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Vamp-7–dependent secretion at the immune 
synapse regulates antigen extraction and 
presentation in B-lymphocytes

ABSTRACT  Recognition of surface-tethered antigens (Ags) by B-cells leads to the formation 
of an immune synapse that promotes Ag uptake for presentation onto MHC-II molecules. 
Extraction of immobilized Ags at the immune synapse of B-cells relies on the local secretion 
of lysosomes, which are recruited to the Ag contact site by polarization of their microtubule 
network. Although conserved polarity proteins have been implicated in coordinating cyto-
skeleton remodeling with lysosome trafficking, the cellular machinery associated with lyso-
somal vesicles that regulates their docking and secretion at the synaptic interface has not 
been defined. Here we show that the v-SNARE protein Vamp-7 is associated with Lamp-1+ 
lysosomal vesicles, which are recruited and docked at the center of the immune synapse of 
B-cells. A decrease in Vamp-7 expression does not alter lysosome transport to the synaptic 
interface but impairs their local secretion, a defect that compromises the ability of B-cells to 
extract, process, and present immobilized Ag. Thus our results reveal that B-cells rely on the 
SNARE protein Vamp-7 to promote the local exocytosis of lysosomes at the immune synapse, 
which is required for efficient Ag extraction and presentation.

INTRODUCTION
To become fully activated, B-cells must efficiently capture external 
antigens (Ags) and present them as peptide fragments to primed 
CD4+ T-cells. This process allows the establishment of T-B coopera-
tion, which generates the secondary stimuli required for B-cells to 
differentiate into high-affinity antibody-producing plasma cells and 
develop into memory B-cell populations (Mitchison, 2004). Antigens 
immobilized on the surface of specialized presenting cells are par-

ticularly efficient in triggering B-cell activation in vivo (Carrasco and 
Batista, 2007; Junt et al., 2007). Their engagement by the B-cell re-
ceptor (BCR) leads to the formation of an immune synapse (IS; 
Batista et al., 2001), where both signaling cascades and Ag extrac-
tion are tightly coordinated (Tolar et al., 2008). By exerting a rapid 
spreading and contraction response (Fleire et al., 2006), B-cells ef-
ficiently gather immobilized Ag into BCR microclusters, which sub-
sequently converge into a central cluster by the concerted actions of 
cortical actin cytoskeleton rearrangements (Westerberg et al., 2001; 
Arana et  al., 2008) and the microtubule motor, dynein (Schnyder 
et al., 2011; Reversat et al., 2015). BCR-Ag complexes are then in-
ternalized into major histocompatibility complex class II (MHC-II)–
containing endolysosome compartments, where Ag processing 
takes place (Lankar et al., 2002).

Although extensive progress has been made in elucidating 
how signaling and actin remodeling are regulated at the synaptic 
interface, fewer studies have focused on regulatory aspects of 
membrane trafficking and its effect on the extraction of Ag at the 
IS of B-cells. In this perspective, two nonexclusive mechanisms 
have been proposed. The first one involves myosin IIA–mediated 
pulling forces that trigger invagination of antigen-containing 
membranes, which are internalized into clathrin-coated pits 
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In eukaryotes, the fusion of vesicles to 
target membranes relies on transmembrane 
proteins containing cytoplasmic soluble 
N-ethylmaleimide–sensitive protein-attach-
ment protein receptor (SNARE) domains 
(Jahn and Scheller, 2006; Sudhof and Roth-
man, 2009). SNARE molecules promote 
docking, priming, and fusion of opposing 
membranes and are essential throughout 
the exocytic and endocytic pathways 
(Novick et  al., 2006). Cells of the immune 
system depend on SNARE proteins to per-
form effector functions, such as the release 
of inflammatory molecules, cytokines, de-
granulation, and local exocytosis of secre-
tory granules (Stow et al., 2006). However, in 
B-cells, their role has not been addressed. 
We focused on the vesicle (v)-SNARE pro-
tein Vamp-7 (also known as Ti-Vamp), which 
is involved in the exocytosis of secretory ly-
sosomes in various cell types (Braun et al., 
2004; Alberts et al., 2006; Marcet-Palacios 
et al., 2008), and determined whether it was 
implicated in lysosome secretion at the IS of 
B-cells. Our results show that Vamp-7–de-
pendent exocytosis of lysosomes at the IS is 
critical for B-lymphocytes to acquire their 
Ag presentation function.

