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Formation of the B cell synapse: retention or recruitment?
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Abstract. Interaction of B cells with membrane antigen
results in the formation of the B cell synapse: the B cell 
receptor (BCR) and antigen concentrate in the contact
zone while CD45/B220 and the phosphatase SHP-1 are
excluded. This study shows that, unlike in T cells, synapse
formation does not require active transport processes
(while subsequent antigen extraction and IgM downregu-
lation do). The synapse architecture depends on the avail-
able protein ligands in the contact zone. Thus Syk, IgM
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and Fc receptor accumulation require the presence of
ITAM-bearing BCRs, membrane antigen and membrane
(IgG-containing) immune complexes, respectively. Re-
markably, non-bound proteins are frequently not only ho-
mogeneously distributed but excluded from the contact
zone. These results suggest that proteins mainly reach the
contact zone by undirected diffusion, and in order not to
be expelled by molecular crowding they require capture
by and fixation to a binding protein.
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locities to significantly exceed the speed expected from
undirected diffusion [16]. These observations stand only
in apparent contradiction to mathematical models which
showed that the receptor pattern observed during T cell
synapse formation can be generated spontaneously [17,
18]: the ‘active’ change of biophysical properties (e.g.
transport velocity of the TCR, membrane stiffness) that is
observed in experiments can be expected to be necessary
to generate conditions similar to those used in the models.
Signaling precedes synapse formation [12, 19], and is
likely to trigger the cytoskeletal polarization and receptor
redistribution [20]. Here it is important to note that despite
the failure to form a mature synapse, small protein segre-
gation structures can still be observed in contact zones
when cytoskeletal processes are inhibited [12, 13]. Segre-
gation of proteins in these transient small (cytochalasin
D-resistant) clusters is likely to be driven by the different
lengths of the extracellular protein domains [20]. Clusters
of CD3z may then initiate T cell signaling [12].
Receptor densities, ligand affinities as well as the extra-
cellular length of receptor-ligand complexes differ greatly
between the T and B cell synapse and mechanistic details

Cell-cell interaction is important for immunological sur-
veillance. Detailed studies of the contact zones between
lymphocytes (B cells, T cells and NK cells) and their 
target cells have revealed large protein segregation struc-
tures [1], which have been shown to be important for lym-
phocyte activation [2]. Moreover, protein transfer between
the cells has frequently been observed [3–8]. In analogy 
to neural synapses, these structures have been termed the
‘immunological synapse’ (IS) [9]. The B cell synapse is
characterized by IgM and antigen concentration in the con-
tact zone, from which the inhibitory proteins CD45/B220,
CD22 and SHP-1 are excluded [4]. About the mechanism
by which the B cell synapse forms little is known.
T helper cell synapse formation has been studied in
greater detail and has been shown to require active cy-
toskeletally driven movement of proteins [9–15]. The im-
portance of active transport processes is corroborated by
a study that found the range of T cell receptor (TCR) ve-
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of synapse formation may thus be very different. In con-
trast to what is observed in T cells, this study shows that
(while antigen acquisition is compromised), the B cell
synapse can still form when signal initiation at the B cell
receptor (BCR) is prohibited and active transport pro-
cesses are impaired. Moreover, the segregation pattern of
both membrane and cytoplasmic proteins are shown to de-
pend on the availability of binding sites within the contact
zone while a dependency on the length of the extracellular
domain as suggested by the topological model [21] could
not be noticed. Together, these data suggest a diffusion and
capture mechanism for B cell synapse formation: recep-
tors mainly reach the contact zone by diffusion and require
a binding partner in order  retained and not excluded by
molecular crowding. Implications for affinity discrimina-
tion by B cells are discussed. 

Materials and methods 

Reagents 
Goat anti-mouse IgM and rat anti-CD45/B220 were
bought from Southern Biotechnology, PE-anti-FcgRII/III
was obtained from Pharmingen, and rabbit anti CD72, 
-SHP-1 and -Syk antibodies were all purchased from
Santa-Cruz Biotechnology. Anti-hen egg lysozyme (HEL)
antibodies were prepared from the F10 hybridoma which
was a kind gift of Smith-Gill. Biotinylated anti-rabbit anti-
body was obtained from Amersham Pharmacia Biotech,
FITC-streptavidin from Dako, and FITC-anti-rat, latrun-
culin A and genestein from Sigma. Phalloiding-rhodamine
was purchased from Molecular Probes. Primary antibodies
were used at 10 mg/ml. Secondary antibodies were diluted
to up to 2 mg/ml to avoid unspecific reactivity.

