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possibility that selection bias might have led to an apparent differential elimination of
regulatory mechanisms. Such an artefact could have occurred if mutant CaMs variably
inhibited facilitation, inactivation, or bothÐdepending on the particular cell under
observation. Appropriate changes (or lack thereof) in f and g values, as determined from
the same cells, excluded such a scenario (Fig. 4; see Supplementary Information).
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Soluble antigen binds to the B-cell antigen receptor and is
internalized for subsequent processing and the presentation of
antigen-derived peptides to T cells1. Many antigens are not
soluble, however, but are integral components of membrane;
furthermore, soluble antigens will usually be encountered in
vivo in a membrane-anchored form, tethered by Fc or comple-
ment receptors2±4. Here we show that B-cell interaction with
antigens that are immobilized on the surface of a target cell
leads to the formation of a synapse and the acquisition, even, of
membrane-integral antigens from the target. B-cell antigen recep-
tor accumulates at the synapse, segregated from the CD45 co-
receptor which is excluded from the synapse, and there is a
corresponding polarization of cytoplasmic effectors in the B
cell. B-cell antigen receptor mediates the gathering of antigen
into the synapse and its subsequent acquisition, thereby poten-
tiating antigen processing and presentation to T cells with high
ef®cacy. Synapse formation and antigen acquisition will probably
enhance the activation of B cells at low antigen concentration,
allow context-dependent antigen recognition and enhance the
linking of B- and T-cell epitopes.

To investigate the B-cell response to antigen encountered as part
of an immune complex tethered to a cell surface, immune com-
plexes comprising hen-egg lysozyme (HEL) aggregated with speci®c
immunoglobulin-g (IgG) monoclonal antibodies were loaded on to
the surface of an Fcg receptor (FcgR)-expressing myeloid cell line.
The immune complexes had a patchy distribution over the myeloid
cell surface (Fig. 1a, b); however, on incubation with antigen-
speci®c B cells, cell aggregates were formed in which the immune
complexes on the myeloid cell and the B-cell antigen receptor (BCR)
on the B cell were gathered together into a region of synapsis
(Fig. 1c, d).

Similar results were obtained using immune complexes loaded
onto FcgRI-expressing L-cell transfectants. Immunocytochemistry
suggested that there is a gathering of tethered immune complexes,
mediated by the BCR (possibly aided by the oligomeric nature of the
BCR5) and accompanied by an apparent reorganization of the B-cell
surface, as judged by segregation of the BCR from CD45 in the
region of synapsis (Fig. 1e).

This concentration of BCR is reminiscent of the capping of
surface IgM that results from incubation of B cells with polyvalent
anti-IgM antisera6,7. We therefore determined whether the reorgan-
ization of the B cell depended on the polyvalent nature of the
immune complex. We generated transfectants displaying HEL
antigen as a presumptively monovalent integral membrane antigen
and used one of these transfectants (J[mHEL]6; Fig. 2a) in excess as
a target for HEL-speci®c B cells. Confocal microscopy showed that,
after 10 min, most B cells were in conjunction with a target; BCR was
concentrated in the region of synapsis but with clear exclusion of
CD45 (Fig. 2b, c, f; Supplementary Information movie 1).

Reorganization of components of the B-cell membrane was also
evident from a depletion of CD22 from the centre of most synapses
(although often concentrated at the edges), where there was a
concentration of ganglioside GM1 (which is associated classically
with many Src-family tyrosine kinases). There was also polarization
of cytoplasmic components, as judged by a depletion of the signal-
inhibitory phosphatase SHP1 in the region of the synapse (Fig. 2d±f),
but a concentration of phosphotyrosine-containing proteins as well
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as actin and phospholipase C (PLC)-g2 (Fig. 2d). This gross
reorganization of a B cell after interacting with a target cell may
re¯ect changes that also occur (but possibly on a smaller scale) after
BCR crosslinking by soluble antigen, as such crosslinking8,9 leads to
BCR translocation into a GM1-enriched fraction that is depleted of
CD22 and CD45.

We wanted to determine whether reorganization of the B cell
could be detected using targets displaying a lower density of a lower-
af®nity antigen. Transfectants expressing a membrane-integral form
of a mutated HEL (mHEL*) that exhibits a 100-fold reduced af®nity
for the HyHEL10 BCR10 were screened for low-expressing clones:
J[mHEL*]8 displays only around 9 ´ 103 mHEL* molecules per cell
(compared with J[mHEL]6, which expresses about 4 ´ 105 mHEL
per cell).

