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ABSTRACT
Sphingolipid- and cholesterol-rich lipid raft microdomains

are important in the initiation of BCR signaling. Although it is

known that lipid rafts promote the coclustering of BCR and

Lyn kinase microclusters within the B cell IS, the molecular

mechanism of the recruitment of lipid rafts into the B cell IS

is not understood completely. Here, we report that the

synaptic recruitment of lipid rafts is dependent on the

cytoskeleton-remodeling proteins, RhoA and Vav. Such an

event is also efficiently regulated bymotor proteins,myosin

IIA and dynein. Further evidence suggests the synaptic

recruitment of lipid rafts is, by principle, an event triggered

by BCR signaling molecules and second messenger

molecules. BCR-activating coreceptor CD19 potently

enhances such an event depending on its cytoplasmic

Tyr421 and Tyr482 residues. The enhancing function of the

CD19-PI3K module in synaptic recruitment of lipid rafts is

also confirmed in human peripheral blood B cells. Thus,

these results improve our understanding of the molecular

mechanism of the recruitment of lipid raft microdomains in

B cell IS. J. Leukoc. Biol. 98: 223–234; 2015.

Introduction
The activation of B cells is initiated by the immune recognition
of antigens by the clonally expressed BCRs [1–3]. The signaling
cascades of B cell activation have been investigated extensively
in the past decade by biochemical studies [2, 4], which also
show that lipid rafts, which are detergent-resistant, sphingolipid,

and cholesterol-rich membrane fractions, play an important role in
the initiation of B cell activation [5–8]. Lipid rafts represent .40%
of the plasma membrane lipids of immune cells [9]. Lipid rafts have
a central feature of segregating membrane proteins, thereby
providing a mechanism to compartmentalize BCR signaling proteins
[7, 8]. Indeed, it is known that multivalent antigen binding to BCRs
induces the translocation of clustered BCRs to the lipid rafts, where
BCRs could encounter Lyn kinase and get phosphorylated, and thus,
BCR signaling gets initiated. It is noteworthy that the strength of the
initiated BCR signaling is positively correlated with the stability of the
association between clustered BCR and lipid rafts [6, 10]. Moreover,
such association is under strict regulation by BCR inhibitory
coreceptors FcgRIIB and activating coreceptor CD19. BCR and
FcgRIIB coligation destabilizes the association of BCR and lipid rafts,
which in turn, potently inhibits the initiation of B cell activation [11].
In contrast, the coligation of BCR and CD19 increases the amount of
BCRs that are translocated into lipid rafts and prolongs their
subsequent residency in the lipid rafts, which vigorously enhances
the initiation of B cell activation [12, 13].
The recent advances in high-resolution live cell and molecule

imaging technologies provided another layer of dynamic,
complicated, and yet an ordered set of molecular events during
the initiation of B cell activation that follows within seconds after
antigen recognition by the BCRs [14, 15]. Different from the
biochemical studies, these optical-based imaging studies gener-
ally use membrane-bound antigens to activate B cells, which is
the major format of the antigens that B cells would likely
encounter in vivo [16–19]. Fleire et al. [20] first showed the
molecular events that follow the encounter of B cells with antigen
containing fluid PLBs serving as a surrogate for APCs. They
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showed that B cells first dramatically spread over the antigen
containing PLBs concomitant with the formation of BCR
microclusters in the peripheral lamellipodias of the cell.
Following maximal spreading, B cells subsequently contract to
form an ordered IS [20]. With the use of TIRFM-based, high-
resolution imaging, our previous study suggests that the
recognition of BCR and antigen drives the growth feature of BCR
microclusters [21]. The following study determines that the
growth of BCR microclusters is an important step accounting for
the formation of B cell IS [14, 21–24]. More importantly, Sohn
et al. [25] showed that BCR cross-linking induced the transient
interaction of BCR microclusters and lipid rafts, and lipid rafts
function as a hub to promote the coclustering of BCR and Lyn
kinase microclusters within the B cell IS [26]. With the
consideration of the importance of both B cell IS and lipid rafts
in the initiation of B cell activation, it is of great interest to
identify the molecular machineries supporting the efficient
recruitment of lipid rafts into B cell IS upon engaging BCRs by
membrane-bound antigens. In this report, we address this
question by use of TIRFM-supported, high-resolution live cell
imaging techniques in combination with mutagenesis and
pharmaceutical inhibitors.

MATERIALS AND METHODS

Cells, antigens, and antibodies
A20II1.6, CH27, and J558L B cell lines were gifts from Dr. Susan K. Pierce
[National Institute of Allergy and Infectious Diseases, National Institutes of
Health (NIH), Bethesda, MD, USA] and all of them were purchased originally
from American Type Culture Collection (Manassas, VA, USA). Biotin-
conjugated goat F(ab9)2 anti-mouse IgM + IgG (H+L), biotin-conjugated goat
F(ab9)2 anti-human IgA + IgG + IgM (H+L), rabbit Fab anti-mouse IgM
specific for Fc5m, and rabbit Fab anti-mouse IgG specific for the Fc portion
were purchased from Jackson ImmunoResearch Laboratories (West Grove,
PA, USA). Biotin-conjugated anti-mouse CD32/CD16 (clone no. 2.4G2),
biotin-conjugated anti-mouse CD19 (clone no. 1D3), and biotin-conjugated
hamster anti-mouse/rat CD81 (clone no. Eat2) were purchased from
Becton Dickinson (Franklin Lakes, NJ, USA). Biotin-conjugated anti-mouse
CD21/CD35 (CR2/CR1; clone no. eBio8D9) and anti-mouse CD19 purified
(MB19-1) were purchased from eBioscience (San Diego, CA, USA). Alexa
Fluor 568-conjugated goat Fab anti-human IgG specific for the Fc portion and
secondary antibody Alexa Fluor 568-conjugated F(ab9)2 goat antibodies specific
for rabbit IgG were acquired from Invitrogen (Carlsbad, CA, USA). Phospho-
Zap-70 (Tyr319)/Syk (Tyr352)-, phospho-CD19 (Tyr531)-, and phospho-PI3K
p85 (Tyr458)/p55 (Tyr199)-specific antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA). Goat Fab anti-mouse CD19 (clone
no. 1D3) and mouse Fab anti-human CD19 (clone no. HIB19) were made by
use of a Fab micropreparation kit following a protocol in our published studies
[21, 22, 27–29]. Alexa Fluor 488-conjugated CTB and Alexa Fluor 647-
conjugated CTB were purchased from Life Technologies (Carlsbad, CA, USA).
Conjugations of antibodies with Alexa Fluor (Alexa Fluor 405, 488, 568, or 568)
were carried out by use of Alexa Fluor mAb labeling kits (Molecular Probes,
Eugene, OR, USA), following the manufacturer’s protocols, whereas biotiny-
lated antibodies or NP32-BSA (Biosearch Technologies, Petaluma, CA, USA)
were carried out following the manufacturer’s protocols of EZ-Link sulfo-NHS-
LC-biotin (Thermo Fisher Scientific, Waltham, MA, USA).