Cells and mice 
MD4 [22] as well as HEL, IgM/b (bet), IgM/bY Æ L (bmut)
mice [23] and J558L[mHEL] target cells expressing mem-
brane HEL [4] have been described before. Target cells
expressing membrane HEL fused to intracellular GFP
were obtained by transfecting SBM3.1 cells with plasmid
FDB172 (kind gift of F. D. Batista), where the HEL se-
quence had been inserted into the pEGFP(N1) vector from
Invitrogen. J558L[mIC] target cells were generated by 
incubating J558L[mHEL] with 10 mg/ml mouse IgG1 anti-
HEL antibody for 30 min on ice prior to use. 

Inhibitor study 
For inhibitor studies, MD4 or HEL lymphocytes were in-
cubated with 1 mM latrunculin A, 0.25 mM genestein or
10 mM sodium azide for 2 h prior to as well as during 
the experiments. Both 1 mM latrunculin A and 10 mM
sodium azide did not increase the signal for propidium io-
dide (PI) staining as judged by FACS; 0.25 mM genestein
has been found before to be the optimal concentration for

inhibiting B cell signaling [24] but leads to a small in-
crease in the PI signal. 

Confocal microscopy 
107/ml lymphocytes and 5 ¥ 106/ml target cells were
mixed and incubated at 37°C on poly-L-lysine coated
slides for the times indicated before being fixed with ei-
ther 4% paraformaldehyde at room temperature (RT) or
with ice-cold methanol on ice. Cells (except for CD72
staining) were further permeabilized with 0.3% Triton X-
100 and blocked overnight in 1% BSA. Cells were stained
with the primary antibodies for 1–2 h at RT, washed, in-
cubated with a secondary antibody for 45 min and with
the third reagent for 30 min where applicable. Confocal
images were acquired using a Nikon E-800 microscope
attached to a BioRad Radiance Plus scanning system
equipped with 488-nm and 543-nm lasers, as well as dif-
ferential interference contrast for transmitted light. Im-
ages were processed using BioRad Lasersharp 2000 soft-
ware. Statistics were based on the analysis of at least five
confocal fields, each harboring in general between 20 and
60 B cells. The error bars indicate the standard deviation
between means obtained for each field. Results are repre-
sentative of at least three independent experiments. 

FACS analysis 
All reactions (100 ml of 106/ml lymphocytes with 100 ml
of 5¥105/ml J558L[mHEL] target cells or as indicated)
were incubated for the indicated times in 96-well plates at
37°C. The reactions were stopped by placing the cells on
ice. Cells were subsequently stained for 25 min on ice and
analyzed by FACSCalibur as triplicates immediately after
staining was complete. Error bars indicate the standard
deviation between the triplicates. Results are representa-
tive of at least three independent experiments. 

Results

Active transport processes are involved in membrane
antigen acquisition but appear dispensable for B cell
synapse formation 
Active transport processes were inhibited by treating B
cells with either sodium azide, which depletes cells of
ATP, or with latrunculin A, which inhibits actin poly-
merization [25–27]; new tyrosine phosphorylation after
BCR-linked activation was inhibited with genestein [28].
Treatment of B cells with 10 mM sodium azide, 1 mM la-
trunculin A or 0.25 mM genestein prior to and during the
co-incubation with antigen-displaying cells neither pro-
hibited IgM and antigen concentration in the contact zone
(fig. 1A–B) nor the exclusion of CD45/B220 (fig. 1C) and
SHP-1 (fig. 1D). A difference could, however, be noted in
the rapidity and extent of CD45 and SHP-1 exclusion as
well as in the kinetics of synapse dissolution. Thus pro-
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tein exclusion appeared slightly less efficient in the pres-
ence of the inhibitors (especially with genestein) and a
quantitative analysis of B cell synapse formation revealed
that synapse dissolution was retarded in the presence of 
inhibitors (fig. 1B, C). The quantitative analysis was con-
ducted by determining the fraction of IgM-positive lym-
phocytes that had concentrated antigen in a contact zone
with the antigen-displaying target cells. The retarded
synapse dissolution was observed with both splenic B
cells from transgenic MD4 mice expressing IgM specific
for the HEL HyHEL10 epitope (fig. 1A) and with splenic
B cells from HEL mice expressing IgM specific for the
HEL D1.3 epitope (fig. 1B). The different extent to
which MD4 and HEL B cells formed synapses correlated
well with the affinity difference for the antigen HEL
(HyHEL10 Ka = 5 ¥ 1010 M–1 [29–31] and D1.3 Ka = 3 ¥
108 M–1 [32–35]). 
Despite successful synapse formation, azide, latrunculin
A and genestein reduced the efficiency of membrane
antigen-induced IgM downregulation as judged by FACS
analysis (fig. 2A, B) and affected membrane antigen 
acquisition (Fig. 2C, D). IgM downregulation was assessed
by incubating B cells with J558L[mHEL] target cells for
the indicated times and staining the cells with FITC-anti-
CD45/B220 and PE-anti-IgM on ice for 25 min. IgM sur-
face expression was altered in the presence of inhibitors
(fig. 2A) such that the inhibitory effect can be judged
better when relating the IgM loss to the initial BCR den-
sity (fig. 2B). Negative times refer to times cells were
kept on ice for staining. Antigen acquisition was deter-
mined by analyzing the transfer of GFP-fused antigen

