

ulated from all MB1cre/+ and Ez-def cells. Line shown is a fit to g(r)=A3
e-r/j + offset, where j is a measure of the characteristic size of BCR clusters.

Additionally, the integral under this curve (I = 2pAj2) is related to the

average number of correlated probes present within clusters. (C) Repre-

sentative reconstructed superresolution images of BCR in live primary

cells collected for 5 min prior to Ag stimulation (-Ag) or between 5 and

9 min following Ag stimulation (+Ag). BCR trajectories are overlaid on

images and are rainbow color-coded according to their best-fit diffusion

coefficient, with red representing the most mobile and blue representing

the least mobile. (D) Cumulative distribution of single BCR diffusion

coefficients observed in multiple cells under the same conditions described

in (C).
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JNK, as well as PI3K. Anti-IgM–induced phosphorylation of ERK
was higher in both naive and LPS-primed Ez-def B cells compared
with MB1cre/+ B cells (Fig. 7). The loss of ezrin had no effect on
phosphorylation of p38 or on Akt, which is a reporter of PI3K
activity (Fig. 7). We showed previously that Y353-phosphorylated
ezrin couples proximal BCR signaling to endosomal JNK acti-
vation, suggesting a positive regulatory role for ezrin in this
pathway (22). As expected, anti-IgM–induced JNK phosphoryla-

tion was lower in naive Ez-def B cells compared with MB1cre/+

B cells (Fig. 7A). However, LPS-primed MB1cre/+ and Ez-def B cells
showed similar activation of JNK (Fig. 7B).

Increase in B cell proliferation, differentiation, and Ab
production in the absence of ezrin

Because Ez-def B cells exhibited stronger anti-IgM–induced BCR
signaling ex vivo, we tested whether this translated to an enhanced
ability to proliferate and differentiate into Ab-secreting cells (ASCs).
We labeled purified MB1cre/+ and Ez-def B cells with CFSE and
stimulated them with anti-IgM for 5 d. Ez-def B cells showed
higher CFSE dilution than did MB1cre/+ B cells (Fig. 8A), and
the number of dividing cells at each generation was greater for Ez-
def B cells than for MB1cre/+ B cells (Fig. 8B). To examine their
differentiation into ASCs, we stimulated LPS-primed MB1cre/+

and Ez-def B cells with anti-IgM ex vivo and quantified IgM- and
IgG-secreting cells by ELISPOT. Anti-IgM–stimulated Ez-def
B cells generated more spots than did MB1cre/+ B cells (Fig. 8C),
reflecting a 2-fold increase in differentiation into ASCs (Fig. 8D).
To test whether the increase in the magnitude of ex vivo activation
of Ez-def B cells was functionally relevant in vivo, we immunized
MB1cre/+ and Ez-def mice with NP-Ficoll, a T cell–independent
Ag. Consistent with stronger BCR signaling, ERK activation, and
B cell proliferation observed in purified Ez-def B cells, Ez-def
mice produced more NP-specific IgM than did MB1cre/+ mice
early on (day 7); however, their responses were similar at later
time points (days 14, 21, and 28) (Fig. 9A). To test whether in-
creased BCR activation and MHC class II expression in Ez-def
B cells affected their ability to mount T cell–dependent Ab responses,
we immunized MB1cre/+ and Ez-def mice with NP-CGG using LPS
as an adjuvant. Although there was no difference in the production
of NP-specific IgM by MB1cre/+ and Ez-def mice at days 7 and 14,
the response of MB1cre/+ mice was diminished at days 21 and 28,
whereas Ez-def mice showed sustained generation of NP-specific
IgM (Fig. 9B). Ag-specific IgG1 and IgG2a (Fig. 9C, 9D) were
higher in Ez-def mice, but IgG2b and IgG3 were not altered (Fig.
9E, 9F).

FIGURE 4. Ezrin deficiency results in delayed BCR

capping and accelerated lipid raft coalescence. MB1cre/+

and Ez-def B cells were stimulated with 25 mg/ml anti-

IgM for 5 and 10 min, stained for BCR (A) or lipid

rafts (B), and imaged by epifluorescence microscopy.

The most prominent distributions displayed by the

BCR (A) and lipid rafts (B) are shown as extended

focus images of representative cells. Scale bar, 1 mm.