Pretreatment of inhibitors
Cells were pretreated with the inhibitors under different conditions following
protocols in published studies or the manufacturer’s instructions. For
wortmannin (Calbiochem, San Diego, CA, USA) and LY294002 (Life
Technologies), the working concentration was 100 nM [30] and 20 mM [31],
respectively, and the cells were incubated for 1 h at 37°C. Likewise, cells were
incubated for 30 min at 37°C for these following inhibitors at the indicated
working concentration following the published protocols: 10 mM methyl-
b-cyclodextrin (Sigma-Aldrich, St. Louis, MO, USA) [3], 10 mM paclitaxel [32],
50 mM blebbistatin [33], 5 mM DGK inhibitor II [34], and 40 mM BAPTA/AM
[35]. Cytochalasin D was used at 0.2 mM, cells were incubated for 10 min at
37°C [36], jasplakinolide was 1 mM, and cells were incubated for 45 min at 37°C
[21]. To disrupt the tubulin-cytoskeleton filaments efficiently, B cells were
pretreated with 2 mM nocodazole for 1 h at 4°C, followed with another 0.5 h at
37°C [21]. The working concentration of HPI-4 was 30 mM, and cells were
incubated overnight at 37°C [37]. 6-Thio-GTP (Jena Bioscience, Jena,
Germany) was used at a 50 mM concentration, and cells were incubated for
2 d at 37°C [38]. ML-7 (Calbiochem) was used at 10 mM concentration, and
cells were incubated for 20 min at room temperature [39]. For RhoA activator
and RhoA inhibitor (Cytoskeleton, Denver, CO, USA), the working concen-
tration was 2 and 5 mM, respectively, following the manufacturer’s instructions.
The dosage and procedure of DMSO treatment were exactly matched to each
inhibitor to serve as an intragroup negative control. After the inhibitor
treatment at their respective described conditions above, the cells were washed
3 times with PBS and were ready for further processing.

Plasmid constructs and transfections
The pEYFP-N1 and pECFP-N1 were purchased from Clontech (Mountain
View, CA, USA). To reduce the dimerization of YFP, the YFP gene was
modified by use of a QuikChange II XL site-directed mutagenesis kit
(Stratagene, La Jolla, CA, USA), as suggested in a published study [40]. The
sequence of Lyn-m16 was cloned into pEYFP-N1, pECFP-N1, and pEYFP-N1, in
which YFP was swapped for mCherry. For the expression of vectors, cells from
A20II1.6 and CH27 cell lines were transfected by electroporation, selected for
growth in 0.5 or 1 mg/ml G418, and sorted by Lyn-m16-YFP or Lyn-m16-CFP
expression by use of flow cytometry. Mouse CD19 was amplified with the
primers 59- ATGCCATCTCCTCTCCCTGTC -39 and 59-
TTACGTGGTTCCCCAAGTCCCC -39 and subcloned in pEYFP-N1 after
adding the stop code in which YFP was not expressed. The mutagenesis was
done by the Gibson assembly method, as described previously [41].

Isolation of human PBMCs
This study was approved by Ethics Committee of Peking Union Medical
College Hospital, and all healthy volunteers provided the informed consent
documents. Peripheral blood (4 ml) was acquired from each of 6 healthy
volunteers. The isolation of PBMCs from these samples was done by following
the manufacturer’s protocols of Ficoll-Paque PLUS density separation and
frozen until imaging experiments took place.

Preparation of antigen-containing PLBs
Biotin-containing PLBs were prepared following our published protocol [21,
22, 29, 42]. Biotinylated anti-IgG or anti-IgM antibodies served as surrogate
antigens, biotin-conjugated NP32-BSA, and biotinylated anti-FcgRIIB, or
biotinylated anti-CD19 antibodies were attached to biotin-containing PLBs
through streptavidin. In brief, the coverslips were incubated with 0.1 mM
biotin liposomes in PBS for 20 min. After washing with 10 ml PBS, the PLB was
incubated with 40 nM streptavidin for 15 min, and excessive streptavidin was
washed away with 10 ml PBS. The streptavidin-containing PLBs then were
incubated with 10 nM biotinylated goat F(ab9)2 anti-mouse IgM + IgG (H+L)
or biotinylated NP32-BSA to cross-link BCR alone for 15 min. To coligate the
BCR and FcgRIIB or CD19, the streptavidin-containing PLBs were incubated
with an additional 20 nM biotinylated IgG anti-mouse FcgRII/FcgRIII or
biotinylated IgG anti-mouse CD19, whereas the control group was incubated
with 20 nM biotinylated nonspecific mouse IgG. The excessive antigen was
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washed away by 10 ml PBS, and PLBs were blocked with 5% BSA in PBS for
30 min at 37°C and then washed thoroughly for further use.