from target cells to CD45/B220-stained lymphocytes by
FACS. The proportion of B cells that adsorbed antigen in-
creased rapidly at the beginning of the reaction and more
slowly toward the end (fig. 1D). The total amount of anti-
gen associated with B cells increased within the first 60
min, before the level declined (presumably due to antigen
degradation) (fig. 2C). Azide and genestein delayed anti-
gen acquisition and impaired a subsequent decline in the
antigen levels (and thus presumably antigen uptake
and/or degradation). Such an energy dependence of inter-
nalization has previously been reported for NK cells [5].
On the other hand, latrunculin A treatment caused a rela-
tive increase in the antigen levels on B cells. This is un-
likely to reflect facilitated antigen acquisition but rather
hints at a block in antigen uptake (and thus subsequent
degradation). 
Effective antigen acquisition thus requires energy and
general cell signaling but not the remodeling of the cy-
toskeleton, while antigen uptake and degradation require
both. A similar dependency on active transport processes
was not noted for B cell synapse formation. 

ITAM sequences are not required for synapse  
formation but for Syk recruitment to the contact zone  
Although synapse formation proceeds at inhibitor con-
centrations that compromise IgM downregulation and
antigen acquisition, the use of inhibitors always leaves the
possibility that effective concentrations are lethal, and that
the antigen extraction process is only more sensitive. This
especially applies to genestein, effective concentrations
(0.25 mM) of which had already a rather strong general

Figure 1. Latrunculin, azide, and genestein do not prohibit B cell synapse formation. Time dependent fraction of MD4 (A) or HEL (B)
splenic B cells that form synapses with J558L[mHEL] target cells. CD45/B220 (C) and SHP-1 (D) are excluded from contact zones formed
by MD4 B cells with J558L[mHEL] target cells (contact zones were defined by IgM accumulation and are marked by arrowheads).
C57BL/6 B cells are unspecific for the antigen. (Inhibitor treatment is indicated in each panel.)
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detrimental effect compared with latrunculin A or azide.
Doubling the concentration of genestein led to consider-
able cell death and fully inhibited synapse formation
(data not shown). The impact of cell signaling on B cell
synapse formation was therefore also analyzed using
splenic B cells bearing a signaling-incompetent HEL-spe-
cific BCR (D1.3 epitope). The BCR expressed in these
transgenic mice is a chimera composed of mouse m and 
rat kIg chains directly linked through a hydrophobic trans-
membrane segment to the cytoplasmic domains of either
Igb, or a mutated Igb whose ITAM tyrosines are substi-
tuted by leucines (IgM/bY Æ L) [23]. This substitution leads
to the destruction of the recruitment site for the kinase
Syk. The transmembrane segment (which derives from the
mouse H-2Kb gene) confers sheath-independent surface
transport [36] and the receptors do not show detectable 
association with endogenous Iga or Igb chains [37].
The IgM/b Y Æ L B cells had previously been reported to
be signaling defective and not to upregulate CD86 upon
IgM cross-linking [23]. Figure 3 confirms that mem-
brane-bound antigen (J558L[mHEL]) also cannot acti-
vate IgM/bY Æ L. Note that activation is also severely com-
promised (though not impossible) in IgM/b B cells, which
is in agreement with experiments that report an important
role for Iga in B cell activation [38].
Despite the failure of IgM/bY Æ L to support B cell activa-
tion, synapse formation could still be detected. IgM and
antigen concentration in, as well as CD45/B220 and SHP-
1 exclusion from the contact zone of IgM/bY Æ L B cells
(fig. 4A–C) were at least as strong as with IgM or IgM/b
B cells; SHP-1 exclusion from the IgM/b synapse was

generally only observed once IgM had disappeared from
the contact zone, suggesting that SHP-1 exclusion is
slower, as loss of IgM from the contact zone generally
marks a later step during B cell synapse maturation. The
main defects of the IgM/bY Æ L synapse are a strongly re-
tarded dissolution (fig. 4D) and a much lower efficiency
in acquiring membrane antigen (fig. 4E). Moreover, Syk
only accumulated in the IgM and IgM/b synapse but not
in the IgM/bY Æ L synapse (fig. 4F). Remarkably, Syk was,
however, not only found to be homogeneously distributed
in IgM/bY Æ L B cells but was frequently excluded from
the contact zone 30 min after mixing the cells (fig. 4F).