After incubation of J[mHEL*]8 with HEL-speci®c B cells, stain-
ing for mHEL* (which was previously only dim) was now brightly
focused in the synapse (Fig. 3a). This quantity of mHEL* antigen is
only suf®cient to bring a small proportion of the total BCR into the
synapse; however, there is nevertheless a local reorganization of the
B cell as the BCR gathering is accompanied by local exclusion of
CD45. Notably, the low abundance of mHEL* on the target cell
surface is suf®cient to trigger B-cell activation, as judged by the
upregulation of CD86. Indeed, surface-tethered mHEL* is several
orders of magnitude more ef®cacious than soluble HEL* in this
respect (Fig. 3b, c). This is consistent with the apparent increased
potency of membrane (as opposed to soluble) antigens in determin-
ing B-cell fate in vivo11,12, which probably re¯ects the effective
af®nity increase resulting from restricting antigen mobility to two
dimensions, coupled with the ability to concentrate antigen into the
synapse13.

To follow synapse formation in real time and exclude the
possibility of a ®xation artefact, we established targets that displayed
mHEL fused to green ¯uorescent protein (GFP). Incubation with
HEL-speci®c B cells led to rapid aggregation of mHEL±GFP in the
synapse (Fig. 3d), although the frequency of synapses decreased at
later time points (data not shown). The B cells bind well to their
targets even at 13 8C, but formation of a synapse at which BCR and
antigen have visibly accumulated requires a higher temperatureÐ
consistent with a need for membrane reorganization (Fig. 3e).
Similar kinetics of synapse formation were also observed in a
different B-cell/target interaction systemÐthat of B cells carrying
the 3-83 BCR speci®c for major histocompatability complex
(MHC) class I molecules with targets that express H2-Kb (Fig. 3f;
BCR/antigen af®nity estimated14 to be about 105 M-1).

We wondered whether the decrease in observable synapses over
time re¯ected internalization or degradation of antigen±BCR. In T
cells, rapid internalization of the antigen receptor is observed after
their interaction with antigen-presenting cells15. After culturing
HEL-speci®c B cells with mHEL targets, ¯ow cytometry showed
that there was a rapid downregulation of BCR on the surface of the
sorted B cellsÐmore rapid than with soluble antigen (Fig. 4a, b).

This downregulation was peculiar to the BCR and did not apply
to the CD19, CD22 or CD45 co-receptors; in addition, experiments
performed using B-cell transfectants rather than splenic B cells
showed that the downregulation occurring with the antigen-speci®c
BCR did not extend to an irrelevant BCR expressed on the same cell
(Fig. 4c). This loss of detectable surface BCR might re¯ect its
internalization by the B cell, its acquisition by the target cell or
some form of masking. Immunocytochemistry of cells sorted after
co-culture showed that IgM was readily detectable in the sorted B
cells (but not the sorted target cells), if they were permeabilized
before staining (Fig. 4d). This IgM is unlikely to be de novo
synthesized IgM that has not yet been transported to the cell surface,
as protease stripping of surface IgM on splenic HEL-speci®c B cells
showed that the intracellular pool of IgM was very small. Moreover,
co-staining for IgM and HEL showed that, after B-cell±mHEL target
interaction, the permeabilized, sorted B cells stained brightly for the
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Figure 1 Synapse formation between B cell and antigen-displaying target cell. a, Loading

of HEL±IgG immune complexes (ICs) onto the 279.AC1 myeloid cell line27 or L-cell

transfectants expressing human FcgRI. ICs were detected by staining for HEL and IgG1. L,

L cells; AC, 279.AC1 cells. b, ICs are patchily distributed on the surface of 279.AC1 (top)

or L[FcgRI] cells (bottom) that have been loaded at 4 8C, ®xed and stained for mouse IgG1.

Projection views are shown on right. c, Synapse formation after incubation (10 min, 37 8C)

of IC-loaded targets with excess HEL-speci®c splenic B cells. For both myeloid and L cells,

a single optical section of a single B-cell/target cell interaction is shown in either single or

merged view. Whereas most B cells were in contact with a target when IC-loaded L[FcgRI]

cells were used, only 10% of the B cells formed aggregates with IC-loaded 279.AC1 cells,

correlating with internalization of the ICs at 37 8C by the myeloid cellsÐre¯ecting their

expression of FcgRII and FcgRIII (not shown). d, Projection views of HEL-speci®c splenic B

cells interacting with IC-loaded L[FcgRI] cells. Cells were double stained with anti-mouse