PLBs for human primary B cells stimulation were prepared by use of an
antibody against BCR and an antibody against CD19, which tethered to
a nickel PLB through an H12-D-domain, as described previously [43]. In brief,
the coverslips were incubated with 0.1 mM nickel nitrilotriacetic acid-
containing liposomes in PBS for 20 min. After washing with 10 ml PBS, the
PLBs were incubated with a 50 nM H12-D-domain for 20 min at room
temperature. After washing thoroughly, PLBs were incubated with a 15 nM
goat IgG anti-human l chain to cross-link BCR alone for 20 min following our
published protocol [43]. To coligate the BCR and CD19, the PLBs were
incubated with an additional 20 nM mouse IgG anti-human CD19, whereas
the control group was incubated with 20 nM biotinylated, nonspecific mouse
IgG. After washing again, PLBs was blocked with 5% BSA in PBS for 30 min
at 37°C and washed thoroughly for later use.

TIRFM imaging and IRM imaging
A20II1.6 and CH27 cells were stained with Alexa Fluor 647-conjugated goat Fab
anti-mouse IgG specific for the Fc portion or Alexa Fluor 647-conjugated goat
Fab anti-mouse IgM specific for Fc5m, respectively, and washed twice; then
placed on PLBs, prepared as described in the figure legends for a different time
duration at 37°C, 5% CO2; and then fixed with 4% paraformaldehyde. Human
primary B cells were stained with Alexa Fluor 647-conjugated goat Fab anti-
human IgG specific for the Fc portion and Alexa Fluor 488-conjugated CTB,
and then washed twice and placed on PLBs prepared as described for 5 or
10 min at 37°C, 5% CO2, and then fixed with 4% paraformaldehyde. TIRF
images were captured by use of an Olympus IX-81 microscope equipped with
a TIRF port (Olympus, Center Valley, PA, USA), Andor iXon + DU-897D
electron-multiplying charge-coupled device camera (Andor Technology,
Concord, MA, USA), Olympus 100 3 1.49 NA objective TIRF lens, and a 488,
561, and 633 nm laser (Sapphire laser; Coherent, Santa Clara, CA, USA).
Acquisition was controlled by Metamorph software (Molecular Devices,
Sunnyvale, CA, USA) and with an exposure time of 100 ms for a 5123 512 pixel
image, unless specially indicated. IRM images were performed by use of the
same Olympus IX-81 microscope with an Olympus 100 3 1.49 NA objective, as
above, for TIRFM imaging experiments. Different from TIRFM imaging, a Pre-
Aligned Intelli-Lamp system (X-Cite 120PC Q; Lumen Dynamics, Mississauga,
Ontario, Canada) was used to provide the incident photons with a band-pass
filter of 485/20 nm. In IRM imaging, a 483/32 nm band-pass filter was used.
Images were analyzed by NIH ImageJ software, as our previous studies reported
[21, 22, 29, 42]. In brief, images were subtracted for background and then
marked with ROIs. The MFI values indicated the ratio of integrated
fluorescence intensity of the ROIs to its total area of pixels. The TFI values
indicated the integrated fluorescence intensity of the ROIs.

Images processing and mathematical and
statistical analyses
The display range of a set of TIRFM images in each figure is the same to allow
direct visional comparison of intensity unless indicated specifically. Student’s
t-test was performed for statistical comparisons. P , 0.05 was considered to
indicate a significant difference.

RESULTS

Synaptic recruitment of lipid rafts is a cytoskeleton
remodeling-dependent event
First, we assessed the effect of lipid rafts in the formation of BCR
microclusters and B cell IS by pretreatment of A20II1.6 B cells
with methyl-b-cyclodextrin to deplete cholesterol from the cell
membrane, resulting in the disruption of the function of
cholesterol- and sphingolipid-rich lipid rafts [3]. It is striking
that methyl-b-cyclodextrin-pretreated B cells can hardly form
an adhesion plan with the PLBs presenting the goat F(ab9)2

anti-mouse IgG antibodies as surrogate antigens (data not
shown). These results are consistent with the earlier study
showing that methyl-b-cyclodextrin-pretreated cells failed to
open the cytoplasmic domains of the clustered BCR and thus,
were unable to transduce signals when recognizing soluble
antigens [3]. In contrast, B cells pretreated by DMSO as a control
readily formed the typical B cell IS, as examined by TIRFM
imaging for the accumulated BCR molecules or by IRM imaging
for the tight contact interface (Fig. 1A). Statistically, the size of
the B cell contact area on antigen-containing PLBs was
comparable, as quantified by TIRFM or IRM (Fig. 1A). As TIRFM
but not IRM can also evaluate the efficiency of the synaptic
accumulation of the molecule of interest by quantifying the
fluorescent intensity of the target molecule, we used TIRFM to
perform the following imaging experiments.
Next, we tried to identify the molecules that are required for the

synaptic recruitment of lipid rafts during B cell activation. In our
experimental system, we assessed the accumulation of lipid rafts in
B cell IS by use of a lipid raft maker, Lyn-m16-CFP (or Lyn-m16-YFP,
termed as Lyn-m16-FP thereafter). Lyn-m16-FP contains the 1st 16
residues of the Src-family kinase Lyn, which leads to the
myristoylation and palmitoylation of FP and its tethering to the lipid
raft microdomains on the plasma membrane [25, 26]. We asked
how the synaptic recruitment of lipid rafts could be affected by
cytoskeleton remodeling that is mediated by the dynamic poly-
merization and de-polymerization of both actin and microtubule
molecules. We addressed this question by comparing the quantity of
lipid rafts that were accumulated into the B cell IS in DMSO control
versus a series of inhibitor-pretreated B cells. Small GTPase, RhoA,
and GEF Vav are well-characterized molecules promoting actin
polymerization. Here, we found that the RhoA inhibitor (Fig. 1B)
and activator (Fig. 1C) significantly impaired the synaptic accumu-
lation of lipid rafts. It is worth noting that the RhoA activator also
dramatically impaired the size of B cell IS, whereas the RhoA
inhibitor had only a mild effect (Fig. 1B and C). Likewise, the Vav-
specific inhibitor 6-Thio-GTP [38]-pretreated B cells showed
impaired synaptic accumulation of lipid rafts (Fig. 1D). We
continued to evaluate the contribution of microtubule reassembling
in the synaptic recruitment of lipid rafts by use of the microtubule
polymerization inhibitor nocodazole or de-polymerization inhibitor
paclitaxel [21]. Paclitaxel-pretreated CH27 B cells showed a signif-
icant impaired synaptic accumulation of lipid rafts (Fig. 1E).
Nocodazole-pretreated B cells failed to adhere to the surrogate
antigen-containing PLBs (data not shown). It is worth noting that
the synaptic accumulations of BCRs in these inhibitor-treated cells
were also impaired (Fig. 1B–E), consistent with published studies
[20, 21, 44]. Thus, the synaptic recruitment of lipid rafts is
a cytoskeleton remodeling-dependent event.