Figure 2. Latrunculin azide, and genestein impair IgM downregulation and antigen acquisition. IgM surface levels (A, B) and the level of
GFP-fused antigen acquisition (C, D) were determined for C57BL/6 and MD4 B cells that had been incubated with J558L[mHEL] target
cells for the indicated times under the specified conditions. IgM levels are either given in absolute values (A) or relative to the initial stain-
ing (B). Note that the inhibitors affected the initial staining intensity for IgM. Time dependent HEL-GFP acquisition by B cells (C). Fraction
of B cells with acquired GFP-fused antigen over time (D). All results are representative of at least three independent experiments.

Figure 3. CD86 upregulation of B cells in response to soluble or
membrane-bound antigen. Cultured splenocytes from transgenic
mice expressing either unspecific BCR, IgM (HyHEL10), IgM
(D1.3), IgM/b (D1.3), or IgM/bYÆL (D1.3) were incubated for 24 h
with medium alone, in the presence of 1 mM HEL, 5 ¥ 105/ml J558L
or 5 ¥ 105/ml J558L[mHEL] target cells. Splenocytes were stained
with PE-anti-CD45/B220 and FITC-anti-CD86. The profiles were
gated by size and for CD45/B220+ lymphocytes. All results are 
representative of at least three independent experiments.
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Figure 4. A signaling-competent BCR is not required for B cell
synapse formation. B cells (smaller cells) expressing either IgM/b
(D1.3), or IgM/bYÆL (D1.3) concentrate (A) IgM (red) and antigen
(HEL, green) in the contact zone with J558L[mHEL] (larger cells),
from which CD45/B220 (green) (B) and SHP-1 (green) (C) are ex-
cluded. (D) Fraction of B cells expressing either an unspecific BCR
(black line), or HEL-specific IgM (D1.3) (red line), IgM/b (D1.3)
(green line), IgM/bYÆL (D1.3) (blue line) which form synapses upon
co-incubation with J558L[mHEL] target cells for the indicated
times. (E) Fraction of synapsed B cells expressing either HEL-spe-
cific IgM (D1.3) (red line), IgM/b (D1.3) (green line), or IgM/bYÆL

(D1.3) (blue line), which have acquired antigen after the indicated
times. These results represent the average from at least 30 counted
synapses. (F) HEL-specific IgM (D1.3) and IgM/b (D1.3) B cells 
accumulate Syk (green) in the contact zone with J558L[mHEL]. 
(G) Syk is excluded from IgM/bYÆL (D1.3) synapses.

F

F

IgM/b Y Æ L lacks the ITAM sequences required for Syk
binding and this observation thus suggests that retention
of a protein in the contact zone requires the availability 
of a binding side, and unbound proteins may become 
excluded by molecular crowding. An observation that is 
illustrated by one image of the IgM/b synapse but which
applies to all three B cell types is that Syk was frequently
invisible in synapsed B cells (while being well visible in
adjacent non-synapsed B cells). This may be due to a con-
formational change in Syk which may alter the epitope to
which the Syk-specific antibody binds. Syk degradation
is a less likely explanation. 

Differential segregation of proteins in the BCR 
and Fc synapse 
If synapse formation is indeed mainly enabled by protein
diffusion and subsequent capture in the contact zone,
synapses (though with a different architecture) should also
form in response to non-cognate IgG-containing immune
complexes, which will engage the Fc receptor on B cells.
Indeed presenting B cells with non-cognate IgG-contain-
ing immune complexes resulted in the accumulation of
immune complexes (fig. 5A) and FcgRIIb1 (fig. 5D) but
not of IgM (fig. 5D) in the contact zone. This synapse
type will be referred to as an Fc synapse. In the BCR

Figure 5. The Fc synapse. Unspecific B cells or HEL-specific
(HyHEL10) B cells (MD4) (smaller cells) were incubated with 
either J558L[mAg] or J558L[mIC]. Antigen (green) is concen-
trated in the contact zones formed between unspecific B cells and
J558L[mIC] target cells, and HEL-specific B cells with either
J558L[mAg] or J558L[mIC] target cells. (A–C)  IgM (green) (D–F)
and Syk (green) (G–I) are concentrated in the contact zone formed
by HEL-specific (E–I) but not by HEL-unspecific B cells (D, G),
while FcR (red) is only concentrated in contact zones formed with
J558L[mIC] (D, E) but not with J558L[mAg] (F).
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synapse, which forms upon encounter with (uncomplexed)
membrane antigen, IgM is included in and FcgRIIb is 
excluded from the contact zone (fig. 5F). Both receptors
are included in the contact zone formed with cognate
IgG-containing membrane immune complexes (fig. 5E).
As before, non-bound receptors were frequently not only
homogeneously distributed but rather excluded from the
contact zone. Similar observations were made with the
kinase Syk, which only concentrated in the IgM-contain-
ing contact zones, but not in those from which IgM was
excluded (fig. 5G–I). 