RESULTS AND DISCUSSION
Vamp-7+ lysosomes are recruited 
to the B-cell immune synapse
We sought to determine the cellular machin-
ery involved in local lysosome secretion at 
the synaptic membrane of B-cells and fo-
cused on the v-SNARE protein Vamp-7. 
Quantitative PCR and Western blot analysis 
showed that Vamp-7 was expressed in B-
cells (Supplemental Figure S1, A and B). Be-
cause no Vamp-7 antibody was available for 
immunofluorescence analysis, we used pre-
viously characterized Vamp-7–green fluores-
cent protein (GFP)/monomeric red fluores-
cent protein (mRFP) constructs (Martinez-Arca 
et al., 2000) to study its localization and dy-
namics during B-cell activation with immobi-
lized Ag. B-cells expressing Vamp-7–GFP 
were incubated for 2 h with activating beads 
containing F(ab′)2 anti–immunoglobulin G 

(IgG), termed BCR-ligand+, or nonactivating beads containing F(ab′)2 
anti-IgM, termed BCR-ligand-. This system was previously used to 
mimic the interaction of B-cells with immobilized antigen (Yuseff 
et al., 2011; Yuseff and Lennon-Dumenil, 2013; Obino et al., 2016) 
and will be referred to as the IS hereafter. When ectopically ex-
pressed in B-cells, Vamp-7–GFP labeled the Lamp-1+ lysosomes that 
polarized toward the IS (Figure 1A). Quantification of Lamp-1 and 
Vamp-7 fluorescence signals at the cell–bead interface showed that 
both markers were enriched at the IS only when stimulated with acti-
vating beads (Figure 1B), demonstrating that this process was de-
pendent on BCR engagement. In other cell types, Vamp-7 is found 
mainly in late endosomes and lysosomes, as well as at the Golgi ap-
paratus, and is involved in both secretory and endocytic pathways 

(Natkanski et  al., 2013). The second one is based on the local 
secretion of lysosomes that release proteases and acidify the syn-
aptic cleft, allowing antigen extraction (Yuseff et al., 2011, 2013). 
The latter is supported by results showing that interfering with 
the recruitment and secretion of MHC-II–containing lysosomes at 
the IS of B-cells severely impairs the extraction and presentation 
of immobilized Ag (Yuseff et al., 2011). Polarized lysosome trans-
port is guided by repositioning of the microtubule-organizing cen-
ter (MTOC) toward the IS, which relies on conserved polarity pro-
teins, such as PAR3/aPKC and Cdc42 (Yuseff et al., 2011; Yuseff 
and Lennon-Dumenil, 2015; Reversat et al., 2015). However, the 
molecular basis for the docking and/or secretion of lysosomes at 
the synaptic membrane has not been defined.

FIGURE 1:  Vamp-7+/Lamp-1+ lysosomes are recruited to the IS of B-cells. (A) Immuno
fluorescence staining of lysosomes (Lamp-1) in B-cells expressing Vamp-7–GFP incubated with 
BCR-ligand+ or BCR-ligand- beads for 2 h. Dashed squares indicate the area where Vamp-7-GFP 
and Lamp-1 signals were measured. (B) Quantification of Lamp-1 and Vamp-7 mean fluorescence 
intensity recruited to the antigen-contact site, vvv to the total amount of Lamp-1+ lysosomes or 
Vamp-7+ vesicles, respectively, in the entire cell (NFI). n ≥ 36; three independent experiments. 
(C) Z-planes of confocal images and (E) fluorescence images of B-cells expressing Vamp-7–RFP 
activated as described and stained for Lamp-1 and Rab6. Scale bar, 3 µm. (D) Pearson’s r for 
Vamp-7/Rab6 or Vamp-7/Lamp-1 in nonactivated and activated cells (n ≥ 14; two independent 
experiments). (F) Polarity indexes obtained for Lamp-1+ and Vamp-7+ vesicles using single-cell 
analysis. n ≥ 36; three independent experiments. Analysis of variance (ANOVA) followed by 
Sidak’s multiple comparison test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Lysosome secretion at the B-cell synapse 
relies on the polarization of the microtubule 
network, which is promoted by conserved 
polarity proteins such as Cdc42 and its ef-
fector, aPKCζ. Given that Vamp-7+ vesicles 
at the IS were equally labeled for Lamp-1, 
we investigated whether their polarization 
to the IS was also dependent on Cdc42, as 
observed for Lamp-1+ lysosomes (Yuseff 
et al., 2011). Accordingly, polarized recruit-
ment of Vamp-7+ vesicles at the cell–bead 
interface was also compromised in Cdc42-
knockdown cells (Supplemental Figure S1F); 
hence BCR engagement with immobilized 
antigens triggers the polarized recruitment 
of both Vamp-7+ and Lamp-1+ vesicles to 
the IS in a Cdc42-dependent manner.

