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Mature B cells coexpress both IgM and IgD B-cell antigen receptor
(BCR) classes, which are organized on the cell surface in distinct
protein islands. The specific role of the IgD–BCR is still enigmatic,
but it is colocalized with several other receptors on the B-cell sur-
face, including the coreceptor CD19. Here, we report that the che-
mokine receptor CXCR4 is also found in proximity to the IgD–BCR.
Furthermore, B cells from IgD-deficient mice show defects in
CXCL12-mediated CXCR4 signaling and B-cell migration, whereas
B cells from IgM-deficient mice are normal in this respect. CXCR4
activation results in actin cytoskeleton remodeling and PI3K/Akt
and Erk signaling in an IgD–BCR-dependent manner. The defects in
CXCR4 signaling in IgD-deficient B cells can be overcome by anti-
CD19 antibody stimulation that also increases CXCL12-mediated
B-cell migration of normal B cells. These results show that the
IgD–BCR, CD19, and CXCR4 are not only colocalized at nanometer
distances but are also functionally connected, thus providing a
unique paradigm of receptor signaling cross talk and function.
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Bcells recognize antigen by means of their B-cell antigen re-
ceptor (BCR). The BCR consists of the membrane-bound

form of Ig in association with the Igα/Igβ (CD79a/CD79b) sig-
naling subunits (1). Mature B cells express two different BCR
classes, namely IgM and IgD, both having identical antigen
specificity (2). Why mature B cells carry two different BCR
classes on their surface remains a major unanswered question of
immunological research (3, 4). However, recent superresolution
studies of the B-cell surface showed a distinct distribution of
these BCRs inside class-specific protein islands (5). BCR acti-
vation encompasses a sequence of molecular events including the
activation of the spleen tyrosine kinase Syk, the phosphorylation
of tyrosine (Y) in the tail of the Igα/Igβ heterodimer, and the
coreceptor CD19, and the activation of phosphatidylinositol-3-
kinase (PI3K)/Akt and Erk pathways as well as the mobilization
of intracellular calcium (6). Apart from playing a major role in
the antigen-dependent B-cell activation and clonal selection,
the BCR can also integrate signals from other receptors on the
B-cell surface, such as Toll-like receptors (TLRs) (7) and receptors
of the tumor necrosis factor (TNF) family (8, 9). These receptor
cross talks have gained attention in recent years and seem to
involve the actin cytoskeleton (10). Indeed, the disruption of the
actin cytoskeleton alone is sufficient to activate BCR signaling
(11, 12) in a CD19-dependent manner (13). This finding suggests
that signals initiated through receptors, which induce actin
rearrangements, could directly trigger or influence BCR signal-
ing, even in an antigen-independent manner. Accordingly, it was
suggested that cytoskeleton dynamics might be at the basis of the
tonic BCR survival signal (10, 13, 14). An important class of
receptor inducing alterations of the actin cytoskeleton are che-
mokine receptors (CKRs) (15). Mature B cells express several
members of the CKR family, namely CCR6, CCR7, CXCR4, and
CXCR5 (16). Regulation of CXCR4 is of particular interest due
its role in lymphomagenesis, infiltration, and retention of leu-
kemia cells and HIV infection. CXCR4 is expressed throughout

B-cell development but fulfills different functions dependent on
the developmental stage. For example, CXCR4 is necessary to
retain developing B cells in the bone marrow (17) but does not
have this effect on mature B cells. Although CXCR4 plays an
essential role in recruiting germinal center B cells into the dark
zone (18), its role in mature naive B cells is much less clear. We
here show that CXCR4 signaling requires the expression of the
IgD–BCR and CD19, suggesting that these three receptors are
functionally connected during B-cell activation and migration.

Results and Discussion
Signaling Through CXCR4 Depends on the BCR. To assess the role of
the BCR in CXCR4 signaling, we generated BCRneg B cells by
the tamoxifen-induced Cre-mediated deletion of a productive
VH gene as described previously (14, 19) (Fig. 1A). BCRneg and
BCRpos B cells were isolated from tamoxifen-treated mice 8 d
posttreatment and expressed the same amount of CXCR4 on
their surface (Fig. S1A). However, CXCL12 induced a calcium
release only in the BCRpos, but not in the BCRneg B cells, in-
dicating that an intact BCR is required for CXCR4 signaling
(Fig. 1B, Left). The same phenotype was observed when BCRneg

and BCRpos B cells were exposed to the actin-depolymerizing
drug Latrunculin-A (Lat-A), suggesting a central role for the
actin cytoskeleton in the regulation of both receptors (Fig. 1B,
Right). Furthermore, the BCRneg B cells displayed impaired mi-
gration toward CXCL12 in a Transwell migration assay (Fig. 1D).
The exposure of wild-type (WT) splenic B cells to the Syk inhibitor