Discussion

The results presented here show that B cell synapses can
still form even if BCR-initiated signaling processes are
prohibited and active transport processes are inhibited to
a degree that IgM downregulation, antigen transfer and
synapse dissolution are impeded. The analysis of signal-
ing-defective BCR mutants excludes the possibility that
these observations only reflect secondary effects of em-
ployed inhibitors. Thus, the proteins that accumulate in
the contact zone between B cells and antigen-displaying
target cells apparently get there mainly by undirected dif-
fusion. Retention in the contact zone requires the avail-
ability of binding partners and removal of such a binding
site frequently results in the exclusion (and not only the
homogeneous distribution) of the protein. Protein exclu-
sion from the contact zone may therefore be driven by
molecular crowding, and thus be also mainly undirected.
Such a diffusion and capture mechanism is not unprece-
dented [39] and offers an explanation for how B cells
discriminate between a wide range of binding affinities as
is discussed below. 
Other passive mechanisms such as segregation of protein
complexes according to their extracellular length (topo-
logical model [21]) or by association with certain lipid
domains, termed rafts [40], are less likely to play a role.
While topographical differences can, in principle, assist
receptor segregation [17, 18, 21], the extracellular do-
main of IgM-antigen/immune complexes is rather long,
which will reduce such a driving force for protein expul-
sion. The minor impact of receptor length on receptor lo-
calization in the B cell synapse is illustrated particularly
well by the distribution of IgM and FcgRIIB1 in the B
cell synapse formed with either membrane antigen or un-
specific IgG-containing membrane immune complexes.
While the exclusion of IgM from the Fc synapse may be
in agreement with a topographic model which suggests
that longer receptors are excluded, exclusion of FcR
from the BCR synapse would certainly not be. These re-
sults agree with the observation that a large segregation
pattern in the T cell synapse requires active transport
processes [9–15].

While the role of lipid rafts in driving lymphocyte synapse
formation and signaling remains controversial [41–43],
the fact that changes in the extracellular binding partner
(antigen versus immune complexes) and a mutation in the
cytoplasmic motif far away from the membrane (both of
which are unlikely to affect the lipid environment directly)
did alter the localization of proteins suggests that the im-
pact of lipid domains on protein localization is at least not
very strong. Indirect effects, in that recruitment of a factor
is necessary for subsequent raft recruitment, would limit
the effects of rafts to an amplifying process. Of interest in
this context is to note that viable concentrations (2 mM) of
the raft-disrupting, cholesterol-extracting drug b-methyl-
cyclodextrin neither affected B cell synapse formation
nor antigen acquisition while antigen degradation was
impaired [D. Iber, unpublished observations]. Given the
high sensitivity of B cells to this drug, one cannot how-
ever exclude that degradative processes are more sensi-
tive than B cell synapse formation or antigen acquisition
and that a removal of raft lipids sufficient to impair B cell
synapse formation is lethal. 
That B cells but not T cells can form synapses in the 
absence of active cytoskeletally mediated transport
processes is likely to be accounted for by the differences
in affinity and density of interactions. Only at high anti-
gen density and high interaction affinity will the density
of receptors be large enough to exclude other unbound
proteins from the contact zone. In agreement with this,
synapse formation appears to be weaker if the interaction
affinity is reduced (fig. 1B, C) as well as if antigen is dis-
played at a lower density [44, D. Iber, unpublished obser-
vations]. Of interest will be to investigate the importance
of active transport processes in a low-affinity, low-density
system, as this would correspond to the physiological sit-
uation at the onset of an immune response.
Antigen internalization, on the other hand, clearly depends
on active processes, even though the initial adsorption
process appears not to require remodeling of the cyto-
skeleton (an observation similar to one made with T cells
[45]). The extent of antigen internalization as well as the
efficiency of targeting to processing compartments is thus
likely to reflect the strength of B cell signaling that is
elicited by the antigen. 
How the affinity of antigen binding is translated into a dif-
ferential cellular signal is an enigma. This paper provides
evidence that B cell synapse formation is mainly driven by
passive processes and suggests that proteins that lack a
binding partner in the contact zone become expelled by
molecular crowding. All proteins that have so far been re-
ported to localize to the contact zone exhibit an activating
function (such as Syk, PLC-g) while excluded proteins are
known to be inhibitory (such as SHP-1, CD22, CD45). A
spatial separation may trigger B cell signaling by having a
similar effect as a direct phosphatase inhibition, which has
been shown to be sufficient for B cell activation even in
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the absence of antigen or anti-IgM antibodies [46, 47]. B
cells may discriminate between different affinities of bind-
ing on the basis of the different extent to which protein
segregation is triggered. Lower-affinity interactions will
engage fewer receptors in the contact zone and thus lead to
less inhibitor expulsion. According to such a model, the
affinity threshold would correspond to the affinity that en-
ables sufficient protein segregation to trigger B cell sig-
naling, and the affinity ceiling would correspond to the
affinity for which maximal protein segregation is ob-
tained, and thus the B cell response does not improve any
further with increasing BCR affinity. 
This model of B cell activation provides an explanation for
the different discrimination ranges observed for soluble
antigen and for antigen presented either on a small particle
or a large surface [48]. Displaying antigen on a surface (in-
dependent of its size) will facilitate receptor segregation
and thus lower the affinity threshold compared to soluble
antigen. The affinity ceiling on the other hand can be ex-
pected to be attained at a lower affinity if antigen is pre-
sented on a small particle as compared to a large surface,
since the smaller contact zone will be filled with IgM al-
ready at a lower affinity, thus resulting in maximal inhibitor
exclusion already at a lower affinity. Factors that interact
with inhibitory proteins in the contact zone (e.g. a2,6-linked
sialoglycoconjugates with CD22, and IgG antibodies with
FcR) will increase the affinity threshold by opposing ex-
clusion of the inhibitor by molecular crowding.
While the existence of the Fc synapse provides support
for the notion that co-receptor engagement can affect the
detailed B cell synapse architecture and thereby presum-
ably tune B cell signaling and responsiveness, it also
raises new questions. Under physiological conditions the
majority of B cell contacts will be with immune com-
plexes for which the B cell is not specific. In that case, Fc
synapse formation will lead to the homoaggregation of
Fc receptor which has been reported to result in B cell
apoptosis [49–51]. Mechanisms will therefore need to ex-
ist to avoid random loss of B cells from the peripheral
pool in response to Fc receptor engagement by unspecific
immune complexes. Fc receptor downregulation has been
reported for germinal center B cells [52, 53] and it will be
important to see how far this extends to other peripheral
B cells and what the signals are for a downregulation. 