Stacked bar graphs depict the percentage of cells dis-

playing each type of distribution for BCR (C) and lipid

rafts (D) at indicated times. Data are representative of

two independent experiments, with 20–25 cells imaged

per experiment.

FIGURE 5. Larger BCR microclusters formed in the absence of ezrin

are capable of signaling. (A) MB1cre/+ and Ez-def B cells were left

unstimulated or stimulated with 10 mg/ml anti-IgM for 3 min, stained for

BCR (red) and tyrosine-phosphorylated proteins (pY; green), and imaged

by epifluorescence microscopy. Merged images of BCR clusters at the

surface and pY proteins are shown. Individual clusters formed after 3 min

were quantified for pixel intensity of pY (mean 6 SEM) (B) and Pearson

correlation coefficient for BCR and pY (C). Scale bar, 1 mm. Data are

representative of two independent experiments with ∼15–35 cells imaged

per experiment and 100–200 individual clusters per experiment analyzed

for quantification. **p 5 0.001–0.01, ***p , 0.001.
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Taken together, our data from high-resolution imaging, biochemical
analysis of B cell activation, and in vivo immunization support a
role for ezrin in modulating the magnitude of humoral immunity.

Discussion
In this study, we demonstrate that the plasma membrane–actin
cytoskeleton cross-linking protein ezrin tunes the strength of B cell
activation and Ab response. B cells lacking ezrin form larger and
more stable BCR microclusters that recruit more tyrosine-phos-
phorylated proteins. In the absence of ezrin, B cells respond to Ag
by undergoing stronger activation of proximal signaling mediators
and the ERK pathway, as well as exhibit increased proliferation
and differentiation into ASCs. In vivo, the absence of ezrin results
in a magnified humoral response to immunization. Collectively, our
data demonstrate a role for ezrin in limiting lipid raft dynamics and
growth of BCR microclusters during the earliest phases of BCR-
mediated B cell activation, revealing a novel mechanism for regu-
lation of BCR signal amplification. Moreover, our study supports
the notion that functional outcomes of Ag recognition by the BCR
are encoded in its dynamics and modulated by membrane-cytoskel-
etal remodeling proteins.
Previous studies reporting live imaging of ezrin and BCR by

TIRF microscopy delineated two spatiotemporal phases that limit
BCR motility upon Ag binding (20). In the first phase, threonine

dephosphorylation of ezrin and moesin leads to breakdown of bar-
riers that normally limit BCR diffusion. Continued BCR stimu-
lation and rephosphorylation of ERM proteins mark the second
phase, in which the plasma membrane is relinked with cortical
actin, and ERM-based corrals are reformed (20). As is evident
from our STORM imaging data, the BCR diffusion coefficient was
unchanged in the absence of ezrin when B cells were not stimu-
lated. This suggests that ezrin is not required for limiting BCR
diffusion in the steady-state and that its role in controlling this
aspect of BCR dynamics may be redundant with that of the related
protein moesin. In contrast, our data from both STORM and
conventional TIRF imaging showed an increase in the size and
intensity of BCR microclusters in the absence of ezrin, amounting
to the presence of more BCRs per cluster. This is likely due to
ineffective BCR confinement in the absence of ezrin, which may
not be compensated for completely by moesin. These data suggest
an important role for ezrin-based corrals in preventing an un-
controlled increase in BCR microcluster size and associated sig-
naling. The bigger BCR microclusters in Ez-def B cells move with
slower trajectories compared with those in MB1cre/+ B cells, which
may result from their overall “heaviness.” One consequence of
the slower mobility of “heavier” BCR clusters in Ez-def B cells
was that they could be visualized at the cell surface for a greater
number of frames than in MB1cre/+ cells. This indicated that the

FIGURE 6. Loss of ezrin results in stronger prox-

imal BCR signaling. Naive (A) or LPS-primed (B)

MB1cre/+ and Ez-def B cells were stimulated with

10 mg/ml of anti-IgM for the indicated times, and

lysates were probed for phosphotyrosine (pY), and

phosphorylated and total Iga, Syk, and PLCg2. Rep-

resentative blots from three independent experiments

are shown. Arrows in the pY blot indicate bands

with higher tyrosine phosphorylation.