Bay-61-3606 also prevented the CXCL12 or Lat-A–induced calcium
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release in these cells (Fig. 1C). The Syk-inhibited B cells no longer
responded to BCR engagement (Fig. S1B) and also displayed a de-
fective spreading and actin remodeling in response to CXCL12
stimulation (Fig. 1 E and F). These observations are in line with the
finding that Syk−/− B cells fail to migrate toward CXCL12 (19).
Using a Fab-based proximity ligation assay (Fab-PLA), we previously
showed that the exposure of B cells to Lat-A results in BCR

dissociation (20). The same conformational alterations of the IgM–

and IgD–BCRs are detected by this assay upon CXCL12 stimulation
(Fig. 1G). Together, these results reveal an intimate connection
among CXCR4, the BCR, and actin remodeling. These findings
are reminiscent of previous data, showing that, in T cells, CXCR4
interacts with the TCR and employs Zap70, the T-cell homolog of
Syk, to transduce signals (21–23).
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Fig. 1. Signaling through CXCR4 is coupled to the BCR via Syk and the actin cytoskeleton. (A, Top) Schematic representation of BCR ablation in floxed B1-
8HCknockin ×mb1-creERT2 mice by tamoxifen administration. (Bottom) Representative FACS analysis for IgM and IgD expression in CD21pos, B220pos splenic B
cells after 8 d of tamoxifen administration. (B) Calcium flux measurement of BCRpos (black) and BCRneg (purple) splenic B cells in response to 100 ng/mL CXCL12
(Left) or 1 μM Lat-A (Right). (C) Calcium flux measurement of WT splenic B cells treated with 1 μM Syk inhibitor (gray) and untreated control cells (black) and
stimulated with CXCL12 (Left) or Lat-A (Right). (D) Migration of BCRpos and BCRneg splenic B cells toward CXCL12 over a period of 4 h. (E) Spreading of WT
splenic B cells treated with Syk inhibitor or untreated control cells on surfaces coated with either anti-κ antibody or CXCL12. Cells were allowed to spread for
5 min, and then fixed and stained with DAPI and phalloidin to visualize F-actin. (Scale bar: 5 μm.) Quantification shows percentage of spreading cells per
image. (F) Quantification of cellular F-actin in WT splenic B cells via staining with phalloidin and flow-cytometric analysis after different time points of
CXCL12 stimulation. (G) Fab-PLA analysis of IgM–IgM and IgD–IgD proximity in resting WT splenic B cells compared with cells stimulated with CXCL12 or Lat-A.
(Scale bar: 5 μm.) Calcium flux analyses in B and C are representative of four independent experiments. Migration analyses in D represent median of four or
more independent experiments. F-actin analyses in E and F represent mean ± SD of three independent experiments. PLA analyses in G represent mean ± SD of
six independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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CXCR4-Mediated Responses Specifically Require the IgD–BCR. We
next asked whether the dependence of CXCR4 signaling on the
BCR involved both classes of the BCR (IgM and IgD) on mature
B cells. Hence, we analyzed splenic B cells from WT, IgM−/−,
and IgD−/− mice for their response to CXCL12. We found that
the CXCL12 or Lat-A–induced calcium response required ex-
pression of the IgD– but not the IgM–BCR (Fig. 2A). Impor-
tantly, B cells from all tested mouse models showed similar levels
of BCR expression (Fig. S2A) and responded well upon a direct
stimulation of the BCR with an anti-κLC antibody (Fig. 2A,
Left). The IgD−/− B cells, however, displayed an elevated CXCR4
expression (Fig. S2B), whereas the CXCL12 binding was indis-
tinguishable in WT, IgM−/−, and IgD−/− B cells (Fig. S2C). To
ensure that minor differences in BCR expression are not causing
the loss of CXCL12 induced signaling in IgD−/− B cells, we
normalized the anti-κLC antibody or CXCL12-induced calcium
response to total BCR expression. We observed no difference in
calcium mobilization per BCR for anti-κLC stimulation in WT,
IgM−/−, and IgD−/− B cells (Fig. S2D). These results are in line
with previous findings (24). However, we found a significant
difference for CXCL12 stimulation (Fig. S2E), proving that in-
deed IgD is required for this signal.