Synaptic recruitment of lipid rafts is regulated by
dynein and myosin IIA
We were curious to know if the polarization of lipid rafts to B cell
IS is a step facilitated by motor proteins. To check this possibility,
we used blebbistatin [33] and HPI-4 [37] inhibitors to block the
function of motor proteins myosin IIA and dynein, respectively.
Blebbistatin-pretreated CH27 B cells showed a significantly
impaired synaptic accumulation of lipid rafts and BCRs
(Supplemental Fig. 1A), suggesting that myosin IIA is required
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Figure 1. Synaptic recruitment of lipid rafts is dependent on cytoskeleton-remodeling molecules. (A) Comparison of the size of B cell IS by TIRFM or
IRM imaging. (Left) Representative images taken by TIRFM or IRM at indicated time points. Scale bars, 3 mm. (Right) Statistical comparison of the size
of B cell IS that was quantified by analyzing TIRFM (red) or IRM (blue) images. Shown are means 6 SEM of at least 30 cells from 1 representative of 3
independent experiments. (B and C) Small GTPase RhoA inhibitor (B) or RhoA activator (C) was used for the comparison with DMSO control in the

(continued on next page)
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in this event. However, HPI-4-pretreated CH27 B cells showed
a significant enhanced synaptic accumulation of lipid rafts
(Supplemental Fig. 1B). We also confirmed this observation in
A20II1.6 B cells (Supplemental Fig. 1C). These results from the
HPI-4 inhibitor suggest that dynein might promote the clearance
of lipid rafts from the B cell IS. Overall, these results show that
the synaptic recruitment of lipid rafts is regulated by motor
proteins, myosin IIA, and dynein. Myosin IIA promotes the
recruitment, whereas dynein promotes the clearance of lipid rafts
in the B cell IS. It is worth noting that the synaptic accumulations
of BCRs were also likewise affected, as in the case of lipid rafts
(Supplemental Fig. 1A–C).

Synaptic recruitment of lipid rafts is triggered by BCR
signaling cascades
The mutually correlated phenotype of BCRs and lipid rafts in
the inhibitor experiments above suggests that the synaptic
recruitment of lipid rafts could be an event that is triggered by
BCR signaling molecules. To check this possibility, we used
inhibitors against a series of BCR signaling to pretreat the
B cells and examined the synaptic accumulation of lipid rafts
under each condition compared with DMSO. We first used 2
PI3K inhibitors—wortmannin [30] and LY294002 [31]—to
inactivate the function of PI3K, with the consideration that
PI3K is an early responding molecule in the cascade of BCR
activation regulating the lipid homeostasis of PIP2 and
phosphatidylinositol (3,4,5)-trisphosphate equilibrium. In
both cases, we observed significantly impaired accumulation
of lipid rafts into the B cell IS in CH27 B cells (Fig. 2A and B).
These observations were also readily repeated in A20II1.6
B cells (Fig. 2C and D). Unsurprisingly, the accumulation of
BCRs and the size of B cell IS were also impaired in both
cases (Supplemental Fig. 1D–G). These results suggest that
PI3K signaling is required for the synaptic recruitment of lipid
rafts in B cells.
During B cell activation, PIP2 is hydrolyzed by the BCR

signaling molecule PLCg2, leading to the production of 2 second
messengers: DAG, which is anchored on the inner leaflets of the
plasma membrane, and Ca2+, which is freely diffused in the
cytosol [4]. Both DAG and Ca2+ are second-messenger molecules
potently amplifying BCR signal transduction. For DAG, there is
a well-characterized equilibrium between DAG and phosphatidic
acid that is catalyzed by DGK [45], and DGK inhibitor II
pretreated B cells showed dramatically impaired synaptic
accumulation of lipid rafts (Fig. 2E), suggesting that the
physiologic metabolism of DAG is required for such an event. For
Ca2+, we used a Ca2+-chelating agent—BAPTA/AM—to block its
normal function [35]. As expected, B cells pretreated with
BAPTA/AM also showed decreased efficiency in the recruitment
of lipid rafts into the IS (Fig. 2F). Thus, these results suggest that
BCR signaling molecules, including second messengers and
PI3K, are required for efficient synaptic recruitment of lipid rafts.

Synaptic recruitment of lipid rafts is under strict control
of BCR inhibitory coreceptor FcgRIIB and activating
coreceptor CD19
The initiation of BCR signaling is known to be regulated by BCR
inhibitory coreceptor FcgRIIB and activating coreceptor CD19.
In the PI3K and Vav inhibitor results above, it is clear that PI3K
and Vav are required for the efficient recruitment of lipid rafts
into the B cell IS. As the cytoplasmic tail of CD19 is known for its
capability of docking PI3K and Vav signaling molecules [46],
thus, we were curious to know the effects of these 2 BCR
coreceptors on the synaptic accumulation of lipid rafts. We
assessed these effects by comparing the synaptic recruitment of
lipid rafts by TIRFM imaging in the condition of BCR cross-
linking alone versus the condition of coligating BCR with
FcgRIIB or CD19. The experiments showed that FcgRIIB
potently inhibits the synaptic accumulation of lipid rafts
(Supplemental Fig. 2A). FcgRIIB also inhibited the synaptic
recruitment of BCRs (Supplemental Fig. 2B), consistent with our
previous studies [29]. The experiments with CD19 showed that
coligation of BCR and CD19 dramatically enhanced the synaptic
accumulation of both lipid rafts and BCRs compared with the
case of BCR cross-linking alone in CH27 B cells (Supplemental
Fig. 2C and D) and A20II1.6 B cells (Supplemental Fig. 2E
and F). Moreover, we also confirmed that the enhancing
function of BCR and CD19 coligation is lipid raft specific. As
a control experiment, octadecyl rhodamine B (R18), which is
a fluorescent membrane dye that binds to membranes with the
fluorophore at the aqueous interface and the alkyl tail, pro-
truding into the lipid interior, did not show such enhanced
synaptic accumulation (Supplemental Fig. 2G and H). Overall,
these results suggest that the synaptic recruitment of lipid rafts
is under the strict control of the BCR inhibitory coreceptor
FcgRIIB and activating coreceptor CD19.
Next, we examined the effects of the pharmaceutical inhibitors