FIGURE 7. Ez-def B cells show increased ERK

activation. Naive (A) or LPS-primed (B) MB1cre/+ and

Ez-def B cells were stimulated with anti-IgM for the

indicated times, and lysates were probed for phos-

phorylated and total ERK, p38, Akt, and JNK. Rep-

resentative blots from three independent experiments

are shown. Arrows indicate the p44/p42 isoforms of

ERK and p54/p46 isoforms of JNK.
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BCR microclusters were more stable in the absence of ezrin,
which is also the likely reason for delayed BCR capping in Ez-def
B cells. An overall increase in BCR signaling, proliferation, and
differentiation observed in Ez-def anti-IgM–stimulated B cells
further supports a role for ezrin in limiting the overall strength of

BCR signaling by limiting the growth and stability of BCR
clusters.
Single-particle–tracking studies demonstrated that Ag-bound

BCRs oligomerize and immobilize and this is when they trans-
duce biochemical signals through recruitment of key signaling
mediators (29). Entry of oligomerized BCRs into cholesterol and
glycosphingolipid-rich lipid raft domains (30–32) was suggested
as one of the mechanisms of initiation of BCR signaling because
BCR and lipid raft colocalization bring the raft-localized Src
family kinases in close proximity to their substrates (3, 33). At the
same time, BCR stimulation induces rapid dephosphorylation of
ezrin at T567, delinking the lipid rafts and plasma membrane from
cortical actin filaments and inducing lipid raft coalescence (18).
Lower velocity and diffusion constant of BCR clusters observed in
the absence of ezrin suggested that they would support stronger
signaling. This was confirmed by our finding that the bigger BCR
clusters formed in Ez-def B cells are associated with more
tyrosine-phosphorylated proteins. Our data showed that lipid raft
coalescence was also enhanced in B cells lacking ezrin expression,
suggesting a model wherein increased raft coalescence and sta-
bility of larger BCR clusters could jointly provide a bigger plat-
form for initiation of tyrosine phosphorylation. Our observation
that global tyrosine phosphorylation, including that of Iga, Syk,
and PLCg, is increased in the absence of ezrin is consistent with
this model. Interestingly, despite an overall increase in tyrosine
phosphorylation of proximal signaling proteins, distal signaling
pathways showed variable sensitivity to the absence of ezrin. Ac-
tivation of p38 and PI3K was unaffected in Ez-def B cells, re-
vealing differential requirement and sensitivity of these arms of
BCR signaling to regulation by ezrin. In contrast, lower JNK
activation in naive Ez-def B cells supports the requirement for

FIGURE 8. Absence of ezrin leads to increased B cell proliferation and

differentiation into ASCs. (A) CFSE-labeled MB1cre/+ and Ez-def B cells

were cultured with anti-IgM for 5 d followed by flow cytometry. A rep-

resentative of three independent experiments is shown. (B) Number of cells

at each cell division [numbered 1–5 in (A)]. LPS-primed MB1cre/+ and Ez-

def B cells were stimulated with anti-IgM for 24 h, and ASCs were

quantified by ELISPOT assay. (C) Spots of IgM or IgG Ab-secreting B

cells. (D) Number of ASCs/105 B cells. The data are representative of two

independent experiments (mean 6 SEM is shown). **p 5 0.001–0.01.

FIGURE 9. Ez-def mice produce higher levels of

Ag-specific Igs. MB1cre/+ and Ez-def mice were im-

munized with NP-Ficoll (A) or NP-CGG with LPS as

adjuvant (B–F), and serum levels of NP-specific IgM

(A, B), IgG1 (C), IgG2a (D), IgG2b (E), and IgG3 (F)