In line with the calcium flux data, IgD−/− B cells showed
strongly impaired migration toward CXCL12 (Fig. 2B). Likewise,
actin dynamics in response to CXCL12 were defective in IgD−/−,
but not in IgM−/− B cells (Fig. 2C), indicating that the initiation
of signaling downstream of CXCR4 and subsequent events such
as actin remodeling and migration are all IgD- and Syk-
dependent processes. This was further confirmed by finding
that B-cell spreading on CXCL12-coated surfaces also requires
IgD expression and Syk function (Fig. 2D).
The finding that actin disruption and CXCL12 stimulation

activate similar signaling events suggests a role for the actin cy-
toskeleton in mediating the cross talk between CXCR4 and IgD.
In the light of this alliance and the concept of actin-regulated
protein islands (25, 26), we investigated the proximity of the
BCR and CXCR4 on the B-cell surface by PLA. We found that
CXCR4 is localized in close proximity to the IgD–BCR (Fig. 2E
and Fig. S2G), providing a structural component to the extensive
cross talk.

CXCR4 Signals Are Processed Through CD19 and the IgD–BCR. To
understand how signals through CXCR4 are integrated via the
IgD–BCR, we analyzed the activation of different signaling
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Fig. 2. Signaling through CXCR4 is coupled to IgD, but not IgM. (A) Calcium flux measurement of WT (black), IgM−/− (blue), and IgD−/− (red) splenic B cells in
response to stimulation with 5 μg/mL anti-κ (first panel), 100 ng/mL CXCL12 (second panel), or 1 μM Lat-A (third panel). (B) Migration of WT (black), IgM−/−

(blue), and IgD−/− (red) splenic B cells toward CXCL12 over a period of 4 h. (C) Quantification of cellular F-actin in IgM−/− (first panel, blue) and IgD−/− (second
panel, red) splenic B cells via staining with phalloidin and flow-cytometric analysis after different time points of CXCL12 stimulation in untreated (solid line)
and Syk-inhibited (dashed line) cells. (D) Spreading of IgM−/− and IgD−/− splenic B cells treated with Syk inhibitor or untreated control cells on surfaces coated
with either anti-κ antibody or CXCL12. Cells were allowed to spread for 5 min, and then fixed and stained with DAPI and phalloidin to visualize F-actin.
Quantification shows percentage of spreading cells per image. (E) 1-PLA analysis of CXCR4-Igκ proximity in resting WT, IgM−/−, and IgD−/− splenic B cells. (Scale
bar in D and E: 5 μm.) Calcium flux analyses in A are representative of four independent experiments. Migration analyses in B represent median of six in-
dependent experiments. F-actin analyses in C and D represent mean ± SD of three independent experiments. PLA analyses in E represent mean ± SD of five or
more independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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pathways, which are shared by both receptors. The PI3K/Akt/
Foxo and Erk MAPK signaling pathways are both triggered
downstream of CXCR4 and the BCR (6, 27). In B cells, the PI3K
pathway is strongly regulated by CD19, which is localized in the
vicinity of the IgD–BCR and IgM–BCR on resting and activated
B cells, respectively (20). A Western blot analysis showed that
CXCL12 stimulation induces the tyrosine (Y) phosphorylation of
Y531 on CD19, independently of the expressed BCR class (Fig. 3
and Fig. S3A). In contrast, the expression of the IgD–BCR is re-
quired for the efficient phosphorylation of the PI3K downstream

elements Akt and Foxo and of Erk upon stimulation of B cells
with either CXCL12 or Lat-A, suggesting that the cross talk be-
tween CXCR4 and CD19 is BCR class dependent. An increased
phosphorylation of Y182 of Igα also required IgD–BCR expres-
sion. However, at the level of CD19 and Igα phosphorylation, the
Lat-A treatment of B cells did not resemble CXCL12 stimulation
because cytoskeleton disruption could never induce phosphoryla-
tion of CD19 and even led to dephosphorylation of Igα. These
findings suggest that extensive actin depolymerization may rep-
resent a negative regulatory signal for the BCR. As a control, we
exposed splenic B cells fromWT, IgM−/−, and IgD−/− mice to anti-
κLC antibodies and found no difference of Akt and Erk signaling
in these BCR-activated B cells (Fig. S3B).