under the condition of BCR and CD19 coligation. We found that
PI3K inhibitors—wortmannin and LY294002—efficiently im-
paired the accumulation of lipid rafts into the B cell IS compared
with the case of DMSO control in the condition of coligating
BCR and CD19 (Fig. 3A and B). Likewise, the blockage of actin
remodeling dynamics by small GTPase RhoA inhibitor or
activator decreased the synaptic accumulation of lipid rafts under
the coligation condition (Fig. 3C). The impaired synaptic
accumulation of BCRs was also observed in these experiments
(Supplemental Fig. 2I–K). We also observed a similar effect in the
synaptic recruitment of lipid rafts in the condition of coligating
BCR and CD19 molecules when blocking microtubule de-
polymerization by paclitaxel (Fig. 3D). Interestingly, motor
protein myosin IIA inhibitor blebbistatin decreased (Fig. 3E),
whereas dynein inhibitor HPI-4 increased the synaptic accumu-
lation of lipid rafts under the coligation condition (Fig. 3E),
consistent with the effects of these 2 motor proteins in the
condition of BCR cross-linking alone (Supplemental Fig. 1A–C).

pretreated CH27 B cell. Statistical analyses were given for the synaptic accumulation of lipid rafts (left), BCR (middle), and size of B cell IS (right) at the
time points of 3 or 7 min after B cell activation. Shown are means 6 SEM of at least 20 cells from 1 representative of 3 independent experiments. (D and
E) As in A and B, Vav inhibitor 6-Thio-GTP (D) and microtubule depolymerization inhibitor paclitaxel (E) were used for the comparison with DMSO
control. Shown are means 6 SEM of at least 18 cells from 1 representative of 3 independent experiments. A Student’s t-test was performed with the
P values indicated: *P , 0.05, **P , 0.01, ***P , 0.001.
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Lastly, we observed that the DGK inhibitor II and Ca2+-chelating
agent BAPTA/AM both significantly impaired the recruitment
of lipid rafts into the B cell IS under the coligation condition
(Fig. 3F). Over all, these results suggest that the enhanced
synaptic recruitment of lipid rafts through the CD19-PI3K
module is also under the strict control of actin remodeling and
BCR signaling molecules.

Tyr421 and Tyr482 on the cytoplasmic domain of CD19
contribute to the PI3K-dependent accumulation of lipid
rafts in the B cell IS
CD19 is known to initiate the activation of a variety of different
signaling molecules through its cytoplasmic domain, containing
at least 6 key tyrosine residues [47]. We examined which tyrosine
residue is responsible for the enhanced lipid raft accumulation
by constructing 6 types of CD19 mutates: CD19-Y330F, CD19-
Y391F, CD19-Y421F, CD19-Y482F, CD19-Y490F, and CD19-Y513F
(Fig. 4A). J558L cells lack the expression of endogenous CD19.
Thus, we transfected each of these mutant plasmids into J558L
cells stably expressing B1-8-High-m- CFP and Iga-YFP, termed
J558L-IgM-B1-8-High, which were established and characterized
in our previous studies [21]. Furthermore, the cells were
transfected with the Lyn-m16-mCherry plasmid to probe the lipid

rafts. J558L-IgM-B1-8-High specifically recognizes hapten antigen
NP [48]. Thus, we used PLBs tethering biotin-conjugated NP32-
BSA to cross-link BCR alone in J558L-IgM-B1-8-High cells. To
compare the effects of CD19-WT and mutants on the synaptic
accumulation of lipid rafts, we used PLBs tethering biotin-
conjugated NP32-BSA and biotin-conjugated anti-CD19 anti-
bodies to activate these cells under the condition of coligating
BCR and CD19 molecules. The results suggested that CD19-WT
significantly accumulated 87.3% more lipid raft molecules into
the IS under the condition of coligating CD19 and BCR
compared with the case of BCR cross-linking alone, consistent
with the above-mentioned results in CH27 B cells (Fig. 4B).
Four of the CD19 mutants—CD19-Y330F (Fig. 4C), CD19-Y391F
(Fig. 4D), CD19-Y490F (Fig. 4E), and CD19-Y513F (Fig. 4F)—
showed a similar phenotype as CD19-WT, suggesting that these
4 tyrosines are not essential for the enhanced synaptic
accumulation of lipid rafts by CD19 (Fig. 4C–F). However, 2 of
these CD19 mutants—CD19-Y421F (Fig. 4G) and CD19-Y482F
(Fig. 4H)—lost such enhancing function. Additionally, we used
the PI3K inhibitor wortmannin to pretreat J558L-IgM-B1-8-High
cells expressing CD19-WT (Fig. 4I) or CD19-Y482F (Fig. 4J) and
examined the synaptic accumulation of lipid rafts in the
condition of BCR cross-linking alone or in the condition of BCR