Abs were quantified. Data are representative of two

independent experiments (mean 6 SEM). *p 5 0.01–

0.05, **p 5 0.001–0.01.
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tyrosine-phosphorylated ezrin in spatially connecting the BCR
signalosome to endosomal JNK activation (22). ERK activation
was robustly increased in the absence of ezrin, indicating a linear
relationship between proximal signaling proteins and ERK acti-
vation. Ezrin was also shown to regulate ERK activation in T cells,
albeit through a different mechanism. In T cells, ezrin interacts
with the PDZ domain–containing scaffold protein Dlg1 (34),
which localizes to the immunological synapse and associates with
several TCR signaling proteins (35). Upon knockdown of ezrin
expression, the TCR stimulation–induced radial distribution of
microtubules was lost, and the TCR microclusters became larger
as a result of compromised centripetal movement (34). Our data
support a role for ezrin in restricting ERK activation through a
membrane-proximal effect on BCR microclustering mediated by
ezrin-rich barriers. Although ezrin appears to use distinct mech-
anisms to limit the overall T and B lymphocyte response to Ag, it
remains to be tested whether microtubule dynamics are altered in
Ez-def B cells and whether they additionally contribute to an in-
crease in BCR cluster size and ERK phosphorylation through a
Dlg-dependent mechanism. Ez-def mice exhibited an increase in
Ab production compared with MB1cre/+ mice, which is consistent
with the overall increase in the activation of B cells in the absence
of ezrin. ERK signaling regulates B cell proliferation (36) and
Blimp-1 expression and is critical for the generation of plasma
cells from germinal center B cells (37), supporting the correlation
among increased anti-IgM–induced ERK activation, proliferation,
differentiation into ASCs, and higher Ag-specific Ab production
in Ez-def mice.
We observed that T cell–dependent Ab production was also

higher in the absence of ezrin. Because dephosphorylation of ERM
proteins in T cells reduces cellular rigidity, leading to more effi-
cient T cell–APC conjugate formation (38), it is possible that the
absence of ezrin in B cells leads to similar changes in membrane
flexibility, making them better Ag presenters to T cells. Thus, T–B
interactions in the germinal centers may also be subject to ezrin-
mediated regulation. Our data showing an increase in lipid raft
coalescence in Ez-def B cells support this view. We observed that
MHC class II expression is higher in resting Ez-def B cells; this
feature may further contribute to their improved engagement with
T cells (39) and result in increased T cell help. None of the other
cell surface proteins, such as CD19, CD21, CD40, and CD62L,
showed alterations in their steady-state expression level in the
absence of ezrin, indicating a specific mechanism that enables ezrin
to regulate surface MHC class II levels. MHC class II expression
is subject to several types of regulation, including transcription,
intracellular transport, and ubiquitin-mediated degradation (40–
43). The guanine nucleotide exchange factor Vav, which is known
to activate actin cytoskeletal rearrangements, was also shown to
regulate MHC class II transport in both resting and activated B cells
(40). Vav also has a positive role in transcriptional activation of
MHC class II regulatory factors, such as CIITA (40). The absence
of ezrin may increase Vav activity, thereby mobilizing more MHC
class II molecules from intracellular compartments to the cell sur-
face. Alternately, increased activation of Vav in Ez-def B cells
may lead to higher transcription of MHC class II genes. Another
mechanism of MHC class II cell surface expression described
recently relates to its degradation by membrane-associated ring–
CH 1 (MARCH1) protein, which has an E3 ubiquitin ligase activity
(41, 42). MHC class II complex is a target of MARCH1-mediated
ubiquitination and degradation in B cells (41), and MARCH1-
deficient B cells show upregulation of MHC class II expression
(41). Because MARCH1 is a membrane-associated protein, it is
attractive to speculate that the presence of ezrin in the cell cortex
may stabilize it either through direct binding or through another

adaptor protein. It will be interesting to test whether loss of ezrin
reduces MARCH1 levels in the B cell membrane and, thus, prevents
MARCH1-mediated degradation of MHC class II.
Regardless of the mechanism, higher MHC class II expression

may serve to recruit more T cell help. It is well established that
T cell help to B cells aids in their affinity maturation, generation of
memory, and class-switch recombination (44, 45). This raises an
important question: whether stronger Ag-specific IgG production
in Ez-def B cells is only due to global increase in B cell activation
or whether higher class switching also plays a role. The time during
an ongoing immune response at which Ag-specific IgM and IgG
Abs can be detected serves as an approximate determinant of class
switching. We observed that NP-specific IgM, IgG1, and IgG2a
levels were higher in Ez-def mice compared with MB1cre/+ mice
immunized with NP-CGG. However, the difference in NP-specific
IgM levels was only statistically significant at days 21 and 28 of
immunization. At day 14, the NP-specific IgM levels were com-
parable in both groups of mice, but NP-specific IgG1 and IgG2a
were higher in Ez-def mice, indicating increased B cell class
switching in the absence of ezrin at this early phase of the immune
response. Quantitative detection of switch circles in B cells will
greatly aid in addressing the role of ezrin in class switching. It also
will be interesting to test whether the repertoire of BCR affinities
generated upon immunization of Ez-def mice is different from that
of MB1cre/+ mice, as well as whether memory responses are al-
tered upon loss of ezrin in B cells.
The conditional genetic deletion of ezrin did not affect bone