Vamp-7 regulates the local secretion 
of lysosomes at the B-cell synapse
We next characterized Vamp-7+ lysosome 
dynamics at the IS by using total internal re-
flection fluorescence microscopy (TIRFM). 
For this, B-cells expressing Vamp-7–RFP 
were plated onto glass slides coated with 
specific BCR ligands for various time peri-
ods and 1-min movies were acquired. 
Vamp-7–labeled lysosomes were detected 
in the evanescent field, where local vesicle 
clustering was frequently observed at the 
center of the surface in contact with the im-
mobilized Ag (Figure 2A and Supplemental 
Movie S1). Quantification of vesicle dynam-
ics revealed that mean velocity levels of 
Vamp-7+ vesicles at the cell periphery were 
slightly but significantly higher than with the 
central pool, which displayed slower move-
ments, as well as higher persistence times 
and shorter trajectories (Figure 2B), sug-
gesting that they were docked at the plasma 
membrane within an area that most likely 
corresponds to the central supramolecular 

activation complex (cSMAC). Indeed, TIRFM imaging showed that 
Vamp-7+ vesicles localized closely with gathered BCRs, a marker of 
the cSMAC, and not with the actin-rich area, localized toward the 
synapse periphery (Figure 2C). Thus BCR engagement by surface-
tethered Ag triggers the stable recruitment of Vamp-7+ vesicles at 
the center of the IS.

To investigate whether Vamp-7 was involved in the secretion of 
lysosomes at the IS, we assessed the effects of small interfering RNA 
(siRNA)–mediated silencing of Vamp-7 expression. Whereas one of 
the siRNAs did not significantly affect the levels of Vamp-7 tran-
scripts (siVamp-7-A), the second one decreased their levels by ∼50% 
(siVamp-7-B; Supplemental Figure S1, A–D) and was thus used for 
subsequent functional assays. Vamp-7 silencing had no major effect 
on MTOC and lysosome polarized transport towards the cell–bead 
interface (Figure 3, A–C). However, Vamp-7–knockdown cells lacked 
the typical Lamp-1+ ring that decorated activating beads after pro-
longed periods of incubation (1–2 h) between cells and beads 
(Figure 3D), suggesting that Vamp-7 is involved in the docking and/
or fusion of lysosomes with the plasma membrane. To explore this 
hypothesis further, we used TIRFM to monitor cathepsinD-RFP+ 

(Chaineau et al., 2009). To characterize further the subcellular lo-
calization of Vamp-7 in B-cells, we performed an immunofluores-
cence analysis in which Vamp-7-GFP–expressing B-cells were acti-
vated for different time points and stained for Rab6 (Golgi 
apparatus) and Lamp-1 (lysosomes). Imaging analysis showed that 
in resting conditions, Vamp-7 mainly colocalized with Rab6 and to 
a lesser extent with Lamp-1+ vesicles (Pearson’s r = 0.73 and 0.19, 
respectively). On activation with immobilized Ag, colocalization of 
Vamp-7 with Rab6 decreased, whereas it increased with Lamp-1+ 
vesicles (Pearson’s r = 0.59 and 0.33, respectively; Figure 1, C and 
D), suggesting that Vamp-7+ vesicles were mobilized from the 
Golgi apparatus toward the IS, where they coalesced with Lamp-1+ 
vesicles (Figure 1C). Accordingly, polarity indexes calculated for 
Vamp-7+ and Lamp-1+ vesicles showed that both pools were con-
comitantly recruited to the IS upon incubation with BCR-ligand+ 
beads (Figure 1, E and F) and displayed significant correlation, 
suggesting that their spatial distributions follow a similar behavior 
upon BCR activation (Supplemental Figure S1E). Of importance, 
polarization was not observed in B-cells stimulated with nonacti-
vating beads (Figure 1, E and F).