Figure 2. Synaptic recruitment of lipid rafts is
triggered by BCR signaling molecules. (A–D) PI3K
inhibitors wortmannin (A and C) and LY294002 (B
and D) were used for the comparison with DMSO
control in pretreated CH27 (A and B) or A20II1.6 B
cells (C and D). Statistical analyses were given for
the synaptic accumulation of lipid rafts at the time
points of 3 or 7 min after B cell activation. Shown are
means 6 SEM of at least 23 cells from 1 represen-
tative of 3 independent experiments. (E and F) As in
A and B, DGK inhibitor, DGK inhibitor II (E), or
Ca2+-chelating agent, BAPTA/AM (F), were used for
the comparison with DMSO control in the pretreated
CH27 B cell. Shown are means 6 SEM of at least
34 cells from 1 representative of 3 independent experi-
ments. A Student’s t-test was performed with the
P values indicated: **P , 0.01, ***P , 0.001.
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and CD19 coligation. B Cells pretreated by wortmannin showed
the impaired accumulation of lipid rafts into the B cell IS
compared with the case of B cells pretreated by DMSO control
under each of these 2 activation conditions (Fig. 4I and J).
Moreover, the cells expressing CD19-Y482F did not show
significant enhancement after the coligation of BCR and CD19-
Y482F in the DMSO control or wortmannin-pretreated condition
(Fig. 4J). It is known that phosphorylated Tyr482 provides the
major binding site for PI3K in CD19 signaling, whereas
phosphorylated Tyr421 is important to recruit Vav and PLCg2
[47]. Thus, these results further confirmed our conclusion from
the above-mentioned pharmaceutical inhibitor studies and
emphasized the importance of the CD19-PI3K module in
enhancing the synaptic recruitment of lipid rafts in the initiation
of B cell activation.

Human peripheral blood primary B cells show
enhanced synaptic recruitment of lipid rafts in a PI3K-
and cytoskeleton-dependent manner
All of the observations above were acquired from laboratory
mouse B cell lines by use of the Lyn-m16-FP marker to quantify

the lipid rafts. Next, we used human peripheral blood primary
B cells to double check these results. We also used lipid raft
marker Alexa Fluor 647-conjugated CTB to label the lipid raft
microdomains [49]. We imaged the synaptic recruitment of lipid
rafts and BCRs of human primary B cells at 2 time points of 5 and
10 min after loading the cells to PLBs presenting surrogate
antigens for BCR cross-linking only or for BCR and CD19
coligation. TIRFM imaging showed that human primary B cells
form a typical “bull-eye”-like IS composed of significantly
enriched BCR at the center of the contact area of the B cell
(or B cell IS; Fig. 5A). The significantly enriched BCRs within the
center of B cell IS make the quantification of lipid rafts and BCR
accumulation by a parameter of MFI inappropriate, as there
are very few lipid rafts and BCR molecules within the peripheral
area of the B cell IS (Fig. 5A). An analysis simply based on MFI
inevitably underestimates the amount of the accumulated lipid
rafts within the B cell IS. Thus, instead, we quantified the TFI
of both lipid rafts and BCRs in these human primary B cell IS
following a reported protocol [20]. The results suggested that
CD19-BCR coligation significantly enhanced the synaptic accu-
mulation of lipid rafts (Fig. 5B and C, black, solid line vs. black,

Figure 3. The enhanced synaptic recruitment of
lipid rafts through CD19 is under the control of
actin remodeling and BCR signaling molecules.
(A and B) PI3K inhibitors wortmannin (A) and
LY294002 (B) were used for the comparison with
DMSO control in the pretreated CH27 B cell in the
condition of coligating BCR with CD19. Statistical
analyses were given for the synaptic accumulation of
lipid rafts at the time points of 3 or 7 min after B
cell activation. Shown are means 6 SEM of at least
20 cells from 1 representative of 3 independent
experiments. (C) Small GTPase RhoA inhibitor or
RhoA activator was used for the comparison with
DMSO control in the condition of coligating BCR
with CD19. Shown are means 6 SEM of at least
18 cells from 1 representative of 3 independent
experiments. (D and E) Microtubule depolymeriza-
tion inhibitor paclitaxel (D), motor protein myosin
IIA inhibitor blebbistatin (E), and dynein inhibitor
HPI-4 (E) were used for the comparison with DMSO
control in the condition of coligating BCR with
CD19. Shown are means 6 SEM of at least 18 cells
from 1 representative of 3 independent experi-
ments. (F) DGK inhibitor II and Ca2+-chelating
agent BAPTA/AM were used for the comparison
with DMSO control in the condition of coligating
BCR with CD19. Shown are means 6 SEM of at least
42 cells from 1 representative of 3 independent
experiments. A Student’s t-test was performed with
the P values indicated: *P , 0.05, ***P , 0.001.
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dashed line) and BCRs (Fig. 5D and E). The size of the IS was
also increased upon BCR and CD19 coligation (Fig. 5F and G).
The PI3K inhibitor wortmannin dramatically impaired the

accumulation of lipid rafts (Fig. 5B) and BCRs into the B cell IS
in the condition of BCR cross-linking, alone or in the condition
of BCR and CD19 coligation (Fig. 5D, red, solid line vs. red,
dashed line). The size of the B cell IS was also decreased
dramatically (Fig. 5F). It is worth noting that in human primary
B cells pretreated with wortmannin, there is no difference in
terms of the synaptic accumulation of lipid rafts and BCRs in the
condition of BCR cross-linking alone versus the condition of BCR
and CD19 coligation (Fig. 5B and D). Moreover, the effect of the
increased size of the B cell IS by CD19 and BCR coligation
compared with the condition of BCR cross-linking alone was
also blunted in wortmannin-pretreated human primary B cells
(Fig. 5F). These results strongly support that the enhanced
synaptic recruitment of the lipid rafts and BCRs by CD19 and
BCR coligation is a PI3K-dependent event. We also evaluated the

effects of the small GTPase RhoA activator in human primary
B cells. Consistent with the mouse B cell line data, the RhoA
activator significantly impaired the synaptic accumulation of lipid
rafts (Fig. 5C) and BCRs (Fig. 5E). The size of the B cell IS was
also affected in both cases (Fig. 5G).
Next, we checked the molecular requirement of actin

cytoskeleton reassembling in this event by use of actin
polymerization inhibitor cytochalasin D [36] and actin de-
polymerization inhibitor jasplakinolide [21]. Different from
mouse CH27 B cells, human primary B cells pretreated by these 2
actin inhibitors maintained their abilities to adhere to the
antigen-containing PLBs and form B cell IS, making the
evaluation of the contribution of actin remodeling in this event
possible (Fig. 6A). The results suggested that cytochalasin D
(Fig. 6B) and jasplakinolide (Fig. 6C) dramatically impaired the
accumulation of lipid rafts and BCRs into the B cell IS in the
condition of BCR cross-linking alone or the condition of BCR
and CD19 coligation (Fig. 6B and C). Similar to the case of the