marrow B cell development, which is consistent with the lack of
developmental defects in lymphocytes of moesin-deficient mice
(46) and with unaltered thymic T cell development in mice with
conditional deletion of ezrin in CD4+ T cells (47). Systemic de-
ficiency of ezrin was shown to result in lower B and T cell numbers,
but this difference was attributed to systemic malnutrition, which
also accounted for neonatal lethality of mice (48). Given the col-
laboration between ezrin and moesin in regulating BCR diffusion
dynamics (20), we expect that additional loss of moesin in Ez-def
mice will further enhance BCR activation and functional responses.
This prediction is supported by the demonstration that the defect in
IL-2 secretion observed in mature T cells that lack ezrin is exac-
erbated by additional loss of moesin (47).
We reported previously that chemokines induce transient de-

phosphorylation of ezrin at T567, which is important for B cell
migration (21). This involves resorption of microvilli as ezrin
undergoes dephosphorylation and reorientation of ezrin to the
lamellipodial region for rapid evolution of cell–substratum con-
tacts at the front of migrating B cells (21). In the current study, the
absence of ezrin did not affect the homeostasis of major B cell
subsets in the steady-state, but it remains to be tested whether
homing of Ez-def and MB1cre/+ B cells would be comparable or
different in a competitive assay involving cotransfer of cells into
mice. Our expectation is that absence of ezrin will lead to reduced
in vivo homing. This is based on the demonstration that mice
lacking ERM proteins in mature T cells display decreased homing
to lymphoid organs (49) and that transgenic mice expressing
a constitutively active mutant of ezrin in T cells have defects in
transendothelial T cell migration due to an increase in membrane
tension (50). We have demonstrated that treatment of naive B cells
with different stimuli, such as Ag, chemokines, LPS, and CD40L,
results in dephosphorylation of T567 in ezrin, whereas phos-
phorylation at Y353 is only induced upon BCR cross-linking (22).
This indicates a common unifying role for ezrin-dependent mem-
brane-cytoskeletal remodeling in the response of B cells in a variety
of contexts. Therefore, loss of ezrin in B cells has the potential to
impact multiple B cell processes, such as cell migration, acquisition
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of T cell help, and innate responses to pathogens. Our prelimi-
nary findings indicate that this is indeed the case. The strength of
BCR signaling and outcome of Ag challenge are also known to be
regulated by coreceptors that operate in proximity of the BCR.
For example, CD19 and CD21 function together to sustain BCR
signaling in the lipid raft environment (51). Localization of the
tripartite complex consisting of the BCR and its coreceptors CD19
and CD21 in lipid rafts is promoted by the tetraspanin protein CD81
(52). The molecular basis of colocalization of BCR with CD19 and
the role of CD81 in this phenomenon was described recently by
Mattila et al. (53), who used superresolution microscopy to dem-
onstrate that CD81 collaborates with the actin cytoskeleton to
organize BCR clusters and regulate BCR signaling. A direct role
for ezrin in modulating CD81 function is predicted by the obser-
vation that cross-linking of CD81 induces Syk-dependent Y353
phosphorylation of ezrin, leading to their colocalization with F-actin
(54). Given the joint regulation of BCR clusters by ezrin and actin
networks (20), it is conceivable that the multimolecular assembly
of BCR and its coreceptors will be altered in the absence of ezrin
and result in further fine tuning of B cell responses. As ezrin tunes
BCR signaling and humoral immunity, Ez-def mice also represent
a novel tool to examine the significance of membrane-cytoskeletal
remodeling in B cell tolerance, autoimmunity, and malignancy.
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