CD19 Is a Positive Regulator of CXCR4 Signaling. CD19 has been
described previously as a positive regulator of BCR signaling,
and it was shown that the coengagement of CD19 could signif-
icantly enhance BCR signaling (28). As our data suggest that
CD19 is involved in the cross talk between CXCR4 and the IgD–

BCR, we next asked whether the engagement of CD19 could
enhance CXCR4 signaling. For this, we stimulated splenic B cells
from WT, IgM−/−, or IgD−/− mice with an anti-CD19 antibody
alone or together with either CXCL12 or Lat-A (Fig. 4A). Al-
though anti-CD19 stimulation alone led to a very weak calcium
response, sequential stimulation with anti-CD19 and CXCL12 or
Lat-A induced a very strong response, which was BCR isotype
independent (Fig. 4A). Intriguingly, even stimulation of BCRneg

B cells with anti-CD19 plus CXCL12 or Lat-A induced a calcium
response (Fig. 4B), suggesting that the BCR influences CD19 in
its capacity to integrate signals emanating from CXCR4. Fur-
thermore, because cytoskeleton disruption elicits a highly similar
signaling pattern to CXCL12 stimulation, our data reveal that
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Fig. 4. CD19 acts as a dominant positive regulator of CXCR4 and cytoskeleton disruption induced signaling. (A) Calcium flux measurement of WT (black),
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CD19 (first panel), anti-CD19 + CXCL12 (second panel), and anti-CD19 + Lat-A (third panel). (C) Migration of WT (black), IgM−/− (blue), and IgD−/− (red) splenic
B cells toward CXCL12, anti-CD19, or anti-CD19 plus CXCL12 over a period of 4 h. (D) Migration of BCRpos and BCRneg splenic B cells toward anti-CD19 or anti-
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cross talk between these receptors is likely to be mediated by
actin dynamics. Because in the course of an immune response, B
cells have to be highly mobile, this finding provides an expla-
nation for the severe immunodeficiencies that can result from
mutations of actin regulatory genes (29).
To connect this signaling phenotype to its physiological out-

come, we also investigated migration of B cells toward CXCL12
and anti-CD19 antibody. In line with the signaling data, migra-
tion toward anti-CD19 and CXCL12 was much more efficient
than migration toward CXCL12 alone, whereas anti-CD19 alone
did not lead to a migratory response (Fig. 4 C and D). Inter-
estingly, even IgD−/− and BCRneg B cells, which do not migrate
toward CXCL12 alone, did so after addition of anti-CD19 anti-
body (Fig. 4 C and D). Note that all B cells analyzed express
similar amounts of CD19 on their surface (Fig. S4 A–E). Fur-
thermore, the enhancement of calcium flux via anti-CD19 stimu-
lation does not require CD19 cross-linking, because a monovalent
anti-CD19 Fab fragment is capable of inducing the same result
(Fig. S4F). Finally, CD19-deficient splenic B cells do not respond
to CXCL12 stimulation, neither by mobilizing calcium nor by mi-
grating toward the chemokine (Fig. 5 A and B). Together, these
data reveal the central role for CD19 in mediating signaling
through CXCR4 leading to cell migration.
To complete the picture of signaling through CXCR4 and

CD19, we analyzed the activation of the aforementioned sig-
naling pathways after stimulating splenic B cells with the com-
bination of anti-CD19 and CXCL12 or Lat-A (Fig. S5). We found
that, in all cell types, the Akt/Foxo and Erk pathways were strongly
activated, despite a lack of Igα phosphorylation. We conclude that
CXCR4 integrates its signals through CD19, a process that is di-
rectly aided by the IgD–BCR (Fig. 5B). However, the need for this
BCR-mediated help can be efficiently circumvented by exogenous
stimulation of CD19. The three receptors involved in this signaling
circuit are located in close proximity as shown by our experiments
and previous reports (20). Thus, we propose that the IgD protein
island bears unique functions, such as the efficient integration of
migratory cues from the B cell’s environment, assigning homeo-
static functions specifically to the IgD–BCR. This concept is also of

interest in the context of neoplastic B cells, which are highly de-
pendent on CXCL12 for their growth and survival (30). Our data
provide a unique view on the effects of kinase inhibitors as well as
CKR inhibitors in patients with B-cell lymphomas and suggest
CD19 as an interesting target in cancer therapy.

Materials and Methods
Experimental Mice. We used the following mouse strains in this study:
C57BL/6 WT, IgM−/− (31), IgD−/− (32), CD19−/− B cells from homozygous
CD19creERT2/creERT2 mice (19, 33) and floxed B1-8HCknockin;HCJHT (14) crossed
to mb1-creERT2 mice and induced as reported previously to generate
BCRneg B cells (34). Induced splenic BCRneg B cells were isolated 8 d after
tamoxifen treatment. All animal studies were conducted in mice aged 10–
14 wk and were carried out at the Max Planck Institute of Immunobiology
and Epigenetics animal facilities in accordance with the German Animal
Welfare Act, having been reviewed and approved by the regional council.