Figure 4. Tyr421 and Tyr482 on the cytoplasmic domain of CD19 contribute to the enhanced accumulation of lipid rafts in the B cell IS. (A) Schematic
representation of mouse CD19. The 6 intracellular tyrosine residues are mutated to phenylalanine for a mutagenesis study in this report. These 6
tyrosines are marked with amino acid numbers and the known binding proteins. (B–H) In the condition of BCR cross-linking alone or coligating BCR
and CD19-WT (B), CD19-Y330F (C), CD19-Y391F (D), CD19-Y490F (E), CD19-Y513F (F), CD19-Y421F (G), or CD19-Y482F (H), the synaptic recruitment
of lipid rafts in J558L cells were, respectively, compared. Shown are means 6 SEM of at least 20 cells from 1 representative of 3 independent experiments.
(I and J) Wortmannin was used for the comparison with DMSO control in the condition of BCR cross-linking, alone or in the condition of coligating
BCR with CD19-WT (I) or CD19-Y482F (J). Shown are means 6 SEM of at least 18 cells from 1 representative of 2 independent experiments. A Student’s
t-test was performed with the P values indicated: *P , 0.05, **P , 0.01.
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PI3K inhibitor, actin inhibitors also revoked the enhanced
function of CD19 (Fig. 6B and C), suggesting that the enhanced
synaptic recruitment of the lipid rafts and BCRs by CD19 and
BCR coligation is an actin remodeling-dependent event. Lastly,
we used the myosin IIA inhibitor blebbistatin to pretreat the
human primary B cells. It is clear that myosin IIA is required for
the efficient recruitment of lipid rafts and BCRs into the B cell IS
(Fig. 6D), whereas the enhanced effect by CD19 did not seem to
require myosin IIA. We also used another myosin IIA inhibitor,
ML-7 [39], to confirm these observations (Fig. 6E).
Thus, these experiments in human primary B cells readily

confirmed the above-mentioned conclusions from laboratory
mouse B cell lines that the synaptic recruitment of lipid rafts is
dependent on the CD19-PI3K module and cytoskeleton-
remodeling molecules.

DISCUSSION

Lipid rafts function as a central platform in the initiation of B cell
activation [5, 6]. Recent advances in high-resolution, high-speed
live cell imaging studies suggest that B cell IS is an important
membrane-based structure in B cell activation when encountering

membrane-bound antigens [14, 15]. By nature, B cell IS is a highly
polarized structure composed of synaptically accumulated BCRs,
BCR coreceptors, cytoskeleton molecules, motor proteins, second
messenger molecules, and signaling transduction molecules.
Although B cell IS and lipid rafts are important membrane
structures in the initiation of B cell activation, the spatial-temporal
distribution of lipid rafts within B cell IS is not clear, nor clear is
the refined signaling molecule network supporting the efficient
recruitment of lipid rafts into B cell IS.
Sohn et al. [26] systemically investigated the dynamics of the

interaction of BCR and lipid raft molecules in B cells encoun-
tering membrane-bound antigens. Their study demonstrated that
the early-phase association of BCR and lipid raft molecules at the
nanometer level is transient, and such transient interaction is
independent of BCR signaling molecules and actin cytoskeleton
remodeling [26]. However, the association of the BCR and Lyn
kinase microcluster is more persistent than the accumulation of
BCR microclusters into the B cell IS, and such stable interaction
is obviously dependent on Lyn kinase activity [26]. Here, we
found that the synaptic recruitment of lipid rafts is dependent on
the polymerization, de-polymerization, and repolymerization
dynamics of actin and microtubule cytoskeleton, as shown by

Figure 5. Human peripheral blood primary B cells
show enhanced synaptic recruitment of lipid rafts
in a CD19-PI3K-dependent manner. (A) Represen-
tative TIRFM images of BCR (green) and lipid rafts
(red) within the IS of human peripheral blood
primary B cells. Scale bar, 1.5 mm. Indicated by arrows
are the structure of contacted area/ROI and aggre-
gated BCRs of B cell IS. (B–G) PI3K inhibitors
wortmannin (B, D, and F) and small GTPase RhoA
activator (C, E, and G) were used for the comparison
with DMSO control in human peripheral blood
primary B cells at various experimental conditions, as
indicated in the figure body. Statistical analyses were
given for the synaptic accumulation of lipid rafts (B
and C) and BCRs (D and E) and the size (F and G) of
the B cell IS at the time points of 5 or 10 min after
activating human peripheral blood primary B cells
at the condition of BCR cross-linking alone or BCR
and CD19 coligation. Shown are means 6 SEM of
at least 26 cells from 1 representative of 3 independent
experiments. A Student’s t-test was performed with
the P values indicated: *P , 0.05, **P , 0.01,
***P , 0.001.
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TIRFM imaging on pharmaceutical inhibitor-pretreated B cells.
As these cytoskeleton remodeling inhibitors also affect the other
functions of the cells, such as the shape and adhesion capability
[50], we also used small GTPase inhibitors to confirm this
conclusion. Small GTPase molecules are well characterized for
their key functions in regulating cytoskeleton remodeling [51].
Two small GTPases—RhoA and Rac—are known to link the
cross-talk between BCR and actin-remodeling signaling pathway
through a common GEF molecule, Vav [52–54]. Indeed, the
RhoA activator (or inhibitor) and Rac-specific GEF Vav inhibitor
confirmed that the synaptic recruitment of lipid rafts is strictly
dependent on cytoskeleton remodeling. These results echo the
observations that cytoskeleton-remodeling dynamics is required
for the accumulation of BCRs into the B cell IS from our own
published studies, as well as those of others [20, 21, 44]. It is not
a surprise that the RhoA inhibitor and GEF inhibitors