FIGURE 2:  Vamp-7+ vesicles accumulate at the center of the synapse formed by B-cells. 
(A) TIRFM images of Vamp-7-RFP+ vesicles in B-cells plated for 30 min on antigen-coated slides. 
Scale bar, 5 µm. Time is shown in minutes:seconds. (B) Quantification of dynamic parameters of 
Vamp-7+ vesicle pools at the central and peripheral regions of the IS. n = 7, total >300 
trajectories. Unpaired t test. Speed p = 0.0004, distance p < 0.0001, persistence p = 0.0302. 
(C) TIRFM images of B-cells expressing Vamp-7–RFP+ plated onto Ag-coated slides for 1 h. 
Vamp-7–RFP or F-actin (phalloidin) and BCR. Scale bar, 5 µm.
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lysosomes at the IS of control and Vamp-7–
silenced cells seeded on antigen-coated 
slides. Unexpectedly, our results revealed 
that whereas control cells exhibited an equal 
proportion of lysosomes at the center and 
periphery of the IS, Vamp-7–knockdown 
cells presented a significant increase in the 
proportion of lysosomes located within the 
center of the IS (Figure 3, E–G, and Supple-
mental Movies S2 and S3). This observation 
suggests that in Vamp-7–knockdown cells, 
lysosomes could be accumulating at the 
center of the IS as a result of their impaired 
fusion and secretion with the plasma mem-
brane. To assess directly the effect of 
Vamp-7 silencing on lysosome secretion at 
the IS, we coupled BCR ligand to CypHer5E, 
a dye used to measure local pH acidification 
at the IS in B-cells, which correlates with 
exocytosis of lysosomes (Yuseff et al., 2011). 
We observed that Vamp-7–silenced cells 
triggered fewer fluorescence signals at the 
interface between B-cells and CypHer5E-
coated activating beads (Figure 3H), sug-
gesting that Vamp-7 regulates the exocyto-
sis of lysosomes at the IS.

Antigen presentation is impaired in 
Vamp-7–silenced B-lymphocytes
Having shown that lysosome secretion at 
the B-cell synapse depends on Vamp-7, we 
next investigated whether this v-SNARE was 
required for the extraction and presentation 
of immobilized Ag. First, we evaluated Ag 
extraction by measuring the fluorescence 
signal of ovalbumin (OVA) remaining on ac-
tivating (BCR-ligand+) or nonactivating 
(BCR-ligand-) beads after their interaction 
with control or Vamp-7–silenced cells. As 
expected, higher levels of OVA were de-
tected on beads interacting with Vamp-7–si-
lenced B-cells then in control cells, even af-
ter 120 min of incubation (Figure 4, A and 
B). Of importance, Vamp-7–knockdown 
cells displayed similar BCR surface levels as 
control cells (Supplemental Figure S1G), 
suggesting that defects in Ag extraction did 
not result from a diminished capacity to in-
teract with Ag. In addition, we did not ob-
serve a decrease in OVA signal when nonac-
tivating beads were used, showing that this 

FIGURE 3:  Lysosome exocytosis at the IS of B-cells requires Vamp-7. (A) Confocal images of 
Control and Vamp-7–silenced B-cells incubated with BCR-ligand+ beads for 2 h. Cells were 
stained against γ-tubulin and Lamp-1. Scale bar, 3 μm. Dashed squares show the area around 
the Ag-coated bead that was magnified. (B, C) MTOC and lysosome polarity indexes and 
(D) quantification of Lamp-1+ rings around Ag-coated beads in control and Vamp-7–silenced cells 
after 2 h of activation; ≥20 cells/condition; two independent experiments. (B) siCtrl p < 0.0001; 
siVamp-7 B p < 0.0001. Unpaired t test. (C) siCtrl p = 0.0006; siVamp-7 B p = 0.0029. Unpaired t 
test. (D) p = 0.0013. Mann–Whitney test. (E) TIRFM images showing the time-projection of 
cathepsinD-mRFP+ vesicles in control and Vamp-7–silenced B-cells. Scale bar, 5 µm. (F, G) 
Quantification of the percentage and the ratio of lysosomes in the central region (Center) vs. the 
periphery (Periph) of images shown in E. (F) Twenty cells for siControl and 19 cells for siVamp-7; 
four independent experiments. ***p < 0.05, ANOVA followed by a Bonferroni multiple 