Flow Cytometry. Single-cell suspensions of spleen cells were maintained for
short time in FACS buffer, containing PBS and 3% FCS and incubated with Fc
blocking antibody, anti-CD16/CD32 (2.4G2) for 10 min at 4 °C before staining.
For the antibody labeling, cells were incubated in FACS buffer for 15 min at
4 °C, followed by washing with PBS.

Calcium Flux Measurement. For each Ca2+ influx analysis, 106 cells were
loaded with Indo-1 (eBioscience) in Iscove’s medium containing 1% FCS as
described previously (35). Where applicable, additional antibody staining
was performed after Indo-1 loading as described for flow cytometry, but
using medium instead of FACS buffer. The calcium measurement was per-
formed on a BD Fortessa II. In brief, samples were prewarmed at 37 °C for
5 min. Next, baseline was measured for 1 min before addition of the stim-
ulus. Cells were kept at 37 °C during the measurement.

Cell Spreading Assay.Glass slideswere coatedwith 1 μg/mL CXCL12 or 10 μg/mL
anti-κLC in PBS for 1 h at 37 °C followed by one wash with PBS. Cells were
allowed to settle for 5 min at room temperature (RT). After one PBS wash, cells
were fixed with 4% PFA for 10 min at RT followed by permeabilization with
0.5% saponine and phalloidin and DAPI staining. Images were analyzed on a
Zeiss LSM780 CLSM microscope.

Actin Remodeling Analysis. Actin remodeling was analyzed by flow cytometry
after stimulating cells with CXCL12 for different time points, followed by
fixation with PFA for 10 min at RT and permeabilization with 0.5% saponine.
F-actin was stained with phalloidin-A647 (Invitrogen). Biochemical quanti-
fication of F- and G-actin was performed using the G-Actin/F-Actin In Vivo
Assay Biochem Kit (Cytoskeleton Inc.).

Cell Stimulation and Immunoblotting. A total of 2 × 106 primary B cells was
resuspended in 500 μL of Iscove’s medium with 1% FCS and equilibrated at
37 °C for 10 min. Where indicated, cells were preincubated with 1 μM Syk
Inhibitor Bay-61-3606 (Selleckchem) for 45 min at 37 °C. Cells were stimulated
with CXCL12 (PeproTech) at 100 ng/mL, Lat-A at 1 μM (Cayman Chemicals),
anti-κLC at 5 μg/mL (Southern Biotech), anti-CD19 biotin at 10 μg/mL (MB19-1;
BioLegend) for the indicated time and immediately lysed in buffer containing
1% Triton X. Cleared lysates were subjected to 12% SDS/PAGE and subsequent
immunoblotting.

Proximity Ligation Assay and Image Processing. PLA experiments were per-
formed by using PLA-probemaker reagents and Duolink II kit (Olink Bio-
science) as previously described (36) and analyzed in “Blobfiner” software
as described before (35, 37). The following purified antibodies were used:
anti-κLC (RMK-12; BioLegend), anti-CXCR4 (L276F12; Biolegend), anti-IgD
(MBS673001; Biozol), and anti-IgM (Biozol).
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Fig. 5. CD19 is the linchpin between CXCR4, the BCR, and the actin cyto-
skeleton. (A) Calcium flux measurement of WT (black) and CD19−/− (green)
splenic B cells in response to 100 ng/mL CXCL12. (B) Migration of WT (black)
and CD19−/− (green) splenic B cells toward CXCL12 over a period of 4 h.
Calcium flux analyses in A and migration analysis in B are representative of
four and six independent experiments, respectively. (C) Schematic represen-
tation shows plasma membrane localization of IgM and IgD on mature
B cells and chemokine receptor CXCR4 that resides in the IgD–CD19 island.
Upon engagement of CXCL12, CXCR4 triggers a multitude of signals in-
cluding actin remodeling. As a result of actin remodeling, a Syk-dependent
BCR signal, specifically through the IgD–BCR, is triggered, and a feedforward
loop is initiated that induces Ca2+ influx, Akt/Foxo1 and Erk pathway activation
in addition to F-actin reorganization. The later part of actin remodeling could
also be initiated by cytoskeleton disruption using Lat-A, thus enabling the
study of the effect of the chemokine-driven actin remodeling on the BCR.
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