significantly impaired the recruitment of lipid rafts and BCRs
into the B cell IS. However, it is truly unexpected that the RhoA
activator can also impair such an event and that the reduction of
the synaptic recruited lipid rafts and BCRs is even more dramatic
than the RhoA inhibitor. All of these results again emphasize that
efficient recruitment of lipid rafts and BCRs into the B cell IS
requires appropriately balanced actin polymerization and de-
polymerization. Our finding here in B cells mirrors the previous
studies in T cells showing that lipid raft polarization to the T cell
IS is dependent on Vav1, Rac, and actin cytoskeleton re-
organization [55]. In their studies, the authors reported that
lipid rafts did not translocate to the IS in T cells deficient for
Vav1 or in T cells expressing dominant-negative mutants of Vav1
or Rac [55]. Here, it is our new finding that B cells treated with
RhoA activator also showed decreased synaptic recruitment of
lipid rafts, suggesting that RhoA activation is necessary but not

Figure 6. Human peripheral blood primary B cells show enhanced synaptic recruitment of lipid rafts in a cytoskeleton and motor protein-dependent
manner. (A) Representative TIRFM images of BCR (red) and lipid rafts (green) within the IS of human peripheral blood primary B cells. Scale bars,
1.5 mm. Given were the representative images from the human peripheral blood primary B cell that were pretreated with DMSO control (left), actin
polymerization inhibitor cytochalasin D (middle), or actin de-polymerization inhibitor jasplakinolide (right) at the condition of BCR cross-linking alone
(upper) or BCR and CD19 coligation (lower). (B–E) Actin polymerization inhibitor cytochalasin D (B), actin de-polymerization inhibitor jasplakinolide
(C), motor protein myosin IIA inhibitor blebbistatin (D), and ML-7 (E) were used for the comparison with DMSO control in human peripheral blood
primary B cells at various experimental conditions, as indicated in the figure body. Statistical analyses were given for the synaptic accumulation of lipid
rafts (top) and BCRs (bottom) at the time points of 5 or 10 min after activating human peripheral blood primary B cells at the condition of BCR cross-
linking alone or BCR and CD19 coligation. Shown are means 6 SEM of at least 19 cells from 1 representative of 3 independent experiments. A Student’s
t-test was performed with the P values indicated: *P , 0.05, **P , 0.01, ***P , 0.001.

232 Journal of Leukocyte Biology Volume 98, August 2015 www.jleukbio.org

http://www.jleukbio.org


sufficient to regulate lipid raft polarization at the IS. Our
speculation is also supported by the early study that T cells
overexpressing Vav1 also failed to induce lipid raft clustering in
T cell IS [55].
It is also interesting to observe that the actin-filament motor

protein myosin IIA and the microtubule-filament motor protein
dynein play opposing roles in this report, with myosin IIA
promoting the synaptic recruitment and dynein promoting the
synaptic clearance of lipid rafts. These findings on myosin IIA
perfectly mirror an early study by Dustin and colleagues [56],
showing that the formation and stability of T cell IS are
dependent on myosin IIA. Perhaps these results on dynein reflect
its function in facilitating the BCR activation-induced internali-
zation or recycling of B cell IS components, including lipid rafts
and BCRs. Thus, it is possible that the observation here suggests
the delayed clearance of lipid rafts in the IS of B cells with an
inactivated dynein motor molecule. Our speculation is supported
by a recent study by Schnyder et al. [57], showing that dynein
and the microtubule network efficiently promote the centripetal
movement of BCR microclusters toward the center of B cell IS. As
there is well-documented literature showing that the center area
of B cell IS is the major place where B cells internalize BCRs and
antigens [58], we propose that a delayed contraction of BCR
microclusters into the center of B cell IS will likely decrease the
efficiency of clearing lipid rafts from the B cell IS. Thus, it is of
genuine interest to investigate the spatial and temporal dynamics
of BCRs and lipid rafts during their internalization in B cell IS
under the dual regulation of myosin IIA and dynein motor
proteins. This speculation is especially interesting with the
consideration of the reported studies showing that Myo1C,
a single-headed class I myosin, associates with lipid rafts and
facilitates their translocation from intracellular compartments to
the plasma membrane [59].
Lastly, we showed that the synaptic recruitment of lipid rafts is

triggered by a BCR signaling cascades and is under dual
regulation of BCR inhibitory coreceptor FcgRIIB and activating
coreceptor CD19. These BCR signaling molecules include PI3K,
Vav, and 2 major second messengers: Ca2+ and DAG. It is worth
noting that the function of PI3K and Vav in the synaptic
recruitment of lipid rafts is also recapitulated by the results
showing the enhancing effects of CD19, as it is known that the
cytoplasmic tail of CD19 upon phosphorylation can recruit PI3K
and Vav efficiently to the membrane proximal BCR signalosome
in B cell activation [47]. The enhanced synaptic recruitment of
lipid rafts in a CD19-PI3K-dependent manner is readily con-
firmed in human primary B cells. Moreover, with the use of the
PI3K inhibitor wortmannin, we confirmed that the enhanced
synaptic recruitment of the lipid rafts by CD19 and BCR
coligation is dependent on PI3K activation. Our findings here
provide a mechanistic explanation for the observation in the
literature that the coligation of BCR and CD19 increases the
amount of BCRs that are translocated into lipid rafts and
prolongs their subsequent residency in the lipid rafts [12, 13].
Moreover, the essential function of PI3K in the synaptic
accumulation of lipid rafts in activated B cells mirrors the early
study that T cells expressing PI3K-dead mutant showed the
decreased formation of lipid rafts upon TCR and CD28
coligation [60].
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