comparison test. (G) *p = 0.0295, unpaired t 
test. (H) Quantification of the percentage of 
control and Vamp-7–silenced B-cells engaged 
with CypHer5E Ag-coated beads that were 
positive for CypHer5E fluorescence (mean 
fluorescence intensity [MFI] of the bead >10% 
above background levels) after an incubation 
of 90 min; >180 cells/condition. p = 6.85 × 
10−7, Kolmogorov–Smirnov test.
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may partially result from a defect in endo-
cytic trafficking in addition to impaired lyso-
some secretion. Nevertheless, our data 
showing that lysosome secretion is impaired 
in Vamp-7–silenced cells favor a role for this 
SNARE protein in lysosome exocytosis at 
the plasma membrane of B-cells. Of inter-
est, this mechanism resembles the one used 
by NK and cytotoxic T-cells that deliver lytic 
granules at the synaptic cleft to promote 
target killing. Here cytotoxic granule recruit-
ment is guided by the polarization of the 
MTOC (Angus and Griffiths, 2013), and 
exocytosis occurs via specific SNARE pro-
teins (Stow et  al., 2006; Krzewski et  al., 
2011; Matti et al., 2013), including Vamp-7 
(Marcet-Palacios et al., 2008). However, reg-
ulated secretion at the IS is a complex pro-
cess involving several SNAREs, as well as 
their chaperones (Munc, Slp, and STXBP5) 
and/or Rab effector proteins, among others 
(Luzio et al., 2007). Recent studies show that 
recycling of T-cell receptors (TCRs) at the IS 
depends on the interaction of Rab8 with 
Vamp-3 (Finetti et al., 2015) and that cyto-
toxic granule fusion at the IS is a two-step 
process involving the prior recruitment of 
syntaxin-11 by Vamp-8 (Marshall et  al., 
2015). How does Vamp-7 regulate lysosome 
secretion in B-cells? We propose that lyso-
somes must acquire this v-SNARE, most 
likely by intracellular fusion, in order to be-
come competent for exocytosis. This is 
based on observations showing that Lamp-
1+ lysosomes proximal to the IS of B-cells 
become positive for Vamp-7 and that silenc-
ing this v-SNARE results in the accumulation 
of lysosomes at the synaptic membrane, 
which are unable to undergo secretion. Of 

interest, lysosomes move toward the MTOC of activated B-cells 
(Yuseff et  al., 2011), where Vamp-7+ vesicles are concentrated at 
steady state. This process could enable lysosomes to acquire pro-
teins required for docking/secretion, similar to the mechanism pro-
posed for lytic granules in NK cells (Mentlik et al., 2010). Recently 
Vamp-7 was shown to regulate the release of IL-12 from late-endo-
cytic vesicles at the IS of activated DCs (Chiaruttini et al., 2016), as 
well as the recruitment of LAT-containing vesicles toward TCR-acti-
vation sites at the IS of activated CD8+ T-cells (Larghi et al., 2013). 
The role of Vamp-7 in the docking of key signaling molecules and/
or cytokine secretion at the IS of B-cells will now be investigated.

Recruitment of Vamp-7+ vesicles to the B-cell synapse relies on 
Cdc42, presumably due to its control of MTOC repositioning (Yuseff 
et al., 2011); however, local actin remodeling promoted by Cdc42 
could also contribute to their stable docking, as documented in 
neuronal growth cones (Alberts et al., 2006). In platelets, Vamp-7 
promotes cell spreading by regulating exocytosis (Peters et  al., 
2012) as well as cytoskeleton remodeling through interactions with 
VARP and Arp2/3 (Koseoglu et al., 2015). Of interest, Arp2/3 was 
recently shown to be depleted from the centrosome and accumu-
lated at the IS of activated B-lymphocytes (Obino et al., 2016). Thus 
it is tempting to speculate that Arp2/3 could be transported to the 
synaptic membrane of B-cells by Vamp-7+ vesicles. Indeed, we 