Acknowledgements. Many thanks to R. D. Beale, M. S. Neuberger
and G. T.Williams for helpful discussions, B. Amos and S. Reichelt
for help and advice with confocal microscopy, S. L. Davies and staff
from the biomedical facilities for help with mice, and to all those
who provided antibodies, plasmids, transgenic mice and cell lines.

1 Kupfer A. and Kupfer H. (2003) Imaging immune cell interac-
tions and functions: Smacs and the immunological synapse.
Semin. Immunol. 15: 295–300 

2 Huppa J. B., Gleimer M., Sumen C. and Davis M. M. (2003)
Continuous T cell receptor signaling required for synapse main-
tenance and full effector potential. Nat. Immunol. 4: 749– 755

3 Huang J.-F., Yang Y., Sepulveda H., Shi W., Hwang I., Peterson
P. A. et al. (1999) TCR-mediated internalization of peptide-
MHC complexes aquired by T cells. Science 286: 952–954 

4 Batista F., Iber D. and Neuberger M. (2001) B cells acquire
antigen from target cells after synapse formation. Nature 411:
489–494 

5 Carlin L., Eleme K., McCann F. and Davis D. (2001) Intercel-
lular transfer and supramolecular organization of human leuko-
cyte antigen C at inhibitory natural killer cell immune synapse.
J. Exp. Med. 194: 1507–1517 

6 Tabiasco J., Espinosa E., Hudrisier D., Joly E., Fournie J.-J. and
Vercellone A. (2002) Active trans-synaptic capture of mem-
brane fragments by natural killer cells. Eur. J. Immunol. 32:
1502–1508 

7 Espinosa E., Tabiasco J., Hudrisier D. and Fournie J.-J. (2002)
Synaptic transfer by human gamma delta T cells stimulated
with soluble or cellular antigens. J. Immunol. 168: 6336–6343

8 Davis D. M., Igakura T., McCann F. E., Carlin L. M., Anders-
son K., Vanherberghen B. et al. (2003) The protean immune 
cell synapse: a supramolecular structure with many functions.
Semin. Immunol. 15: 317–324 

9 Grakoui A., Bromley S., Sumen C., Davis M., Shaw A., Allen P.
et al. (1999) The immunological synapse: a molecular machine
controlling T cell activation. Science 285: 221–227 

10 Wulfing C., Sjaastad M. D. and Davis M. M. (1998) Visualiz-
ing the dynamics of T cell activation: intracellular adhesion
molecule 1 migrates rapidly to the T cell/B cell interface and
acts to sustain calcium levels. Proc. Natl. Acad. Sci. USA 95:
6302–6307