IgG1 (for ICs; green) and anti-mouse IgM (for BCR; red). e, Comparison of BCR (red) and

CD45R(B220) (green) distribution on HEL-speci®c B cells interacting with IC-loaded

279.AC1 or L[FcgRI] targets; a single optical section is shown in each case.
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Figure 2 Polarization of the B cell after encountering membrane-immobilized antigen.

a, Abundance of surface HEL in the cloned J558 transfectants (J[mHEL]6, J[mHEL*]8 and

J[mHEL±GFP]) monitored by staining with anti-HEL IgG1-k (HyHEL5) and PE-conjugated

anti-k. b, Distribution of BCR (IgM or IgD), CD22 and CD45 on HEL-speci®c splenic B cells

interacting with J[mHEL]6 targets viewed as single optical sections. Cells were ®xed after

a 10-min incubation at 37 8C. c, Segregation of IgM from CD45 and CD22. Samples were

prepared as in a but co-stained for CD45 or CD22 (green) and IgM (red). d, Polarization of

HEL-speci®c B cells interacting with J[mHEL]6 targets analysed by double staining, in

each case showing a single confocal section in single or merged view. Ganglioside GM1

was detected using cholera toxin B subunit (CTB). See Supplementary Information for

additional staining for actin and PLC-g2. e, Views along the plane of synapsis co-staining

for IgM (red) and HEL, phosphotyrosine or SHP1 (green), showing coincidence of HEL±IgM

and phosphotyrosine±IgM at the synapse but exclusion of SHP1. f, Quanti®cation of the

depletion of CD45, CD22 and SHP1 at synapses. Left, the mean extent of depletion of the

appropriate marker at the synapse (from analysis of an average of 50 synapses) is

expressed relative to the abundance of that marker adjacent to the synapse but in the

same confocal plane. Right, the percentage of antigen-speci®c synapses (`HEL+') in

which such depletion was noted (CD45, below 80%; CD22 and SHP1, below 60%) is

compared with depletion in contacts between B cells and antigen-lacking targets (`HEL-').
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antigen, indicating that downregulation of the BCR might re¯ect
acquisition of the antigen from the target cell and internalization of
the mHEL±BCR complex by the B cell (Fig. 4e).

If the B cell acquires the antigen from the target cell, this should be
visible in living cells using mHEL±GFP targets, without the risk of
¯ow cytometry or ®xation-associated artefacts. This is indeed the
case. Following the interaction at 20 8C in real time shows that

synapse formation is followed by the appearance of GFP ¯uores-
cence at points in the B cell that are distant from the synapse
(Fig. 5a); this effect is more marked if the cells are incubated at
37 8C (Fig. 5b). Furthermore, if these cells are ®xed and permeabi-
lized, antigen transfer is evident from the fact that serial sections
reveal co-localization of mHEL±GFP and IgM at sites in the B cell
that are both removed from, and in a different plane to that of the
synapse (Fig. 5c; Supplementary Information movie 2). The
mHEL±GFP that has transferred to the B cell seems to undergo
degradation, as the GFP ¯uorescence of the B cell diminishes with
time (Fig. 5d).

The ability of the B cell to acquire an integral membrane antigen
from the target cell and then internalize and degrade it should
presumably allow the B cell to present antigen-derived peptides to T
cells. HEL-speci®c B-cell transfectants co-cultured with MHC class-
II-negative mHEL targets are very effective in presenting HEL-
derived peptides to T cells (Fig. 5e). This presentation does not
simply re¯ect BCR-mediated uptake of soluble mHEL fragments
that have been released spontaneously by the target cells, as
presentation is abolished if the B cells and target cells are separated
by a mesh.

This presentation of membrane-tethered antigens is impressively
ef®cient: co-incubation of 105 HEL-speci®c B cells with only 3 ´
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c, Comparison of B-cell activation by membrane-tethered and soluble HEL. HEL-speci®c
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numbers of J558[mHEL*] targets, and activation was monitored as the percentage of B

cells with upregulated expression of CD86. d, Real-time microscopy of an HEL-speci®c

splenic B cell interacting at 20 8C with an mHEL±GFP-expressing target. e, Temperature

dependence of synapse formation, as judged by the percentage of B cells bound to a

target in which 50% of the IgM in one optical section was concentrated in the region of

synapsis. f, Synapse frequency as a function of time. The experiment shown (as in e but at
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e, HEL colocalizes with downregulated IgM in the B cell. Samples as in d but stained for
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103 mHEL-expressing target cells (which correspond to a total of
some 108±109 surface-expressed mHEL molecules) is suf®cient to
yield detectable interleukin (IL)-2 production in the antigen-
presentation assay. In contrast, presentation of soluble HEL under
similar assay conditions requires more than 1011 molecules of
antigen. The increased ef®cacy of presentation of tethered (as
opposed to soluble) antigen is even more striking when using
mutated HELs exhibiting lower af®nity for the BCR (data not
shown).