process relies on the specific engagement of the BCR. Collectively 
these results suggest that silencing of Vamp-7 impairs lysosome se-
cretion at the IS and renders B-cells less efficient in extracting im-
mobilized Ag. To further validate our findings, we analyzed whether 
a decrease in Vamp-7 expression had an effect on the Ag presenta-
tion capacity of B-cells. For this, we incubated B-cells with beads 
coupled to specific BCR ligands plus the Lack antigen from Leishma-
nia major. The ability of the cells to present MHC-II–peptide com-
plexes derived from bead-associated Lack to a specific T-cell hybrid-
oma was then measured by monitoring interleukin-2 (IL-2) secretion. 
In agreement with the results described earlier, silencing of Vamp-7 
significantly decreased the capacity of B-cells to present bead-asso-
ciated Lack antigen to T-lymphocytes (Figure 4C). Of importance, 
Vamp-7 silencing had no effect on the presentation of the Lack pep-
tide (Figure 4D), showing that Vamp-7 does not influence B-cell/T-
cell interactions. We conclude that exocytosis of secretory lyso-
somes at the B-cell IS is controlled by the SNARE protein Vamp-7, 
which is required for processing and presentation of immobilized Ag 
to T-lymphocytes.

Given that this v-SNARE is also involved in late endosome–to–
lysosome transport (Advani et al., 1999; Ward et al., 2000; Fader 
et al., 2009; Luzio et al., 2010), we cannot formally exclude that the 
defective Ag-processing phenotype of Vamp-7–silenced B-cells 

FIGURE 4:  Vamp-7 is required for efficient extraction and presentation of immobilized antigens. 
(A) Representative 3D projections of confocal images of control and Vamp-7–silenced B-cells 
incubated with BCR-ligand+ or BCR-ligand- beads plus OVA for different time points. Cell–bead 
conjugates were stained for OVA and Lamp-1. Scale bar, 3 μm. (B) Calculation of the percentage 
of OVA extracted from beads. Each bar represents the mean ± SEM of data pooled from two 
independent experiments; >45 cells per condition and per time point. siRNA BCR-ligand+ vs. 
BCR-ligand- p < 0.0001; siRNA Ctrl BCR-ligand+ vs. siRNA Vamp-7 B p < 0.0001. Unpaired t test. 
(C) Antigen presentation assay and (D) peptide control assay using control and Vamp-7–silenced 
cells. Mean levels of IL-2 ± SD are shown of representative experiments performed in triplicate. 
Two independent experiments **p = 0.0015, t test.
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each sample, mRNA levels were normalized to the amount of 
GAPDH expression.

Immunofluorescence
B-cells activated with Ag-coated beads at a 1:1 ratio were plated on 
poly-l-lysine–coated glass coverslips, incubated for different times 
at 37°C, and fixed in 4% paraformaldehyde (PFA) for 10 min at room 
temperature, and PFA was quenched in PBS plus 100 mM glycine 
for 10 min. Fixed cells were incubated with antibodies in PBS plus 
0.2% bovine serum albumin (BSA) and 0.05% saponin. Immunofluo-
rescence images were acquired on a confocal microscope (LSM Ax-
iovert 720; Carl ZeissMicroImaging) with a 63×/1.4 numerical aper-
ture (NA) oil immersion objective (Carl ZeissMicroImaging).

Time-lapse analysis
For time-lapse movies, a Nikon Eclipse TE2000-U microscope 
equipped with a 100×/1.45 NA oil immersion objective, a PIFOC 
Objective stepper, a Yokogawa CSU22 confocal unit, and a Roper 
HQ2 charge-coupled device (CCD) camera were used. B-cells ex-
pressing the plasmids of interest attached on poly-l-lysine–coated 
slides were incubated in a 35-mm Iwaki-type chamber (Fluorodish) at 
37°C for 20 min. Next, cell–bead conjugates were imaged and ac-
quired using MetaMorph software every 30 s or 1 min for ∼1 h.

Antigen extraction assay
Ovalbumin and F(ab′)2 goat anti-mouse IgM or anti-mouse IgG frag-
ments were coupled to NH2 beads in equal concentrations (100 μg/
ml each). Cells incubated in a 1:2 ratio with Ag-coated beads were 
plated on poly-l-lysine coverslips at 37°C, fixed, and stained for 
OVA with a polyclonal antibody. The amount of OVA present on the 
beads was calculated by establishing a fixed area around beads in 
contact with cells and measuring fluorescence on three-dimensional 
(3D) projections obtained from the sum of each plane (ImageJ). The 
percentage of antigen extracted was estimated by the percentage 
of fluorescence intensity lost by the beads after different time points 
and normalized with respect to beads that were not engaged in an 
immune synapse for each time point.