11 Wulfing C. and Davis M. M. (1998) A receptor/cytoskeletal
movement triggered by costimulation during T cell activation.
Science 282: 2266–2269

12 Krummel M., Sjaastad M., Wulfing C. and Davis M. (2000) Dif-
ferential clustering of CD4 and CD3zeta during T cell recogni-
tion. Science 289: 1349–1352

13 Dustin M., Olszowy M., Holdorf A., Li J., Bromley S., Desai 
et al. (1998) A novel adaptor protein orchestrates receptor 
patterning and cytoskleletal polarity in T cell contacts. Cell 94:
667–677

14 Allenspach E., Cullinan P., Tong J., Tang Q., Tesciuba A., Can-
non J. et al. (2001) ERMdependent movement of CD43 defines
a novel protein complex distal to the immunological synapse.
Immunit. 15: 739–750

15 Delon J., Kaibuchi K. and Germain R. (2001) Exclusion of
CD43 from the immunological synapse is mediated by phos-
phorylation-regulated relocation of the cytoskeletal adaptor
moesin. Immunity 15: 691–701

16 Moss W. C., Irvine D. J., Davis M. M. and Krummel M. F.
(2002) Quantifying signaling-induced reorientation of T cell 
receptors during immunological synapse formation. Proc. Natl.
Acad. Sci. USA 99: 15024–15029

17 Qi S., Groves J. and Chakraborty A. (2001) Synaptic pattern
formation during cellular recognition. Proc. Natl. Acad. Sci.
USA 98: 6548–6553

18 Burroughs N. and Wulfing, C. (2002) Differential segregation
in a cell-cell contact interface: the dynamics of the immuno-
logical synapse. Biophys. J. 83: 1784–1796

19 Lee K.-H., Holdorf A., Dustin M., Chan A., Allen P. and Shaw,
A. (2002) T cell receptor signaling precedes immunological
synapse formation. Science 295: 1539–1542

20 Merwe A. P. van der,  Davis S. J., Shaw A. S. and Dustin M. L.
(2000) Cytoskeletal polarization and redistribution of cell-sur-
face molecules during T cell antigen recognition. Semin. Im-
munol. 12: 5–21

21 Davis S. and Merwe P. van der  (1996) The structure and ligand
interactions of CD2: implications for T-cell function. Immunol.
Today 17: 177–87

22 Goodnow C. C., Crosbie J., Adelstein S., Lavoie T. B., Smith-
Gill S. J., Brink R. A. et al. (1988) Altered immunoglobulin 



CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Research Article 213

expression and functional silencing of self-reactive B lympho-
cytes in transgenic mice. Nature 334: 676–682

23 Teh Y. and Neuberger M. (1997) The immunoglobulin (Ig)alpha
and Igbeta cytoplasmic domains are independently sufficient to
signal B cell maturation and activation in transgenic mice. J.
Exp. Med. 185: 1753–1758

24 Pure E. and Tardelli, L. (1992) Tyrosine phosphorylation is re-
quired for ligand-induced internalization of the antigen receptor
on B lymphocytes. Proc. Natl. Acad. Sci. USA 89: 114–117

25 Spector I., Shochet N., Kashman Y. and Groweiss A. (1983)
Latrunculins: novel marine toxins that disrupt microfilament
organization in cultured cells. Science 214: 493–495

26 Coue M., Brenner S., Spector I. and Korn E. (1987) Inhibition of
actin polymerization by latrunculin A. FEBS Lett. 213: 316–318

27 Morton W., Ayscough K. and McLaughlin P. (2000) Latrunculin
alters the actinmonomer subunit interface to prevent polymer-
ization. Nat. Cell Biol. 2: 376–378

28 Lane P., Ledbetter J., McConnell F., Draves K., Deans J.,
Schieven G. et al. (1991) The role of tyrosine phosphorylation
in signal transduction through surface Ig in human B cells: 
inhibition of tyrosine phosphorylation prevents intracellular
calcium release. J. Immunol. 146: 715–22

29 Lavoie T., Drohan W. and Smith-Gill S. (1992) Experimental
analysis by site-directed mutagenesis of somatic mutation ef-
fects on affinity and fine specificity in antibodies specific for
lysozyme. Eur. J. Immunol. 148: 503–513

30 Smith-Gill S., Wilson A., Potter M., Prager E., Feldmann R. and
Mainhart C. R. (1982) Mapping the antigenic epitope for a mon-
oclonal antibody against lysozyme. J. Immunol. 128: 314–322

31 Kam-Morgan L. N., Smith-Gill S. J., Taylor M. G., Zhang L.,
Wilson A. C. and Kirsch J. F. (1993) High-resolution mapping
of the HyHEL-10 epitope of chicken lysozyme by site-directed
mutagenesis. Proc. Natl. Acad. Sci. USA 90: 3958–3962.