The precise nature of the synapse is at present unclear, although
co-staining with clathrin and early endosomal antigen suggests that
much of the BCR±antigen complex may be internalized at the
synapse (data not shown). Nevertheless, the synapse formed
between the B cell and the antigen-displaying target cell shares
some obvious similarities to the synapse formed between T cells and
their targets, such as a concentration of antigen receptor but
exclusion of CD45 from the region of synapsis16±19. But whereas T
cells recognize antigen displayed in the context of MHC on many
autologous cell types, it would seem bene®cial if B-cell activation by
antigen displayed on autologous cells were biased towards antigens
tethered by professional receptors (such as FcR or CD21) and
against abundant membrane antigens of self. One might imagine
that there are surface glycoproteins on autologous cells that mediate
selective recruitment of appropriate BCR co-receptors into (or out
of) the synapse and thereby bias B-cell activation to FcR/CD21-
tethered antigens.

The BCR-mediated concentration of antigen into the synapse is
followed by antigen acquisition. Acquisition of an integral mem-
brane protein from a target cell is not without precedent20±22,
although the mechanism remains unknown. Proteolytic release of

the antigen from the target remains a possibility, but our failure to
detect such proteolysis23 leads us to favour a BCR-mediated pinch-
ing of membrane vesicles from the target cell. Our results show that
the acquisition allows extremely ef®cient antigen presentation,
which probably not only re¯ects the actual acquisition of the
antigen: the gathering of BCR and the resultant polarization of
the B cell may also enhance the antigen processing machinery of the
B cell24±26. Together with the fact that membrane tethering of antigen
also leads to great enhancement of B-cell signalling, as judged by the
upregulation of CD86 (Fig. 3c), it seems that the focusing of antigen
into the synapse may be important in B-cell responses to antigenÐ
especially at low antigen abundance. With respect to membrane-
integral antigens on foreign target cells, the gathering of antigen into
the synapse and its consequent acquisition will presumably enhance
the extent to which cognate B cells will present peptides to T cells
that are derived from proteins linked to the antigen recognized by
the BCR (rather than from irrelevant proteins in the foreign target).
This might favour ef®cient recruitment of T-cell help and bias
against promiscuous T-cell activation and the development of
autoimmunity. M

Methods
Loading and detection of immune complexes

To load immune complexes onto 279.AC1 myeloid cells27 or L-cell transfectants expressing
human FcgRI (a gift from M. Clark), we incubated cells as described23 with a mixture of
biotinylated-HEL, HEL-speci®c IgG1 HyHEL5 and F10 (which recognize HEL epitopes
distinct from that recognized by the HyHEL10 BCR expressed by B cells from MD4
transgenic mice) and rabbit anti-mouse IgG. Loaded immune complexes were detected
using ¯uorescein isothiocyanate (FITC)±streptavidin and PE-conjugated goat anti-mouse
IgG1. We detected SHP1 and phosphorylated tyrosine (P-Tyr) using rabbit polyclonal
antisera (SantaCruz) and biotinylated monoclonal antibody 4G10 (Upstate Biotechnol-
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Figure 5 B cells acquire and present integral membrane antigens from the target cell.

a, Real-time microscopy (single optical section) of an HEL-speci®c splenic B cell

interacting with an mHEL±GFP target at 20 8C. b, Two examples of antigen acquisition

from an mHEL±GFP target showing live cells (projection views) after a 40-min incubation

at 37 8C. c, Serial optical sections of a ®xed and permeabilized HEL-speci®c splenic B cell

(smaller cell) interacting with a J[mHEL]6 target, showing HEL (green)/BCR (red)

colocalization at sites in the B cell distant from the synapse. d, GFP ¯uorescence

diminishes with time in HEL-speci®c splenic B cells incubated with J[mHEL/GFP] targets.