Antigen presentation assays
The Lack model antigen was coupled to glutaraldehyde-activated 
amino beads together with F(ab’)2 anti–mouse IgM or anti–mouse 
IgG fragments in equal concentrations (see activation of B-cells). We 
incubated 1 × 105 IIA1.6 cells (I-Ad haplotype) with Lack-coated 
beads for 5 h at 37°C to allow uptake and processing of Lack anti-
gen. The B-cells were washed, fixed with PBS plus 0.01% glutaralde-
hyde, quenched with PBS containing 100 mM glycine, and then 
incubated with 1 × 105 Lack T-cell hybridoma for another 24 h. Su-
pernatants from each condition were obtained, and levels of IL-2 
were measured as described (IL-2 Elisa Kit from BD Biosciences).

Measurement of cell surface levels of BCR by  
flow cytometry
We washed 0.5 × 106 control and Vamp-7–silenced IIA1.6 cells with 
ice-cold PBS plus 3% BSA and incubated them on ice for 20 min 
with PBS plus 3% BSA supplemented with an Alexa Fluor 488–con-
jugated anti–mouse IgG (Molecular Probes). Cell surface BCR levels 
were assessed by flow cytometry (AccuriC6; BD Biosciences).

Evanescent wave fluorescence microscopy (TIRFM)
TIRFM was performed on a Nikon Eclipse Ti inverted microscope 
equipped with a 100×/1.49 NA oil immersion objective and a Quan-
tem512SC Roper electron-multiplying CCD camera at 37°C/4.5% 

observed a slight but significant defect in the accumulation of F-
actin at the synapse of Vamp-7–silenced cells (Supplemental Figure 
S1H). Consequently Vamp-7 could couple lysosome secretion with 
actin remodeling at the IS to facilitate membrane spreading, thus 
allowing B-cells to capture and extract immobilized antigens more 
efficiently. Overall our results reveal that Vamp-7–dependent exo-
cytosis of secretory lysosomes at the IS is critical for B-cells to ac-
quire their Ag presentation function. Focusing on molecules that 
control vesicle trafficking at the IS will provide a better understand-
ing on how B-cells acquire their effector functions.

MATERIALS AND METHODS
Cells
The mouse lymphoma cell IIA1.6 is an FcγR-defective variant of the 
A20 B lymphoma cell line and has the phenotype of quiescent ma-
ture B-cells expressing surface IgG2a (previously described; Lankar 
et  al., 2002). The LMR7.5 Lack T-cell hybridoma recognizes I-
Ad/Lack156–173 complexes. Both cell lines were cultured as reported 
previously (Le Roux et al., 2007; Vascotto et al., 2007).

Antibodies and drugs
The following antibodies were used: rat anti-mouse Lamp-1 (BD 
Biosciences); anti–γ-tubulin (kindly provided by Michel Bornens, 
UMR144, Institut Curie, Paris, France); anti–Vamp-7 (SYBL1 anti-
body; Novus Biologicals); and rabbit anti-GFP (Ozyme). CypHer5E 
was purchased from Amersham (Bioscience, Little Chalfont, United 
Kingdom) and used according to manufacturer’s instructions.

DNA constructs and cell transfection
The plasmids encoding Vamp-7–GFP and Vamp-7–mRFP were 
kindly provided by Thierry Galli (Institut Jacques Monod, Paris, 
France). shControl and shCdc42 plasmids were previously described 
(Yuseff et al., 2011). Nucleofactor R T16 (Lonza, Gaithersburg, MD) 
was used to electroporate 2.5 × 106 IIA1.6 B lymphoma cells the 
presence of 4 μg of plasmid DNA. After transfection of Vamp-7–GFP 
or –mRFP constructs, cells were cultured for 16 h before functional 
analysis. In the case of transfection with shCd42 or shControl plas-
mids, cells were incubated 72 h at 37°C before analysis and de-
tected by the expression of GFP. For transfection with siRNA, 2 × 106 
IIA1.6 cells were transfected twice (the second transfection was per-
formed 48 h after the first) with a final concentration of 20 nM of 
siRNA against Vamp-7 (Mm_Sybl1_2 = siVamp-7 A), Mm_Sybl1_3 = 
siVamp-7 B), or luciferase (control), purchased from Qiagen.

Activation of B-cells
For B-cell–bead conjugate formation, 4 × 107 latex NH2 beads (Poly-
science) were activated with 8% glutaraldehyde (Merck) for 2 h at 
room temperature. Beads were then washed twice with phosphate-
buffered saline (PBS) and incubated overnight with different ligands 
(100 μg/ml F(ab′)2 goat anti-mouse-IgM or F(ab′)2 goat anti-mouse 
IgG; MP Biomedicals).