32 Mariuzza R. A., Jankovic D. L., Boulot G., Amit A. G., Saludjian
P., Le Guern A. et al. (1983) Preliminary crystallographic study
of the complex between the Fab fragment of a monoclonal anti-
lysozyme antibody and its antigen. J. Mol. Biol. 170: 1055–1058

33 Amit A. G., Mariuzza R. A., Phillips S. E. and Poljak R. J. (1986)
Three-dimensional structure of an antigen-antibody complex at
2.8 Å resolution. Science 233: 747–753

34 Tello D., Spinelli S., Souchon H., Saul F. A., Riottot M. M., Mar-
iuzza R. A. et al. (1990) Three-dimensional structure and anti-
gen binding specificity of antibodies. Biochimie 72: 507–512

35 Foote J. and Winter G. (1992) Antibody framework residues 
affecting the conformation of the hypervariable loops. J. Mol.
Biol. 224: 487–499

36 Williams G., Dariavach P., Venkitaraman A., Gilmore D. and
Neuberger, M. (1993) Membrane immunoglobulin without
sheath or anchor. Mol. Immunol. 30: 1427–1432

37 Patel K. and Neuberger M. (1993) Antigen presentation by the
B cell antigen receptor is driven by the a/b sheath and occurs
independently of its cytoplasmic tyrosines. Cell 74: 939–946

38 Wienands J. and Engels N. (2001) Multitasking of Ig-alpha and
Ig-beta to regulate B cell antigen receptor function. Int. Rev.
Immunol. 20: 679–696

39 Rudner D. Z., Pan Q. and Losick R. M. (2002) Evidence that
subcellular localization of a bacterial membrane protein is
achieved by diffusion and capture. Proc. Natl. Acad. Sci. USA
99: 8701–8706

40 Miceli M., Moran M., Chung C., Patel V., Low T. and Zinnanti,
W. (2001) Costimulationand counter-stimulation: lipid raft clus-
tering controls TCR signaling and functional outcomes. Semin.
Immunol. 13: 115–128

41 Pizzo P., Giurisato E., Tassi M., Benedetti A., Pozzan T. and 
Viola A. (2002) Lipid rafts and T cell receptor signaling: a crit-
ical re-evaluation. Eur. J. Immunol. 32: 3082–3091

42 Munro S. (2003) Lipid rafts: elusive or illusive. Cell 115:
377–388

43 Glebov O. O. and Nichols B. J. (2004) Lipid raft proteins have
a random distribution during localized activation of the T-cell
receptor. Nat. Cell. Biol. 6: 238–243

44 Carrasco Y. R., Fleire S. J., Cameron T., Dustin M. L. and Batista
F. D. (2004) LFA-1/ICAM-1 interaction lowers the threshold
of B cell activation by facilitating B cell adhesion and synapse
formation. Immunity 20: 589–599

45 Hwang I. and Sprent J. (2001) Role of actin cytoskeleton in T
cell adsorption and internalization of ligands from APC. J. Im-
munol. 166: 5099–5107

46 Wienands J., Larbolette O. and Reth M. (1996) Evidence for a
preformed transducer complex organized by the B cell antigen
receptor. Proc. Natl. Acad. Sci. USA 93: 7865–7870

47 Rolli V., Gallwitz M., Wossning T., Flemming A., Schamel W.,
Zurn C. et al. (2002) Amplification of B cell antigen receptor
signaling by a Syk/ITAM positive feedback loop. Mol. Cell 10:
1057–1069

48 Batista F. and Neuberger M. (2000) B cells extract and present
immobilized antigen: implications for affinity discrimination.
EMBO J. 19: 513–520

49 Ashman R., Peckham D. and Stunz L. (1996) Fc receptor off-
signal in the B cell involves apoptosis. J. Immunol. 157: 5–11

50 Ono M., Bolland S., Tempst P., and Ravetch J. (1996) Role 
of the inositol phosphatase SHIP in negative regulation of the
immune system by the receptor fc(gamma)riib. Nature 383:
263–266

51 Pearse R., Kawabe T., Bolland S., Guinamard R., Kurosaki T.
and Ravetch, J. (1999) SHIP recruitment attenuates FcgRIIB-
induced B cell apoptosis. Immunity 10: 753–760

52 Rao S., Vora K. and Manser T. (2002) Differential expression of
inhibitory IgG Fc receptor FcgRIIb1 on germinal centre cells:
implications for selection of high-affinity B cells. J. Immunol.
169: 1859–1868

53 Macardle P., Mardell C., Bailey S., Wheatland L., Ho A., Jes-
sup C. et al. (2002) FcgRIIb expression of human germinal
centre B lymphocytes. Eur. J. Immunol. 32: 3736–3744