GFP ¯uorescence in scatter and B220-gated B cells was monitored after 1, 3 and 5 h of

incubation with targets. e, Presentation of HEL-derived epitopes to T cells by HEL-speci®c

B-cell transfectants incubated with either J[mHEL]6 targets (left) or soluble HEL (right). B

cells (105) and target cells (or soluble HEL, as indicated) were cultured (0.3 ml) with T-cell

hybridomas speci®c for HEL1±18 or HEL108±116 in the context of MHC class II molecules

with, in some cases (open symbols), the target cells separated from the B cell/T cell mix by

a mesh (0.2-mm Anopore membrane; Nunc). T-cell activation was monitored by

measuring IL-2 production after 24 h. FP, ¯uid phase presentation by B cells lacking an

HEL-speci®c BCR.
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ogy), respectively. Staining speci®city was controlled by single staining, as well as by using
secondary antibodies in the absence of the primary stain.

Generation of target cells

Target cells displaying a membrane-integral version of either wild-type HEL or a mutant10

exhibiting reduced af®nity for HyHEL10 ([R21, D101, G102, N103] designated HEL*) were
generated by transfecting mouse J558L plasmacytoma cells with constructs analogous to
those used10 for expression of soluble HEL/HEL*, except that 14 Ser/Gly codons, the H2Kb

transmembrane region, and a 23-codon cytoplasmic domain were inserted immediately
upstream of the termination codon by polymerase chain reaction. For mHEL±GFP, we
included the EGFP coding domain in the Ser/Gly linker. Abundance of surface HEL was
monitored by ¯ow cytometry and radiolabelled-antibody binding using HyHEL5 and
D1.3 HEL-speci®c monoclonal antibodies, for which the mutant HELs used in this work
show unaltered af®nities10.

Interaction assays

For B-cell/target interaction assays, splenic B cells from 3-83 or MD4 transgenic mice28,29

carrying (IgM + IgD) BCRs speci®c for HEL or H2Kk/H2Kbwere freshly puri®ed on
Lympholyte and incubated with a twofold excess of target cells in RPMI, 50 mM HEPES
pH 7.4, for the appropriate time at 37 8C before being applied to polylysine-coated slides.
Cells were ®xed in 4% paraformaldehyde/PBS or methanol and permeabilized with PBS/
0.1% Triton X-100 before immuno¯uorescence. We acquired confocal images using a
Nikon E800 microscope attached to BioRad Radiance Plus scanning system equipped with
488-nm and 543-nm lasers, as well as differential interference contrast for transmitted
light. GFP ¯uorescence in living cells in real time was visualized using a Radiance 2000 and
Nikon E300 inverted microscope. Images were processed using BioRad Lasersharp 1024 or
2000 software to provide single plane images, confocal projections or slicing.

Antigen presentation

Presentation of HEL epitopes to T-cell hybridomas 2G7 (speci®c for I-Ek[HEL1±18]) and
1E5 (speci®c for I-Ed[HEL108±116]) by transfectants of the LK35.2 B-cell hybridoma
expressing an HEL-speci®c IgM BCR was monitored as described10.
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RNA interference (RNAi) is the process of sequence-speci®c,
post-transcriptional gene silencing in animals and plants,
initiated by double-stranded RNA (dsRNA) that is homologous
in sequence to the silenced gene1±4. The mediators of sequence-
speci®c messenger RNA degradation are 21- and 22-nucleotide
small interfering RNAs (siRNAs) generated by ribonuclease III
cleavage from longer dsRNAs5±9. Here we show that 21-nucleo-
tide siRNA duplexes speci®cally suppress expression of endo-
genous and heterologous genes in different mammalian cell
lines, including human embryonic kidney (293) and HeLa
cells. Therefore, 21-nucleotide siRNA duplexes provide a new
tool for studying gene function in mammalian cells and may
eventually be used as gene-speci®c therapeutics.

Uptake of dsRNA by insect cell lines has previously been shown to
`knock-down' the expression of speci®c proteins, owing to
sequence-speci®c, dsRNA-mediated mRNA degradation6,10±12.
However, it has not been possible to detect potent and speci®c
RNA interference in commonly used mammalian cell culture
systems, including 293 (human embryonic kidney), NIH/3T3
(mouse ®broblast), BHK-21 (Syrian baby hamster kidney), and
CHO-K1 (Chinese hamster ovary) cells, applying dsRNA that varies
in size between 38 and 1,662 base pairs (bp)10,12. This apparent lack
of RNAi in mammalian cell culture was unexpected, because RNAi
exists in mouse oocytes and early embryos13,14, and because RNAi-
related, transgene-mediated co-suppression was also observed in
cultured Rat-1 ®broblasts15. But it is known that dsRNA in the
cytoplasm of mammalian cells can trigger profound physiological
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