Real-time quantitative reverse transcription-PCR
Total RNA was extracted using a NucleoSpin RNAII Kit (Machery 
Nagel). cDNA synthesis was performed using a BlueScript VILO 
cDNA Synthesis Kit (Invitrogen). Transcripts were quantified by 
real-time quantitative PCR on a Light Cycler 480 II sequence detec-
tor (Roche) with Applied Biosystems predesigned TaqMan Gene 
Expression Assays and qPCR Mastermix Plus (Eurogentec). We 
used the probes (Applied Biosystems assay identification numbers 
in parenthesis) Vamp-7 (Mn00807071_m1) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; Mm03302249_g1). For 
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CO2. B-cells expressing the plasmids of interest were attached on 
Ag-coated 35-mm dishes (Fluorodish) at 37°C, and images were ac-
quired with MetaMorph software. Next, images were analyzed using 
ImageJ software. TrackMate v2.8.1 plug-in from Fiji (Schindelin 
et al., 2012) was used to follow trajectories from Vamp-7+ vesicles or 
cathepsinD-mRFP+ lysosomes.

Spinning-disk microscopy
An inverted spinning-disk confocal microscope (Eclipse Ti; Roper/
Nikon) with a 60×/1.4 NA oil immersion objective was used to 
acquire confocal images of B-cells for CypHer5E (synapse acidifica-
tion) and Vamp-7/Rab6/Lamp-1–labeling experiments. MetaMorph 
software was used to acquire images.

Image analysis
Polarity analysis.  This was performed according to (Yuseff et al., 
2011). Briefly, images were projected into one z-stack by SD method 
in the bright-field channel, selecting the whole cell to obtain its 
geometrical center of mass. The maximal fluorescence was used to 
position the MTOC. The weighted center of mass of different 
channels was used to define the average position (x, y) of the cellular 
components (Vamp-7+ vesicles, lysosomes). Cross-correlation with a 
previously acquired image of the bead was used to position the 
bead in two dimensions. After we extracted the positions of the 
bead (B), the cell center of mass (C), and the MTOC (M) or another 
fluorescent marker (F), we computed the polarity index as projection 
of the vector CM along the vector CB normalized by the distance 
of the bead to the center of mass: the index ranges between −1 
(antipolarized) and 1 (fully polarized, object on the bead). 
Analogously, the index for another fluorescence channel was 
computed as before, replacing the position (M) of the MTOC with 
that (F) of the center of mass of the signal in the specific channel.

Colocalization analysis.  Values of Vamp-7/Rab6 and Vamp-7/
Lamp-1 Pearson’s r were determined using the JACoP plug-in of 
ImageJ v1.5, using Costes’ automatic threshold.

Analysis of Vamp-7+ TIRFM movies.  Cells were transfected with 
plasmids encoding Vamp-7-RFP 16 h before imaging. Frames 
were acquired with an exposure time of 100 ms for 1 min. Vamp-7-
RFP vesicle tracking was performed by using log detection to de-
fine vesicles with a diameter of 0.5 µm, as well as a first filter based 
on spot quality by autoselection, and also on track quality by 
autoselection.

Analysis of Lamp-1+ vesicles.  Control or Vamp-7–silenced cells 
were transfected with cathepsinD-mRFP (Yuseff et al., 2011) 16 h 
before plating onto Fluorodish plates coated with F(ab’)2 goat anti–
mouse IgG plus 0.5 µg/ml anti-CD45R/B220 for 30 min to improve 
cell adherence to the antigen-coated slide, as previously described 
(Reversat et al., 2015). Images were acquired every 1 s for 3 min. 
The analysis was performed as follows: a sum projection was ob-
tained using phase contrast images to establish the region of inter-
est (ROI) corresponding to the cell contour. To determine the syn-
apse and periphery zones, a time projection was obtained, and a 
circular or elliptic ROI, corresponding to the zone of lysosome ac-
cumulation in this image, was used to define the “synapse,” and the 
remaining space between this zone and the cell contour was de-
fined as the “periphery.” Then background subtraction (radius 5) 
was performed. Log detection was used to identify the lysosomes, 
followed by a maximal fluorescence intensity filter on spots; values 
were adjusted according to the transfection level of each cell.
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